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The contribution of thin PFPE lubricants to slider–disk spacing
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We have investigated the effect of the molecular weight (MW) and film thickness of a perfluoropolyether lubricant, Zdol, on the slider–
disk spacing loss, or clearance. The major conclusion of this work is that Zdol films as thin as 10 Å can reduce the slider–disk clearance by
2 nm or more in the molecular weight range of 1000–5000 amu. This is attributed to the attractive van der Waals interaction between the
slider and the disk surface that causes the Zdol main chain to interact with the slider surface, giving rise to a friction force. When the film
thickness of the lubricant exceeds the monolayer thickness, dewetting can take place. The droplets that form occupy the space between the
slider and disk surface reducing the slider–disk clearance by as much as∼4 nm. There is a step increase in the acoustic emission signal at
the dewetting thickness transition, indicative of a slider–disk interference.
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1. Introduction

In order to meet anticipated areal density requirements
of future rigid disk magnetic media, the clearance between
the read–write slider and the rigid disk surface in hard disk
drives is becoming critically small,∼12–20 nm. At these
separation distances, the van der Waals potential between the
two surfaces could become an important parameter [1]. Con-
sequently, for these low flying sliders, there may be a con-
tinuous excitation of the slider–suspension system caused
by interactions with the disk surface [2]. This excitation
may be mediated by changing slider design and/or decreas-
ing the friction between the slider and the disk. Slider vi-
brations are already reported to be sensitive to the lubricant
on the disk surface [3]. Modifications of the disk lubri-
cant and its adsorbed film structure, the disk surface rough-
ness, etc., may critically effect unwanted slider–disk interac-
tions.

In today’s rigid disks, the magnetic layer is protected
by a carbon overcoat film and a topically applied lubricant
film, the latter typically in the 10–20 Å regime. The lu-
bricant of choice continues to be perfluoropolyethers, such
as Zdol or Demnum oils. Traditionally, the uniformly ap-
plied lubricant film has been considered to follow the sur-
face profile of the underlying carbon overcoat. However,
decreasing the physical spacing between the slider and the
disk surface has forced us to rethink the possible contribu-
tions of the lubricant to that spacing. For example, lubricant
parameters such as thickness and molecular weight (MW)
may now impact the slider–disk spacing. The contribution
to friction arising from adhesive forces between the slider
and the disk surface may additionally be strongly dependent
upon contact area, or surface roughness [4]. The work re-
ported herein addresses some of these issues and therefore
provides a direction for the optimization of the head–disk
interface.

2. Experimental

The carbon substrates used in these studies were 65 mm
diameter rigid magnetic disks composed of glass substrates
onto which were sputter-deposited an underlayer of Cr,
a cobalt-based magnetic layer, and nominally<70 Å of
CNx. The atomic composition of the CNx surfaces has been
previously quantified [5]. Glass substrates of two different
roughnesses were employed: nominally 3 and 8 Å RMS,
with Rpeakequal to 10 and 45 Å, respectively. The data rep-
resented in figures 2–8 were performed on disks having the
8 Å RMS roughness. All data and discussions pertaining to
sputtered disks prepared from the 3 Å RMS glass substrates
will be clearly identified in the discussion section as the re-
sults are quite different.

The perfluoropolyether lubricants used in this work were
obtained from Ausimont under the tradename Fomblin Zdol
1000, 2000, 2500, and 4000. These samples are charac-
terized by a polydisperse molecular weight (MW) where
the ratio of the weight average, Mw, to number average,
Mn, molecular weight is 1.2–1.5. To obtain the more nar-
rowly distributed or “fractionated” molecular weight sam-
ples (Mw/Mn ≈ 1.07–1.10), the polydisperse Zdol 2000
was fractionated using supercritical fluid extraction by CO2

by Phasex Corporation (Lawrence, MA). Nuclear magnetic
resonance (NMR) was used to characterize the Zdol frac-
tions. In this study, the following number average molecular
weights were employed: 1350, 3246, and 5391 g/mol. Ta-
ble 1 provides a summary of the Zdols used in these studies.
The Zdols were applied to the disks and quantified as previ-
ously described [6].

For imaging the dewetting of PFPE films on the CNx sur-
face, an optical surface analyzer (OSA) was employed [7].
The OSA uses p- and s-polarized light near Brewster’s an-
gle for carbon in order to measure thickness changes in both
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lubricant and carbon films. Both scattered and specularly
reflected light are collected to provide these data.

3. Results

3.1. Effect of MW: narrowly dispersed Zdol lubricant

To address the objectives stated in the Introduction, the
following experiment was conducted. A low-flying slider
was unloaded onto the disk surface at the high velocity of
6000 rpm (15.7 m/s) and positioned at the radius of 25 mm.
A minimum spacing curve for the slider used in these exper-
iments is shown in figure 1 as a function of linear disk ve-
locity (courtesy of R. Payne, IBM Almaden Research Cen-
ter). Five seconds after the start of the test, the disk speed
is decreased linearly with time from 6000 rpm (15.7 m/s)
to 2000 rpm (5.2 m/s) in the subsequent 5 s interval. Con-
comitant with the decrease in linear velocity is a decrease
in the slider–disk spacing. Thus, this procedure allows for
the determination of the contact height between the slider
and the disk surface. During the 5–10 s time interval, the
friction force and the acoustic emission (AE) signals were
simultaneously recorded at a sampling rate of 5000 points/s.

Table 1
Lubricants used to investigate MW effects. Zdol 1350, 3246, and 5391 are
fractionated by supercritical fluid extraction (Phasex). Zdol 1000, 2000,

2500, and 4000 are commercially available (Nye Chemical).

Zdol MW Zdol comments Total thickness (Å) Bonded thickness (Å)

1350 Fractionated 9.5 2.1
3246 Fractionated 12.1 3.1
5391 Fractionated 12.2 5.2
1000 Polydisperse 9.0 1.0
2000 Polydisperse 11.6 3.4
2500 Fractionated 11.6 3.7
4000 Polydisperse 12.0 2.7

After this procedure, the disk speed is increased to its ini-
tial value, and the slider is unloaded from the disk surface.
For comparative purposes, the same slider is used in each
group of experiments and the samples are interrogated ran-
domly to ensure reproducibility of data. At the end of each
group of experiments, reference disks with Zdol 1350, 3246,
and 5391, were remeasured both in increasing and decreas-
ing MW to ensure reproducibility of the slider flying charac-
teristics. The reproducibility of the data,±10%, was taken
as evidence that the slider flying characteristics were fairly
constant. This eliminated the need to clean the slider surface
of any debris [8], which could itself effect the slider flying
characteristics, and allowed a direct comparison of data be-
tween all Zdol samples investigated during the course of the
experiments. All experiments were conducted in a class 100
cleanroom.

Figure 2 shows the acoustic emission (AE) signal as a
function of time in the second 5 s interval,i.e., from 5 to
10 s. As explained above, this time interval corresponds to

Figure 1. A minimum spacing curve for the slider usedvs. linear disk
velocity (courtesy of R. Payne, IBM Almaden Research Center).

Figure 2. The effect of Zdol MW on AE generated and, therefore, on the touchdown time.
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a decreasing slider–disk spacing attributed to the decelerat-
ing disk. Figure 2 indicates a significant difference in the
evolution of the AE signal as a function of time (or disk ve-
locity), depending upon the molecular weight (MW) of the
Zdol lubricant. Since all other experimental parameters are
constant, these data suggest that the differences in the me-
chanical clearance between the slider and the disk surface
are attributed to the lubricant. The decrease in the slider–
disk clearance with increasing Zdol MW can be estimated
directly from figures 1 and 2, using the onset of the AE sig-
nal for the various Zdol MWs and normalization relative to
Zdol 1350. The decrease in the slider–disk clearance relative
to Zdol 1350 is summarized in table 2.

Figure 3 illustrates the effect of Zdol MW on the friction
between slider and disk. Clearly, there is a sharp increase in
friction at the onset of interference (or “contact”, as meas-

Table 2
Slider–disk clearance as a function of Zdol molecular weight.

Parameter Zdol 1350 Zdol 3246 Zdol 5391

Touchdown velocity (m/s) 8.92 10.43 11.33
Touchdown FH (nm) 8.58 9.95 10.69
Increase in slider/disk 0 13.7 21

spacing (Å) normalized
to Zdol 1350

Figure 3. The effect of Zdol MW on friction between slider and disk.

Figure 4. The effect of Zdol polydisperse MW on the AE and, therefore, on the touchdown time. The trend observed previously for fractionated Zdol is
preserved for polydispersed Zdol. Higher MW results in earlier slider/disk contact.
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ured by AE, figure 2), that coincides with the AE measure-
ments.

3.2. Effect of polydispersity in the Zdol MW

A similar set of experiments was conducted on commer-
cially available polydisperse Zdols with the following MWs:
1000, 2000, 2500, and 4000. We note that Zdol 2500 is
typically more narrowly distributed in MW than the other
commercial materials. AE data are summarized in figure 4.
The onset of interference between the slider and the disk
surface is observed to decrease to shorter times (i.e., inter-
ference occurs at a larger head–disk spacing) with increas-
ing MW.

3.3. Effect of Zdol thickness

Zdol 1350 of four thicknesses, 6.2, 9.5, 11.0, and 22.2 Å,
were investigated (table 3). Figure 5 reveals that contact be-
tween the slider and the disk surface occurs at�8.5 s for the
thinner 6.2 and 9.5 Å films, while the two thicker samples
show contact at the significantly earlier 6.5 s. Spacing losses
of up to∼40 Å have been observed by the presence of the
dewetted lubricant droplets. The reproducibility for the AE
signal generated between the slider and the disk surface as a
function of Zdol 1350 thickness was±10% for thicknesses

Table 3
Fractionated lubricant used to investigate thickness ef-

fects.

Zdol MW Total thickness (Å) Bonded thickness (Å)

1350 6.2 0.9
1350 9.5 2.0
1350 14.0 2.2
1350 22.2 2.6

below the dewetting transition, and±20% for thicknesses
above the critical dewetting thickness.

4. Discussion

The data contained in figures 2–5 present clear evidence
that the Zdol lubricants influence the slider–disk clearance as
a function of Zdol molecular weight (MW). Both the AE sig-
nal and friction are observed to occur earlier in time (larger
slider–disk spacing at contact) with increasing molecular
weight, at the identical Zdol film thickness (h). As the
slider–disk spacing decreases with decreasing disk velocity
(figure 2), a van der Waals interaction develops between the
disk surface,i.e., Zdol, and the slider surface. Since the van
der Waals forces can extend to distances of∼100 Å, the in-
teraction between the slider and the disk surfaces primarily
occurs via the Zdol –[CF2O]–///–[CF2CF2O]– main chain.
At a critical separation distance, a friction force arises from
the slider–Zdol “contact”. Since a larger MW Zdol has a
larger radius of gyration, or chain length, the van der Waals
attraction can cause contact at a larger slider–disk spacing.
Thus, a higher MW Zdol can provide a dynamic “molecular
roughness” that results in earlier unwanted slider–disk con-
tact, as shown in the drawing below:

Figure 5. The effect of Zdol 1350 film thickness on the AE generated between slider and disk and, therefore, on the touchdown time.
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The effect of Zdol film thickness on the slider–disk spac-
ing was investigated using Zdol 1350 (table 3), shown pre-
viously in figure 5. The large effect on the slider–disk clear-
ance for thicknesses�10 Å is a result of lubricant dewet-
ting. The dewetting arises from the autophobic nature of

Figure 6. The critical dewetting thickness as a function of Zdol number
average molecular weight, on CNx (10 at% N). The dewetting thickness is

observed directly by the OSA; see, for example, figure 7.

Zdol and its inherent inability to spread on its own mono-
layer [9]. These data (figure 5) may be explained on the
basis of figure 6, which plots the critical dewetting thickness
of Zdol as a function of MW. The critical dewetting thick-
ness is identified by the observation of droplets of the disk
surface using the OSA tool described in the experimental
section. Figure 6 reveals that the critical dewetting thickness
is molecular weight dependent and increases with increasing
MW. The dewetting occurs as a result of the instability of the
adsorbed Zdol film as measured by the film disjoining pres-
sure [9]. For Zdol 1350, the first monolayer thickness occurs
at∼10 Å. Thus, the two thinner films at 6.2 and 9.5 Å are
sub-monolayer while the two thicker films at 14.0 and 22.2 Å
exceed the monolayer thickness. Thus a discrete change oc-
curs in the slider–disk spacing which causes the AE signal
generation that is associated with the transition from a sub-
monolayer to a multilayer adsorbed film structure.

The dewetting phenomenon may be directly observed us-
ing an optical surface analyzer [7]. Figure 7 shows some
flattened images of the disk surfaces as a function of Zdol
1350 thickness. Differences in the disk surface morphology
are readily identified and correspond to differences in lubri-
cant topography. Dewetting is readily observed for the two
thicker films. Using a calibration procedure that we devel-
oped for the quantification of lubricant thickness [10], we

Figure 7. This figure is taken using the OSA tool and shows flattened images of the surfaces of the disks with Zdol 1350 of four different thicknesses.
Differences in the disk morphology are readily observed and correspond to differences in lubricant roughness between submonolayer and monolayer

thickness regimes.
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Table 4
Summary of the results shown in figure 7 for Zdol 1350.

Parameter 6.2 Å 9.5 Å 11.0 Å 22.2 Å

P-P reflectance (%) 0.058 0.055 0.48 0.54
P-P roughness (Å) 1.4 1.3 11.4 13.0

Figure 8. Change in the “molecular roughness” of Zdol 1350 with increas-
ing thickness determined from the slider flying height at the time of first

contact with the lubricant.

have estimated the thickness fluctuations of the tested sur-
faces and these data are summarized in table 4. The tabu-
lated data represent the peak-to-peak variation in the “rough-
ness” of the lubricated disk surfaces. These data indicate that
exceeding the monolayer thickness results in a dramatic in-
crease in the “molecular roughness” of the surface due to the
presence of the dewetted lubricant droplets.

Figure 8 represents a further illustration of the changes
in the fly height at “contact” due to the lubricant dewetting.
A near-step transition at 10 Å is observed in the flying height
at contact which is very close to the predicted monolayer
thickness shown by figures 6 and 7. The dewetting reduces
the slider–disk clearance by the significant∼40 Å.

The impact to slider–disk spacing of bonded Zdol was
also investigated using Zdol 1350. Using a total film thick-
ness of 9.0 Å to stay below the dewetting thickness, samples
with bonded fractions varying from 0.1 to 0.7 were investi-
gated. The onset for the AE signal was monitored as a func-
tion of time as previously described in figures 2–5. We did
not observe a reproducible, systematic dependence for the
onset of the AE signal as a function of bonded fraction for
the 9 Å Zdol 1350 films. We believe the negligible impact
of the bonded fraction is a result of the lack of importance of
the Zdol hydroxyl end groups in the slider–Zdol interaction
at van der Waals interaction distances.

The results of one final set of experiments are mentioned
here. Analogous work was conducted on sputtered disks
using super-smooth glass substrates with a RMS roughness
of ∼3 Å, andRpeak = 10 Å. The time to contact for 9 Å
of Zdol 1350, and 12 Å of Zdol 3246 and 5391, was sim-
ilar to each other and appeared to be largely independent
of Zdol MW. We believe that on the super-smooth disk sur-
face, the smallerRpeak and the increased contact area play
a more significant role. For example, we consider the fol-
lowing. Ignoring both elastic deformation of the surface
asperities and the roughness of the slider surface for sim-
plicity, the minimum separation between the disk and slider
surfaces will then be on the order of theRpeak value. If we
assume that both the slider and the disk may be described by
two flat surfaces, then the van der Waals interaction forces
will scale inversely asd3, whered is the distance between
the two surfaces [1]. From theRpeak values, the separation
between the surfaces will be about 4.5 times larger for the
rougher disk (45 Åvs. 10 Å), such that the adhesive forces
will be 4.53 ≈ 90 times higher for the smoother surface.
With such a significant difference in adhesive force acting
upon the entire contact area, it is reasonable to assume that
the contribution of a relatively small number of individual
lubricant molecules may be significantly less. In addition,
for smooth adhering surfaces, the friction force is propor-
tional to the contact area byF = µkA, wherek is the contact
stress caused by the adhesive forces pulling the two surfaces
together,µk is the adhesion-controlled critical shear stress,
andA is the contact area [4]. The total friction force is thus
F = µk(∑Ai), where contact area,Ai , between the slider
and the disk surface will increase with increasing smooth-
ness. The increased van der Waals attraction between the
slider and the disk surface now has the effect of overwhelm-
ing any thickness and MW effects exerted by the lubricant
when the total contact area is significantly increased.

5. Conclusions

The following conclusions can be derived from the results
of this study:

• Zdol MW and thickness can impact slider–disk spacing,
up to∼4 nm.

• When the Zdol monolayer is exceeded, dewetting causes
significant interaction between the slider and the disk sur-
face.

• As the slider–disk spacing decreases, the attractive (van
der Waals) forces between the slider and the disk surface
causes the increase in friction.

• Decreases in both the lubricant molecular weight and
thickness may allow lower flying.
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