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Abstract

With the increasing areal density of magnetic recording media, head—media spacing (HMS) has continued to decrease.
Consequently, with decreasing HMS, the lubricant thickness should be smaller than the current thickness (10 A).
Accordingly, a heat-assisted magnetic recording (HAMR) system has been developed. When the temperature of the
top surface of the magnetic disk media increases up to 600 °C, lubricant depletion due to evaporation or thermal
decomposition occurs, which causes severe tribological problems. Thus, a new type of lubricant based on ionic liquids
(ILs), which consists of anions and cations, is developed. Owing to the electrostatic interaction between anions and
cations, ILs have a high thermal stability irrespective of the molecular weight. It is anticipated that these
characteristics are considerably advantageous not only for the HAMR but also for reducing the HMS thickness. The
objective of this study is to experimentally verify the design concept of IL-type lubricants.

First, ILs comprising a perfluoroether and a hydroxyl group were synthesized, their basic properties were studied and
compared with those of Z-Tetraol 2000s (Solvay). The monolayer thicknesses were 12 and 18 A for IL and Z-Tetraol
2000s, respectively. The microscopic friction and adhesion properties were measured using the pin-on-disk tester.
The IL exhibited friction comparable to that of Z-Tetraol, however, its adhesion remained low even when it was thin.
These properties suggested the feasibility of low-head flying without experiencing any tribological problems.
Second, two OH groups were designed to further increase the confinement to the disk surface. For IL-1, two OH
groups were located at both terminal ends of the cation, whereas those for IL-2 were located at only one side of the
cation, their monolayer thicknesses were 6 and 12 A, respectively. The perfluoroether chain of IL-1 exhibited a laying
orientation on the disk surface because the 6 A thickness was equal to the diameter of perfluorochains, whereas that
of IL-2 pointed upward. The ion pair of IL-2 was estimated to be covered by the perfluoroether chain such that the
polar surface energy of IL-2 was smaller than that of I1L-1.

Third, far-field laser irradiation was performed to evaluate the lubricant depletion for HAMR. For perfluoropolyethers
(PFPEs), the depletion increased with the bond ratio, whereas IL only exhibited minimal depletion regardless of its
bond ratio because of its ionic interactions.

Based on the above studies, the design concept, that is, small monolayer thickness and high thermal stability, was
experimentally confirmed. Furthermore, the friction and adhesion properties were comparable and better, respectively.
The foregoing improvements were achieved with the low bond ratios of ILs. Large mobile lubricants can effectively
reduce the head wear, and a high bond ratio is usually required for film stability. Presumably, the ILs adsorb on the
disks not only via the hydroxyl groups, but also through ionic interaction. This manner of bonding differs from the
chemical bonding of conventional PFPEs. Owing to ionic interaction, the tribological performance can be improved
even at low HMS and HAMR. Accordingly, it is concluded that ILs are promising for both low HMS and HAMR.



1. Introduction

1.1 Role of hard disk drive (HDD) on information society

The Internet of Things (10T) refers to electric devices (e.g., sensors) that connect to the internet and enable us to make
our world smarter and more responsive. It has significantly improved human lives and impacted businesses in all
industries. Billions of 10T devices communicate real-time data without human involvement as they collect and share
information; globally, tremendous amounts of data are generated each day. The International Data Corporation (IDC)
forecasts that the summation of all global data will increase from 33 ZB in 2018 to 175 ZB by 2025. The shipping of
more than 22 ZB of storage capacity across all storage media types must be completed between 2018 and 2025 to
keep up with storage demands. Approximately 59% and 26% of the capacity should come from the hard disk drive
(HDD) industry and flash technology, respectively. However, as video and audio streaming becomes more popular,
the use of other optical storage, such as DVDs or Blu-ray discs, has decreased [1]. The storage for PCs or smart
phones uses solid-state drives (SSDs) instead of HDDs, which are preferred by computing data centers in enterprises
and cloud providers because these are the most cost-effective storage media to date. Near-line storage, which is a
type of storage between online (for frequently accessed data) and offline (for infrequently accessed data) storage, has
a potential application for HDDs. Along with the growing demand for data storage in enterprises and cloud providers,
the use of near-line storage is a compromise between the cost of recording volume, electric power consumption, and
large storage capacity. Online storage, which requires rapid input/output for operational computing, is suitable for
SSDs. Offline storage, which, historically, stores data in magnetic tapes, is suitable for data archiving and long-term
backup. The demand for HDDs as near-line storage remains high because they are anticipated to afford large storage

capacities.

1.2 Importance of head—-media spacing for high areal density
The head-disk interface (HDI) has constantly evolved to achieve a consistent growth in areal density. The HMS is
the most important HDI parameter related to areal density: the areal density increases as the HMS decreases. A

schematic of a slider head as it flies over a disk is shown in Fig. 1-1.
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Fig. 1-1 Schematic of (a) head flying over a disk and (b) HMS component

HMS is the distance between the top of the disk’s magnetic layer and slider head’s transducer along with the sum of
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the disk overcoat thickness, lubricant thickness, flying height, and head overcoat thickness. A small HMS enables the
magnetic bit length to have a small physical dimension. To attain good writability and strong read-back signal, a low
flying height is ideal; however, this increases the occurrence of unwanted slider—disk contact. Although the HMS has
consistently decreased over the years, the continued development in the tribological design of HDI has maintained
the reliability of HDDs. According to the ASTC report (2012), an HDD with 4 Th/in? of areal density will be
introduced in 2020. The current HMS target is 4-5 nm, which would lead to a lubricant thickness of 0.8 nm. Moreover,
because the current lubricant thickness is approximately 1.0 nm, a reduction of 0.2 nm is necessary. 0.2 nm seems is

significant for the areal density with an extremely limited HMS budget and thus exigent for lubricant design [2].

1.3 Historical perspective for lubricant function in HDI
In the last several decades, lubricants for magnetic disk media have been developed to provide a more reliable HDI.
The PFPE is commonly used in this application because of its unique characteristics, such as chemical inertness,
hydrophobicity, and liquid state over a wide temperature range [3].

(@) Fomblin Z-Dol (Solvay formerly Ausimont): As shown in Fig. 1-2 (a), this is a PFPE whose basic chemical

structure includes a OH group at both terminal ends.

(a) Fomblin Z-Dol

0 CF, |[CF, )CF, OH
no” “er, \ECFZ/ "ol%% '\o}; ~
(b) Phosfarol A-20H

P
NZ N cH, 0 _CF, CF, 4 CF, OH
[@0% —ll—07 FTCE, TSt S
5

P P m n
\N/
H3C
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Fig. 1-2 Chemical structures of PFPEs

In the 1980s, the contact start/stop (CSS) mode was employed for the head gimbal assembly of HDDs. In the CSS
mode, the slider head was dragged over the disk surface at the start/stop of operation while the heads in the HDDs
flied above the magnetic disk during normal operation.

(b) Phosfarol A-20H (Moresco Co., Ltd): The aforementioned start/stop motions cause severe wear on the disk
surface; to reduce this wear, a new type of PFPE has been developed. Between the two terminal ends, only one is
substituted from the OH group to phosphazenes, which have a ring structure consisting of nitrogen and phosphorus.
Phosphorus is one of the chemical components of an extreme pressure agent. The Dow chemical company and
Moresco Co., Ltd. (formerly Matsumura oil Co., Ltd) commercialized it with the trade names X1P and A20H,
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respectively. The lubricant formulation used in X1P or A20H is effective for reducing wear. The chemical structure
of Phosfarol A-20H is shown in Fig. 1-2 (b).

(c) Fomblin Z-Tetraol (Solvay): This lubricant has two OH groups each for both terminal ends (Fig. 1-2 (c)). The
total number of OH groups is larger than that of Z-Dol; hence, Z-Tetraol can more strongly adsorb on the disk surface
than Z-Dol. The bond ratio is the parameter that quantifies the lubricant molecules in a lubricant layer that adsorb on
the disk surface. Decreasing the molecular weight is advantageous for a low flying height; however, it causes a
problem related to lubricant evaporation. A high bond ratio is necessary to solve problems related to evaporation,
spin-off, and pick-up; the bond ratio without any treatment involved is called natural bond ratio. The natural bond
ratios of Z-Tetraol and Z-Dol are 80% and 45%, respectively.

Ultraviolet (UV) treatment: UV process is performed after lubed process in disk manufacturing. With UV treatment,
the bond ratios of Z-Tetraol and Z-Dol are 90% and 60%, respectively. The bond ratio exhibits a 10-15% increment
compared with the natural bond ratio. For the PFPE lubricants of magnetic disk media, it was assumed that the
bonding mechanism of UV involved the OH groups being attacked by the photoelectrons emitted from the carbon
overcoat, thus enhancing the reactivity of OH groups to the surface [4-7].

Load/Unload technology: Since the mid-1990s, ramp load/unload technology has been employed as alternative to
the CSS mode. For the ramp load/unload, the slider head moves off the disk before powering off and rests on the
ramp located on the side closest to the disk. The ramp load/unload technology prolongs the life of the slider head
because the head never comes into contact with the disk surface under normal operations; however, this does not
mean that a lubricant is unnecessary. In practice, the head may occasionally come into contact with the rotating platter
because of mechanical shock or other reasons. As stated, the lubricant thickness should be reduced to decrease the
HMS, and the lubricant should maintain wear durability despite its decreased thickness.

Thermal flying height control (TFC) technology: Since the 2000s, the TFC technology of heads has been employed.
The length of thermal protrusion changes dynamically which enable to control flying height. By applying this
technology, the clearance between the magnetic head and disk surface can be reduced to a few nanometers. The
thickness of lubricant films on magnetic disks should be reduced. Accordingly, a number of investigations were
performed to reduce the thickness by a few angstroms. The thickness of the lubricant film is a non-negligible part of
the HMS budget, and a lubricant thickness of several angstroms affects the areal density of magnetic recording [2].
To reduce the monolayer thickness of the lubricant on a magnetic disk surface, the PFPE confinement in the direction
perpendicular to the disk surface has been investigated.

Touchdown Performance: Waltman et al. clearly indicated that low flying height of a slider head can be attained by

reducing the lubricant film thickness, main chain molecular weight (MW), and main chain flexibility, given as follows
[8]:

1
VMW (h) ()

Aclearance «

where MW is the molecular weight of the lubricant; h is the lubricant film thickness; f represents the main chain

flexibility. This equation indicates that a larger clearance can be achieved with (1) smaller MW, (2) thinner film, and

(3) stiffer main chain. The clearance between the flying head and outermost lubricant layer is experimentally
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measured by acoustic emission (AE). As the flying head approaches the disk surface, the noise generated at the HDI
is monitored as the AE signal. When the AE signal value suddenly increases, the slider head comes into contact with
the disk media. Waltman et al. investigated the effect of each parameter on the touchdown clearance [8-11].

(1) Dependency on lubricant thickness: The touchdown clearance for various Z-Dol 4000 thicknesses was
investigated. The numbers following the lubricant names (e.g., Z-Dol and Z-Tetraol) represent the MW of the PFPE;
for example, in Z-Dol 4000, the MW is 4000. The touchdown clearance decreases as the lubricant thickness decreases.
The touchdown clearance can be reduced by 0.8 nm with decreasing lubricant thickness from 15 A to 7 A, and the
lubricant thickness can directly contribute to the HMS [8,10].

(2) Dependency on MW: Two different MWSs of Z-Tetraol were prepared. The touchdown clearance of Z-Tetraol
1200 (thickness, 11.0 A) is smaller than that of Z-Tetraol 2200 (thickness, 11.5 A) by 0.8 nm. To clarify the effect of
MW, the difference in lubricant thickness must be considered. According to the calculated result of A clearance as a
function of the film thickness for Z-Tetraol 2200, the difference in lubricant thickness between 11.0 and 11.5 A
corresponds to a 0.3 nm touchdown clearance. Thus, Z-Tetraol 1200 is superior to Z-Tetraol 2200 by approximately
0.5 nm in the touchdown clearance. By contrast, when the MW decreases, the evaporation loss increases because of
the higher vapor pressure. Waltman et al. studied the correlation between the bond ratio and evaporation loss. The
bond ratio varied because of disk aging under ambient conditions, i.e., no annealing or UV treatment was applied to
the disk. For Z-Tetraol 1200, the amount of evaporation loss at 60 °C is suppressed by the higher bond ratio, i.e., the
evaporated fraction after 20,000 min is 0.15 and 0.10 for 38 % and 63 % of the bond ratio, respectively. However,
this still exceeds the criteria:0.05 which leading to degraded performance in the HDD due to the lack of lubricant
film coverage. Thus, the use of a low-MW PFPE is not a practical solution because a trade-off relationship exists
between the small monolayer thickness and evaporation loss [8,9].

(3) Effect of main chain flexibility: The Fomblin-type PFPE consists of —CF,0O— (C1) and —CF,CF,0- (C2)
monomer units; the monomer units of the PFPE main chain are distributed in the random coil. As the C1/C2 ratio
increases, the main chain becomes more flexible. Three different C1/C2 ratios of Z-Dols are prepared. To clarify the
relationship between the main chain flexibility and A clearance, only the C1/C2 ratio is varied at a constant film
thickness and MW. Decreasing the C1/C2 ratio (i.e., the main chain stiffness increases) results in a larger A clearance.
This experimental result indicates that the main Z-Dol chain with a low C1/C2 ratio becomes compact [11].

Several companies competed in developing new types of PFPE lubricants. From among them, three representative
PFPE lubricants are selected; the chemical structures of the three PFPES are depicted in Fig. 1-3.
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Fig. 1-3 Chemical structures of PFPEs

(d) D-40H (Moresco Co., Ltd.): The chemical structure of D-40H is shown in Fig. 1-3 (d). The main PFPE chain,
also called the Demnum-type PFPE, consists of —CF,CF,CF,O— (C3). This PFPE, widely known as the material
supplied by Daikin Industries, Ltd., is stiffer than the Fomblin-type PFPE. Compared to Z-Tetraol, the stiffer main
chain in D-40H resists the formation of a more globular conformation, thereby increasing the confinement to the
disk surface [12]. Currently, D-40H is one of the most popular lubricants in the HDD industry.

(e) TA-30 (AGC Inc. (formerly Asahi Glass Co., Ltd.)): TA-30 is a star-shaped polymer consisting of three linear
PFPE chains with an OH group at each terminal end connected to a central core. Owing to its shape, TA-30 was
tethered to the disk surface similar to a starfish, consequently reducing the lubricant thickness [13]. The TA-30
polymer is well designed considering the current lubricant requirement for magnetic disk media. Moreover, the
perfluoroether unit is perfluoroethylene oxide, which is not only stable for a Lewis acid, but also stiffer than the
Fomblin Z-type PFPE (i.e., copolymer of perfluoromethylene and perfluoroethylene oxides).

(f) Z-TMD (HGST Inc.): Z-TMD is one of the multidentate PFPE lubricants with several hydroxyl (OH) groups at
the intermediate position along the PFPE main chain [14-17]. As stated, a trade-off relationship exists between the
small monolayer thickness and evaporation loss that can be resolved by the multidentate-type PFPE. The MW of the
main PFPE chain is sufficiently large to suppress the evaporation loss; hence, it is tethered to the disk surface because
of the OH groups in the middle of the chain [18]. As a result, the Z-TMD exhibits a smaller monolayer thickness than
the conventional PFPEs even with the same MW.

Fig. 1-4 summarize the lubricant development. With the continuous efforts of various engineers, the lubricant
monolayer thickness has also continued to decrease. Fombline Z-Dol with large MW is utilized, and its monolayer
thickness is large because of the high MW. Z-Tetraol is developed, and its monolayer thickness can be reduced
because of the low MW. The four OH groups have the advantage over the two OH groups of Z-Dol in terms of
bonding to the disk surface. A high bond ratio is essential to ensure the reliability of the HDI, especially for resolving
the problems related to evaporation. D-40H has the Demnum (C3)-type PFPE backbone. The Fomblin-type (C1/C2)
PFPE has —CF,0—(C1), making the main chain flexible, whereas the Demnum (C3)-type PFPE is stiffer. Thus, D-
40H at its monolayer thickness adopts a more compact main chain than the Fomblin-type Z-Dol or Z-Tetraol. The
multidentate-type PFPE lubricant is the best lubricant that can successfully reduce the monolayer thickness. Its PFPE
main chain has a high MW, however, it is tethered to the disk surface because of the OH groups located at the

intermediate of the main chain.
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1.4 Properties of lubricant film and method
The basic properties of the lubricant film are summarized in Table 1-1; these basic data are collected prior to the HDI
evaluation. As the lubricant properties are correlated with the performance of the HDI specifications listed in the
table, the HDI performance can be predicted based on these. The properties and their measurement metrology are
described in this section.

Table 1-1 HDI evaluation items and related properties

Lubricant properties Unit Method

1 Lubricant uniformity Count OSA

2 Thickness A ESCA, FT/IR, Ellipsometer

3 Bond ratio % FT/IR, Ellipsometer

4 Surface energy mJ/m? Contact angle meter

5 Monolayer thickness A OSA, scanning Ellipsometer,
Contact angle meter

6 Thickness loss % FT/IR, Ellipsometer

1. Thickness measurement
Thickness is considered as the most important lubricant parameter. For each property and evaluation item, data
should be collected as a function of lubricant thickness to understand how the lubricant works on the disk media. For
the PFPE, the lubricant thickness is measured by electron spectroscopy for chemical analysis (ESCA). From the
narrow spectra of C1s, the C—H and C-F bands, which are attributed to the carbon overcoat and PFPE lubricant,
respectively, are observed. The intensities of C—H and C-F are measured and used to calculate the thickness based

on Beer’s attenuation law of the underlayer (carbon overcoat) signals emitted by the overlaid layer (lubricant).

Lubricant thickness = d X exp (a (I1/12) + 1)



where d is the effective electron escape depth; 11 and I, represent the intensities of the lubricant C—F and carbon
overcoat C-H, respectively; and a is the ratio of the C1s photoemission intensity from a bare disk [19,20]. Although
ESCA is commonly employed to measure the absolute lubricant thickness, its use is inconvenient because it has a
large-scale instrument with a vacuum chamber. Usually, Fourier transform infrared-reflection absorption
spectroscopy (FT/IR RAS) is used with ESCA to measure the IR spectra of thin films. The absorbance at 1280 cm™*
attributed to the C—F stretching mode of the PFPE film is correlated with the lubricant film thickness [21]. After the
absorbance of FT/IR RAS is calibrated by ESCA, only FT/IR RAS is used for measuring the lubricant thickness
because of its simplicity and facility.

2. Lubricant uniformity
Lubricant uniformity is evaluated by an optical surface analyzer (OSA) supplied by KLA-Tencor; its commercial
name is Candela. The OSA can rapidly provide the scanning image of the disk surface, facilitating the detection of
the defects caused by lubricant particles or dewetting. If the surface image obtained by OSA exhibits many defects,
this indicates that a slider head cannot fly stably. Particle-induced defects occur because of two reasons: the lubricant
contains contaminant particles, and the lubricant aggregates or de-wets after its application on the disk surface.
Filtration can reduce the quantity of particles from the outside, however, lubricant aggregation or dewetting is a
problem resulting from the lubricant affinity to the disk carbon overcoat.

3. Bond ratio
The bond ratio indicates the amount of lubricant in the film that adsorbed on the disk surface. The PFPE lubricant
physically and chemically adsorbs to the disk surface via the OH groups. If the bond ratio is low, then the performance
in terms of thickness loss, spin loss, and lubricant pick-up may be inadequate. The bond ratio is determined by the
ratio of film thickness after rinsing to that before rinsing. For the rinsing process, the lubricated disk is immersed in
fresh solvent. Vertrel XF is frequently used as a rinsing solvent, and the bond ratio involves both physical and
chemical bonding. In the case of the mixture of Vertrel XF and alcohol, the bond ratio only involves the latter.

Bond ratio(%) = h(as dip) /h(after rinsing) X 100

4. Surface energy
The surface energy is calculated from the contact angle using the extended Fowkes equation and divided into
dispersive and polar components:

cos = —1+ 2| (Gr e + (2
where ys is the solid surface energy, v is the liquid surface energy, indices d and p represent the dispersive and polar
energies, respectively, 6 is the contact angle. The information related to the interfacial force, coverage ratio, and
monolayer thickness can be obtained using the surface energy (i.e., polar and dispersive energies) as a function of the
lubricant film thickness. The dispersive energy of the blank disk (non-lubricated disk) is considerable large because
the carbon overcoat surface is highly active. The dispersive energy decreases monotonically as the lubricant film
thickness increases and approaches a saturated value when the disk surface is fully covered by the lubricant, the film
10



coverage is proportional to the dispersive energy. Accordingly, the coverage ratio is obtained as follows:

Coverage ratio = (y4(0)—yd(h))/(y4(0)— ydbulx)

where y9(0) and y%ui represent the dispersive energies for the non-lubricated disk and the disk whose surface is fully
covered by the lubricant, respectively; h is the lubricant thickness; and y4(h) is the dispersive energy at the lubricant
thickness (h). The dispersive energy originates from the van der Waals interaction. To design the air-bearing slider,
the van der Waals force, which is quantitatively calculated using the Hamker constant based on the Lifshitz theory,
should be considered:

d h) = d A
Vs =You ¥ 24md, + 12

where A* is the Hamker constant; h is the lubricant thickness; and d, is a constant. The values of A* and d, are
calculated by fitting them into the experimental data. The van der Waals force is the attractive interfacial force
component that significantly affects the flying characteristics of the slider at a current flying height. A small Hamker
constant indicates low disturbance under low-head flying.

The polar energy exhibits molecular orientation. As a function of the film thickness of PFPE lubricant, this energy
exhibits oscillation, which is caused by molecular layering on the disk surface [12,13,22]. The minimum polar energy
corresponds to the thickness of the monolayer because the quantity of the unbonded hydroxyl group should be
minimized at the monolayer thickness. In addition to the polar energy as a function of lubricant thickness, two
metrologies are presented in the succeeding section.

5. Monolayer thickness
The information on monolayer thickness is essential to design a reliable HDI. At the monolayer thickness, the
coverage ratio is 100%, and the bond thickness approaches the saturated value, indicating that a portion of the mobile
lubricant increase exceeds the monolayer thickness. This portion affects the lubricant reflowability or pick-up. As
the HMS becomes narrower, many investigations related to the decreasing monolayer thickness have been performed.
As discussed in Section 1.2, the multidentate-type PFPE lubricant seems to be most effective in reducing the
monolayer thickness. Accordingly, it is relatively important to obtain the monolayer thickness as experimental
evidence. In addition to polar energy as a function of lubricant thickness, there are two other metrologies. These are
based upon two different phenomena: dewetting and terrace flow. First, dewetting is observed by OSA when the
lubricant film thickness exceeds a critical dewetting thickness (i.e., monolayer thickness). The Q-polarized light wave
of OSA provides the highest sensitivity to detect dewetting lubricant droplets. Second, terrace flow profiles are
produced by measuring the spreading profile as a function of time. After a sufficient period, a shoulder in the
spreading front corresponding to the lubricant monolayer thickness appears. According to [12], the monolayer
thicknesses determined by three different methods were the same for D-40H with three different MW values: 1500,
2100, and 3800. The derived monolayer thickness from three different method measurement is the same value for
respective MW.
6. Thickness loss
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Thickness loss results from evaporation. The initial thickness measured immediately after the lubricant is applied
onto the disk is unity. Thereafter, the thickness is remeasured after various time spans. The thickness loss is calculated

by the following equation:

Thickness loss(%) = (h - h(t))/h

where h is the initial thickness; h(t) is the thickness after time, t. The storage temperature is usually estimated as
60 °C. The evaporation rate is determined by the thickness loss as a function of time. For the PFPE lubricant whose
MW is less than 1500, the evaporation rate exceeds the criteria regardless of its bond ratio. In contrast, the PFPE
lubricant whose MW exceeds 1500 continues to function well below the criteria on thickness loss. From the viewpoint
of narrowing HMS, a smaller PFPE lubricant MW is advantageous because it increases the lubricant confinement on
the disk surface, however, the thickness loss increases because of the high vapor pressure. Therefore, a trade-off
between the small monolayer thickness and large thickness loss exists. To resolve this, the multidentate PFPE is
developed, i.e., those PFPE chain is tethered to the disk surface such that the multidentate PFPE exhibits small

monolayer thickness despite of high MW.

1.5 Specification of lubricant for Magnetic disk media

The specifications of HDI can be classified into four categories, as summarized in Table 1-2. With the lubricant
having performed the key functions for durability at the CSS generation, the main current issue is the touchdown
clearance. As the flying height narrows, contamination becomes even more critical because the adsorption of
contaminants disturbs the stable head flying, hence, the important lubricant function is to protect the disk surface
from contamination from the inner HDD environment. Each evaluation item is explained below. HDI tester are
commercially available from Kubota Corporation, which enable to test flyability and durability.

Glide Noise: The status of flying can be monitored by the AE (acoustic emission) sensor as glide noise. When a
slider head flies properly, the AE signal remains constant at the noise signal level. If a slider head encounters asperity
on the disk surface, then the AE signal intensity exceeds the normal noise level.

Lubricant pick-up: Lubricant pick-up is a phenomenon wherein the lubricant on the disk media transfers to the flying
head slider, causing a large distance variation between the flying head and disk. Currently, the flying height of the
slider head is severally controlled, and the lubricant pick-up has to satisfy a strict set of criteria. For PFPE, the amount
of pick-up is correlated with the mobile lubricant ratio. As the mobile lubricant decreases (i.e., the bond ratio
increases), the amount of pick-up also decreases [16].

Touchdown clearance: The clearance between the flying head and outermost lubricant layer is quantified as the
electric power (mW) of thermal protrusion. As the flying head approaches the disk surface, the noise generated at the
HDI is detected as an AE signal. When the AE signal value suddenly increases, the slider head comes into contact
with the disk media. At this moment, the touchdown power is determined, and the thinner lubricant thickness (large
mechanical clearance) requires a longer protrusion of the TFC element.

Head wear and Altitude drag: Normally, durability deteriorates as the lubricant layer becomes thinner, however, it

should be maintained despite such thickness. Thus, improving the durability of the lubricant layer itself is critical in

lubricant development. Accordingly, the lubricant formulation or property is optimized to enhance the tribological
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performance. Recent evaluation technology has enabled the quantification of durability performance. There are two
evaluation items on HDI durability: head wear and Altitude drag test. The amount of head wear is measured using
the TFC technology. When the pole tip of the head is worn, a longer protrusion is necessary for comparison with the
initial state of the head. Head wear can be depicted based on the difference in touchdown power (mW). The Altitude
drag test is a sliding test implemented under reduced pressure. It is an acceleration test for durability based on the
fact that the slider head flies at a lower height under reduced pressure.

Spin loss: The spin loss is a phenomenon in which the lubricant on the disk scatters with high-speed rotation. This
loss may be evaluated by comparing the lubricant thicknesses with and without the high-speed rotation over a
sufficient period. The lubricant thickness can be measured by FT/IR or other metrologies, and the spinstand is used
for high-speed rotation.

Contamination: The contamination problem has been around for a long time. Hydrocarbon contamination originates
from the lubricating oil in the spindle motor and the suspension actuator pivot. Hydrocarbon-based lubricant oil is
known to cause contamination in the HDI at elevated temperatures [23,24]. Siloxane is a well-known outgas material
that can cause the slider head to crash because siloxane forms silica particles through friction heat at the HDI [25,26].
As stated above, this lubricant function is highlighted with current technology trend.

Corrosion: Both the lubricant and carbon overcoat contribute to protect the magnetic disk from corrosion. A defect
in the carbon overcoat triggers corrosion under highly humid conditions. As the HMS becomes narrower, the carbon

overcoat becomes thinner, accordingly, the anti-corrosion resistance of the overcoat should be maintained.

Table 1-2 HDI evaluation items and related properties

Category Evaluation Items Reevaluated Properties
Glide Noise Lubricant Uniformity
Flyability Lubricant Pick-up Bond Ratio
Touchdown Clearance Monolayer Thickness
Head Wear Bond ratio, Coverage ratio
Durability Drag test Coverage Ratio
Spin Loss Bond Ratio
Hydrocarbon Exposure Surface Energy
Contamination —
Silicone Exposure Surface Energy
Corrosion Hot Wet test Surface qurg_y, lon
Contamination

1.6 Next-generation magnetic recording systems

The recording density has been increased by reducing the size of the read/write head elements and magnetic grains

of the media. However, the reduction in the size of the magnetic element has a physical limit, that is, the magnetic

pole of the heads cannot generate sufficient magnetic field to write on the medium. Moreover, the magnetization of
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the medium grain is not stable when there are temperature fluctuations inside the HDD. The limitation in increasing
the recording density of HDDs is characterized by the competing requirements of scaling, thermal stability, and
writability, which is known as the magnetic recording trilemma. To overcome this, two recording systems are
developed: heat-assisted and microwave-assisted magnetic recording systems. For both systems, energy is locally
provided to reduce the magnetic hardness only when writing data. As shown in Fig. 1-5, the HAMR and MAMR
(microwave-assisted magnetic recording) heads are equipped with a laser diode and spin-torque oscillator (STO) to
generate microwaves, respectively. New HDI requirements have arisen from the HAMR because of the heat applied
on top of the disk surface [27,28]. In contrast, the MAMR seems to have no particular problem.

HAMR _— Laser MAMR

F STO
Head
Disk

o A I I A RN I A IR~ g IR I M IR B A N2

Fig. 1-5 Schematic of HAMR and MAMR

1.7 lonic liquid features and previous investigations
lonic liquids are organic salts composed of anions and cations. ILs transform to the liquid state at unusually low
temperatures compare to inorganic salts. The melting point (m.p.) of NaCl is 801 °C, whereas that of ILs is less than
100 °C. Some ILs, such as the so-called room temperature ionic liquid (RTIL), even have an m.p. less than the room
temperature. As shown in Fig. 1-6, ILs are larger molecular size and less ordered than NaCl. Consequently, the
solidification of IL occurs at considerably lower temperatures than that of inorganic salts. Because ILs are of organic
salt liquids, they possess many beneficial properties, such as electric conductivity, non-flammability, excellent
thermal stability [29-31], and unique solubility. By exploiting these characteristics, their application in various
industries is expected. Numerous papers have been published by scientists and engineers in this regard. The use of
ILs as lubricant is one of the practical applications of these liquids.

weak ionic strong ionic

Interaction interaction
Anion

<— Cation

Fig. 1-6 Schematic of IL and Table salt (NaCl)
Since Ye et al. reported on the use of ILs as lubricants for space applications in 2001 [32], numerous researchers
have investigated the tribological performance of ILs containing fluorinated anions, such as BFs~, PFg", and
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(CF3S0.)2N". These ILs have exhibited superior antiwear and friction-reducing properties. In contrast, ahead of Ye’s
work, Kondo et al. previously studied protic ILs (PILs) from a different perspective. The objective was to develop
lubricants for magnetic tapes [33-35]. In the magnetic tape industry, lubricants are typically applied onto the magnetic
surface by dip coating to reduce the friction and wear due to the contact between the read/write magnetic head and
media surface.

Several studies have been reported on the use of ILs as lubricants for the HDD media. The motivation of those
studies is the use of ILs in the HAMR because of their high thermal stability. For the HAMR, the top surface of the
magnetic disk media heats up to 600 °C over a few nanoseconds [27]. The lubricant depletes due to evaporation or
thermal decomposition, causing severe tribological problems, hence, thermally stable lubricants are required as an
alternative to the PFPE. Li et al. conducted an atomic force microscopy (AFM) study on various IL thin films and
observed that a layering structure only occurs when the IL has an imidazolium ring in the cation. They attributed the
IL layering structure of imidazolium to the n-n+ stacking between the IL and carbon overcoat surface on the magnetic
disk and proposed that the structure is critical to the design of next-generation lubricants for magnetic disks [36].
Gong et al. evaluated the thin film properties of ILs and found that they have good lubricant uniformity on the disk
surface. When heat was applied, the ILs exhibited a lower thickness loss than Z-Dol 4000 due to evaporation. Based
on these experimental results, Gong et al. proposed the use of ILs as HAMR lubricants [37,38]. Kondo et al.
synthesized a series of ILs with various lengths of alkyl chains in the cation and measured the friction coefficient of
the thin film on the magnetic disk surface. They found that the friction coefficient decreased as the length of the alky
chain increased, indicating that at a certain length, the alkyl chains function as a film boundary for preventing the
direct contact between the two surfaces. Moreover, they measured the friction properties of the IL using an octadecyl
group after heat treatment and concluded that the molecular design of ILs with long alkyl chains is effective for
improving both the frictional performance and thermal stability [39—-41]. Tani et al. developed a unique film boundary
of PFPE using an IL (SNH2) consisting of PFPE carboxylate and diphenyether ammonium. They observed that SNH2
strongly adsorbed onto the magnetic disk surface and strongly interacted with the applied electric field during dip
coating. When UV light was irradiated on the lubricant film, the cation in the IL dissociated from the disk surface,
with the remaining PFPE carboxylate chemically adsorbing on the disk surface. The lubricant film obtained after UV
treatment exhibited good stability compared with conventional PFPE under laser irradiation [42].

In contrast, few studies have examined low HMS. In this regard, Wang et al. investigated ultrathin IL films. Using
atomic force microscopy (AFM), they confirmed that the IL monolayer thickness was only half of that of Z-Tetraol
(MW: approximately 2000). The IL used in their study had an imidazolium cation and a fluorinated anion. The smaller

monolayer thickness of the IL is attributed to the smaller molecular size of the material [43].

1.8 Lubricant development strategy and objective of this work

Based on the above discussion, there are two requirements for magnetic disk lubricants. First, as the HMS becomes

narrower, the lubricant monolayer thickness should be smaller. Although a smaller MW of PFPE lubricants is

effective for attaining better performance on TD clearance, the evaporation loss increases with the smaller MW. A

trade-off problem exists between the TD clearance and evaporation. Considering evaporation loss, the lower limit of

the PFPE MW is 1500. Generally, the boiling point is proportional to the MW of chemicals, that is, when the MW
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decreases, the evaporation loss increases owing to the higher vapor pressure. In contrast, ILs exhibit a high thermal
stability regardless of the MW because of the electrostatic interaction between anions and cations. Thus, the IL-type
lubricants are expected to have a smaller monolayer thickness because their MW may be reduced without limit.

Second, ILs are expected to be applied to the HAMR system. The HAMR system is a promising next-generation
magnetic recording technology for improving the areal density gains of hard disk drives. However, this technology
introduces the critical head—disk interface problem associated with the use of near-field laser systems. The lubricant
depletion due to evaporation or thermal decomposition becomes a severe problem. The depletion characteristics of
PFPE-type lubricants have been investigated under various laser conditions, such as laser power, laser irradiation
duration, and on/off laser irradiation duration. However, thermally stable lubricants are required as an alternative to
PFPE because the aforementioned problem persists. lonic liquids (ILs) are an attractive alternative because of their
high thermal stability. Moreover, the contamination problem is more severe in the HAMR system [26]. When
contaminant siloxanes adsorb onto the disk surface, they evaporate because of laser heating and condense on the
slider head as smears. They accumulate on the head surface and affect not only the HDI reliability, but also the
transmission efficiency of the laser light from the near-field transducer (NFT) of the HAMR head. To resolve this
contamination problem in the HAMR, the disk surface should be fully covered with lubricant molecules, moreover,
these molecules should be highly ordered to limit the lubricant adsorption site.

Along with the current development in HDDs, two lubricant requirements are expected. The author believes that
both requirements can be simultaneously satisfied by ionic liquids. The objective of this work is to optimize ILs as
lubricants for magnetic disk media and investigate their thin film properties in comparison with current PFPE-type

lubricants.

1.9 Paper contents

Figure 1-7 shows the structure of this thesis. First, the background and objective of this study are stated. This chapter
explains the necessity of developing new materials, and the HDD technology evolution and development of the PFPE-
type lubricant are highlighted. The requisites for lubricants are described in detail, and it is presumed that the IL, as
a new material, satisfies the current and will satisfy the future HDI requirements. Second, the basic properties of IL,
as a novel material, are investigated for comparison with those of a representative PFPE-type lubricant, Z-Tetraol
2000s. The data on several frequently discussed parameters in HDD technology, such as lubricant thickness, bond
ratio, and surface energy, are gathered. The IL exhibits a considerably different behavior compared with Z-Tetraol.
In particular, the IL monolayer thickness is smaller than that of Z-Tetraol 2000s. Moreover, the IL exhibits a high
polar surface energy and low adhesion force, which are independent of its thickness. Third, focusing on two major
points (monolayer thickness and adhesion force), a new IL structure is proposed. The molecular orientation of the IL
can be manipulated by the position of the OH group, such as multidentate PFPEs. This design concept of the IL is
verified experimentally. Fourth, considering the HAMR application, the extent of lubricant depletion caused by a far-
field laser on ILs and PFPEs is quantified. At the same time, data on basic properties, such as bulk TGA and bond
ratio, are collected, and the correlation between the amount of lubricant depletion and these basic properties are
examined. Finally, the paper is concluded by discussing the extent to which IL satisfies the lubricant requirements
and its feasibility as a commercial product.
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1. Introduction

Background and Obijective of this work

2. Preliminary study

To gain basic understanding of IL behavior compared with Z-Tetraol 2000s

3. Application of IL for ultra-low HMS

To optimize IL chemical structure and check its properties

4. Application of IL for HAMR

To evaluate lubricant depletion by far-field laser; compare IL with PFPES

|
5. Conclusion and outlook

Fig. 1-7 Diagram of thesis content
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2. Preliminary study

1. Objective of preliminary study

Anovel IL is synthesized for magnetic disk media. The IL has a perfluoroether chain and an OH group, which are
closely similar to the chemical design of the traditional PFPE-type lubricant. To gain a basic understanding of IL
behavior, several ultrathin lubricant film properties, such as lubricant thickness, surface energy, and bond ratio, are
measured; these parameters are consistently discussed in the HDD industry. Furthermore, the pin-on-disk
microtribotester is used to compare the adhesion and friction force of IL with those of Z-Tetraol 2000s, which is a
representative PFPE lubricant. Adhesion and friction force are key factors because they are related to flyability, head
wear, and lubricant pick-up. As lubricant films become thinner, the basic understanding of the head-disk interface

(HDI) is ever more critical to maintain HDD reliability.

2. Experiment

2.1 Lubricant Synthesis

The chemical structure of a novel IL synthesized by the author is presented in Fig. 2-1. For the cation moiety, the
perfluoroether group and ethanol were introduced to the pyrrolidinium ring in the nitrogen atom. The anion was
bis(nonafluorobutansulfonyl)imide. The MWs of the anion and cation were 580 and 704, respectively, hence, the
total MW was 1,284. The details of the synthesis are described in [44]. The chemical structure and purity of the
synthesized IL were checked using liquid chromatography and ion chromatography. Z-Tetraol 2000s (Solvay) was
also checked for comparison. According to the F-NMR results of the PFPE backbone, its MW was approximately
2,300, and its m/n ratio was 5/6. Both lubricants are in the liquid state at room temperature. The viscosities at 25 °C
were 1.2 and 2.4 Pa-s for the IL and Z-Tetraol, respectively. Themogravimetric analysis was performed under air

flow; the 10% weight loss was measured at 365 °C and 261 °C for the IL and Z-Tetraol, respectively.
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Fig. 2-1. Chemical structures of IL and Z-Tetraol 2000s

2.2 Thermogravimetry/Differential Thermal Analysis (TG/DTA)

Bulk thermal stability was evaluated using combined thermogravimetry and differential thermal analysis (EXSTAR

TG/DTA 6200, Hitachi High-Tech Science Corporation). The measurements were performed in air purged from 30

to 600 °C at a heating rate of 10 °C/min. The temperature when the 10% weight loss was achieved was defined as
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Tazo.

2.3 Sample preparation

Magnetic disks made of a glass substrate with a diameter of 2.5 in were used. The surface of each disk was
nitrogenated with a diamond-like carbon overcoat. The average surface roughness (Ra) was approximately 0.2 nm.
The magnetic disks were coated with each type of lubricant by dip coating. The lubricants were dissolved in Vertrel
XF (Dupon-Mitsui Fluorochemicals Co., Ltd.). The lubricant film thickness varied with the concentration of lubricant
in the solution. The disks were immersed in a solution of the lubricant for 180 s and pulled up with a speed of 1 mm/s.
Ultraviolet irradiation and heat treatment were not performed. The lubricant film thickness was measured using a
scanning ellipsometer (Five Lab Co., Ltd.,, MARY-102) equipped with a mechanical stage to enable the automatic
measurement of any position over the disk. Immediately after dipping, the measured lubricant thickness was

designated as “as dip thickness.”

2.4 Surface energy measurement

The contact angles were measured in the ambient atmosphere using a measuring instrument manufactures by Kyowa
Interface Science Co., Ltd., DM-102. Droplets were applied to the lubricated surface of the disk using a capillary
tube. The droplet volume was 2 mm?, and the inner diameter was 0.8 mm. The contact angle data were determined
60 s after the droplet contacted the lubricant surface. The angles were measured on both sides of the droplet, and the
three measurements were averaged. The surface energy was divided into dispersive and polar components, which
were calculated by extending the Fowkes equation (Eq. (1)) from the contact angle data with water (y%=21.8 mJ/m?
and y?=51.0 mJ/m?) and hexadecane (y%=27.5 mJ/m? and y*=0 mJ/m?).

2 1 1
cos® = —1+ - ('v(')? + (5'0/)? (1)
l
where vs is the energy of the lubricated surface; vy is the liquid surface energy; index d represents the dispersive
energy; index p represents the polar energy; and 6 is the contact angle. The surface energies of the non-lubricated

disk were 27.6 and 24.9 mJ/m? for yq and vy, respectively.

2.5 Bond ratio measurement
The bond thickness was the residual thickness after rinsing with the solvent Vertrel XF. The disk was immersed in

Vertrel XF for 180 s, and the pulling up speed was 1 mm/s.

2.6 Terrace flow measurement

The lubricant was only applied to a part of the disk surface to observe the spreading of the front over time. The

thickness profile of the films was measured using a scanning ellipsometer. The thickness profile measurements were

made immediately after the lubricant film was applied. After a sufficient time had elapsed, the lubricant film had

spread, thereafter, the shoulder corresponding to the monolayer thickness became observable. The disk was stored in

a cassette and sealed using an aluminum package under partial vacuum to minimize contamination via the adsorption
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of particles from ambient air [45].

2.7 Pin-on-disk microtribotester
The adhesion and friction forces were measured using a pin-on-disk microtribotester developed by the authors. The

details of this microtribotester are described in [46,47]. A schematic of the tester is shown in Fig. 2-2.
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Fig. 2-2 Schematic of microtribotester used for measurement of adhesion and friction force

A magnetic disk was mounted onto the spindle. The pin was a glass semispherical optical lens (BK7) with an Ra
value of 0.6 nm and a curvature radius of 1.82 mm, which is of the same order as the curvature radius of the actual
slider head protrusion. A laser light was focused on the disk surface through an objective lens, and an optical lens
was used as the pin. The reflected light was captured by a charge-coupled device camera to monitor the contact
between the pin and disk surface with Newton’s ring. The pin was approximately positioned onto the disk surface
using a stage micrometer and precisely positioned using a piezo stage. The friction and load force sensors include
force transducers consisting of parallel-leaf springs and capacitive displacement sensors (TECH ALPHA, FRS-713)
to measure the strains in these springs. As the spindle rotated, the disk surface was moved up and down by the runout,
caused by deformation because of the spindle hub clamping. The pin came into contact with the disk surface when
the disk surface moved upward. In measuring the adhesion and friction forces, the pin was incrementally moved
downward by the stepped movement of the piezo stage as the spindle rotated. The load force increased incrementally
as the pin moved downward. The capacitive displacement sensor signal was converted to digital signals by a fast
analog-to-digital converter, hence, the load force was monitored in real-time using a personal computer. The stepped
movement of the piezo stage was stopped when the load force reached 0.5 mN. Rotations were performed several
times at 0.5 mN to check the repeatability of the process, thereafter, the waveform data were obtained. The pin was
loaded on the disk surface at a radius of 25 mm. The rotational speed of the disk was fixed at 6 rpm, corresponding
to a relative velocity of 15 mm/s. All tests were conducted at a temperature of 28+2 °C and a relative humidity of
20



60+20%.

Figure 2-3 shows the schematic of the measurement of the adhesion and friction forces by the pin-on-disk
microtribotester. The horizontal axis represents the time, and the right vertical axis represents the friction force. The
left vertical axis represents the total force of the applied load and adhesion force.

When the pin was in contact with the disk surface from the leading slope to the maximum height, the applied load
increased (load application region), following the pull-in at the touchdown of the probe. Then, the load decreased
from the top to the trailing slope (load release region). The adhesion force was observed when the pin took off from
the disk surface. At the point where the release force reached the magnitude of the adhesion force, take-off suddenly
occurred (pull-out region).
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Fig. 2-3 Schematic of adhesion force and friction force measurements
by pin-on-disk microtribotester

3. Results
3.1 Thickness profile
The lubricant thickness was measured as a function of the lubricant solution concentration, as shown in Fig. 2-4. All
thickness values were obtained using ellipsometry. For both Z-Tetraol and IL, the thickness increased by increasing
the dip concentration, indicating that the IL thickness can be controlled by changing the dip concentration. The
dependence of Z-Tetraol compared with that of the IL on the lubricant film thickness was more considerable. The 10
A thick lubricant film of Z-Tetraol was obtained when the lubricant concentration was 0.03%, whereas for the 1L, the
same film thickness was obtained when the lubricant concentration was 0.05%. The adsorption of Z-Tetraol on the
disk surface was slightly strong owing to the four OH groups. Z-Tetraol lubricant exhibited a plateau from 0.05% to
0.06%, corresponding to the lubricant thickness of 18 A. Based on the terrace flow method, the monolayer thicknesses
were 12 and 18 A for the IL and Z-Tetraol, respectively. Thus, the aforementioned plateau implied the completion of
a monolayer formation followed by a multilayer formation.

The adsorption process is typically investigated through graphs known as adsorption isotherms. During the
abovementioned plateau, the lubricant molecules condensed throughout the disk surface. Contrary to the results of
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Z-Tetraol, a plateau was not clearly observed for the IL lubricant. However, the increase from 0.04% to 0.06% was

relatively slow, hence, the corresponding IL monolayer thickness may be approximately 10 A.
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Fig. 2-4 Lubricant thickness as a function of dip concentration for the IL and Z-Tetraol

3.2 Film Characterization by FT/IR RAS

The Fourier transform infrared-reflection absorption spectroscopy (FT/IR RAS) methodology provides insights into

the chemical structure and molecular orientation of the thin film because the electric field vector of the grazing

incident beam is polarized perpendicular to the surface. Moreover, only the vertical vibration mode interacts with the

surface, and the band is intensified. Figure 2-5 shows the FT/IR spectra of the IL and Z-Tetraol lubricants. Absolute

thickness values were measured by an ellipsometer. For both the IL and Z-Tetraol lubricants, the band at

approximately 1260 cm™, which was caused by the C—F vibration mode, increased monotonically with the film

thickness, as shown in Fig. 2-6. This trend allowed the FT/IR to be used for thickness characterization.
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Fig. 2-5 FT/IR RAS spectra as a function of dip concentration for IL and Z-Tetraol
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The IL bandwidth was smaller than that of Z-Tetraol at approximately 1260 cm ™. The Z-Tetraol backbone was a
random copolymer of (CF,CF,0)m(CF20),, which generated many vibration modes owing to the perturbation of a
neighboring random perfluoroether unit. In contrast, the IL perfluoroether merely consisted of (CF.CF,0), forming
its band sharp. For the IL, several peaks were observed, reflecting its relatively complicated chemical formula, the
peaks at 1309 and 1355 cm™* were assigned to N (of the pyrrolidinium ring) and SO,, respectively. Although several
researchers have published reports on the orientation of adsorbed fluorinated molecules onto the substrate using
FT/IR RAS [48-50], a clear explanation about the molecular orientation based only on Fig. 2-5 has not been obtained.
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Fig. 2-6 Correlation between peak intensity and lubricant thickness

3.3 Terrace flow
As shown in Fig. 2-7, the terrace flow profiles determine the monolayer film thickness. The Z-Tetraol monolayer
thickness agreed well with that reported by Tagawa, whose results were derived from the same terrace flow method

[18].
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Fig.2-7 Terrace flow measurement result for the IL and Z-Tetraol
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The 12 A IL monolayer film thickness was larger than the PFPE chain cross-sectional diameter (8 A) and smaller
than the length of the perfluoroether segment (17 A). Thus, the IL perfluoroether segment was inclined at a prescribed

angle to the disk surface or was bent at the middle of the segment.

3.4 Bond thickness

Theoretically, the bond thickness increases with increasing lubricant thickness until the disk surface is fully covered
by lubricant molecules. When the monolayer thickness is exceeded, the lubricant molecules do not bond to the disk
surface, because of which the bond thickness levels off and a part of the mobile lubricant thickness increases with
increasing lubricant thickness [51]. Figure 2-8 shows the bond thickness profile as a function of the film thickness of
the IL and Z-Tetraol lubricants. The bond thickness increased monotonically with the film thickness and approached
constant values of approximately 9 and 18 A for the IL and Z-Tetraol lubricants, respectively. In comparing the
monolayer thickness values, the 9 A thick IL lubricant monolayer obtained with this bond thickness profile was
slightly smaller than the 12 A thickness from the terrace flow, whereas the 18 A thick Z-Tetraol lubricant is equal to
the thickness from the terrace flow.
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Fig. 2-8 Bond thickness profiles of IL and Z-Tetraol

3.5 Surface energy

Figure 2-10 shows the dispersive surface energy as a function of the film thickness of the IL and Z-Tetraol lubricants.
The dispersive component decreased monotonically in both lubricants as the lubricant film thickness increased and
approached a constant value when the disk surface was fully covered by the lubricant molecules. The dependence of
the dispersive energy on the lubricant film is expressed by Eq. (2), as follows:

*

d — d
Ys (h) = Ybulk + 2471'((10 + h)Z (2)

where h is the lubricant film thickness; do is a constant; A* is the effective Hamker constant. Note that A* and do

were calculated by fitting them into the experimental data. The A* values were 2.4x10*°and 3.1x107°J for the IL

and Z-Tetraol lubricants, respectively; the do values were 3.4 and 4.0 A for the IL and Z-Tetraol lubricants,

respectively. For both A* and do, the IL values were as small as those of Z-Tetraol. Therefore, the adhesion force
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should not be significantly large [12,13]. These characteristics are expected to provide a reliable HDI under a low-
flying head. Tani et al. demonstrated that the coverage ratio, a(h), can be derived from Eq. (3) [47]:

ysd (0) - ysd(h)
N=->~-- s+
a(h) ¥5H(0) = Vo

3)

where y%(0) is the dispersive energy value of the non-lubricated disk surface. The film coverage is proportional to
the dispersive energy. As shown in Fig. 2-9, the coverage ratio as a function of the film thickness is calculated by
fitting the dispersive energy curve. The coverage ratio curves of the two lubricant types were considerably similar
although the 1L monolayer thickness was smaller than the Z-Tetraol monolayer thickness by 6 A. The coverage ratio
increases with the decreasing quantity of the non-lubricated area. It is affected by several parameters, such as the

length and orientation of the lubricant molecular.
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Fig. 2-9 Dispersive surface energy data and coverage ratio as a function of lubricant film
thickness and fitted theoretical curve

The corresponding polar surface energy is also shown in Fig. 2-10 as a function of the film thickness. For Z-Tetraol,
the minimum point of the polar component was at approximately 20 A. Waltman et al. reported that the oscillation,
as a function of the conventional PFPE film thickness, is caused by the molecular layering on the disk surface
[12,13,22]. First, the minimum point of the polar component corresponds to the thickness of the monolayer because
the quantity of the unbonded hydroxyl group should be minimized at the monolayer thickness. In contrast, the polar
energy of the IL is considerably higher than that of Z-Tetraol. The polar component of the IL increased until its
thickness reached 11 A. This thickness may have initially increased the quantity of IL molecules on the disk surface
before decreasing and thereafter remaining constant from 14 to 19 A. The sudden drop to 13 A approximately
corresponds to the monolayer thickness of the IL shown in Fig. 2-7. Presumably, the decrease in polar surface energy

was caused by the molecular orientation of minimizing the polar groups at the top of the lubricant surface.
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3.8 Friction and Adhesion force

The representative friction and adhesion measurements are presented in Figs. 2-11 and 2-12, respectively. The
horizontal axis represents the time, and the right vertical axis represents the friction force. The left vertical axis
represents the total force corresponding to the applied load and adhesion force. By comparing the IL with Z-Tetraol,
two significant differences were identified. (1) The IL’s friction coefficients at the maximum applied load
(approximately 0.5 mN) were relatively high compared with those of Z-Tetraol throughout the thickness. (2) The IL’s
adhesion force was relatively small compared with that of Z-Tetraol regardless of the lubricant thickness.
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Fig. 2-11 Representative friction and adhesion measurement results at various thicknesses of 1L
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Fig. 2-12 Representative friction and adhesion measurement results at various thicknesses of Z-Tetraol

First, the IL’s friction coefficients at the maximum applied load (approximately 0.5 mN) were relatively high
compared with those of Z-Tetraol throughout the thickness, as shown in Fig. 2-13. The coverage ratio should be a
critical parameter for friction because the friction coefficient of the underlying non-lubricated carbon layer is more
than 20 times greater than that of the lubricant [47]. As stated above, the coverage ratios of the two lubricant films
were considerably similar. Thus, the coverage ratio did not cause this difference in the friction coefficient. One of the
reasons is the bond ratio. The IL’s bond ratio was considerably lower than that of Z-Tetraol. For the IL, the presence
of mobile molecules was dominant at the contact area between the pin and disk surface. The IL film was deformed
or expelled when the load was heavily applied because it was not bonded to the disk surface. Therefore, the pin and
disk surface might have been in a local solid-to-solid contact, which would have produced high friction. Z-Tetraol
provided a sufficiently high bond ratio with the four hydroxyl groups. These bonded lubricant molecules covered the
underlying carbon surface and reduced the severe contact between the pin and disk surface.
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Fig.2-13 Friction coefficient at maximum applied load as a function of lubricant thickness
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Second, the IL’s adhesion force was relatively small compared with that of Z-Tetraol. To quantify the adhesion force,
the experimental data were fitted using Eq. (4) based on the Johnson-Kendall-Roberts (JKR) model:

W=Ww,+W,

=W, + 3ynR + JGVHRWO + (3ynR)* ()

F= H(WU + Wa)

where W is the total load force; Wy is the applied load; W, is the load force caused by the adhesion force; R is the
curvature radius; v is the total surface energy based on the sphere and plane models. Fig. 2-14 shows the friction
curve as a function of load force and corresponding motion of the pin and disk. The gray line represents the fitting
curve of the JKR model. The fitting curves are extrapolated to zero value on the friction force axis. The friction force,
Fo, at the applied load of 0 mN and adhesion force were derived from the fitting curves based on Eq. (4). The

experimental friction curves for the IL and Z-Tetraol lubricants are shown in Fig. 2-15.
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Fig. 2-16 shows the adhesion and friction forces as a function of the lubricant thickness. For Z-Tetraol, the friction
force decreased monotonously as the lubricant thickness increased; the adhesion force decreased until the
corresponding lubricant thickness reached approximately 10 A and remained flat above this value. Compared with
the adhesion force of Z-Tetraol, that of the IL lubricant was small within the lubricant thickness range corresponding
to the adhesion force. The friction force of the IL, Fo, was slightly smaller than that of Z-Tetraol.

4. Discussion

For Z-Tetraol, the derived monolayer thickness from the terrace flow measurement is 18 A, which is identical to the
saturated bond thickness and the thickness corresponding to the 100% coverage ratio. In contrast, the monolayer
thickness of the terrace flow measurement is 12 A, however, the saturated bond thickness is 9 A, and the thickness
corresponding to 100% of the coverage ratio is 18 A. To explain these differences in the IL monolayer thickness

values, it is necessary to discuss the molecular configuration.
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Fig. 2-17 Molecular modeling calculation for IL
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First, the IL molecular modeling simulation was performed via ACD/3D Viewer (Advanced Chemistry
Development, Inc.) to determine the length of each segment for the IL. The result of the molecular modeling
simulation is shown in Fig. 2-17. The longest segment is perfluoroether with a length of 17 A, whereas the
fluorocarbon chain of the anion is 4 A. The 12 A of IL monolayer thickness was less than the perfluoroether chain
thickness (18 A), hence, the perfluoroether segment was inclined at a prescribed angle to the disk surface.

Second, the manner of adsorption is discussed. Figure 2-18 shows the thickness loss caused by the heat treatment at
100 °C for 5 h for two of each. The thickness losses of the IL lubricant are comparable to those of Z-Tetraol although
the natural bond ratio (NBR) of the IL lubricant is lower than that of Z-Tetraol. The mobile lubricants of PFPEs
readily evaporate. For PFPEs, the high bond ratio is necessary to attain high thermal stability. The IL exhibits high
thermal stability despite its low bond ratio, suggesting that ionic interactions are involved in their adsorption on the
disk surface. As a bulk, it is well-known that the anions and cations of the IL interact electrostatically, resulting in
high thermal stability. Figure 2-19 shows the TGA results for each lubricant. The IL is superior to Z-Tetraol in terms
of bulk thermal stability. This result proves the strong ionic interaction in ILs. However, the ionic interaction with
the disk surface is weak compared with the chemical bond or hydrogen bond of Z-Tetraol because the bond ratio of
Vertrel XF rinse is low. Nevertheless, the ionic interaction is sufficiently strong to maintain the thermal stability of
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Fig. 2-19 TGA measurement results for each lubricant
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Considering the two problems above, molecular configurations are proposed, as shown in Fig. 2-20. For the IL in
this study, the inclination angle of the perfluoroether chain is varied because the terminal end of the perfluoroether
chain is not bonded to the disk surface as Z-Tetraol. Based on the molecular modeling simulation, the perfluoroether
chain is 17 A; using sin(0)=12 A/17 A, 0 is approximately 45°, as shown in Fig. 2-20 (b). The molecular orientation
is verified experimentally by the polar surface energy because it is determined by the outermost atomic group of
lubricant layers. The polar surface energy may depend on the inclination angle. The perfluoroether chain works for
distancing between the liquid (water) and ion pair. In the case of the molecular orientation shown in Fig. 2-20 (a), the
perfluoroether chain prevents the water molecules from accessing its inner ion pair. At a higher thickness
(approximately 18 A), the polar surface energy is relatively low, and the dispersive energy is minimum. These results
indicate that the inclination angle is high, and the packing density on the disk surface is high. The molecular weight
of the IL is small compared with Z-Tetraol; hence, a larger amount of the IL molecules is necessary to cover the disk
surface. In contrast, over a small thickness range (5-10 A), the inclination angle is also relatively small, as shown in
Fig. 2-20 (c), and the perfluoroether chain does not point upward. Thus, the polar surface energy increases as the

amount of IL molecules, i.e., lubricant thickness, increases.

£y

(a) /(ﬁ (b) (c)

./(:*En

(CFSOIN- (CFSOIN- . / (C.FoSO,)N-

Sl N RN

OH OH OH

Fig. 2-20 Model of molecular configuration for 1L

Lubricant
Thickness

|

Multilayer

Thickness from
dispersive energy

18 A

Thickness
12 A | from terrac
flow

AT FLS0,)N- X
(b) s l'\ © Ll\nl i
o ;

H

\

9()" 0 . l 00" A
Coverage ratio (%) ”

Fig. 2-21 Relationship between lubricant thickness and coverage ratio.

31



For the IL monolayer thickness, different values are obtained with the measurement methods such as terrace flow
measurement, the saturated bonded thickness and the thickness of 100% coverage ratio. Presumably, these different
values of the monolayer thickness may be attributed to change in the inclination angle of the perfluoroether chain.
The relationship between lubricant thickness and coverage ratio is depicted in Fig. 2-21. When the lubricant thickness
is 12 A which is identaical to the monolayer thickness from the terrace flow, the molecular oriented like (b). ILs keep
distancing each other, resulting in relatively small coverage ratio. In contrast, when the lubricant thickness is 18 A
which is identical to the monolayer thickness from dispersive energy, the molecular oriented like (a) and the
inclination angle is high, and the packing density is high.

The adhesion force behavior of the IL is extremely unique. Normally, the adhesion force is high when thickness is

less (5-10 A) owing to the low coverage ratio.
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Fig. 2-22 Correlation between total surface energy and adhesion force

The lubricated disk with a low coverage has a high adhesion force because the non-lubricated carbon overcoat has a
strong attraction force owing to van der Waals interactions. Figure 2-22 shows the adhesion force as a function of the
total surface energy. The adhesion force of Z-Tetraol is proportional to the total surface energy because adhesion
force is correlated interfacial force derived from the total surface energy. Tani et al. report previously the same trend
for the relationship to the adhesion force and total surface energy [47]. In contrast, the adhesion force of IL is
extremely low compared with that of Z-Tetraol despite of the high total surface energy. The origin of the adhesion
force of the IL lubricant is not the same as that of the PFPE-type lubricant.

Considering the difference in chemical structure, the ion pair is the most plausible cause of the low adhesion force.
Presumably, the ionic nature of the IL is considerably concentrated that the electric double-layer repulsion should be
worked to the pin. The non-lubricated area (i.e., the carbon overcoat) has an attraction force because of a large Hamker
constant. The presence of another force has been reported by several other research groups. The surface force of a
nanoconfined IL between two parallel surfaces has been intensively investigated using a surface force apparatus
[52,53] or AFM [54,55]. The surface force profile of the IL exhibited oscillations (alternating repulsion and attraction),
resulting in a varied separation distance between the two surfaces; this surface force is referred to as solvation force.
For a particular IL, the oscillation amplitude is larger; this is attributed to the stronger layering ability of IL. Recently,
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the layering behavior of ILs at the interface has been intensively investigated. Some ILs form the molecular
orientation at the interface, owing to the balance of its unique intermolecular interactions [56,57]. Considering the
foregoing and the reports of other research groups, the microscopic adhesion force in this study is the sum of several
interactions, such as van der Waals interactions, solvation forces, and electrostatic interactions. As a result of
balancing these interactions to determine the adhesion force, a low magnitude of adhesion force is obtained.
However, Zhao et al. reported different microscopic adhesion results of ILs. They measured the microscopic
adhesion in thin films (20 + 2 A) of Z-Dol 3800 and four imidazolium ILs by AFM. The lubricant thin film of Z-Dol
3800 exhibited the smallest adhesion force and highest water contact angle [58]. They concluded that the adhesion
properties of ILs were correlated with its surface energy. Their results differed from those of the author of the present
study. The experimental conditions had two differences: (1) the lubricant thickness of Z-Dol was 20 + 2 A, and (2)
ILs without OH groups were used. The former caused the difference in the adhesion force of Z-Dol. The adhesion
force of Z-Dol 3800 will reach a minimum value at its monolayer thickness (approximately 24 A, as presented in the
next chapter (Fig. 3-7)), which is comparable to 20 + 2 A. The minimum value of Z-Dol 3800 is one of the possible
reason for smaller adhesion force compare to those ILs’ value. The latter condition is relatd to the layering ability of
the material. The OH groups in this study were used for controlling the molecular conformation, hence, the ILs with
OH groups were expected to be more ordered than the ILs without OH groups on the disk surface. The layering ability

of materials may be correlated to the interaction between two surfaces.

5. Conclusion

In this study, the ultrathin film properties of an IL-type lubricant were compared with those of Z-Tetraol (MW: 2300)
as a conventional PFPE lubricant.

(1) The monolayer thickness of IL (12 A), which was smaller than that of Z-Tetraol (MW: 2300), resulted from its
small MW. It is expected that the thinner lubricant film on the magnetic disk will allow low-head flying.

(2) The bond thickness of the IL rinsed by Vertrel XF was smaller than that of Z-Tetraol because the IL only has a
mono-hydroxyl (OH) group. Despite its low bond ratio, the IL exhibited a high thermal stability not only as a bulk,
but also as an ultrathin film. This result suggests that the IL adsorbs on the disk surface via ionic interaction.

(3) Although the IL’s polar surface energy was higher than that of Z-Tetraol owing to the ionic pair, its adhesion force
was smaller than that of Z-Tetraol. A possible reason for this is the repulsion resulting from the ionic pair layering at
the disk surface.

Considering that a further reduction in the HMS was necessary, a novel IL-type lubricant was developed. This study
demonstrated the feasibility of using ILs as lubricant for magnetic disk media. Considerable amounts of critical data
resulting from the unique characteristics of ILs were obtained. These data have never been collected even for
conventional PFPE lubricants. Accordingly, further research and development work on IL-type lubricants are

necessary to ensure the design and fabrication of highly reliable HDDs.
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3. Application of IL for Ultra-Low HMS

1. Study objective

As the required HMS increasingly becomes narrower, lubricant thickness should also be smaller at the molecular
level. The structure of multidentate-type PFPE involves technology in which pendent hydroxyl (OH) groups in the
middle of the main chain tie down the main chain to the surface (Fig. 1-4). Owing to this technology, the lubricant
monolayer thickness has become smaller than that of conventional PFPE lubricants, such as Z-Tetraol and Z-Dol.
Among the multidentate PFPEs, Z-TMD has attained a thickness of 14 A. It has eight OH groups, four of which are
located at the intermediate positions along the main chain [13-17]. Tani et al. studied the monolayer thickness of
several PFPE multidentate lubricants [18]. The smallest monolayer thickness of 11.5 A was achieved by OHJ-DS
(MW: 3900), which has three PFPE segments and four OH groups. The monolayer thicknesses were measured using
the same terrace flow method. Designing the OH group position is effective for reducing the monolayer thickness,
however, multidentate PFPEs have not yet reached their physical limitation in terms of thickness (i.e., 7 A), which is
derived from the cross-sectional diameter of the perfluoroether chain and calculated by molecular modeling
simulation.

The positions of the OH groups in ILs are designed to further improve the monolayer thickness. It is expected that
the molecular conformation of the designed IL is parallel to the magnetic disk surface according to the positions of
the two OH groups in the IL. For IL-1, each of the two OH groups were placed at each terminal end. Figure 3-1 shows
that the perfluoroether chain of IL-1 are tethered to the disk surface at both ends. In contrast, the two OH groups of
IL-2 are placed on one side of the cation. The purpose of this study was to experimentally verify this lubricant design
concept. Accordingly, the ultrathin film properties of the two ILs were examined by comparing them with Z-Dol,
which had the same number of OH groups. In particular, the monolayer thickness, surface energy, adhesion force,

bond ratio, and thermal stability as ultrathin films were compared and discussed.
(a) IL-1 (b) T2 )

(CFsSO)N- (CFSON- ./

CNC\ ~ OH CI\JY\

OH OH OH

Fig. 3-1 Schematic of molecular conformations of IL-1 and IL-2 on magnetic disk surface:
(@) IL-1 and (b) IL-2

2. Experiment

2.1. Lubricant

The chemical structures tested in this study are presented in Fig. 3-2. The author synthesized IL-1 and IL-2 (their
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synthesis is described in the next section) to have the same anion and two OH groups in the cation. However, IL-1
had one group of OH at each terminal end, whereas IL-2 had two OH groups on one side of the cation. Z-Dol (Solvay)
is a conventional PFPE lubricant with two OH groups. Z-Dols with three different MWs (Solvay) were used for
comparison because they had the same number of OH groups as the developed ILs. Specifically, the MWs of Z-Dol
1500, 2000, and 4000 were 1500, 2200, and 3800, respectively. The MW of the PFPE backbone was obtained by
fluorine nuclear magnetic resonance, and for further comparison, the thermal stability of Z-Tetraol 2000s (Solvay),

which has four OH groups, was also tested.
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Fig. 3-2 Chemical structures of lubricants presented in this chapter

2.2 Synthesis details of ILs

As shown in Figs. 3-3 and 3-4, both ILs were synthesized in three steps. The starting material was perfluoroether
alcohols with two OH groups, one at each terminal (1-1) and two OH groups at a single terminal (2-1) for IL-1 and
IL-2, respectively. Compound 1-1 was 1H,1H,11H,11H-perfluoro-3,6,9-trioxaundecane-1,11-diol (SynQuest
Laboratories Inc.), and compound 2-1 was fluorinated triethylene glycol monobutyl ether (Fluorochem Ltd.). In step
1, Br-terminated perfluoroethers (1-2 and 2-2) were synthesized from their respective perfluoroether alcohols by
etherification with 3-bromopropyltosylate. For compound 1-2, only a single OH group was substituted with Br
between the two OH groups. Because the two terminal OH groups in compound 1-1 had the same reactivity, a mixture
of three different products was obtained after etherification: two terminals had OH groups (1-1), one terminal had Br,
the other terminal had an OH group (1-2), and both terminals had Br groups. To isolate compound 1-2 from the
mixture, silica-gel column chromatography was used. For compound 2-2, the reaction was simpler because it was not
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necessary to leave half of the OH groups unreacted after etherification.
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Fig. 3-4 Synthesis of IL-2

The chemical structure and purity of Br-terminated perfluoroethers were checked by proton nuclear magnetic
resonance and liquid chromatography coupled with mass spectroscopy (LC/MS). In step 2, the Br-terminated
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perfluoroether chain was introduced to the nitrogen atom of a pyrrolidine compound. The chemical structure and
purity of the pyrrolidinium bromide salt were confirmed by LC/MS. In step 3, the anion of the pyrrolidinium bromide
salt was exchanged with that of the bis(nonafluorobutansulfonyl)imide lithium salt (Mitsubishi Materials Electronic
Chemicals Co., Ltd.) in an aqueous system, yielding IL-1 or IL-2. In the salt exchange reaction, only the ionic liquid
participated because LiBr was soluble in water. These ILs were collected and washed by water several times to
remove ionic contaminants, and the total quantity of ion contamination in the product was verified by ion
chromatography to be less than 10 ppm. The purity of these ionic liquid was examined by LC/MS. No peaks other

than those of the IL anion and cation were detected.

2.3 Sample preparation

Each lubricant film was coated on magnetic disks by dip coating. The lubricants were dissolved in Vertrel XF, and
the lubricant film thickness varied with the lubricant concentration in the solution. The disk was immersed in a
solution of lubricant for 180 s, and the pull up speed was 1 mm/s. Ultraviolet irradiation and heat treatment were not
performed after the lubricant was applied on the disk. The lubricant film thickness was measured using a scanning
ellipsometer (FiveLab Co., Ltd., MARY-102). Various disk sample thicknesses were prepared for each lubricant. The
thickness profiles of IL-1, IL-2, and Z-Dol 2000 are shown in Fig. 3-5.
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Fig. 3-5 Thickness profiles of IL-1, IL-2, and Z-Dol 2000

3. Results

3.1 Terrace flow

The spreading profiles for the ILs and Z-Dol with three different MWs are shown in Fig. 3-6. The profiles exhibit a

shoulder corresponding to a monolayer thickness. The monolayer thicknesses of Z-Dol 1500, 2000, and 4000 are

found to be 13, 18, and 25 A, respectively. The monolayer thickness of Z-Dol decreases with the MW. It was
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mentioned in the previous chapter that the monolayer thickness of Z-Tetraol 2000s (MW: 2300) was 17 A, which
was extremely close to that of Z-Dol 2000 because they had comparable MWs. For Z-Dol and Z-Tetraol, the PFPE
backbone (with the monolayer thickness scales and the radius of gyration) is attached to the disk surface at both
terminal ends. For IL-1 and 1L-2, the monolayer thicknesses are 6 and 12 A, respectively. The different monolayer

thicknesses indicate that the molecular conformations of IL-1 and IL-2 vary with the position of the OH groups.
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Fig. 3-6 Spreading profile of each lubricant measured using scanning ellipsometry at room
temperature: I1L-1, IL-2, Z-Dol 1500, Z-Dol 2000, and Z-Dol 4000

The thickness of each lubricant as a function of the square root of MW is shown in Fig. 3-7. The monolayer thickness

of Z-Dol is proportional to the square root of MW, and the data point for IL-2 in the figure is consistent with the

extrapolated Z-Dol value. In contrast, the data point of IL-1 is below the extrapolated value. The monolayer thickness

of IL-1 conforms with the cross-sectional diameter of the PFPE backbone, which is approximately 7 A, thus, the
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conformation IL-1 is flat, as shown in Fig. 3-1, but that of IL-2 is not. Several physical chemists have directly
performed observations on the molecular orientation of ILs at an interface via the spectroscopic method. Maier et al.
conducted angle-resolved X-ray photoelectron spectroscopy for a series of ILs with octylmethylimidazolium as cation
but with a different size of anion. They proposed a layering model in which the ionic part of the cation and anion
were located near the surface of the silicon substrate as an ionic sublayer with an aliphatic carbon overlayer consisting
of octyl chains formed on the ionic sublayer [56]. Baldelli et al. examined pyrrolidinium ILs, which were comparable
to those in this study. The ILs possessed a long alkyl chain instead of a perfluoroether attached to the nitrogen atom
of the pyrrolidinium ring. They concluded that the long alkyl chain pointed upward from the surface, and the
pyrrolidinium ring was parallel to the surface on the interface [57]. Considering these results together with the
location of the two OH groups placed near the pyrrolidinium ring, the perfluoroether chain of IL-2 may also point
upward from the surface, and the pyrrolidinium ring may be located near the disk surface by anchoring with the two

OH groups, as shown in Fig. 3-1.
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Fig. 3-7 Molecular weight of lubricants derived from spreading profiles; horizontal
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Figure 3-6 show that the spreading rate decrease in the following order: Z-Dol 1500 > Z-Dol 2000 > Z-Dol 4000 >
IL-1, IL-2. For PFPE, a previous paper clearly indicated that the spreading rate was correlated to mobility, surface
energy, and film thickness [45]. The mobility was related to the adsorption force on the disk surface, MW, and
molecular polarity. According to [16], the spreading rate of Z-TMD (eight OH groups) was considerably smaller than
those of Z-Dols. Because each Z-Dol had two OH groups, the spreading rate of Z-Dols was simply correlated to the
MW, i.e., the spreading rate decreased with increasing MW. In contrast, the spreading rate of ILs was 2—3 orders of
magnitude smaller than those of Z-Dols although the MWs of ILs were relatively small. Ueno et al. indicated that the
viscosities of nanoconfined ILs were 1-3 orders of magnitude higher than those of the bulk IL because of their strong

layering force [53]. This is possibly the reason for the low spreading rate of ILs.

3.2 Surface energy
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Molecular orientation can be distinguished based on the polar surface energy. This may be obtained by contact angle
measurement because the polar surface energy is determined by the outermost atomic group of lubricant layers. If
the outermost lubricant layer is mainly occupied by CF3 or CF,, then the polar surface energy is low, if it is occupied
by a polar group, then the polar surface energy increases. For PFPE lubricants, distinct oscillations were observed in
yp as a function of film thickness, indicating that the molecular layering of the PFPEs was induced by the polar
interactions with the underlayer [12,13,22]. Figure 3-8 shows the polar surface energy as a function of the film
thickness for IL-1, IL-2, and Z-Dol 2000. The polar surface energy decreases in the following order: IL-1 > IL-2 >
Z-Dol 2000. The chemical polarity increases in the order CF3 or CF, < OH < ion pair. Among the three lubricants, Z-
Dol 2000 has the lowest polar surface energy because it does not have an ion pair in its chemical structure; the polar
surface energy of IL-1 is higher than that of IL-2. As shown by the molecular conformation in Fig. 3-1, when the
water droplet is in contact with the top surface of the lubricant layer, the perfluoroether chain of IL-1 lies on the disk
surface, and the ion pair is not covered by the perfluoroether chain, resulting in high polar surface energy. In contrast,

for IL-2, the perfluoroether chain pointing upward from the surface prevents the water molecules from accessing its

inner ion pair.
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Fig. 3-8 Polar and Dispersive surface energy as a function of lubricant thickness

Fig. 3-8 shows the dispersive surface energy as a function of lubricant thickness. For a non-lubricated (blank) disk,
the dispersive component of the surface energy is 38 mJ/m?, which is significant. The dispersive component decreases
monotonically in each lubricant as the lubricant film thickness increases and approaches a saturated value when the
disk surface is fully covered by the lubricant. The experimental data are fitted by the Hamker equation. The saturated
thickness values are 8, 14, and 18 A for IL-1, IL-2, and Z-Dol 2000, respectively; the measured saturated dispersive

energy values were 16.5, 13.8, and 13.7 mJ/m?, respectively.

3.3 Adhesion force measurement
The microscopic adhesion force is a critical parameter for magnetic disk lubrication. A low adhesion force is required
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for achieving a low-head flight. The adhesion measurements are presented in Fig. 3-9. The adhesion force is defined
as the minimum value in the pull-out region. Figure 3-10 shows the adhesion force as a function of the lubricant
thickness for IL-1, IL-2, and Z-Dol 2000. For Z-Dol 2000, the adhesion force decreases with increasing lubricant
thickness. In general, the microscopic adhesion force emanates from the interaction between two bodies and
correlates with the surface energy [59]. For a non-lubricated disk, the surface energy is large. With increasing
lubricant thickness, the surface energy and corresponding adhesion force both decrease. Therefore, the measurement
results for Z-Dol 2000 obtained in this study are anticipated. In contrast, the adhesion behaviors of the ILs are unique
in that the adhesion force appears to be independent of the lubricant thickness. The adhesion force decreases in the
following order Z-Dol 2000 > IL-2 > IL-1 at approximately 10 A, whereas the surface energy values of the three
lubricant films decrease in the order IL-1 > IL-2 > Z-Dol 2000.
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Fig. 3-9 Adhesion measurement results for IL-1, IL-2, and Z-Dol 2000
obtained by pin-on-disk microtribotester
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Fig. 3-10 Adhesion force as a function of lubricant film thickness

To evaluate the bulk thermal stability of the lubricants, thermogravimetric measurements are performed on the

lubricants used in this study, with the temperature at the 10% weight loss defined as Ta10. Figure 3-11 shows Ta10 as

a function of MW. For Z-Dols, Ta10 decreases with decreasing MW. A comparison of Z-Dol 2000 with Z-Tetraol
2000s shows that Tg10 of Z-Tetraol is higher than that of Z-Dol 2000 by 60 °C owing to the additional hydrogen

bonding within the lubricant. The Tq10 value of IL-1 or IL-2 is higher for a relatively small MW, which is an IL

characteristic resulting from the electrostatic interaction within the material.

-60

Weight loss (%)

-80

-100

—IL-1
—1IL-2
—Z-Dol 2000

—Z-Tetraol 2000s

-60

Weight loss (%)

-80

-100

0

100

200

300 400
Temperature (°C)

500 600

—Z-Dol 1500
—Z-Dol 2000
—Z-Dol 4000

200 300 400
Temperature (°C)

500

Fig. 3-11 Thermogravimetric analysis measurement results
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Figure 3-13 shows the thermal stability of ultrathin films. Disks with a film thickness of approximately 10 A are
subjected to a 12 h heat treatment. The thickness loss is in the order IL-1 or IL-2 < Z-Tetraol 2000s < Z-Dol 2000
under all heating conditions, thus conforming with the bulk thermal stability obtained during the thermogravimetric
measurement. Lubricants with high Tg10 values as bulk liquids experience small thickness losses as thin films. In
other words, the ILs are thermally stable not only in bulk, but also as ultrathin films. Figure 3-14 shows the thickness
loss (as a percentage) as a function of the heating time at 60, 130 and 160 °C. For 130 and 160 °C, Z-Dol 2000 and
Z-Tetraol 2000s approach a constant value of 2 h after the heating starts. Normally, among the PFPE lubricants, only

the mobile lubricant evaporates, and the bonding reaction is enhanced by heating. Table 3-1 summarizes the bond
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Fig. 3-13 Thickness loss after 12 h of heat treatment at 60, 130, and 160 °C
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Table 3-1 Summary of heat treatment test results (at 160 °C for 12 h)

Before heat treatment After heat treatment
Lubricant Lubricant Bond ratio Thickness Bond Mobile
thickness (A) (%) Loss (%) Ratio (%) Ratio (%)
IL-1 8.2 19 24 59 41
IL-2 9.3 11 5.4 56 44
Z-Tetraol 2000s 9.1 61 121 85 15
Z-Dol 2000 10.0 23 44.0 49 51

For each lubricant, the bond ratio increases from before to after heat treatment. The quantity of mobile lubricant is
the difference between 100% and bond ratio (as a percentage), as shown in the rightmost column. For Z-Dol 2000
and Z-Tetraol 2000s, the ratio of mobile lubricant is consistent with the thickness loss. In contrast, the thickness losses
of IL-1 and IL-2 are small despite the larger quantity of mobile lubricant. These results indicate that the thermal
stability of the IL ultrathin film is high and independent of the bond ratio and MW.

4. Discussion

The monolayer thickness can be reduced by the IL-1 without the evaporation problem. The monolayer thickness of
IL is confirmed by the terrace flow method, and the ILs exhibit good thermal stability on the TGA as well as the
ultrathin film. To explain the behavior of ILs on coverage and adhesion, it is necessary to determine the underlying
mechanism. The manner of bonding on the ILs is a key characteristic. Basically, the thickness loss increases with the

increase in mobile ratio because mobile lubricants evaporate readily.
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Fig. 3-15 shows the foregoing correlation between the mobile ratio and thickness loss. The thickness losses of PFPES
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is alomost the same as the mobile ratio, whereas the ILs exhibits small thickness losses regardless of the mobile ratio.
These results suggest the existence of an interaction between the ion pair of the ILs and disk surface, i.e., the ILs
adsorb to the disk surface via the ion pair. In the previous chapter, the monolayer thickness of the IL derived from the
terrace flow measurement is not identical to the thickness corresponding to 100% of the coverage ratio. It is
hypothesized that this difference in the monolayer thickness may be attributed to the inclination angle of the
perfluoroether chain and the packing density on the surface. This hypothesis may be verified through IL-1: the I1L-1
perfluoroether chain lies parallel to the disk surface and is anchored via its terminal OH group. Figure 3-16 shows

the coverage ratio as a function of lubricant thickness.
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The thickness values corresponding to the 100% coverage ratio are 10, 15, and 18 A for IL-1, IL-2, and Z-Dol,
respectively. The 100% coverage thickness of IL-1 is smaller than those of the other lubricants, corresponding to the
monolayer thickness value derived from the terrace flow measurement. As shown in Fig. 3-8, the saturated dispersive
energy of IL-1 is higher than that of the other lubricants, suggesting a low packing density. A hexadecane droplet
comes into contact with the surface of the carbon overcoat because of the low packing density. Furthermore,
hydrocarbon unit of IL-1 is facing up because the perfluoroether laying down. The carbon surface and hydrocarbon
unit have strong affinity to hexadecane, resulting in low contact angle of hexadecane. In contrast, the perfluoroether
chain of IL-2 is pointing upward, exhibiting a relatively strong oil repellency because of CF; and CF,. A comparison
of the two ILs having two different inclination angles shows that the ultrathin surface properties vary, providing direct
evidence for the proposed model shown in Fig. 2-22.

The adhesion force is also related to the molecular configuration. The findings presented in the previous chapter
include the following: the adhesion force of ILs is weaker than that of Z-Tetraol and is not correlated with the surface
energy originating from van der Waals interactions. IL-1 has a weaker adhesion force than IL-2, indicating that the
origin of the low adhesion force is the ion pair located at the top part of the lubricant layer. The ion pair is extremely
concentrated that the electric double-layer repulsive force performs work on the pin. The attraction force work
between the carbon layer and the pin is stronger than those of between the perfluoroether and the pin. The total
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adhesive force is determined by balancing these attractive forces and the repulsive force of IL. As shown in Fig. 3-
18, the repulsive force may be affected by the inclination angle.
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For IL-1, the repulsive force increases because the ion pair comes into close contact with the pin although the
attractive force is high because of the relatively low coverage ratio. In contrast, for IL-2 the repulsive force decreases
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when the ion pair is covered by the perfluoroether. The weaker adhesion force of IL-1 than that of IL-2 because of

the small inclination angle of IL-1 is a direct evidence for the foregoing hypothesis.

4. Conclusion

In this study, the ultrathin film properties of newly designed IL lubricants were compared with those of conventional
PFPEs. The design concepts include the following: the new ILs have small MWs, and the optimized placement of
OH groups increases their confinement on the disk surface. These concepts have been verified experimentally. The
following conclusions were obtained:

(1) The monolayer thickness values were 6 and 12 A for IL-1 and IL-2, respectively, which were smaller than those
of Z-Tetraol 2000s (18 A). Considering the position of the OH groups, the perfluoroether chain of IL-1 is attached to
the disk surface with a terminal OH group, and the perfluoroehter chain of IL-2 points upward from the surface.
These assumptions for the molecular conformations on the disk surface are supported by the obtained surface energy
data (polar and dispersive terms).

(2) The adhesion force was measured using a pin-on-disk microtribotester. This force is one of the key parameters
for achieving a low slider head flight. The adhesion force decreased in the order Z-Dol 2000 > IL-2 > IL-1. The
adhesion force varies for different molecular conformations of IL on the disk surface, and the adhesion force is
determined by balancing the electrostatic repulsion and van der Waals attraction. When the ion pair is located at the
top of the lubricant surface, the repulsion increases, resulting in a low adhesion force.

(3) According to heat treatment results at 160 °C, the upper limit of evaporation loss was dependent on the bond ratio
of PFPEs, the PFPE bonded lubricants were not observed to evaporate significantly. A high bond thickness is
necessary for low evaporation loss. In contrast, the bond ratio of ILs was low even after heating, however, these ILs
exhibited low evaporation losses owing to the ionic interactions within the materials. These results indicate that the
ionic interaction is involved in the adsorption on the disk surface.

Novel IL lubricants were developed with the aim of further reducing the HMS. Several promising results were
obtained because of the unique characteristics of ILs, these results have not been obtained for conventional PFPEs.
However, this study revealed that the lubricants had low bond ratios and poor hydrophobicity. According to the
evaluation of the thermal stability stated above, the low bond ratios did not seem to be critical. The effect of high
temperature and high humidity on the IL was not examined in this study. In the case of poor hydrophobicity, lubricant
dewetting, corrosion and microtribological properties are problematic. In contrast, a change in the pervading air inside
the HDD is undergoing development (i.e., helium-filled HDD), hence, the actual criteria for HDDs can potentially
change. With these trends in the HDD technology, further research and development are necessary to ensure the

reliability of IL-lubricated hard disk drives.
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4. Application of IL for HAMR

4.1. Background and objective of this study

HAMR is among the candidates for next-generation magnetic recording systems. However, this technology
introduces the lubricant depletion problem owing to lubricant evaporation and thermal decomposition because the
laser is locally focused on the top surface of the magnetic disk media. The depletion characteristics of
perfluoropolyether (PFPE)-type lubricants have been investigated under various laser conditions, such as laser power,
laser irradiation duration, and on/off laser irradiation duration [60-65]. However, a fundamental solution to this
depletion problem is to develop thermally stable lubricants as alternatives to PFPE. The IL is an attractive material
because of its high thermal stability. Based on thermogravimetric analyses (TGA), ILs have superior thermal stability
when exposed to elevated temperatures. Despite the superior bulk properties of IL, however, the feasibility of
applying IL lubricants to the HAMR system should be investigated. The thermal stability of ultrathin lubricant films
on magnetic disks cannot be predicted from bulk TGA properties because of the interaction between the lubricant
and disk surface. In the application of heat, the laser is focused on the disk surface in the actual HAMR system via
near-field irradiation for a few nanoseconds. However, the scale of the rate of increase of the TGA temperature is
minimal; the rate is 10'° times slower than that in actual HAMR systems. In this study, the lubricant depletion on
magnetic disks is measured using the far-field laser irradiation on a rotating disk and compared between the newly

developed IL-type lubricant and conventional PFPE-type lubricants.

4.2. Lubricant

In this study, a new material, IL-3, is synthesized, and its chemical structure is shown in Fig. 4-1.
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Fig. 4-1 Chemical structures in this study
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For cation moiety, the perfluoroether group was introduced to the 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) ring in
the nitrogen atom; the anion was nonafluorobutanesulfonate. The MWs of the anion and cation were 299 and 741,
respectively, for a total MW of 1040. The synthesis is described in detail in [67]. The chemical structure and purity
were verified by liquid and ion chromatographies. Z-Tetraol 2000s (Solvay), Z-Dol 2000 (Solvay), and Z-Dol 4000
(Solvay) were used. According to the F-NMR results of the PFPE backbone, the MWs of Z-Tetraol 2000s, Z-Dol
2000, and Z-Dol 4000 were approximately 2300, 1900, and 4200, respectively. All PFPEs and the IL are in the liquid

state at room temperature.

4.3. Dip coating and lubricant thickness measurement

Each lubricant film was coated on the magnetic disk by dip coating. The film thickness varied depending on the
lubricant concentration in the solution. The disk was immersed in a solution of the lubricant dissolved in Vertrel XF
(Dupon-Mitsui Fluorochemicals Co., Ltd., Vertrel XF) for 180 s and pulled up at a speed of 1 mm/s. The lubricant

film thickness was measured using a scanning ellipsometer (FiveLab Co., Ltd., MARY-102).

4.4. Bonding Process

Ultraviolet and heat treatments are commonly used for enhancing the bond ratio in the magnetic disk media. A
low-pressure mercury lamp with wavelengths of 185 and 254 nm was used as the UV light source. The UV irradiation
duration was 30 s, and the UV intensities were 1 and 5 mW at 185 and 254 nm, respectively. The UV chamber was

purged using nitrogen gas to avoid ozone generation. The heat treatment was at a temperature of 100 °C for 1 h.

4.5. Bond ratio ladder sample preparation
The bond ratio of an ultrathin lubricant film depends on the bonding process, such as UV treatment, heat treatment,
and combined heat and UV treatments. For the PFPE, the number of OH groups also affect the bond ratio because

the OH group adsorbs on the carbon surface.

Table 4-1 Disk sample condition and bond ratio for lubricant depletion measurement

Exp. Lubricant %?23;23 Bon&gatio
@) Z-Tetraol 2000 uv 96
2 Z-Tetraol 2000 ) 82
®) Z-Dol 2000 uv 62
(4) Z-Dol 2000 ] 44
() Z-Dol 4000 ] 42
) IL-3 Heat + UV 71
() IL-3 uv 59
®) IL-3 ] -
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By considering the bonding process and lubricant chemical structure, the bond ratio ladder sample for PFPEs was
prepared; this ladder and IL-3 are listed in Table 4-1. The lubricant thickness was adjusted to approximately 11 A.
The residual thickness after Vertrel-XF rinsing was considered as bond thickness. The disk was immersed in Vertrel-
XF for 180 s, and the pull up speed was 1 mm/s. The bond ratio was defined as the ratio of thickness after rinsing to
that before rinsing. The thickness of each lubricant was adjusted to approximately 11 A. Z-Dol 4000 was used to

examine the effect of MW on lubricant depletion.

4.6. Lubricant flow rate measurement

The lubricant was applied only to a part of the disk surface to observe the spread of the front over time. UV
irradiation and heat treatment were not performed after applying the lubricant onto the disk. The thickness profiles
of the films were measured using a scanning ellipsometer. The thickness profile measurements were made
immediately after the lubricant film was applied. After a sufficiently long period had elapsed under ambient
conditions, the lubricant film spread [45]. The lubricant flow rate was calculated by dividing the spread distance (with

a lubricant thickness of 11 A) by time.

4.7. Far-field Laser Irradiation System
A schematic of the tester is shown in Fig. 4-2 (a). The magnetic disk was mounted on the spindle, and a laser light (A

= 830 nm) was focused on the disk surface through an objective lens (numerical aperture (NA) = 0.5).
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Fig. 4-2 (a) Schematic of far-field laser irradiation system; (b) OSA image after laser irradiation

The diffraction limit for the full-width at half-maximum optical spot (d) has a 1.0 um radius; it was calculated by
d=0.61 A /NA. Table 4-2 lists the measured laser power at laser diode (LD) out and objective lens out. The coupling

efficiency of this optical system, defined as the ratio of laser power at objective lens out to LD out, was approximately
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29%. The reflected light from the disk surface was monitored using a CCD camera. The spot size of the reflected
light on the CCD monitor was set to be minimum using the Z axis micrometer to exactly align the laser focal point
at the top surface of the disk. The laser focus point alignment in the vertical direction is critical because it is directly
related to the measurement accuracy. For the horizontal direction, the laser focus point was positioned at a radius of
25,000 um, and the rotational speed of the disk was fixed at 500 rpm, corresponding to a linear velocity of 1,300
mm/s. In a previous study in [65], the temperature at the laser focus point was measured using a thermo-label, i.e., a
temperature indicator that changed color when the temperature reached a preset threshold. The laser currents of 120,
130, and 140 mA correspond to local spot temperatures of 211, 241, and 272 °C, respectively. The irradiation time
for a rotation was calculated by the laser spot diameter and the linear velocity of this experimental setup. The
calculated irradiation time was 1.5 ps, and its duty was 0.0013%. The 1.5 us irradiation time was considerably longer
than that of the actual HAMR (only a few nanoseconds). Nevertheless, the result of the aforementioned study
compared with that of the TGA was considerably closer to actual the HAMR condition.

Table 4-2 Corresponding laser power and coupling efficiency for various laser currents (mA)

Laser Current Laser power (r.nW-) Coupling
(mA) LD out Objective lens | efficiency (%)
out
117.5 66.8 19.1 28.6
120 69.3 204 29.4
130 78.3 22.5 28.7
140 83.6 24.6 29.4

As shown in Fig. 4-2 (b), the lubricant depletion caused by laser heating is visible using an optical surface analyzer
(OSA) (KLA Corporation, Candela5100). The OSA enables the collection of reflectivity change data over the disk
with high spatial resolution. The thickness profile is calculated based on the measured OSA reflectivity change after

the difference in the OSA reflectivity is calibrated using the absolute lubricant film thickness on a half-dipped disk.
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Fig. 4-3 (a) OSA image of half-dipped disk and illustrated angular average chart;
(b) OSA reflectivity change—absolute thickness calibration for each lubricant

The OSA reflectivity difference is the difference between the reflectivity of coated and uncoated surfaces based on
the angular average reflectivity chart (Fig. 4-3 (a)). In this study, the absolute lubricant film thickness was measured
by an ellipsometer. For the correlation between the absolute lubricant film thickness and OSA reflectivity difference,
both the OSA and ellipsometry measurements were conducted for the thickness ladder of the half-dipped disk. Figure
4-3 (b) shows the OSA reflectivity difference—absolute thickness calibration for each lubricant. The OSA
measurement was conducted on the disk within 3 min after laser irradiation. Within this period, the lubricant reflows
did not affect the depletion profile considering the flow rate of each lubricant film. A digital average lubricant
thickness chart was generated by the software bundled with Candela 5100. The A thickness profile is the difference
between the thicknesses before and after laser irradiation. As shown in Fig. 4-4, the negative values in the A thickness

profile indicate lubricant depletion, whereas positive values indicate lubricant accumulation.

) Accumulation

] T Radius/um
< _-|‘| |_[| —
: [T

[E \ _.'-—" Depletion

Fig. 4-4 lllustration of lubricant depletion calculation

The quantity of depletion was calculated using the OSA spatial resolution (um) in the radial direction times the
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summation of each depletion (A) at the region where the sign was negative. In this study, the OSA spatial resolution
in the radial direction was 0.3 um. Therefore, the lubricant depletion was defined as the cross-sectional depletion area
across the laser-heated track.

4.8. Lower Limitation of Lubricant Depletion Measurement

Tagawa et al. reported that the reflectivity of the carbon layer changed because of the rapid laser heating, resulting in
the damage to the carbon layer [65]. This reflectivity change in the carbon layer affects the lubricant depletion
measurement because the changes cannot be distinguished in the optical reflectivity. The reflectivity changes in the
non-lubricated disk after 2 h of laser irradiation increased with the increasing laser current. To examine the effect of
the reflectivity change in the carbon layer on the lubricant depletion measurement, the reflectivity change in the
carbon layer is converted to lubricant thickness change using the OSA reflectivity difference-thickness calibration
equation of Z-Dol 2000.

Table 4-3 Corresponding depletion quantity of non-
T . lubricated disk for various laser current (mA)
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Fig. 4-5 OSA reflectivity changes converted to lubricant
thickness using calibration equation of Z-Dol 2000

Figure 4-5 shows the converted thickness profile of the non-lubricated disk for various laser currents. Table 4-3 lists
the corresponding lubricant depletion quantities for the carbon layer reflectivity change at each laser current. Below
these levels, the actual lubricant depletion measurement for the lubricated disk is affected by the carbon layer

reflectivity change, resulting in a lower limit of the lubricant depletion measurement.

3. Results

3.1TG/DTA

Figure 4-6 shows the TG/DTA results as a function of temperature. The thermal stability increases in the order of Z-
Dol 2000, Z-Tetraol 2000s, Z-Dol 4000, and IL-3. For the PFPE-type lubricants, the thermal stability depends on
their MW and number of OH groups resulting from hydrogen bonding. The temperatures corresponding to the weight
loss of Z-Tetraol 2000s, Z-Dol 2000, and Z-Dol 4000 are 150, 230, and 230 °C, respectively. The exothermic peak at
approximately 360 °C indicates thermal decomposition. The exothermic peak intensity of DTA depends on the
residual weight quantities at their peak temperatures. The weight loss was gradual with the increase in temperature
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until 360 °C owing to evaporation. Compared with PFPEs, the IL-3 material exhibited superior bulk thermal stability.
The exothermic peak of IL-3 is 430 °C, which is the thermal decomposition temperature of IL-3. For the actual
HAMR, the top surface of the magnetic disk was heated up to 600 °C over an exposure time of a few nanoseconds
[27,28]. The heat stress on the lubricant molecules could not be discussed simply based on TG measurement results

because the manner of applying heat to the lubricant in the HAMR considerably differs from that in the TG

measurement.
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Fig. 4-6 (a) TG and (b) DTA as functions of temperature for PFPEs and IL

3.2 Lubricant flow rate

Table 4-4 lists the flow rates of lubricant films over a 1 h period. The flow rate decreases in the order Z-Dol 2000 >
Z-Dol 4000 > Z-Tetraol 2000s > IL-3. The flow rates of PFPE lubricants decrease with higher MW and bond ratio.
The flow rate of IL-3 is considerably smaller than those of the PFPE lubricants owing to the ionic interactions among

molecules.

Table 4-4 Flow rate of lubricants in this study

. Z-Tetraol Z-Dol Z-Dol
Lubricant 2000s 2000 4000 L€
Flow rate (um/h) 6.6 <10 2.3X10 1.4x10 1.9x1072

3.3 Lubricant Depletion as Ultrathin Film
Figure 4-7 shows the thickness profiles at the laser irradiation of 140 mA. For Z-Dol 2000 without UV irradiation,
lubricant accumulation was observed at the outer side of depletion to the spindle center. The depletion of Z-Tetraol
2000s was smaller than that of Z-Dol 2000, indicating that the bond ratio is critical to lubricant depletion because of
the same MW backbone.
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Fig. 4-7 Thickness profiles at 140-mA laser irradiation

Figure 4-8 shows the thickness profiles resulting from the 117.5 mA laser irradiation of Z-Dol 2000 or Z-Dol 4000

without UV; the lubricant depletion is smaller than that when the laser is at 140 mA because the laser power in the

former is lower than that in the latter.
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Fig. 4-8 Thickness profiles under 117.5-mA laser irradiation

4. Discussion
4.1 Correlation between lubricant depletion and bond ratio

Figure 4-9 shows the dependence of the lubricant depletion quantity on the bond ratio of PFPEs and IL-3. For the
PFPEs, the depletion quantity decreases proportionally with the increasing bond ratio to the surface. These results
suggest that bonded lubricant is durable, and the mobile lubricant is affected by laser irradiation. In contrast, IL-3
exhibits a small depletion despite the low bond ratio. As shown in the TGA measurement results, the IL-3 molecules
interact electrostatically, resulting in high thermal stability. The origin of ionic interaction is the attraction force
between the negative and positive charges. This ionic interaction is weaker than the chemical bond, however, it is
sufficiently strong to maintain stability.

For both 1L-3 and Z-Tetraol 2000s with UV, the depletion quantity was comparable with the reflectivity change in
the non-lubricated disk after 2 h of laser irradiation (dotted line in Fig. 4-9), as discussed above. Thus, the most

superior lubricant cannot be determined because the reflectivity change is extremely small.
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Fig. 4-9 Dependence of lubricant depletion quantity on bond ratio at 140-mA (a) and 117.5-mA
(b) irradiation. Dotted line: corresponding depletion of non-lubricated disk caused by 2-h laser irradiation

As shown in Fig. 4-9, the dependency trend on the bond ratio at 117.5 mA laser irradiation was the same as that at
140 mA, except for Z-Dol 4000. Compared with Z-Dol 2000, Z-Dol 4000 exhibits a drastic decrease in lubricant
depletion corresponding to the laser irradiation from 140 mA to 117.5 mA. This behavior suggests that the
predominant mechanism of lubricant depletion at 117.5 mA is evaporation because Z-Dol 4000 has a greater bulk
thermal stability than Z-Dol 2000 owing to its higher molecular weight. In contrast, at 140 mA, the depletion of
PFPEs decreases proportionally with the increasing bond ratio. Considering that the dissociation energy of each
chemical bond, such as C-C, C-0, and C-F, is higher than the photoelectron energy of the 830 nm laser wavelength:
1.49 eV which is calculated by E=h X ¢/ A, and the thermal decomposition temperature of 1L-3 is 430 °C is higher
than the temperature of laser irradiation (272 °C at 140 mA), the lubricant depletion mechanism at 140 mA is assumed
to be laser ablation. This is an explosive phenomenon owing to the high laser flux [68]. The local temperature

increases or bond breaking by electronic excitation owing to the multiphoton absorption has a dominant role in laser

ablation.

4.2 Lubricant Flow Back to Depletion Area

Figure 4-10 shows the thickness profile immediately after 2 h of 140-mA laser irradiation (red) and 24 h of storage
in ambient environment after laser irradiation (blue). For Z-Dol 2000, without UV and at a 10.0 A thickness, the
depletion track caused by the laser irradiation disappeared after 24 h. This is because at this disk condition, the bond
ratio is 44%, and the flowable layer (called mobile lubricant) is 56%. According to the flow rate measurement results,
the distance traveled by Z-Dol 2000 in 24 h is 552 um, which is comparable to the radius of the top surface of

depletion (approximately 400 um). Thus, the laser irradiation track disappears because the mobile lubricants flow
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back to the depletion area. Ma et al. also observed the same phenomena using a considerably similar laser irradiation

system [63].
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Fig. 4-10 Thickness profile immediately after or 24 h of 2-h laser irradiation

There was no change in the depletion profile of IL or Z-Tetraol 2000s irradiated with UV during the 24 h storage
of these lubricants. The distance traveled by Z-Tetraol 2000s in 24 h is 16 pm, however, the reflow phenomena
cannot be observed. Considering the foregoing as well as the considerably small depletion quantities, which are
comparable to the reflectivity change in the carbon layer, the reason for thickness depletion is the reflectivity change

in the carbon layer under these two conditions (IL-3 or Z-Tetraol 2000s with UV).

4. Conclusion

In this study, new thermally stable IL-type lubricants have been developed to solve the problem related to HAMR
systems. Ultrathin lubricant film depletion for the IL-type and PFPE-type lubricants was quantitatively evaluated
using the far-field laser irradiation system. The results for IL-3 can be summarized as follows.
(1) At 140 mA, the PFPE-type lubricant film depletion decreased proportionally with increasing bond ratio. The IL-
type lubricant depletion was small and did not depend on bond ratio.
(2) The lubricant depletion quantified at 117.5 mA was smaller than that at 140 mA because of the lower laser power.
Although the depletions of Z-Dol 4000 and Z-Dol 2000 were the same at 140 mA, Z-Dol 4000 exhibited a drastic
decrease at 117.5 mA owing to higher MW.
(3) The depletion mechanism at 117.5 mA was predominantly evaporation based on (2). The mechanism at 140 mA

may be laser ablation because the depletion quantity depended on the bond ratio.
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(4) According to the OSA, for Z-Dol 2000 without UV, the lubricant flowed back to the depletion area. The depletion
profile of IL or Z-Tetraol 2000s after UV irradiation did not change after 24 h of storage because the depletion
guantities were extremely smaller than the reflectivity change in the non-lubricated disk.

In this study, the ILs were compared with the PFPE with the highest bond ratio. However, the more superior lubricant
type between the two cannot be ascertained based solely on the depletion measurement by the OSA reflectivity change.
Other analysis methodologies of laser irradiation track are required. These include atomic force microscopic friction
measurement, Auger electron spectroscopy, and time-of-flight secondary ion mass spectroscopy, which have high

spatial resolutions.
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5. Conclusion and Outlook

The objective of this study is to prepare a new type of IL lubricant for wide use in the hard disk industry. For this
objective, ILs were synthesized, and their basic properties were investigated relative to HDI performance.
Collaboration with several companies in this industry was forged, and considerable amounts of feedback were
received from these entities. The author cannot disclose the HDI evaluation results from the HDD company because
the evaluation data are included in the non-disclosure agreement. The HDI evaluation data depend on the disk media
and processes, such as dip coating, tape vanish, and UV condition. If the same type of sample is provided to two
different HDD companies, different results are supposed to be obtained. In contrast, numerous investigations have
reported on the correlation between the basic properties of PFPE and HDI performance. It is known that how those
basic properties work for HDI performance. Similarly, the author attempted to predict the HDI performance according

to the data on the basic properties of ILs compared with those of Z-Tetraol 2000s (Table 5-1).

Table 5-1 Comparison between IL and PFPE on thin film properties at approximately 10 A

_ PFPEs ILs

ont Z'ZTOE(}SZ"' Zzb%gl L | o |2 | s

Chem Molecular Weight - 2300 2200 1284 1066 | 1314 | 1040
Number of OH group - 4 2 1 2 2 0

Bulk TGA (10% weight loss) °C 261 198 349 361 358 | 334
Bond Ratio™ % 82 49 36 59 56 55
Polar surface energy mJ/m? 145 175 31.3 53.8 325 -
Dispersive Surface Energy | mJ/m? 155 14.7 15.6 16.5 15.1 -
Monolayer thickness A 18 17 12 6 13 -

Thin Mobility*2 um/h 0.7 20 0.13 0.10 0.03 | 0.02
a':: iIOmA Coverage Ratio % 91 93 92 99 95 -
Adhesion Force mN 0.24 0.24 0.11 0.07 0.15 -
Friction Force mN 0.49 - 0.40 - - -
e [ w [ e [w | -2 [s]-

Laser Depletion (140mA) | Axum 5.2 23.7 - - - 4.8

*1: Bond ratio considerably depends on the type of magnetic disk and its freshness; techniques for enhancing the
bond ratio exist. No treatments for IL and IL-3; Heat treatment for IL-1 and IL-2. Z-Tetraol and Z-Dol.
*2: Mobility data are derived from the terrace flow measurement.

61



Figure 5-1 is the rader chart displaying multivariate data of Table 5-1. For each properties, the direction of the axis is
determined individually as enhancing HDI performance, i.e., touchdown performance become better as monolayer
thickness decrease, low bond ratio and high coverage ratio is advantagerous for better head wear performance. Thus
the wider area of the rader chart indicate the better lubricant performance of magnetic disk shall be attained. ILs

exhibit better thickness stability despite of low bond ratio and smaller monolayer thickness.
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Fig. 5-1 Radar chart of the lubricant properties for IL as the comparison with Z-Tetraol and Z-Dol

The conclusions regarding IL can be summarized as follows.

(1) Design concept of ILs: The design concept was experimentally confirmed. As the demand for a narrower HMS
increases, thinner lubricants are desired. In this study, the monolayer thicknesses were 6 and 12 A for IL-1 and IL-2,
respectively. These thickness values are smaller than that of Z-Tetraol 2000s (18 A). By designing the position of the
OH groups, the perfluoroether chain of IL-1 is tethered to the disk surface with a terminal OH group at each end, the
perfluoroehter chain of IL-2 points upward from the surface. The small monolayer thickness is considerably
advantageous, allowing the ILs to achieve a superior touchdown performance. At the same time, the IL exhibits small
amounts of depletion under laser irradiation and acceptable thickness stability when exposed to 130 °C or 160 °C of
heating because of ionic interactions. This thermal stability is required for HAMR lubricants as shown in Fig. 5-1.

(2) New IL bonding approach: Generally, lubricants with a low bond ratio exhibit a good head wear owing to the
large amount of mobile lubricant; however, this mobile lubricant causes poor thermal stability and lubricant pick-up.
This is a trade-off problem in HDI performance. The ILs exhibit a small bond ratio but high thermal stability. Its
mobility is also small, as confirmed by the terrace flow. These IL results indicate that high thermal stability and low
mobility have been attained simultaneously despite the low bond ratio. The ILs adsorb on the disk surface via the
ionic pair. This is a new insight with regard to the manner of bonding, which can lead to the simultaneous satisfaction
of the specifications on head wear and thermal stability. This IL performance cannot be attained by the chemical
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bonding of the PFPE lubricant.

(3) Adhesion force: The adhesion force of IL is lower than that of the PFPE despite its high surface energy. The

small adhesion force is a key parameter for stable head flying in the HDD. It is experimentally confirmed that the
adhesion force depends on the molecular orientation, and a low adhesion force is necessary for the stable head flying
of HDD. Moreover, a stiction issue of other micro-machines is effectively resolved by these IL type lubricant with
such a property.
(4) Corrosive property: The polar surface energy of ILs is high, but its dispersive surface energy is comparable to that
of the PFPE, indicating that the disk surface is sufficiently covered by the lubricant. When the surface energy is high
for PFPEs, the disk surface is not covered by the lubricant, causing a corrosion problem. The high surface energy of
ILs (polar) is different from the phenomenon that is observed in PFPEs (dispersive). Moreover, corrosion is the
consequence of the combination of the carbon overcoat and lubricant. Further investigations are necessary for the
corrosion problem.

As stated above, the bonding of IL differs from that of the conventional lubricant, and the IL’s molecular orientation
can be controlled because of its high ordering ability. By designing the molecular structure of the IL, this material
can simultaneously satisfy several specifications. Because the HDI condition becomes more severe than that of the
HAMR, the aforementioned IL characteristics are critical to the formulation of lubricants for the HAMR.
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