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THIS INVENTION relates to a method and apparatus for measuring flying height
and more particularly for measuring the clearance of a magnetic head slider above
a disk surface by using an optical interference mechanism. This invention also
relates to a method and apparatus for measuring the thickness change of a thin film
between the slider and disk, the thin film being located on either the air-bearing
surface of the slider or on the disk surface.

The magnetic disk drive industry has constantly been attempting to |
achieve higher recording densities. One of the most effective and critical
parameters related to recording density is the flying height of the magnetic head
slider above the disk surface. The flying height has been reducing over recent
years and is presently down to about 25nm. There is also a trend towards
proximity contact recording and contact recording. In proximity contact recording
the flying height is usually less than 25nm and, for example, would be in the region
of 15nm. For contact recording, the flying height approaches zero, the magnetic
recording head of the slider actually making contact with the disk surface. Wear
and friction will occur as a result of contact recording and proximity contact
recording when the magnetic head slider and the disk surface come into contact
with one another. Accordingly, as flying heights are reduced, it becomes important
to measure accurately the flying height. However, the measurement of such a

small flying height is very difficult.
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are also becoming very important, especially for high-end magnetic disk drive

design.

Optical interferometry has been applied to measure the flying height of
magnetic head sliders for many years. Monochromatic fringe counting techniques,
using a white light source and an optical grating, provide an accuracy of 0.15um
over the range from 1 to 3um. White light interferometry, provides an accuracy of
50nm for flying heights below lum, but at a spacing of less than 150nm, the

colours wash together and cannot be interpreted with reasonable accuracy.

Small spacing measurement techniques based on the photo-electrical
conversion of interference intensity have been proposed. One example is a paper
"A Visible Laser Interferometer for Air Bearing Separation Measurement to
Submicron Accuracy" by A. Nigam (ASME Journal of Tribology Vol.104, PP60-
65, January 1982). In the paper, Nigam empioys a He-Ne laser as a light source
and two photo-detectors. The flying height of the slider was measured with an
accuracy of 5Snm and spacing fluctuation resulting from suspension resonance up to

2kHz range.

Another method to measure slider-disk spacing is disclosed in Ohkubo
et al's paper "Accurate Measurement of Gas-lubricated Slider Bearing Separation

Using Visible Laser Interferometry” (ASME Journal of Tribology, Vol.110 PP148-
155, January 1988). As described in the paper, the system also uses a He-Ne laser,
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must be landed on the glass disk to determine the fringe order for the spacing

calculation; at the points where the light intensity is a minimum or maximum, the
slope of the interferometric intensity Vs spacing curve becomes zer6. At these
points, the noise in electronic intensity measurement causes a large error in spacing
measurement relative to the other spacing which are not directly on the fringe
maximum or minimum; and the effects of the phase shift of the reflective light

from the slider surface on the flying height of the slider are not considered.

Another method to measure slider/disk spacing is disclosed in
Muranushi et al's paper "The Ultraviolet Light Interference Method to Measure
Slider Flying Heights" (Advances in Information Storage Systems, Vol.5, PP435-
445, 1993). The tester uses a Xenon lamp source with a monochrometer which
produces monochromatic light having a minimum wavelength of about 200nm, and
photo diode arrays. It can measure a S0nm ﬂymg height within an error of less
than Inm, and a slider's dynamic motion in the 0-100kHz frequency range.
Measurement of the dynamic motion of the slider is made of the dynamic change in
interference light intensity at the middle point between the contiguous fringe-peaks
by changing the light wavelength. Whilst the measurement sensitivity of the flying
height is very high, so that the accuracy }s good, this tester has the following
disadvantages: at different flying heights of the slider, different light wavelengths
must be used, and the different refraction and extinction coefficients must be

determined before measurement; and this method cannot measure the flying height
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The method disclosed by Tadashi Fukuzawa et dl (U.S. Patent No.
5,475,488) measured the flying height by using a white light source and a colour
CCD camera. Tentative refraction coefficients and extinction coefficients
representative of colours are substituted in theoretical equations expressing the
relationship between interference light intensity and flying height, thereby
optimising the parameters by non-linear regression. This method need not pre-
measure the optical constant of the slider, but still cannot measure the flying height

when the flying height becomes less than 25nm and even to zero.

In summary, using the above light intensity techniques for measuring
the flying height, there is a basic limitation: the sensitivity becomes very low when
the flying height approaches zero.

In more recent products, ellipsZ)mehy is used to measure the flying
height of the slider. One example of this method is disclosed in U.S. Pat. 5557399
to Peter de Groot. Another example is disclosed by Christoher Lacey in Phase
Metrics.  "Full-Surface Detection of Flying Height with In-Situ N and K
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So0arate bu{ tlgcse Pactlu%rs]terr'} kiloy a glass disk instead of a real magnetic
recording disk. In reality, the interface between a slider and a real magnetic

recording disk is quite different from the interface between a slider and a glass disk.

Many techniques have been used to examine thin film disks for
lubricant depletion, accumulation, degradation, and/or carbon wear, such as
Fourier-transform infrared spectroscopy (FTIR), Electron spectroscopy for
chemical analysis (ESCA), and ellipsometer. One example is provided by a paper

entifled “Optical Surface Analysis of the Head-disk-interface of Thin film disks",

by StevenW. Meeks, Walter E. Weresin, and Jal J. Rosen (Tran. of ASME, Journal
of Tribology, Vol. 117, January 1995. As described in the paper, a polarized light
beam illuminates a surface of a thin film disk, reflected polarized light intensity and
scattered light intensity will provide the thickness of the lubricant film and carbon
film. The advantage of this kind of tester is its capability of real-time measurement
of the lubricant thickness and the variation for the he thickness. The disadvantages
of the tester is that the slider-disk interface is not observed directly, and the
lubricant depletion can only be monitored on the same track when the slider is not
flying over the testing points. It cannot measure the transferring process of the
lubricant between the slider and the disk surface.

It may be concluded, therefore,.that known flying height testers, and
lubricant film thickness testers do not provide coupling information concerning the
tubricant film and the slider-disk spacing. So far, there is no method or apparatus

for in-situ monitoring lubricant film thickness and lubricant transferring process by
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There is, therefore, a need for a method and apparatus for in-situ

monitoring of the slider-disk interface directly. This invention seeks to provide

such a method and apparatus. Some of the difficulties which have occurred in the

prior art of the flying height testers and lubricant film testers are overcome by the

present invention.

The present invention seeks to provide a method and apparatus of

accurately measuring flying heights of 25nm and less.

A further aspect of the present invention seeks to measure accurately
the thickness change of the thin films between the slider and disk, and on the air-
bearing surface of the slider or disk surface.

Another aspect of the present invention seeks to monitor the
transferring process of the lubricant between disk surface and the air-bearing
surface of the slider.

Accordingly, the present invention provides a method of in-situ
monitoring of a slider disk interface comprising the steps of: providing a beam of
light; providing a slider disk interface cor;lprising a disk having a substantially
transparent substrate and a thin film layer, a slider for carrying a read/write
element, the slider having a reflective surface, and an air bearing having a thickness

d3 for supporting the slider above the disk; directing the beam of light to the slider



capabl e of measuring the flying height down to zero with high sensitivity,
and neasuring the optical constant of the slider sinultaneously.

The el lipsonmetry techni ques for neasuring flying height are highly accurate
but these techniques enploy a glass disk instead of a real magnetic
recording disk. In reality, the interfacée/ between a slider and a real
magnetic recording disk is quite different fromthe interface between a
slider and a gl ass di sk. Many techni ques have been used to
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It may be concl uded, therefore, that known flying height testers, and

lubricant film thickness testers do not provi de coupling information
concerning the Preferably, the thin film layer comprises a protective layer having a

thickness d1 and a lubricant layer having a thickness d2, with the same materials
and thicknesses as a real magnetic recording thin film disk, and with the same
fabrication process as that of a magnetic recording thin film disk.

In order that the present invention may be more readily understood,
embodiments thereof will now be described, by way of example, with reference to

the accompanying drawings, in which:

Figure 1 is a schematic diagram showing the configuration of a

measurement apparatus embodying the present invention;

Figure 2(a) is a schematic cross-section through a typical thin-film disk
with a A1-Mg substrate;

Figure 2(b) is a schematic cross-section through a typical thin-film disk

with a glass substrate;

Figure 2(c) is a schematic cross-section through a disk embodying the



Lubricant filmand the slider-disk spacing. So far, there is no nethod or
apparatus for in-situ nonitoring lubricant filmthickness and | ubricant
transferring process by 6
directly observing a slider-disk interface. Nor is there a nethod or
apparatus for real-tine neasuring both ofg | ubricant thickness and of
slider-di sk spacing. Nor is there a nethod and apparatus for neasuring the
| ubricant filmaccumul ati on between the slider air bearing surface and the
di sk surface before and during the contact start stop process.

There is, thdeEBIEYeRifeed for a nethod and apparatus for in-situ
nonitoring of the slider-disk interface directly. This invention seeks to
provi de such a nmethod and apparatus. Some of the difficulties which have

occurred in the priorFigire 20d) i aeschematid cloes-Sittion ehroagls anster disk iseacturd i | m
testers are overcone by the ‘present invention. . The present
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Figure 2(¢) is a schematic cross-section through another disk structure

embodying the present invention for measuring the transference of lubricant;

Figure 2(f) is a schematic cross-section through a further disk structure

embodying the present invention;

Figure 2(g) is a schematic cross-section through another disk structure

embodying the present invention;

Figure 3 is a schematic representation of a slider and disk embodying
the present invention for use with a measurement method embodying the present

invention;

Figure 4 is a schematic diagram showing another embodiment of the

present invention for measuring thin film thickness in the slider-disk interface;

Figure 5 is a graph showing how the intensity of the p-polarisation
varies with respect to the lubricant film thickness and the slider-disk spacing;

Figure 6 is a graph showing how the intensity of the s-polarisation
varies with respect to the lubricant film thickness and the slider-disk spacing; and

Figure 7 is a graph showing how the relationship between the phase



A furt.her aspect of the present invention seeks to nmeasure accurately the
t hi ckness change of the thin filns between the slider and di sk and on the
air- bearing surface of the slider or disk surface. Anot her

aspect of the present invention seeks to nonitor the transferring process
of the lubricant between disk surface andthe air-bearing surface of the

slider. Accordingly, the present invention provides a nethod
of in-situ nmonitoring of a slider disk interface conprising the steps of:

DO o T e b e i 2 A BRI 2,
surface, _and PR FRIHEIET ' SN iness d3 for supporting the sl i der
above the disk; directing the beamof light to the slider
7 di sk interface through the disk the thin filmlayer,.the air bearing
and then to the refl cfigureel depiétsaschdmativeconfiguration fioth theguesently peeferred t he
ntensity anderglr)]&fir%ent of the present invention, although, of course, other embodiments are
possible without departing from the spirit and scope of the present invention. An
actuator 51 moves a magnetic head slider 35 to allow it to access a disk 30. The
disk 30 is supported by a spindle 53 and rotated by a motor 52. A light source 70
provides light 101 which is either monochromatic light or multiple wavelength
monochromatic light. The light source 70 comprises a laser, mercury~arc lamp, or
Xenon lamp with monochrometer. The light 101 passes through a polarizing
element 71 to convert unpolarized light to linearly polarized light 102. A mirror 73
directs the light 102 to a focusing lens 74 and passes through a polarizer 72 and
thence towards the first surface disk 30 at an angle. The plane of incidence of the
beam preferably defines a polarization vector p and a corresponding orthogonal
vector s. Preferably, the polarization of light beam 103 includes both s- and p-type
polarizations. The disk 30 comprises a substrate layer 31, a protective layer 32,
and a lubricant layer 33: there is an air gap 34 between the disk 30 and the slider
35: The slider disk interface therefore comprises the disk 30, the air gap 34 and the
slider 35. The light 105 reflected from the slider disk interface passes through a
lens 76 and is then directed by a mirror 75 toa compensator 77 and then enters a
detector component 78 for measuring the light intensity of the light in each

polarisation, as well as for determining the phase information of the reflected light.

The signals from the detector component 78 are inputted into data
processing equipment 61. The flying height d3, the lubricant film thickness d2 and
protective layer thickness d1 are calculated from the input signals in the data

processing equipment 61 as described later.



i.nformation of the light reflected fromthe slider disk interface to
provide an indication of the thickness d3 of the air beating and/or of the
thin filmlayer. A further aspect of the present invention
provi des a disk for use in the neasurenent of the flying height of a slider
and/or nmonitoring a slider disk interfacggconprising a transparent disk as
a substrate and a thin filmlayer fornmed on one side of the disk adjacent
the slider. Preferably, the thin filmlayer conprises a

protective | ayer having, a.thickness and.a | ubricant |ayer havi
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Vb Iul gcant?ayer 96 with a thickness of 1~4nm.

Another type of magnetic thin film disk comprises a glass substrate 191
instead of an Al-Mg substrate and Ni-P layer as shown in Figure 2(b).

Schematic cross-sections through some disks embodying the present
invention are shown in Figures 2(c) to Figure 2(g). Refemring to Figure 2(c), the
disk 30 comprises a conventional transparent glass or quartz disk substrate 31, as
used in the commercial flying height tester, upon which is deposited a thin film_
layer on one side. The thin film layer comprises a protective layer 32 formed on
one side of the substrate and a lubricant layer 33 formed on he protective layer 32.
Preferably, the protective layer is comprises of the diamond-like carbon (DLC),
same as the material used for the protect coating in a real magnetic recording thin
film media. The thickness of the protective layer is around 3~40nm, also same as
the thickness of the protective coating in a real magnetic recording thin film media.

The materials of lubricant layer is preferablsr same as that of the real magnetic
recording thin film disk, such as PFPE (Perfluoropolyether). The bonding process
of the lubricant layer on the overcoat surface is also same as that of a real magnetic
recording thin film disk. The thickness of the lubricant layer 35 is also same as that
of a real magnetic recording thin film disk, §uch as 1-4nm. In general, the process
of lubricant bonding, in which lubricant is added to both sides of a disk, will not

affect the measurement results obtained using the above disk.

Another embodiment of the invention for mechanical performance



Figure 2(b) is a schematic cross-section through a typical thin-film disk

wth a glass substrate; Figure 2(c) is a schematic
cross-section through a di sk enbodying the
8 present invention; Figure 2(d) is a schematic

cross-section through another disk strucyjpre enbodying the present
I nvention for measuring the wear of a protective |layer and the flying
hei ght of the slider; Figure 2(e) is a schematic cross-section

through another disk stryctur odyi.ng the present |nvent|on for
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wear of the protective layer, as shown in figure 2(d). The materials and thickness

of the protective layer is same as a real magnetic recording thin film disk. The
materials and thickness of the protective layer can also be pre-selected for

obtaining the high measurement sensitivity and high signal noise ratio.

In another embodiment, the disk comprises a conventional transparent
disk 31 and a lubricant layer 33 for measuring transferring process of the lubricant,

as shown in Figure 2(e). <

In a further embodiment, the disk comprises a glass substrate 192, with
or without tem, the same as a substrate of a real magnetic thin film disk, a
magnetic recording layer on one side on the glass disk, a protective layer on a
surface of the magnetic recording layer, and a lubricant layer on a surface of the
protective layer, just as a real magnetic thin film disk except another side is super-
smooth without any further layers (or possibly with only a lubricant layer), as

shown in Figure 2(f).

In another embodiment, the disk comprises a conventional transparent
disk 31, additional bonding layer 315, a protective layer 32, and a lubricant layer
33, as shown in Figure 2(g). The additional bonding layer provides a strong and
sturdy bonding function between the glass substrate and protective layer. On the
other hand, the additional bonding layer also be pre-selected for obtaining the high

measurement sensitivity and high signal noise ratio.

Figure 3 shows the path of the light through the slider disk interface in
more detail than Figure 1. The light beam 1 passes through the substrate 31 at an
angle of 6, and 1s incident upon the top surface of the protective layer 32 at the



. Figure 2(g) is a schematic cross-section through another disk structure
enbodyi ng the present invention; Figure 3 is a schematic
representation of a slider and di sk enbodying the present invention for use
wi th a neasurenent nmethod enbodyi ng the present invention; :
Figure 4 is a schematic di agram show ng gnpot her enbodi nent of the present

i nvention for measuring thin filmthickness in the slider-disk interface;
Figure 5 is a graph showing how the intensity of the p- polarisation varies

wth respect to the lubricant filmthickness and_the slider-di ci ng;
Figure 6 is amgldﬁmimﬂﬂ)% Ay pRBon hef beank has fefragied i @QE’&t%“lVEi‘ﬁeB%%\?&r?es

and e anangld gf By'and Eingidspi e SRR of Bl Bt . e BRELO2

the phase  porion 6 of beam 1 is reflected by the interface 42 between the protective layer 32
and the substrate 31 back into the substrate layer 31. The Iight beam 2 is also
similarly divided into two portions when it reaches the interface 43 between the
protective layer 32 and the lubricant layer 33. A first part 3 is refracted into the
lubricant layer 33 at an angle 8,. The other portion 7 is reflected by the interface
43 back into the protective layer 32. This portion 7 will also be subject to
refraction back into the protective layer 32.

<

When the light 3 reaches the interface 44 between the lubricant layer 33
and the air gap 34, one part 4 of light 3 is refracted into the air gap 34 at an angle of
65 and the other part 10 is reflected back into the lubricant layer 33. The part 4 of
light is incident on the surface 45 of the slider 35 at an angle of 8;. One part 5 of
the light 4 enters the slider 35 at a refracted angle 8, and is absorbed therein. The
other part 15 of light 4 is reflected by the surface 45 of the slider 35 back into the
air layer 34.

As would be expected, as light passes through the various layers, both
refraction and reflection take place at each interface between respective layers.
Further, those parts of the light which have already been refracted and/or reflected

are themselves subject to further refraction and reflection at subsequent interfaces.

In accordance with thin film theory, the intensity of the reflected light

17
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where 9;,, is the component which includes the effect of the upper surface of the



9 difference of the reflected Iight varies with respect to the |ubricant
filmthickness and the slider-disk spacing. Figure 1 depicts a
schematic configuration fromthe presently preferred embodi ment of the
present invention, although, of course, other enbodiments are possible:
wi t hout departing fromthe spirit and scegpe of the present invention. An
actuator 51 noves a magnetic head slider 35 to allowit to access a disk
?Q.hghe di sk 38 is spgporfedhby a sa%ndle 53 and rotated by a notor 52. A
ig source provides |light 101 ich is either nonochromatic Iight or
IrruI tiple wav@]%ﬁﬁg@%‘r’ﬁ%%m Y of anyther optical Gagppong rtﬁaéhmeee a
aser, mercury ar a or Xepan i - } . 1101
e e o B e X Rt el RO B RB AR o e i
l'inearly pol %{fgﬁgek S andd®% oitent By FOr 73 directs the light 102 to a
focusing | ens /4 and passes ﬁ%rou h a polarizer 72 and thence towards the
first surface disk 30 at an angle. The plane of incidence of the beam
preferably defines a polarization vector p and a correspondi ng orthogonal
vector s. Preferabl y_,r_t__mlfpofmziﬂzm @ offabIght beam 103 inc42 des both s-
and p-type poIar|zat|ongh”%hemg%%h4$Q%g¢mgg'§es a substrate _zyer 31, a
protective |ayer 32, and a lubricant l'ayer 33: there is an air gap 34
between the disk 30 and the slider 35: The slider disk interface therefore
conpri ses th%wﬁHSK 30, the air gap 34 and the slider 35. The light 105
reflected fro %fie slider disk interface passes through a lens 76 and is
then directed by a mrror 75 to a conpensator 77 and then enters a detector
conponent 78 for measuring the light intensity of the light in each

pol arisation, as well as foOr determnni ng t he phase informatiqn_of the
reflected |ight. 1, =.|—n,cos8, i=0,1,23,4  fors- polarized light (3a)
Ko
g, N . . .
n = J— i=0,1234  forp-polarized light (3b)
M, cosO,

and m,,, m;5, My; and my, are all elements of a characteristic matrix (M):

M—_- mll m12 (4)

My Iy,

Each layer 32,33,34 has its own characteristic matrix M;,M»,M3 such
that the resultant characteristic matrix of the multilayered disk is given by:

M=MM,M, )

The characteristic matrix M;M;M; of each layer relating the

interference patterns at the two boundaries of the respective layer comprises:

o
M= cos(.5,.) j*¥sin(6,)/ n; i=123 ©)
j *n,sin(5;) cos(d;)



The signals fromthe detector conponent 78 are
processi ng equi pnent 61. The flying height d3,
d2 and protective |ayer thickness dl are cal cul

i nputted into data
the lubricant filmthickness
ated fromthe input S|gnals

in the data processing equi pnment 61 as described | ater.

10 Referring to Figure 2(a)1a real

magneti c di sk conprises an

Al -My substrate 91 with a thickness of 0.78~1.3nm a Ni-P layer 92 with a

t hi ckness of 2~20[err]m a Chrom um underl| ayer
100nm a CoXY (X=Pt, Ta; Y=CrN) magnetic |ayer

93 with a thickness of 20~
94 with a thickness of

25~150nm a di anond- |ike carbon DLC protective layer 95 with a thickness
of 3~40nm and a |IQUI€%_| ubricant layer 96 with a thickness of 1~4nm

Anot her type of magne"Y

thin film disk conprises a glass substrate 191

instead of an Al-My substrate and N -P |ayer as shown in Figure 2(b).
Schematic cross-sections through some di sks enbodyi ng the present

1

5, =—2§n,.d,.cos0,. =123 0

where ng,n;,n5,n; and ns denote the complex refraction coefficients of
the conventional transparent layer 31, the protective layer 32, the lubricant layer
33, the air layer 34 and the magnetic head slider 35, respectively. A is the
wavelength of the incident light. d1, d2 and d3 represent the thicknesses of the
respective layers: the protective layer 32; the lubricant layer 33; and the air layer
34 (the flying height). The flying height, d3, the lubricant film thickness d2, and

protective layer thickness d1 are to be measured.

Finally, the phase shift upon reflection is given by:

| Im(,)
p,,=tan l:Re = )] ®

Then, the phase difference is given by:
¢(x.))=p.—p,*+& ®

where, £ is the phase difference of the other optical components and corresponds to

the reflected component J; .

According to equations 1 to 9, the intensity and phase difference of the
reflected light is dependent on the following parameters: the wavelength A of the
incident light; the refraction coefficients of the substrate layer 31, the protective



I nvention are shown in Figures 2(c) to Figure 2(g). Referring to Figure
2(c), the disk 30 conprises a conventional transparent glass or quartz disk
substrate 31, as used in the commercial flying height tester, upon which is
deposited a thin filmlayer on one side. The thin filmlayer conprises-a
protective |ayer 32 fornmed on one side ofl5the substrate and a | ubri cant

| ayer 33 forned on he protective |ayer 32. Preferably, the protective |ayer
is conprises of the dianond-like carbon (DLC), sanme as the nmaterial used

for the protect coating in a. real eti.c,recordin hi p filg i a. Th
t Ei ckness of elf‘)‘?é ,O@gglp})ggaqtg%qr ﬁgtgpoa%&aygr ~4‘Oﬁﬂ"§? ﬂtéer lgﬁd?;w 25‘94 Etée ©
t hi ckness of ' O3tk | raal ?ﬁ&ﬂt' r ' tRidy Tl
medi a. The nat?ie%rﬁfl%%ésg §fttqlé/u§1r-(lﬁcant a%fgﬁdq?’sﬁgrlg eragllél ga(ggpggatqﬁ%tﬁyé@them
real magneti cheight@d3) ng thin filmdisk, such as PFPE (Perfl uoropolyether).

The bondi ng process of the lubricant |ayer on the overcoat surface is also
sane as that of a real magnetic recording thin filmdisk The thickness of

the |ubricant |ayer is al.sp sa th L di
i 711 m di sk, Such e Safal R b fapaCors e 33 T R Tl £ 7 e 0
bondi ng, in vii iﬁg LS t i des i Sk

affect the n\éﬁgés%%%mqﬁ{ r g{ljlt@w%g’ giﬁeﬁe@aﬁﬁg&{“ﬂ% %Ig(fg%/gl%: :%m“a}l&, e
Anot her embodiswiéngt of the incidesttlight the incident anjleaindythe fvariowsmefractive and

reflective properties of the various materials are known. Thus, the reflective light

intensity and phase difference will be dependent upon the thicknesses of the

protective layer 32, the lubricant layer 33 and the flying height. «

Considering the equations (1) and (9), when I;, I, and ¢ are detected, if
the protective layer thickness d1 is known, then the above equations contain two
unknowns, that is the thickness of the lubricant layer (d2) and the flying height
(d3). The intensities I, , I, and ¢ together provide sufficient information to
determine the lubricant film thickness d2 and the slider disk spacing d3.

Figure 5 illustrates how the intensity of s-polarization reflected light is a
function of the thickness of both the flying height and the lubricant layer at a
specified thickness of the protective layer. Figure 6 is a graph showing how the
intensity of the s-polarization varies as a function of the lubricant film thickness
and the flying height. Figure 7 is a graph showing the relationship between the
phase difference of the reflected light varies as a function of the lubricant film
thickness and the slider-disk spacing. Here it is assumed that the complex refraction
coefficients of the thin film do not vary with the thickness of the thin film. For this
example, the complex refraction coefficients of the substrate (glass), the protective
layer (Diamond-like Carbon), lubricant layer (PEPF), the air layer, and the slider
(ALO5-TiC) are 1.5, 2.42+%0.53, 1.3, 1.0, and 2.2+j*0.5 respectively.



-measurenent of the slider disk interface, involves a disk conprises of a
transparent gl ass disk substrate 31 and a protective |ayer 32 such as DLC
| ayer for measuring wear of the protective layer, as shown in figure 2(d).
The materials and thickness of the protective layer is same as a real
magnetic recording thin filmdisk. The mggerials and thickness of the
protective |layer can al so be pre-selected for obtaining the high
measurenent sensitivity and high signal noise ratio.

I n
th enmbodi nent, t di . ri ses a cony, i onal transparent, di sk 31
228 aelrubri calnt I ayer%@:ﬂfﬁkhzﬁ’gggﬂ?Fﬂﬁpp?eéﬁg?lgﬁeiv}‘?d’e}fﬁ‘wgbé‘%&i‘q Fh?dljs»slp
| ubri t, ' i ] Ut iqent ,
Lhe ok comnPag 8t cath badtefieth ofd detected, Thus more inforfhalidh i o RIEEIIEN .

as a subst r atdatdfprécessing it Csot EHat the | thickhesk . ofa iR pritédtive’ Rger ddNg
| ayer on one side on thedg ass disk, a protective |ayer on a sufface of the

magnet i ¢ r ecdnbiicent [lagesr(d2hand Slyingoh¢ighin{d3) aue rbeogiven dyrtheadata pradessing

protective layer, just as a real magnetic thin filmdisk except another
side is super-quél?ﬁi%ﬂt WMRAneouslY. further |ayers (or possibly with only a
| ubricant layer), as shown in Figure 2(f). I n anot her

enbodi nent the disk conprises a conventional transparent disk 31,

addi tional bonding | B&femngSto Figieod atibleVis digticved WmetHdd i Whihi maRipld ayer
33, as shown in Figure 2(g). The additional bonding | ayer provides a strong

and sturdy bowaelengthsrofilight ateeuseddn mdasurg| the thickmiess ofithe prottctiveolayet, ithe

for obt al ni ngubHE T Bd<l SHEAYeISEHe P ARG BiRETrameRy grite Refsdt at i o.
which comprises multiple wavelength monochromatic light, emitted from a light
source 310 which are lasers, a mercury arc lamp, or a Xenon lamp, is input to a
beam splitter 372 and is thereby directed to the slider-disk interface which
comprises: the disk 30, (having a substrate layer 31, a protective layer 32, and a
lubricant layer 33); the air gap 34; and the slider 35. The reflected light 302 from
the head disk interface enters the detector component 374, which converts the light

intensity into electrical signals that are inputted into a computer 376,

The detector component 374, measures the various intensities of the
reflected light at different wavelengths. The light intensity is dependent on the
refraction coefficients and the thickness of each layer. If the optical constants of
the layers are known, then the intensity is de;iendent on the physical thickness of

the air layer, lubricant layer and protective layer.

Methods embodying the present invention can be used to map the full
slider-disk spacing between the air-bearing surface of a slider and disk. Methods
embodying the present invention can also map the lubricant distribution between

the slider disk by stopping the slider on the surface of the static disk.

Variations on the above described embodiments are envisaged in which



Figure 3 shows the path of the light through the slider disk interface in
more detail than Figure 1. The |ight beam 1 passes through the substrate 31
at an angle of [err] and is incident upon the top surface of the protective
| ayer 32 at the 12 i nci-dent
angle [err]. A portion 2 of beam1l is reffgacted into the protective |ayer
32 at an angle of [err] and is incident on the surface of the |ubricant

| ayer 33. The other portion 6 of beam1l is reercted by the interface 42

bet ween t he pro tlve | ay 32 and the substra nto
substrate | ayBe asmethm giﬁ't COBRRFING the protestt ¥? ‘53@:391”8%“ S Ao

nd the %?%&hﬁ#h%f@ widh Vel Bl Sinﬁﬁ?‘fe@eﬁéﬁwﬁﬁ gy B o

| ayer 33 at gglﬁ]gﬁ er stieufé her portion 7 is reflected by the
interface 43b into thé protective layer 32. This portion 7 will also be
subject to refractlon back into the protective | ayer 32. When

the light 3 reaches the |n erface, 44 en the | ulbricant r 33 and the
air gap 34, one part 1 il ¢g‘1§Pre§13F@ E‘wv{ﬁ%tmamﬂw%tw agfsy O 8

angle of [err e_ ot ant Cl t b ant
| ayer 33. The"l‘ﬁ‘ﬁf)él aﬂggppqrplglﬁ[apq at ﬁ’%i S@ﬁ{’&%ﬂh . "&se 3? ace %%d 41&[% d|:der
35 at an anglige gfsklshimithtes BRAmEHahical Rérformance of a real magnetic disk. So the wear

of the protective layer, the lubricant film thickness and the slider-disk spacing can

o=

be measured directly between the air-bearing surface of the slider and disk.

<



the light 4 enters the slider 35 at a refracted angle 04 and is absorbed
therein. The other part 15 of light 4 is reflected by the surface 45 of the
slider 35 back into the air |ayer 34. As woul d be expect ed,
as |light passes through the various |ayers, both refraction and reflection
take place at each interface between resdéctive | ayers. Further, those
parts of the |ight which have al ready been refracted and/or reflected are

t hensel ves subject to further refraction and reflection at subsequent

i nterfaces. In accordance with thin filmtheory, the

I ntensity of g%éga@§iected light I[err] is: [err] where [err] is the

(igrrponent whi gh i ncl udGgedh 88 ofinl Gt mBHitdrhp oA EBeSHSE A& dolifprising the

steps of: providing a beam of light; providing a slider disk interface comprising a
disk having a substantially transparent substrate and a thin film layer, a slider for
carrying a read/write element, the slider having a reflective surface, and an air
bearing having a thickness d3 for supporting the slider above the disk; directing the
beam of light to the slider disk interface through the disk, the thin film layer, the air
bearing and then to the reflective surface of the slider; and measuring one of the
intensity and phase information of the light reflected from the slider disk interface
to provide an indication of the thickness d3 of the air bearing and/or of‘the thin film

layer.

2. A method according to Claim 1 comprising the step of measuring both
the intensity and phase information of the light reflected from the slider disk
interface to provide an indication of the thickness d3 of the air bearing and/or of the
thin film layer.

3. A method according to Claim 1 or 2, wherein the thin film layer
comprises multiple layers, the reflected light providing an indication of the
respective thicknesses of the respective layers of the multiple layers.

4, A method according to Claim 3, wherein the thin film layer comprises a
protective layer having a thickness d1 and/or a lubricant layer having a thickness
d2.

5. A method according to Claim 4, wherein the thickness d1 of the

protective layer and/or the thickness d2 of the lubricant layer are pre-selected so as
to simulate a real magnetic recording thin film disk and/or to measure the thickness

4. I

A O



.glass, as well as the effects of any other optical conponents that have
pol ari zati on dependence; where r[err] is the reflectance of s and p

pol ari zation fromthe slider-disk interface systemand is given by [err]
where: [err] and nferr], nferr], nmerr] and nerr] are all :
el enents of a characteristic matrix (M:1%err] Each | ayer
32,33,34 has its own characteristic matrix Merr],Merr],Merr] such that
the resultant characteristic matrix of the nultilayered disk is given by:

6. A method according to Claim 4 or 5, wherein the materials comprising
the protective and/or the lubricant layer are pre-selected to be the same as a real

magnetic recording thin film disk.

7. A method according to any one of Claims 4 to 6, wherein the thickness
d2 of the protective layer is pre-selected so as to obtain a suitable reflectance of

polarizations.

8. A method according to any one of Claims 4 to 7, wherein<the material
comprising the protective layer is pre-selected in order to obtain a high sensitivity

for measuring a lubricant film thickness and/or the thickness d3 of the air bearing.

9. A method according to any preceding claim, wherein different areas of
the disk are provided with different thin film layers.

10. A method according to any preceding claim, wherein the light beam
further includes multiple wavelengths of light for obtaining higher measurement

accuracy.

11. A method according to any preceding claim, wherein the flying height
of the slider is measured, the flying height being equivalent to the thickness d3 of

the air bearing.
12. A disk for use in the measurement of the flying height of a slider and/or
monitoring a slider disk interface comprisiné a transparent disk as a substrate and a

thin film layer formed on one side of the disk adjacent the slider.

13. A disk according to Claim 12, wherein the substrate comprises a glass

A R L



M=M err]Merr]Merr] (5)
The characteristic matrix Merr],Merr],Merr] of each layer relating the
interference patterns at the two boundaries of the respective |ayer
conprises: [err] 14 :
where [err] where n[err],n@rr],n[err],n[err] and n[err]
denote the conplex refraction coefficients of the conventional transparent
| ayer 31, the protective layer 32, the lubricant |ayer

or quartz substrate with a smooth surface.

14, A disk according to Claim 12 or 13, wherein the substrate is the same

substrate as that used in a real magnetic recording thin film disk.

15. A disk according to any one of Claims 12 to 14, wherein the opposite
side of the disk to the side adjacent the slider is provided with an anti-reflective
material.

16. A disk according to any one of Claims 12 to 15, wherein the thin film

layer is a multilayer thin film comprising a protective layer and/or a lubricant film.

17. A disk according to any one of Claims 12 to 16, wherein the thin film
layer is a multilayer thin film comprising a bonding layer, a protective layer and/or

a lubricant film.

18. A disk according to Claim 17, wherein the bonding layer is pre-selected

to obtain a high measurement sensitivity and a high signal to noise ratio.

19. A disk according to Claim 17, wherein the bonding layer is pre-selected
to provide a strong bond between the substrate and a protective layer or a lubricant
layer.

20. A disk according to any one of Claims 12 to 17, wherein the thin film

layer comprises a magnetic recording layer formed on one side of the substrate, a
protective layer formed on the surface of said magnetic recording layer, and a

lubricant layer formed on the surface of said protective layer.

21, A disk according to Claim 20, wherein the materials and thickness of

N



- 33, the air layer 34 and the nmagnetic head slider 35, respectively. Xis

t he wavel ength of the incident light, dl, d2 and d3 represent the

t hi cknesses of the respective |ayers: the protective |layer 32; the

| ubricant |ayer 33; and the air layer 34 (the flying height). The flying
hei ght d3, the lubricant filmthickness g, and protective |ayer thickness

dl are to be neasured. Finally, the phase shift upon reflection
is given by: J[err] Then, the phase difference is given by:
[err] where, [err] is the phase difference of the ofher.optjcal .
conponent s artie BBeReisRerdinglayerare s¢leeied &fblg% thesamenas ti‘%trqf] a feal magnetic

According to _eguati Qns to.,9, the intensity and phase difference of the
reflected Ii dﬁct r&@gg@ﬁ‘éﬂﬁeﬁ?kon the foll owi ng paraneters: the wavel ength

[err] of the incident light; the refraction coefficients of the substrate
| ayer 31, the protective - _
22. A disk according to any one of Claims 17 to 19, wherein the thickness

of the protective layer and/or the lubricant layer are selected to simulate a real
magnetic recording thin film disk.

23. A disk according to any one of Claims 17 to 19, wherein the materials
of the protective layer and/or the lubricant layer are selected to be the same as a

real magnetic recording thin film disk. <

24, A disk according to any one of Claims 16 to 23, wherein the protective

layer is diamond-like-carbon.

25. A disk according to any one of Claims 16 to 24, wherein the lubricant
layer is PFPE (Perfluoropolyther).

26. An apparatus for measuring flying height and the thickness change of a
thin film between a slider and disk, comprising a light source to direct a light beam
through a disk according to any one of Claims 12 to 25 and means to measure the
intensity and/or phase information of light reflected back from the disk and/or
passed through the disk.

\
_
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| ayer 32, the lubricant layer 33, the air layer 34 and the slider 35; and
the thicknesses of the protective layer (dl), the lubricant |layer (d2) and
the flying height (d3). The materials used to manufacture the
slider 35 and each |layer of the disk are known, a typical slider material
being Al[err]Jerr]-TiC. Simlarly, the 2&vel ength of the incident |ight,
the incident angle and the various refractive and reflective properties of
the various materials are known. Thus, the reflective light intensity and
phase difference will be dependent upon the thicknesses of the protective
| ayer 32, the lubricant layer 33 and the flying height.

Considering t PRUAS fons (1) and (9), when I[err], I[err] and [err] are
det ect ed, ifépﬁ%—prg;ébtive | ayer thickness dl is known, then the above
equations contain tw unknowns, that is the thickness of the |ubricant

| ayer (d2) and the flying height (d3). The intensities I{err], I[err] and
[err] toget hélA prethodiand apparatusfor measuring flyimgtheighdt'er ni ne t he | ubri cant
filmthickness d2 and the slider disk spacing d3.

P ]

A method and apparatus for measuring the flying height of a slider
above a disk surface and in-situ monitoring the slider disk interface comprising the
steps of: providing a beam of light; providing a slider disk interface comprising a
disk having a substantially transparent substrate and a thin film layer, a slider for
carrying a read/write element, the slider having a reflective surfacey and an air
bearing having a thickness d3 for supporting the slider above the disk; directing the
beam of light to the slider disk interface through the disk, the thin film layer, the air
bearing and then to the reflective surface of the slider; and measuring one of the
intensity and phase information of the light reflected from the slider disk interface
to provide an indication of the thickness d3 of the air bearing and/or of the thin film

layer.

[FIGURE 4]



Figure 5 illustrates how the intensity of s-polarization reflected light is
a function of_ the thickness of both the flying height and the |ubricant

| ayer at a specified thickness of the protective layer. Figure 6 is a graph
showi ng how the intensity of the s-polarization varies as a function of the
| ubricant filmthickness and the flying height. Figure 7 is a graph show ng
the relationship between the phase difference of the reflected |light varies
as a function of the lubricant filmthickness and the slider-di sk spacing.
Here it is assunmed that the conplex refraggion coefficients of the thin
filmdo not vary with the thickness of the thin film For this exanple, the
conplex refraction coefficients of the substrate (glass), the protective

| ayer (Di anond-I|ike Carbon), lubricant |ayer (PEPF), the air layer, and the
slider (Alferr](err]-TiC) are 1.5, 2.42+*0.53, 1.3, 1.0, and 2.2+ *0.5
respectively. ) 16

When the |ight beam conprises nmultiple wavelength light, then the I[err],
I[err] and [err] for each wavel ength are detected. Thus nore information is
provided to the, data processi ng equi prent so that the thickness of the
protective |ay® (dl), lubricant layer (d2) and flying height (d3) can be
gi ven by thgdataijprocessi ng equi pne 1esi mul t aneousl y.

Referring tp Figurie 4, there is disc ré%dTh met hod in which multiple

Figure 1




wavel engths of light are used to neasure the thickness of the protective

| ayer, the lubricant |ayer and the air |ayer based on opti cal
interferonetry. The |ight 300 which conprises nultiple wavel ength
monochromatic light, emtted froma |ight source 310 which are |asers, a
mercury arc lanp, or a Xenon lanp, is input to a beamsplitter 372 and is
thereby directed to the slider-disk_interface which conprises: the disk 30,
(having a substrate layer 31, a pro?@%tive | ayer 32, and a lubricant |ayer
33); the air gap 34; and the,slider 35. The ref|lected |ight 302 fromthe
head di sk interface entgns %e eflor c ée 374, which converts the
light intensity into el@strycal~sig st Y nputted into a conputer
376. The det gctqr conpgnent 374, asures the various
intensities of the reflected(lijght at différgnt /wavel engths. The |ight
intensity is dependeSD on tj\h¢ r

fradti on ceefffifci en and the thickness of

each layer. If the of@\ca ; nts of t S %%% khown, then the
intensity i s dependent : sical tIH B35 O he air |ayer
lubricant |ayer and prot g8 yer. 2 Met hods enbodyi ng t he
present invention can be \i& map t he 81 der - di sk spacingﬂngtmeen
the air-bearing surface o ﬁ er and &) hods enbodyi ng t pr esent
i nvention can al so map t hgg ant di st B between the sli di sk
by stopping the slider on face of 33 i c di sk. I
Vari ations on the above d ) enbodi B, envi saged in mhhgh
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17 the nultilayer thin filmconprising the protective |layer and the

| ubricant |ayer are supplenented with further |layers. Additionally, the
protective layer can itself conprise a multilayer structure.

It will be appreciated that the principle advantages of the present nethod
and apparatus are that the slider-disk interface is illum nated directly,
and the disk sinulates the nechanical performance of a real magnetic disk.
So the wear of the protective layer, the lubricant filmthickness and the
slider-di sk spacing can be measured direéfdy between the air-bearing
surface of the slider and disk.

18 CLAI V5. 1. A nethod of in-situ nonitoring of a slider disk
interface conprising the steps of: providing a beamof light; providing a
slider disk interface conprising a
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di sk having a substantially transparent substrate and a thin filmlayer, a
slider for canying a read/wite elenent; the slider having a reflective
surface, and an air bearing having a thickness d3 for supporting the slider
above the disk; directing the beamof light to the slider disk interface

t hrough the disk the thin filmlayer, the air bearing and then to the
reflective surface of the slider; and/9easuring one of the intensity and
phase information of the light reflected fromthe slider disk interface to
provide an indication of the thickne$)d3 of the air bearing and/or of the
thin filmlayer. 2. o Y hott according to Claim 1 conprising the
step of measuring both the iffkn
reflected fromthe slider disk
t hi ckness d3 of the air bearing
A nmethod according to Claim 1
multiple |ayers, the refl ected 4=
respective thicknesses of the rqg
4. A net hod accordi ng t ¢gEk
conprises a protective |ayer ha

of the thin filmlayer. 3.

Jer el e thin filmlayer conprises
i di an indication of the

de | ayerq of the nultiple |ayers.

13, wherdin the thin filmlayer

hi cknesg dl and/or a |ubricant |ayer

havi ng a thickness d2. 5. , fet hod adcordin Claim4, wherein
t he thickness dl of- the protectip r and/orf the t ness d2 of the
| ubricant | ayer are pre-selected to simuljate a real nmagnetic

recording thin filmdisk and/or |4 t hi cknes
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d3. 19 6. A et hod
according to Claim4 or 5 wherein the materials conprising the protective
and/or the lubricant |ayer are pre-selected to be the sane as a real

magnetic recording thin filmdisk. 7. A met hod according to any one
of Claims 4 to 6, wherein the thickness d2 of the protective layer is
pre-selected so as to obtain a suitable reflectance of polarizations. 8.

A nmet hod according to any one of Clains 4 to 7, wherein the nmateri al
conprising the protective layer is prﬁmﬁelected in order to obtain a high
sensitivity for nmeasuring a lubricant filmthickness and/or the thickness
d3 of the air bearing. 9. A net hod according to any preceding
claim wherein different areas of the disk are provided with different thin
filmlayers.
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10. A nmet hod according to any preceding claim wherein the |ight beam
further includes nultiple wavel engths of |ight for obtaining higher

measur enent accuracy. 11. A net hod according to any preceding claim
wherein the flying height of the slider is nmeasured, the flying height
bei ng equivalent to the thickness d3 of the air bearing. 12. A di sk

for use in the neasurenent of the flying height of a slider and/or
nonitoring a slider disk interface conprising a transparent disk as a
substrate and a thin filmlayer formedsésn one side of the disk adjacent the
sl i der. 13. A di sk according to Claim12, wherein the substrate
conprises a gl ass 20 or
gquartz substrate with a snooth surface.
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14. A di sk according to Claim112 or 13, wherein the substrate is the
sane substrate as that used in a real magnetic recording thin filmdisk

15. A di sk according to any one of Clains 12 to 14, wherein the
opposite side of the disk to the side adjacent the slider is provided with
an anti-reflective material. 16. A di sk according to any one of
Clains 12 to 15, wherein the thin filmlayer is a nultilayer thin film
conprising a protective layer and/or a lubricant film 17. A di sk
according to any one of Clains 12 to , Wherein the thin filmlayer is a
mul tilayer thin filmconprising a bof} ng |layer, a protective |layer and/or
a lubricant film 18. A di sk according to Caim1l7, wherein the
bondi ng layer is pre-selected to obtain a high neasurenent sensitivity and
a high signal to noise ratio. 19. A di sk according to Claim17

wherein the bonding layer is pre-selected to provide a strong bond between
the substrate and a protective layer or a lubricant |ayer.
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20. . « A di sk according to any one of Clains 12 to 17, wherein the thin
filmlayer conprises a nagnetic recording |layer formed on one side of the
substrate, a protective layer formed on the surface of said nagnetic
recording layer, and a lubricant |ayer forned on the surface of said
protective | ayer. 21. A di sk according to Claim 20, wherein the
materials and thi ckness of 21
the magnetic recording |ayer are selected to be the sane as that of a real
magnetic recording thin filmdisk. 22. A di sk according to any one
of Clainms 17 to 19, wherein the t hfCkness of the protective | ayer and/or
the lubricant |ayer are selected to sinulate a real magnetic recording thin
filmdisk. 23. A di sk according to any one of Clainms 17 to 19,
wherein the materials of the protective |layer and/or the |ubricant |ayer
are selected to be the sane as a real magnetic recording-thin filmdisk




24. & % di sk according to any one of Clains 16 to 23, wherein the

protective layer is dianond-I|ike-carbon. 25. A di sk according to any
one of Clains 16 to 24, wherein the |ubricant |layer is PFPE
(Perfl uoropol yther). 26. An apparatus for neasuring flying height

and the thickness change of a thin filmbetween a slider and di sk,
conprising a light source to direct a |ight beamthrough a di sk according
to any one of Clains 12 to 25 and neans to neasure the intensity and/or
phase information of light reflected b@ﬁg fromthe di sk and/or passed

t hrough the disk
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