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~ APPARATUS :AND METHODS FOR A THERMAL PROXI M TY . !
SENSCR - Techni cal Field This invention relates generally to apparatus

and nethods for the detection of topographical variations on a surface of
a data storage nediumusing the thermal response of a sensor noving
-relative thereto. Mdre particularly, the invention relates to apparatus:
and nmethods for calibrating the sensor used to detect the variations in
order to nore accurately predict i'ts response to the variations.
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CALIBRATION APPARATUS AND METHODS FOR A
THERMAL PROXIMITY SENSOR

Related Application Information
This application is related to commonly assigned:

United States Patent No. 5,527,110 entitled "Method and
Apparatus for Detecting Asperities On Magnetic Disks Using
Thermal Proximity Imaging," issued June 18, 1996; and

United States Patent Application Serial No. 08/643,193, entitled
"Method and Apparatus for Automatic Classification of Medium
Conditions," Attorney Docket No. Y09-96-002, filed May 6, 1996.

_This United States Patent, and the United States Application are hereby

incorporated by reference herein in their entfrety.
Technical Field

_ This invention relates generally to apparatus and methods for the
detection of topographical variations on a surface of a data storage medium
..Zusing the thermal response of a sensor moving relative thereto. More i
-particularly, the invention relates to apparatus and methods for calibrating
the sensor used to detect the variations in order to more accurately predict

_its response to the variations.
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-2- 7 Background of the Invention Ther mal
proximty inmaging or sensing is a technique by which topographi cal
variations (e.g., asperities, projections, recesses, etc.) on a surface of
a medi um can be detected and characterized by nonitoring the

2-
Background of the Invention

Thermal proximity imaging or sensing is a technique by which
topographical variations (e.g., asperities, projections, recesses, etc.) on a
surface of a medium can be detected and characterized by monitoring the
thermal response of a sensor in motion relative to the surface. As disclosed
in the above-identified United States Patent No. 5,527,110, a sensor, .

'possibly a magnetoresistive access element used to access data on a data.
storage medium, is heated using a known bias current. The Joule effect
heat induced in the sensor by the bias current varies when topographical
variations on the surface pass by the sensor during the relative movement
between the sensor and the surface. Because the topographical variations '
vary the distance ("height" or "gap") between the sensor and the surface,
and because the heat transferred from the sensor varies as a function of this
distance, measuring or monitoring the temperature change of the sensor is a
useful technique for identifying the location and character of the
topographical variations on the medium.

Thermal proximity sensing ("TPS") is a very sensitive and reliable
indicator of disk surface topography. It can serve as an imaging tool,
defect detector and a sensitive indicator of head dynafnics. Thermal
proximity sensing has béen shown to be a useful tool for "in situ"
measurement of disk topography and for defect detection. It is a non-
invasive technique using the variation of temperature of the sensor elen;ent
with gap spacing. Sensitivity is in the sub-nanometer range for height, and
thermal response is in the MHz range for current head geometries and bias
current arrangements. However, thermal proximity sensing is not an

inirinsically self-calibrating method and, therefore, for certain demanding



thermal response of a sensor in notion relative to the surface. As
- disclosed in the above-identified United States Patent No. 5,527,110, a
sensor, possibly a magnetoresistive access el ement used to access data on a
data storage nedium is heated using a known bias current. The Joul e effect
heat induced in the sensor by the bias current varies when topographical
variations on the surface pass by the sensor during the relative novenent
bet ween the sensor and the surface. Because the topo@hﬁfh&dﬁhB&mmbﬂﬁbOns

vary the distance ("height" or "gap") between the sens face,
and because the heat transferred fromthe sensor varie n of
this distance, neasuring or nonitoring the tenperature Cchang sensor
is a useful technique for identifying’the |ocation and character of the

t opographi cal variations on the nmedi um Thermal proximty sensing
("TPS") is a very sensitive and reliable indicator of disk surface

t opogr aphy. applications; @r techniguexfori prayiding eabirated; cuantitaties beight and a
sensitive indicator of head dypam ¢ ermal proximty sensing has been
shown to be °E%¥¥%“@8&P‘H°6‘Pﬁ€¥%“¥§%3@neasur ement of di sk topography and
for defect detection. It is a non- invasive technique using the variation

of tenperature of the sensor elenent with gap spacing. sSensitivity is in
t he sub- nanonet elFor guglitative applicgtions such as ryasually inspegtingsthemedivm; e Mz

range for ClsJI{r%aecrétfop ?ggogggp%”c% rféaﬁre@,n%ﬁ%&son an uncalibrated TPS image

is often sufficient. However, for more demanding applications such as

thermal glide screening for large defects, calibration of the thermal response
to the distance between the sensor and the surface is important. Unlike
magnetic measurements of head-disk spacing in which the signal amplitude
varies exponentially with height and recorded wavelength (in accordance
with the Wallace Spacing Law), TPS responses are head-dependent and
require calibration. It has been observed that thermal responses' can vary
by a factor of two or more for a sampling of nominally identical
suspension-mounted heads. Thus, calibration is required to make estimates

of height with greater accuracy than this factor of two.

Therefore, to provide quantitatively accurate images of topographical
variations on a surface over which a TPS sensor is to be moved, techniques
for calibrating the sensor are required. The calibration techniques should
support sensors designed for non-invasive, in-situ measurement of
topography in storage systems, aﬁd should therefore, i)referably, not require

any particular, non-standard use or manipulation of the surface itself.

Summary of the Invention

The required thermal proximity sensor calibration techniques are
provided by the instant invention, which in one aspect, is a calibration

technique (method and system) wherein primarily electrical measurements
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Qurre'nt arrangenents. However, thermal proximty sensing is not an
“intrinsically self-calibrating nmethod and, therefore, for certain demandi ng
- 3 - applications, a technique for providing calibrated, quantitative

hei ght i Wortant requirenent. For qualitative

applicati visually inspecting the nedium surface for

t opogr aphi cal %%&yhgél,m{)ﬁdehance on an uncal i brated TPS image is often

sufficient. re demandi ng applications such as thermal glide
m(“%mg calibration of the thernmal response to the

screening fo
di stance bet and the surface is inportant. Unlike magnetic

measur enments of head-di sk spacing in ich the signal anplitude varies
exponentially with height and recorded wavel ength (in accordance with the
Wal | ace Spacing Law), TPS .responses are head-dependent and

are used to determine a thermal sensitivity of a sensor to a distance between
the sensor and a surface relative to which the sensor is to be moved. The
technique may include applying a first electrical stimulus to the sensor such
- that a first electrical response results therefrom, measuring the first
electrical response, and determining a thermal calibration value as a
function of the first electrical stimulus and the first electrical response. The
thermal calibration value is éubstantially determinative of the thermal

sensitivity of the sensor to the distance between the sensor and the surface.

The first electrical stimulus and the first electrical response comprise

a point along a curve defined by the relationship:

V=C, I+C,I?

where V comprises a voltage across the sensor,
I comprises a current through the sensor,
C, comprises a linear coefficient relating V and I, and

C, comprises the thermal calibration value.

Additional points along this curve comprising electrical stimuli and

respective responses can be measured to obtain the thermal calibration value

G.

The sensor may be an access element and the surface may be a
storage medium to be accessed by the access element. Upon the application
of a bias current to the access element, the thermal sensitivity of the access
element to the distance between the elemeht and the storage medium is
defined by a sensitivity value "S" proportional to the calibration value

multiplied by the cube of the bias current.

THIS SHEET HAS BEEN
REPLACED




gequi?e calibration. It has been observed that thermal responses can vary
by a factor of two or nore for a sanpling of nomnally identical
suspensi on- nount ed heads. Thus, calibration is required to make esti mates
.of height with greater accuracy than this factor of two. Ther ef or e,
to provide quantitatively accurate inmages of topographical variations on a
surface over which a TPS sensor is to be noved, techniques for calibrating
the sensor are required. The calibration technlqueﬁmﬁﬁgyhgﬂ§ypﬂ@ggﬁsensors
designed for non- invasive, in-situ neasurenent of torage
systens, and should therefore, preferably, .not requll“ﬂﬁll““aHll Iar
non- st andard use or mani pul ati on of the surface its

Sunmary of the Invention According to one aspect of the present

i nvention there is provided a nethod for determning a thernal sensitivity

of ‘a sensor to a distance between the sensor .and a surfa rel atlve to~
whi ch the sensor Inanpthepaspesthe PFW%VC@QP%P&@}IWQUPH(E

conpri si ng: lﬁ'eé&aﬂ@% b4 nlgtﬁﬂc%t" lx?% g% d{ﬂélééﬁs(;roaﬂdh&esensor such

that a first™ resu ron measuring the
first el ect shffade.r Asplafity ofiadtual thermal ﬁqioasemafthg sensbhat awylurality br ati on

val ue as a function of the first electrical Ius and the fi.rst

el ectri cal péggwnkemeﬁﬁmg r‘ihﬁ M@Yﬂﬂeﬁrﬁdﬂ Al sensitivifi ot anti al |y

determ nati t&l*e ;dg&&?ﬁﬁﬁ o he di stance
bet ween the‘é&lﬁég&n@ g’h sur ace re lve to CL:s _ sgnsor is to be

noved, ther ghytality of actual thermal responses.

In one embediment, movement of the sensor is induced, and the
movement of the sensor can Se monitored, thereby producing a monitored
movement function. In this case, a comparison is made between the
plurality of actual thermal responses and the monitored movement function
to determine the sensitivity of the sensor to the instantaneous distance d

" between the sensor and the surface.

In a modified embodiment, the sensor is sinusoidally moved an
excursion distance d, about a mean distance d, according to the movement

function:

d=d +d,sin(wt)

where w comprises a frequency of movement, and

t comprises time.

In this case, a calibration value C, is determined substantially according to

the relationship:

atr(t)= S
d,+d;sin(wt)
where - atr(t) comprises an actual thermal response (e.g., a

voltage Vps across the sensor) at time t.
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cali br at i ng the sensor.

-4 According to another aspect of the present invention there is
provided a nethod for thermally measuring the height of topographical
variations on a storage nmedium conpri sing: determ ning a thermnal

sensitivity of a sensor tao a distance between the sensor and the storage
mediumrel ative to which the sensor is to be noved, according to the nethod
of cl ai m 1nis SuagHes Beet Replasddor age nmedi um conpri ses the surface;

thereafter;_J sor relative to the storage nmedium at a

subst ant ial stance therefrom and usi ng said thermnal

sensiti Vi . asure an instantanegds di stance between the sensor and the
storage nedi um and therefore the hei ght of the topographical variations

In an exemplary calculation technique to obtain C, and ;herefore a
sepsitivity value S, an intercept point "b" of a curve linearly fitted to a
plurality of data points, each comprising a first value and a second value,
may be determined, the first value being related to the reciprocal of one
actual thermal response of the plurality of actual thermal responses, and the
second value being related to sin (wt’) at the respective time t’ of the
plurality of respective times. The sensitivity of the sensor relates to the
instantaneous distance d according to a sensitivity vaiue "S", which is

derived as:

ad " g B4,
(V/nm to first order)

In another embodiment, the instantaneous distance d between the
sensor and the surface is varied by placing the sensor in motion relative to
the surface, wherein the surface has topographical variations of a
predetermined nature thereon. The sensitivity of the sensor is determined

using the actual thermal responses.

The calibration techniques disclosed herein are particularly suited for
thermal proximity sensors to be used for in-situ or non-invasive
measurement of topographical variations on surfaces of media in data

storage systems.

THIS SHEET HAS BEEN
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on the storage medi um According to still another aspect of the
present invention there is provided a calibration nethod for a sensor,
conpri si ng: el ectrically calibrating the sensor, including
determining a thermal calibration value for the sensor, the therma
calibration value substantially determ native of a thermal sensitivity of
the sensor to a distance between the sensor and a surface relative to which
the sensor is to be noved, said determ ning including neasuring at | east
one el ectrical response of said sensor to a respective at |east one

el ectrical stinulus applied thereto, and thereafter determ ning the thernmnal
calibration value as a function of theg_at |east one electrical stinulus and
response. According to still another aspect of the present

i nvention there is provided a calibration nethod for a sensor, conprising:
using primarily electrical urenent s % calibrate the sensor, including
determ ning a ther mal sensgﬁm-mw%a di stance between the

sensor and a surface relative to which the sensor is to be nobved.

The subject matter which is regarded as the invention is particularly
pointed out and distinctly claimed in the concluding portion of the
specification. The invention, however, both as to organization and method
of practice, together with further objects and advantages thereof, may best
be understood by reference to the following detailed description of the

preferred embodiment(s) and the accompanying drawings in which:

Fig. 1 depiéts an exemplary data storage system including a
thermal proximity sensing head and a data storage medium having .

topographical variations thereon;

Fig. 2 is an exemplary summarization of the steps necessary
to screen a surface for topographical variations using thermal

proximity sensing;

Fig. 3 is a model of a thermal proximity sensor having power
input thereto, a given heat capacity, and a thermal conductance to

ground;

Fig. 4 depicts an exemplary electrical measurement system

for electrically calibrating a thermal proximity sensor;

Fig. 5 is a sample defect over which 10 product heads were
flown for testing the electrical calibration techniques disclosed

herein;



Accor*di ng to still another aspect of the present invention there is
provided a systemfor determning a thernmal sensitivity of a sensor to a
di stance between the sensor and a surface relative to which the sensor is

to be noved, thereby calibrating the sensor, conprising: a first
circuit for applying a first electrical stinmulus to the sensor such that a
first electrical response results therefrom a second circuit for
measuring the first electrical response; and means for determ ning

a thermal calibration value as a function of the first electrical stinulus
and the first electrical response, wherein the thermal calibration value.is
substantially determ native of the thgrmal sensitivity of the sensor to the
di stance between the sensor and the surface relative to which the sensor is

to be noved, thereby calibrating the sensor According to still
anot her aspect of the present inventjo re is ovided.a c bration
system for a sensor, CFS $ plgéap\ﬁ O 102"k ‘éﬂ?gsfog o PaBttviten ¢ tilEal i brating

the sensor, incl lldlﬁiadﬁ&éﬁéﬁds‘ﬂkaﬂ@é&wmwlﬂwnao\fehﬂid@mﬂaldbwcabfon val ue for
a sensor, the thermal calibration value substantiall y

Fig. §;

Fig. 7a is a graph of the DC I-V characteristics of the heads
-fit to the cubic coefficient in current (C,) wherein each line

corresponds to a distinct head;

Fig. 7b is a graph of the DC I-V characteristics of a

single head over a bipolar range of current I;

Fig. 8isa graph of the on-disk measured peak height vs. the

electrically measured cubic coefficient C;;

Figs. 9a-b are graphs depicting the spectral characteristics

measured for various product heads;

Fig. 10 is a graph comparing the electrical calibrations
measured both off-disk and on-disk for a single head;
Fig. 11 depicts an exemplary piezo-baséd system wherein the

sensor is mechanically excited while in motion above a disk;

Figs. 12-15 depict test results of two experiments wherein a
head was sinusoidally excited to two different excursion distances

about its mean fly height to obtain a calibration; and



determ native of a thermal sensitivity of the sensor to a distance between
the sensor and a surface relative to which the sensor is to be noved, said
means for determ ning including means for neasuring at | east one el ectrical
response of said sensor to a respective at |east one electrical stinulus
applied thereto, and thereafter determ ning the thermal calibration val ue
as a function of the at |east one electrical stinmulus and response.

-6 - According to still another aspect of the present invention
there is provided a calibration system conpri sing: means for
applying primarily electrical neasurenent to a sensor; and means

for determning a thermal sensitivity,of the sensor to a distance between
the sensor and a surface relative to %\/ni ch the sensor is to be noved, as a
function of the electrical measurenents.

Fig. 16 depicts a particular type of measurement that can be
made more accurately with thermal rather than magnetic proximity

sensing techniques.

Detailed Description of the Preferred Embodiment(s)

This Description is afranged into the following subject matter areas:

1.0  Thermal Proximity Sensing - Introduction

2.0 Calibration by Electrical Measurements
2.1 Relationship Between TPS Signal and Height
; ' 2.2  Extracting C, From Points Along Sensor I-V

Curve
2.3  Test Results

3.0 Calibration by Induced Gap Variance
3.1 Extraction of Sensitivity S from Head
Movement
3.2 Test Results

1.0  Thermal Proximity Sensing - Introduction

As an introduction to a typical TPS syétem, reference is made to the
data stdrage system of Fig. 1, wherein a head is shown including Sensor or
access element 16 on a slider 10 suspended in relation to an actuator 11 (via
suspension 19). The head is used to sense exemplary topographical
variations 13, 14 on a surface of a storage medium 12 (e.g., a disk). Disk
12 rotates on a spindle 15, driven by a motor 18. (Any type of relative |
motion between the access element or sensor and the medium is referred to
herein as the medium moving relative to the sensor or the sensor moving

relative to the medium. This naturally includes a moving medium and fixed



hY

c7- Brief Description of the Draw ngs The
subject matter which is regarded as the invention is particularly pointed
out and distinctly clained in the concluding portion of the specification.
The invention, however, both as to organization and net hod
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sensors, spinning disks, moving tapes, or can be a moving sensor and fixed
medium, or any combination thereof.) An encoder 17 provides data on the

relative rotational orientation of disk 12-with respect to slider 10.

Slider 10 has an air bearing surface faciﬁg disk 12. The relative
motion of the air bearing surface of slider 10 and the planar surface of disk
12 maintains a distance between the slider 10 and disk 12 substantially
constant. The air bearing surface of slider 10 is designed to provide a
constant fly height (for a given rotational disk speed) of slider 10 above the
surface of disk 12. |

As discussed above, for thermal proximity sensing, the temperature
of a sensor, in one embodiment the exemplary magnetoresistive access
element 16, is elevated using Joule heating. As the sensor moves relative
to the disk, its instantaneous temperature changes as a function of the
instantaneous distance changes between the sensor and the disk. If a
protrusion on the surface causes the gap spacing to temporarily vary, or
decrease, the temperature will cool and can be sensed as a momentary spike
in the monitored thermal response of the sensor signal due to its non-zero
temperature co-efficient of resistance. The amplitude of the spike is
proportional to the temperature differential maintained in the
magnetoresistive element versus the disk surface, and to the thermal
properties of the protrusion, and depends on the instantaneous sensor-disk

spacing (as opposed to the roughly average fly height).

With reference to Fig. 2, represented therein is an exemplary
summarization of the steps necessary to effectively screen a surface for

topographical variations using the system discussed above. Initiation of the



of practice, together wwth further objects and advantages thereof, nmay best
* be understood by reference to the follow ng detail ed description of the
preferred enbodi nent(s) and the acconpanying draw ngs in which:

Fig. 1 depicts an exenplary data storage systemincluding a t her ma
proximty sensing head and a data storage nedi um havi ng

t opogr aphi cal vari ations thereon; Fig. 2 is an exenplary
sumari zati on of the steps necessary to screen a surface for

t opogr aphi cal variations using thernmal proximty sensing;

Fig. 3 is a nodel of a thermal proximty sensor having power I nput
thereto, a given heat capacity, and a t kv mal  conductance to gr ound;
Fig. 4 depicts an exenplary electrical measurenent system for

electrically calibrating a thermal proximty sensor;
screening process is via STEP 50. STEP 60, "Calibrate Thermal Proximity

Sensor to Predict Response to Topographical Variations,“ is the subject of
the discussions below related to electrical calibration (Section 2) and
induced gap variance calibration (Section 3). As discussed further below,
this step may take place while the sensor is not in operative relationship
with the surface to be screened. Following calibration, the sensor is placed
in relationship with the surface in STEP 70. The surface is thereafter
screened in STEP 80 and a determination is made in STEP 90 regarding

whether the variations exceed acceptable levels.
2.0  Calibration by Electrical Measurements

Proposed herein are techniques wherein calibration of the TPS
sensor (Fig. 2, STEP 60) is achieved by simple electrical measurements.
The instant inventors have discovered, and verified through rigorous testing,
that the thermal sensitivity of the sensor to the distance'between the'sensor
and a surface over which the sensor is to be moved can be predicted based
solely upon electrical measurements of the sensor. These measurements can
be made without special preparatiori of the disk or sensor or even in the
absence of the disk. They can be made prior to assembly of the sensor into
a data storage system, or, given adequate capability-in the system .

--electronics, the measurements could be made in the assembled system.
This electrical calibration technique removes the bulk of the variability in
the processed thermal response of the sensor, and any remaining uncertainty
in calibration is due to variation in fly height and in heat transport

properties from sensor to disk.



Fig.\5 Is a sanpl e defect over which 10 product heads were
testing the electrical calibration techniques disclosed herein;
Fig. 6 is a graph of. the distributions of the sensitivities of

- 8-
t he
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A preferred implementation of this calibration technique consists of

. the following phases.

First, and as discussed below in greater detail in Sections 2.2 and
2.3, a calibration value C, is determined for the sensor using primarily
electrical measurements. For current IBM products, e.g., Ultra-Star, each
head may be electricaily calibrated at the wafer level, i..e., during the
fabrication thereof, and before the head is placed into the data storage
system. The resistance of the head is measured at two different bias
currents, typically-1mA and 10 mA. These two resistances plus the bias

current values may be stored in a mainframe database record. As discussed -

in greater detail in Section 2.2 below,' these pairs of current/resistance

values comprise points on the I-V curve of the head:

V= I+ CI?

and C; may be determined according to the following relationship:

- R2—R1
=2 L
(I12-12)

where R, and R, are the resistances measured at bias currents I; and I, mA,
respeétively. The sensitivity of the sensor to the height of the topographical
variations is related to the operating bias current and the calibration value

C,; according to the following relationship:

S{mv/nm) « C,I2,

where: I, is the operating bias current.

fl own for



10 pfoduct heads measured while flown over the sanple defect of Fig. 5;
Fig. 7ais a graph of the DC |-V characteristics of the heads fit to the
cubic coefficient in current (C3) wherein each |ine corresponds to a

di stinct head; .Fig. 7b ts a graph of the DC |-V characteristics of
a single head over a bipolar range of current I; Fig. 8 is a graph
of the on-di sk neasured peak height vs. the electrically neasured cubic
coefficient C3; Figs. 9a-b are graphs depicting the spectral
characteristics nmeasured for various product heads; Fig. 10 is a
graph conparing the electrical calibrations -

-13-

Second, practical limitations of the stora:ge system electronics must
bé compensated for, to allow a true measure of the thermal résponse of the
sensor. For Ultra-Star, the primary consideration is the high-pass filter
present in the armature electronics ("AE") module. This filter is (for the
frequencies of interest for thermal measurements) a high-pass single pole at
a frequency of order 0.5 MHz. A suitable electronics module that includes
'a filter with a frequency response that compensates for the AE rolloff
should be incorporated. (See, for example, U.S. Patent Application Serial
Number , Attorney Docket Number RO995-081, entitled "Method
and Apparatus for Restoring a Thermal Response Signal of a
Magnctdresistive Head"). In the case of Ultra-Stér, the 3dB point of this
rolloff is quite \;ariable, specified less precisely than a factor of two in
frequency. However, since most of this variation is due to MR sensor
resistance, a calibrated thefmal signal can be obtained by using tabulated
values of this resistance. As an alternative to estimating the corner
frequency of the AE module, a realtime measurement of AE characteristics
could be made for each head. (Additional detailed roiloff frequency

measurements are discussed below in connection with Figs. 9a-b.)

Third, a technique for identifying and classifying defects using the
TPS sensor is required, following its calibration. For this technique, the
é.bove-incorporated United States Patent No. 5,527,110 entitled "Method
and Apparatus for Detecting Asperities On Magnetic Disks Using Thermal
Proximity Imaging," and United States Patent Application Serial No. .
08/643,193, entitled "Method and Apparatus for Automatic Classification of
Medium Conditions," may be consulted. (i.e., STEPS 80, 90 in Fig. 2

herein).



measured both off-di sk and on-disk for a single head, Fig. 11
depi cts an exenpl ary piezo-based system wherein the sensor is nechanically
excited while in notion above a disk; Figs. 12-15 depict test
results of two experinments wherein a head was sinusoidally excited to two
di fferent excursion distances about its nmean fly height to obtain a
calibration; and

-14-

The follow;ng sections discuss in detail the relationship between the
TPS signal and sensor height over the surface (Section 2.1); the
measuremén; of point pairs along the I-V sensor curve (Section 2.2); and
test results (Section 2.3) verifying that the electrical determination of the
calibration value C;, upon which the sensitivity S of the sensor is based,

indeed provides an accurate thermal calibration for the sensor.
2.1 Relationship Between TPS Signal and Height

To establish some understanding of the thermal processes which

- occur in the sensor, a simple model of the sensor is depicted in Fig. 3,
consisting of a single 'lumped mass corresponding to the sensor 16 and
perhaps some of the surrounding material, and a thermal conductance K to
ground. A mathematical solution for temperature of the head as the power
input to the head, Q, is varied sinﬁsoidally at some frequency « has been
reviewed. For this model, the thermal system acts as a low-pass single pole
thermal filter, and the head response to an oscillating heat source has a
finite response time. The effect of the proximity of the head to the disk
becomes clear if a small thermal conductance is introduced which is time
dependent as well. In this case, Q is constant and K includes a time-

dependent term.

The head voltage is given by:
V=TIR(T)

where R is assumed to be a function of temperature T. A first order Taylor
Series is established:



-9- ° Fig. 16 depicts a particular type of nmeasurenent that

‘can be made nore accurately with thermal rather than nmagnetic
proximty sensi ng techni ques. Det ai | ed Description of the
Preferred Enbodi nent (s) This Description is arranged into the
foll owi ng subject matter areas: 1.0 Thermal Proximty
Sensing - Introduction 2.0 Cali bration by Electrical
Measur enent s 2.1 Rel ati onshi p Between TPS Si gnal and
Hei ght 2.2 Extracting C3 From Points Al ong Sensor |-V
Curve R 2.3 Test Results
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OR
V=I(R,(T) + 3T AT)

Temperature changes in the head according to the relationship:

N,
AT __K(m)

Since the Joule heat in the head is induced according to the current applied:
0=I2R
the head voltage is given by:

R _ OR ;3

vV = F o——— —
IR * %@y ar

By defining the relationship:

the I-V curve of the sensor is represented by:
V=1IR +CI?
Though C; may be difficult to measure directly because of its dependence

on these thermal properties R, K and T, it can nevertheless be determined

electrically based on the head I-V equation:

V= IR, + CI?

Therefore, by making simple electrical measurements, the calibration value

C, can be determined.



3.0 Calibration by Induced Gap Vari ance 3.1
Extraction of Sensitivity S from Head Movenment
3.2 Test Results 1.0 Thermal Proximty Sensing - Introduction

As an introduction to a typical TPS system reference is nmade to the data
storage systemof Fig. 1, wherein a head is shown including sensor or
access elenent 16 on a slider 10 suspended in relation to an actuator 11
(via suspension 19). The head is used to sense exenpl ary topographi cal
variations 13, 14 on a surface of a storage nmedium 12 (e.g., a disk). D sk
12 rotates on a spindle 15, driven by a notor 18. (Any type of relative
noti on between the access el enent or_jgensor and the nmediumis referred to
herein as the medium noving relative to the sensor or the sensor noving
relative to the nedium This naturally includes a noving nmediumand fixed

It is necessary to next establish the relationship between the
calibration value C;, the sensiiivity S of the sensor, and the height of the
topographical variations over which the. sensor is to be moved. Using the

thermal model of Fig. 3, it is known that:

3T
Q—.Cat+KT

where C is the heat capacity, and K is the thermal conductance. Fourier
transforming yields:

O(w) =CinT(w)+KT(®)
(i.e., a low-pass filter with a pole at w= K/C) and rearranging yields:

_ Olw)
T(e) =Focn

The head temperature therefore follows heat input up to w= K/C.
Assuming that the thermal conductivity varies as the head flies over

topographical variations:
K=K, +8 K(t) T=T,8T(t)
substituting and transforming yields:

0= iwCdT(w) +K,T,+8K(w) T,

Reorganizing:

(O-K()T,) . -9  BK(w)
(iwC+K,) JdwC+K K,

(=]

83T (w) =




:10- sensors, spinning disks, noving tapes, or can be a noving sensor and
fi xed medium or any conbination thereof.) An encoder 17 provides data on
the relative rotational orientation of disk 12* with respect to slider 10.
Slider 10 has an air bearing surface facing disk 12. The relative notion of
the air bearing surface of slider 10 and the planar surface of disk 12

mai ntai ns a di stance between the slider 10 and di sk 12 substantially

-17-

For a smooth variation in height h:

3K, 8k
K h
and substituting yields:
.__ -0 _ 38n

A change in the head voltage signal (discussed above) is given by:

_+OR
5V(w)—Iﬁ,6T(m)

and since:
O=I%R

the change in TPS voltage is related to change in height according to the

following relationships:

73 9R
T3
BVI(@) =~—= k) " h

and

sv(e) = -r°c, %8

The thermal sensitivity S is generally referred to herein as:



constant. The air bearing surface of slider 10 is designed to provide a
constant fly height (for a given rotational disk speed) of slider 10 above
the surface of disk 12. As di scussed above, for thermal proximty
sensing, the tenperature of a sensor, in one enbodi nent the exenplary
magnet oresi stive access elenent 16, is elevated using Joule heating. As the
sensor noves relative to the disk, its instantaneous tenperature changes as
a function of the instantaneous di stance changes between the sensor and the
disk. If a protrusion on the surface causes the gap spacing to tenporarily
vary, or decrease, the tenperature will cool and can be sensed as a
momentary spike in the npnitored therygal response of the sensor signal due
to its non-zero tenperature co-efficient of resistance. The anplitude of
the spike is proportional to the tenperature differential maintained in the
magnet oresi stive el enent versus the disk surface, and to the theimnal
properties of the protruskpnt ahy qugnpﬁ gn_ghégifstantaneous sensor - di sk
spaci ng (as opposed to thé roughhy avetage fli 8€ight). Wth )
reference to Fig. 2, represented therein is an exenplary summari zati on of
the steps necessary to effectively screen a surface for

Therefore, the sensitivity of the sensor to variations in distance is

proportional to C; multiplied by the cube of the bias current I.

In the case of sensors from different families of storage systems, the
thermal conductance K may vary across families, because of different head
sizes, suspension geometries, etc., but will likely be constant within each
family. In this case, a scalar A; may be introduced (and measured once for
each head family) such that the sensitivity is then: ' |

S « A,IC,

Once A; is measured for each head family, the sensitivity of all heads
within each family can be electrically determined using C;.

2.2  Extracting C; From Points Along Sensor I-V Curve

If the head voltage is represented as a Taylor Series in current, then

V=CI+CI?

The square term has been dropped since only an odd dependence in current
is expected, and this expectation is verified in Section 2.3 below. (C, is
used for the linear resistance value here for clarity.) Two voltage/current

points along this curve can be defined by:



fopographi cal variations using the system di scussed above. Initiation of

t he screening process is via STEP 50. STEP 60, "Calibrate
Thermal Proximty Sensor to Predict Response to Topographical Variations,"
is the subject of the discussions belowrelated to electrical calibration
(Section 2) and induced gap variance calibration (Section 3). As discussed
further below, this step may -take place while the sensor is not in
operative rel ationship

-19-

=CI, + GI;

<
|

and

V2

G I, + GI;

Representing these equations in matrix form yields:
V1 - Cl
Al G
Solving this system of equations for C;:

18]+

I, I
I, 123

I, 13
I, 123

i

[cl] =[ 1} —Il-"] 1 -[Vl]
G -, I IlIza—IzIf V2

_ "I+ I,

& I,13-1,13

Also, using V=]R:
| _ R,-R,
3

(12-12)

C,; can therefore be determined using electrical measurements only by, for

example, measuring voltage response pairs to respective current stimuli



MWth the surface to be screened. Follow ng calibration, the sensor is
placed in relationship with the surface in STEP 70. The surface is
thereafter screened in STEP 80 and a determination is made in STEP 90
regardi ng whet her the variati ons exceed acceptabl e | evels. 2.0
Calibration by Electrical Measurenents Proposed herein are
techni ques wherein calibration of the TPS sensor (Fig. 2, STEP 60) is
achieved by sinple electrical neasurenents. The instant inventors have
di scovered, and verified through rigorous testing, that the therma
sensitivity of the sensor to the distance between the sensor and a surface
over which the sensor is to be noved_g@n be predicted based solely upon
el ectrical neasurenents of the sensor. These neasurenents can be nmade
Wi t hout special preparation of the disk or sensor or even in the absence of
t he di sk. They can be nmade pri.or to assembly of t i nto a data

o8 by BEVURBEARRIAIE valRGP Py et Rl

storage systP@ - e system el ectronics,
the neasur enfgRlsmueftiodthB Aidkadery of thbe RuteAisOby et iasantTinventetseat ri cal

cal i bration technique renoves fhe bulk of the variability in the processed
t her mal r esseriesobfestsiwasseansucted 40 erifiy whether in fagt Gnaeurdtelyty in

cal i bratlc?n p'rgdlgtlég gﬂi/ear'fi;'ésggns'e ffthé{sgﬁbxght and in heat transport -

2.3 Test Results

Fig. 4 is an exemplary electrical measurement system for electrically
calibrating a sensor, in accordance with the present invention, in which a
programmable current source applies current to sensor. 16, a data
acquisition/processing system reads the thermal response of the sensor (e.g.
Vops), and the results may be stored in a computer file. The processing
system may perform any of the requisite calculations. It should be noted
that all, or any subset of, the system components depicted in Fig. 4 may be
located within the completed data storage system itself. Remaining
components may be located outside of the system (e.g., in a dedicated

calibration system).

The actual thermal responses of a group of 10 Ultra-Star heads to an
actual topographical defect were obtained, and the results wers compared to
the calibration models discussed above. The following measurements were
ﬁade: Observed peak height (via measured sensor voltage) when scanning

a typical topographic defect; and Sensor nonlinear I-V characteristic.

The data obtained are shown in Table 1 below. The heads were all
taken from a single batch of Ultra-Star product heads. The resistance of the
heads was measured, and the heads were then flown over a sample defect.

A TPS image of this defect is shown in Fig. 5, taken with head 1. All



._propérties fromsensor to disk.
-12- A preferred inplenentation of this calibration technique
consists of the follow ng phases.
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heads were biased at 8 mA for these experiments, and data was acquired on
a t;st stand. The response of each of the 10 heads was measured for the
same defect. Fig. 6 shows the distribution of measured thermal responses
having an average of 80 and standard deviation of 16 or a spread of 20%.
(The data for head 8 was discounted since the measured resistance was far
out of range, but even inclusion of head 8 doesn’t significantly alter the

observed spread in thermal sensitivity.)

Note that although the resistance change of order 100 ppm observed
when flying over the defect is small, the total resistance change in the head
when powering up from 1 mA to 8 mA is muéh larger, in the range of 3-
4%. The magnetoi'esistive ("MR") element operates hot, and the fractional

change in temperature upon bringing the disk into proximity is small.

The variability in thermal sensitivity clearly depends on several
factors. Absolute resistance of the MR element does not play a major role
in sensitivity as shown by the data in Table 1. The signal strength is,
however, expected to be proportional to the amount the resistance changes
with temperature. As discussed above, a model of the thermal system

predicts that a calibration value C, is given by:

R OR

3" K(w) oT

where R(T) is the temperature dependent MR resistance and K is the
thermal conductance of the sensor to the surroundings, and determines in
part both TPS sensitivity aud the degree of nonlinearity of the current-
voltage curve of the MR sensor. Thus, a measure of the isolated head

properties provides a reasonable prediction of the TPS sensitivity.



First, and as discussed below in greater detail in Sections 2.2 and 2.3, a
calibration value CJerr] is determ ned for the sensor using primarily

el ectrical measurenments. For current |IBM products, e.g., Utra-Star, each
head may be electrically calibrated at the wafer level, i..e., during the
fabrication thereof, and before the head is placed into the data storage
system The resistance of the head is neasured at two different bias
currents, typically 1mA and 10 mA. These two resistances plus the bias
current values may be stored in a nmainfranme database record. As di scussed
in greater detail in Section 2.2 below, these pairs of current/resistance
val ues conprise points on the |-V cuspye of the head:

V=derr]l + (err]lferr] and C[err? may be determi ned according to the
followi ng relationship: [err] where Rl err] and R err] are the

resistances measupedpdl 1R 8%, SULEGIE B 'theleh hefiliwlieGhiA elftrically
obtained off-disk, with the data shown in Table 1 and in Fig. 7a (multiple
heads) and 7b (single head, also checking for polarity variations). The
voltage data is fit to a cubic coefficient in current (C; in Table 1). To
emphasize the quality of fit of the data, the nonlinear portion of the head
voltage given by V-IR, is plotted versus I*. In this plot, the slope is given
by the cubic coefficient C,. In Fig. 8, the on-disk measured peak height
from the disk defect is plotted vs. the electrically measured cubic coefficient
C,. The broad spread in data is reduced substantially by this method, and
in fact even head 8 (R=54 ohms) falls pear the linear fit.

In addition to measurement of the DC thermal sensitivity by I-V
curve fits to a cubic model, the AC cubic coefficient was also measured-
(using techniques like those disclosed in U.S. Patent No. 5,469,051,
entitled Electrical Detector for Circuit Lines, and incorporated herein by
reference). In this method, the sensor (in this case an MR sensor) is heated
by an AC current containing two frequency componeﬂts at w and 2w. The
combination of these two drive currents results in a DC voltage across the
sensor, given by the following expression:

_3GI1iI,
Vac=—7

where I, is the current at w; and

I, is the current at 2w.

By measuring DC voltage versus frequency for fixed current amplitudes,
the frequency dependent thermal sensitivity of the MR head can be

determined. This measurement was performed from 20 Hz to 2 MHz, and



respectively. The sensitivity of the sensor to the height of the

t opographical variations is related to the operating bias current and the
calibration value C3 according to the follow ng rel ati onshi p:

S(mv/nm [err] Cerr]l[err] where: I[err] is the operating bias
current. - 13-
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the results are presented in Table 2 and in Fig. 9a. Over the relevant range
of frequencies (typically 100 kHz to 1 MHz for imaging applications) the
sensitivity can be expected to change by roughly one order of magnitude.
This effect is important in understanding relative sizes of topographic
features, for example. In Table 2, G, is given by:

- 4Vdc
(3) (2) (100) V7V,

3

and where: V1 and V2 are measured biases across a 1Kohm resistor.
(Vde(0) and Vdc(90) in Table 2 are differences in amplitudes
from 90 to -90 degrees, or 0 to 180 degrees, aﬁer a gain.
stallge of 100.)

Fig. 9b is a plot of the AE corner frequency vs. MR head
resistances (for a different batch of heads). The corner frequency depends

approximately inversely with resistance.

Finally, the electrical measurements of C, were made while flying
on the disk to determine if there was any dependence of the measurements
on this environment. Shown in Fig. 10 are the DC I-V curves for head
number 2, both off the disk and on (at two RPMs). A small change is
observed, corresponding to a slight improvement in thermal conduction
from the MR element of roughly 3%. However, the intrinsic head

. properties do not change substantially, and a calibration made via I-V -
measurements can therefore be used independent of whether the head was

flying on the disk or not.



Second, practical limtations of the storage system el ectronics nust be
conpensated for, to allow a true neasure of the thernmal response of the
sensor. For Utra-Star, the primary consideration is the high-pass filter
present in the armature electronics ("AE") nmodule. This filter is (for the
frequencies of interest for thermal neasurenents) a high-pass single pole
at a frequency of order 0.5 MHz. A suitable electronics nodul e that
includes a filter with.a frequency response that conpensates for the AE
rolloff should be incorporated. (See, for exanple, U S. Patent Application
Serial Nunber , Attorney Docket Nunmber R0995-081, entitled

"“Met hod and Apparatus for Restoring a,Jhernmal Response Signal of a

Magnet oresi stive Head"). In the case o0f Utra-Star, the 3dB point of this
rolloff is quite variable, specified | ess precisely than a factor of two in
frequency. However, since nost of thh§ Yaglatlon I's due to MR sensor

resi stance, a calibrated thermal sig QPQ: n be obtained by usi ng tabul at ed
val ues of r;¥;——~————~~—"——?—¢ —————————— et eSSt et g et gy ner
frequency pf the AE noduPs QEKeaItlne neasugenent GFFAEmﬁharact i stics
coul d be njd 3 :

measur enen

Third, a tf
|| 2 28.14 65 113504 27.6565 0.0153
|| 3 28.61 . 82 1.40E-04 28.2286 : 0.0170
4 29.73 15 1.24E-04 29.3729 0.0196
s 31.89 105 '. L61E04 | 31.5203 0.0253
6 3066 80 - 1.28E04 29.7590 0.0194
: 7 28.94 82 1.39E-04 28.5340 0.0185
8 55.06 100 8.90E-05 54.4424 . 0.0213 "
i 9 28.14 70 1.22E04 28.3670 0.0161 H
10 28.44 45 7.76E-05 28.1147 0.0173 "
AV: 794 "
) SD/AV : 20 ' "
Table 2 7
Freqz) | vi(v) | v2(v) | 2vde90) | 2vae@ | Amp (mv) Phase c3 ]
300 | 266 1.33 13 1 13.0384 | 85.60137 | 0.00917
" 1000 | 2.66 1.33 13 0.5 13.00961 | 87.79748 | 0.00915
3000 | 266 1.33 13 0.5 13.00961 | 87.79748 * | 0.00915
10000 | 2.66 1.33 12.3 0.1 12.30041 | 89.53427 | 0.00865
" - 30000 | 266 1.33 1.7 0.5 11.71068 | 87.55303 | 0.00824
I 100000| 266 1.33 1 1.3 11.07655 | 83.26001 | 0.00779 |f
300000 | 2.66 1.33 9.7 0.8 9.732934 | 85.28532 | 0.00684
1000000 | 2.66 1.33 8 1.2 8.089499 | 81.4693 0.00569
3000000 | 2.66 1.33 6.6 1 6.675328 | 81.38442 | 0.00469
10000000 |  2.66 1.33 s 1- 5.09902 | 78.69013 | 0.00359
“ 2000000.0 |  2.66 1.33 4 1 4.123106 | 75.96382 | 0.00290




JPS sensor is required, followng its calibration. For this technique, the
above-incorporated United States Patent No. 5,527,110 entitled "Method and
Apparatus for Detecting Asperities On Magnetic Disks Using Thernal
Proximty Imaging," and United States Patent Application Serial No.

08/ 643, 193, entitled "Method and Apparatus for Automatic C assification of
Medi um Conditions," may be consulted. (i.e., STEPS 80, 90 in Fig. 2

her ei n) . -14-
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Additional Tests:

Additional tests were conducted in connection with TPS calibration,
the results of which are briefly discussed (but not depicted) here:

When the head is operating on the disk, both magnetic readback
techniques and TPS are sensitive to topographical variations. . The spectral
response of the head for both techniques was obtained. The output of the
magnetic readback circuitry comprised a rising spectral amplitude for the
frequency range below 100 kHz, indicating the spectrum of disk roughnéss
versus spatiél wavelength. The TPS spectrum taken under the same
conditions as the magnetic readback spectrum was measured. A very
similar spectrum was observed, and in fact the ratio of the two data sets
demonstrated that magnetic readback and TPS have the same frequency
dependence in this band to within 1 dB. On the basis of these observations,
since magnetic readback is known to be frequency independent, the response
of TPS to topographic variations can be inferred as essentially flat with

frequency over the range 1-100 kHz.

The response of the magnetoresistive sensor to a very slow square
wave bias current, with an amplitude varying between 1.8 and 12 mA, and
at a frequency ranging from a few Hertz to tens of kilohertz, was measured.
(The lower current was used to provide a probe of resistance without
additional self-heating. The bridge was balanced at the lower bias level,)
Because a small perturbation is being sought against a large background, an
accurate observation of the time response of the current-dependent resistance
was not obtained. The MR sensor was included as one leg of a Wheatstone

bridge, and only the current dependent part of the resistance was measured.



The follow ng sections discuss in detail the relationship between the TPS
signal and sensor hei ght over the surface (Section 2.1); the nmeasurenent of .
point pairs along the I-V sensor curve (Section 2.2); and test results
(Section 2.3) verifying that the electrical determ nation of the
calibration value C3, upon which the sensitivity S of the sensor is based,

I ndeed provides an accurate thernmal calibration for the sensor. 2.1

Rel ati onshi p Between TPS Signal and Hei ght To establish sone

under standi ng of the thermal processes which occur in the sensor, a sinple
nodel of the sensor is depicted in Figg- 3, consisting of a single | unped
mass corresponding to the sensor 16 and perhaps sone of the surroundi ng
material, and a thermal conductance K to ground. A mathematical sol ution
for tenperature o . I whvaPaici bragired? The varied

si nusoi dal ly at siﬁéggFgg encgqugﬁﬁﬁ'agw een F%SF%&S%. Fofa§%ggénndel, t he
t her mal syst gsadaetovered theimuty irs souphhg 1@ micdosecohds, rwith & itait tastingind t he head
response to an oscillating heat _source has a finite .re l.me. The

ef fect of theoughlydGmigrogicopds These W%Wﬁé’&%‘ﬁ’ﬁgp‘%ﬂg%é‘lﬁf’“% smal |
ther Ml condyel aRGgesS of BLERGHE GendbisH] shéwiig®gradual rolloff of thermal

response with frequency over the range of roughly 20-300 kHz. Also taken

were traces at lower test frequencies of 1 kHz, 50 kHz and 0.2 Hz. At the
Jongest time, an additional resistance relaxation is observed, corresponding
to a time constant of order a few seconds. This was interpreted to
correspond to the low-frequency pole/zero associated with heat flow into the
slider body. This relaxation is too slow to be observable or problematic for

any of the frequency ranges of interest for TPS.

Additionally, the scaling of the relaxation voltage versus bias current
level was measured. Bridge voltages for biases of 10 and 12.6 mA high
bias, and 1.8 mA low bias, respectively were measured. Measurement
frequency was 4 kHz. The voltage scale of the 12.6 mA relaxation was set
to twice that of the 10 mA data. The cubic relationship was nearly perfectly
met: i.e. (12.6/10)%, demonstrating good agreement with the model of C;
presented above.

3.0 Calibration by Induced Gap Variance

Another calibration technique, in accordance with the present
invention, involves calibrating the sensor by physically changing the
distance between the sensor and the medium surface, tracking the changes
and monitoring the actual thermal response of the sensor. Motion in the
sensor itself (and therefore a change in the distance) can be induced by
various means, including piezoelectric excitation from a crystal mounted
near the head, e.g., on the suspension arm, or by acoustic excitation,

capacitive excitation, etc. The distance between the sensor and surface can



..deper;dent as well. In this case, Qis constant and K includes a tine-

dependent term
V=1I[err]R(T)

The head voltage is given by:
where R is assuned to be a function of tenperature T. A

first order Taylor Series is established:
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also be changed by moving known topographical features on the surface past
the head.

In the case where it is possible to closely monitor the movement of

the head, a small vertical oscillation can be induced in the head by one of
the techniques specified above. A separate system for monitoring the

~ oscillation is employed. For example, the head motion can be measured

optically using one of several possible schemes such as interferometry,
triangulation, confocal, etc.. A comparison of the thermal and optical
signals then serves to calibrate the head thermally.

In the case where known topographical variations' are moved paSt the

sensor, a direct calibration results by comparing the height of these known

features to the actual thermal response of the sensor.

waevcr, in the case where the head is already installed in a data

storage system, it is difficult to use a separate physical measurement to

observe the head motion, or to use a medium having known variations. In

this case, the head is oscillated an amount smaller than, but comparable to,

the head-disk gap spacing. This can be accomplished using a mechanical

shaker to excite head motion with respect to the disk.

3.1

Extraction of Sensitivity S from Head Movement

' Using an assumption that the head temperature varies with gap

spacing as 1/d, the head temperature is given by:



- 15- [err] Tenperature changes in the head according to the

rel ati onshi p: Since the Joule heat in the head is induced according to
the current applied: Q=l[err]R the head voltage
is given by: [err]

28- | -

A
T=TO+E

where: T, is the operating temperature of the head; and
A is a head-dependent constant.

For a given bias current I, the TPS response signal Vqps (an exemplary

measured actual thermal response or "atr") is giVen by:

oR

 Vpps = IRyt (T-T,))
or
Vpps = IR, + I% .% ; where % = constant

The sensitivity S (relating the change in voltage to the change in gap

spacing) can therefore be derived as:

S = OVrps _ I, 0R a .
ad ar 42
(o]

or, by introducing a calibration value C,:

G, _; OR
S-= & ; where Cy,=I, aTA
where: d, is the mean fly height (typically 50 nm).

The sensitivity S can be extracted by oscillating the head as it flies

over the surface according to a movement function:



By défini ng the relationship: [err]

the |-V curve of the sensor is

represent ed by: V=IRerr] +(err]lferr] Though C3
may be difficult to neasure directly because of its dependence on

t her mal

properties RL Kand T, it can neverthel ess be determ ned

electrically based on the head |-V equation:
+ (Jerr]lferr] Therefore, by nmaking sinple electrical neasurenents, the
calibration value C3 can be determ ned.
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d=d,+d;sin (wt)

Typically, a head resonance frequency is chosen to obtain a larger excursion
distance d, for a given excitation value. In one example, a head can be

excited using a piezoceramic, using typical frequencies of 10-100Khz.

. Using this movement function, the head voltage signal is given by:

IOR . A - G,
dT d,+d;sin(wt) d,+d, sinet

Vrps -

It is noted that the head voltage is not simply sinusoidal. For d; << d, the
voltage is nearly sinusoidal, but as d, increases the voltage becomes more
asymmetric. Upon excitation, the reciprocal of the actual thermal responses
(i.e., 1/V) at corresponding times during the movement are plotted vs.
sin(wt) to extract C, and d,. Since

d, sin(wt)
CO

1
Vres

=_g_2+
CO

the data can be plotted on a two-dimensional graph of the form y(1/V) vs. x

- (sin(wt)), and as is well known,

y=b+mx
where b is the y intercept; and

m is the slope.

The intercept and slope of this graph (along with the mean fly héight
d,, known a-priori) yield C, and d;:

t hese

V=I R err]



- 16- _ It is necessary to next establish the relationship between the
calibration value C3, the sensitivity S of the sensor, and the hei ght of

t he topographi cal variations over which the sensor is to be noved. Using
the thermal nodel of Fig. 3, it is known that: [err]

The sensitivity of the head is therefore determined by oscillating the head
about a mean fly height using a movement function, in this example, a
sinusoidal function. It should be noted that the excursion distance d; about
the mean fly height need not be known, since the sensitivity merely depends
on the mean fly height and the intcrcept point of the plot of the reciprocal of

the actual thermal responses vs. the movement function sin(wt).
3.2 Test Results

Fig. 11 depicts an exemplary piezo-based system for calibrating a
sensor wherein the sensor 16 is mechanically excited while in motion above
the disk surface 12. The resultant actual thermal resf)onses are collected
using a data acquisitioﬁ/processing system, and can thereafter be used to
calibrate the sensor according to the techniques discussed herein. The
processing system may perform any of the requisite calculations. It shé)uld
be noted that all, or any subset of, the system components depicted in Fig.
11 may be located within the completed data storage system itself. -
Remaining components may be located outside of the system (e.g., in a

dedicated calibration system).



.lvvneré Cis the heat capacity, and Kis the thermal conductance. Fourier

transform ng yiel ds: Qferr]) =Cerr]iferr]T([err])
+KT([err]) (i.e., alowpass filter with a pole at [err]= K/ C) and
rearrangi ng yields: [err] The head tenperature therefore foll ows heat
input up to [err]= K/ C. Assuming that the thermal conductivity varies as
the head flies over topographical variations: K=K[ err] K(t)

T=T[err]T(t) substituting and transform ng vyi el ds:
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The thermal response may be non-linear with gap spacing, and
therefore the sensor does not show a sinusoidal response but rather exhibits
a varying degree of non-linear dépendence as shown in Figs. 12 and 14. By
comparing the data to a model thermal response versus distance, the
amplitude of vibration can be extracted as a fitting parameter. This is
shown in both the model curves in Figs. 12 and 14, and in the linearized
plots shown in Figs. 13 and 15. In Figs. 13 and 15, the data is fit to a
model in which the .thermal output varies inversely with gap spacing, and it
is additionally assumed that a sinusoidal variation in head height above the
disk is induced. Verification of the calibration can be achieved by using the
Wallace Spacing Law to establish the mean fly height of the head.

The data of Figs. 12-15 was taken as the airbearing head was
induced to oscillate at the resonant frequency, about 60 kHz, although there
were several other frequencies nearby that could be used as well. For both
tests the disk was run at about 12.9 m/s (4500 rpm at 27 mm radius). The
bias current was at 8 mA. The output is from a head preamp, which has a |
gain of 1000. Typical variation are in the tens to hundreds of microvolts,
corresponding to few parts per thousand resistance change. The viﬁration
was induced with a piezo bimorph glued to the suspension. The resonant
frequency was in the audio range and it was impractical to use'it to vibrate
above about 100kHz. '

The data was taken at two piezo drive levels, about 100 V p-p (Figs.
12-13), and about 7 V p-p (Figs. 14-15). The lower bias trace is sinusoidal
as expected. The higher bias trace is more peaked as the head is forced
towards the disk. The data was fit to the above-discussed model where the
thermal signal depends as 1/d, where d is the gap spacing. The frequency
of the drive voltage is known, and measured values were obtained for the

fly height.



Q= i;[err]C[err]T([err]) +K[err] T[err]+[err]K([err]) T[err] Reor gani zi ng:
[err] -17-
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A linear fit was obtained by plotting the actual thermal responses vs.
the expected sinusoidal form. Within a few tens of percent, the calibration
obtained in this manner is self-consistent. The hysteresis in the large )
excursion experiment is a result of the asymmetry clearly seen m the data
plotted versus time.

The extraction of the calibration value C, and the excursion distance
d, from the graph of Fig. 13 is shown here:

d,(nm) _ 95nm
CO CO

b =-.0075 =

C, = ¥.3x104

d
m=4.8x10"" = =2
CO

d, = 61lnm

1.3x104

V. = . + 80 (mv
™S 9Snm + 61nm sin (0w t-¢) (mv)

The extraction of the calibration value C, and the excursion-distance

d, from the graph of Flg 15 is shown here:

d
b= .006 = Zo{AM _ 95mm
CO CO

C, =1.6x10%



For a snooth variation in height h: [err] and substituting vyields:
[err] A change in the head voltage signal (discussed above) is given by:
[err] and si nce: l[err]R the change in TPS voltage is
related to change in height according to the follow ng rel ati onshi ps:

-33- _
. d
m=6.25x10" = 2
. C,
| d =9.6nm

Vo = 1.6 x104
TS oSnm + 9.6nm sin (0 t-¢)

- 40 (mv)

As discussed above, the sensitivity S can be determined from G, or

and d, or b (intercept) directly as:

S:._C_oz
d?

These tests verify to some extent that (1) TPS is a direct measure of
displacement, and not a derivative or something else unexplained, and (2)

TPS allows measurement of gap spacing.

The non-linear dependence of TPS on gap spacing is expected to be a
function of the distance between the sensor and the disk surface. As such,
it establishes the spacing in an absolute sense, as opposed to a relative
.displacement such as that obtained with magnetic measurements. In the case
of magnetic measurements, a takeoff curve is obtained in which the Telative
spacing of the head and .disk is observed as a function of disk velocity. As
the disk slows, the head drops with little flying attitude change. However,
when the head hits the disk the plot of head displacement computed from the
magnetic signal versus disk velocity changes direction, and the point of
minimum displacement is interpreted as the point of contact. In the case of
TPS, the signal change is non-linear, and therefore the surface can be
anticipated without making contact, and in addition the zero-spacing

condition is with reference to the sensor. This is therefore a physically



‘[err]\ and [err] The thernal sensitivity Sis generally referred
to herein as: i

-34-

different measurement than a magnetic measurement, where the

measurement is intrinsically one of relative displacement.

As a caveat, care must be taken to perform the calib;ation ona
region of the disk not exhibiting large anomalous topographic variations
since the average TPS signal in that case would not follow a simple

functional form reflecting a constant average head/disk spacing.

" The calibration methods discussed herein are applicable to all
applications of TPS, which include testing tools for assembled files, as well
as defect sensors for individual disks. One specific area where it is
anticipated that this method could be used is in making measurements of
head recession. Here, the desired information is a measure of the difference
between thermal ("d") and mechanical ("g") contact. (See Fig. 16). As
discussed above, this corresponds to the difference in position between the

magnetic and thermal *zero’ displacement.

While the invention has been particularly shown and described with
reference to preferred embodiment(s) thereof, it will be understood by those
skilled in the art that various changes in form and details may be made

therein without departing from the spirit and scope of the invention.



-18- [err] Therefore, the sensitivity of the sensor to variations in
di stance is proportional to C3 nultiplied by the cube of the bias current
l. In the case of sensors fromdifferent famlies of storage
systens,the thermal conductance K may vary across famlies, because of
di fferent head sizes, suspension geonetries, etc., but will likely be
constaﬁ'%lSShecttHanB@aRépla‘caml In this case, a scal ar Alerr] may be

i ntrodu ed once for each head famly) such that the
sensi ti

Claims. R O A

What is claimed is:
1. A method for determining a thermal sensitivity of a sensor,
comprising:

applying a first electrical stimulus to the sensor such that a
first electrical response results therefrom;

measuring the first electrical response; and

determining a thermal calibration value as a function of the
first electrical stimulus and the first electrical response, wherein the
thermal calibration value is substantially determinative of the thermal
sensitivity of the sensor to a distance between the sensor and a

surface relative to which the sensor is to be moved.

2. The method of claim i, wherein the first electrical stimulus
and the first electrical response comprise a point along a curve defined by

the relationship

V=C,I+C, I3

where V comprises a voltage across the sensor,
I comprises a current through the sensor,
C, comprises a linear coefficient relating V and I,

C, comprises the thermal calibration value, and

wherein the thermal calibration value C, is determined using said
relationship, and the first electrical stimulus and first electrical response

each comprises one of V, I and C,.




S [érr] Alerr] I[err]Cerr] Once Af is neasured for each head famly,

the sensitivity of all heads within each famly can be electrically

poi nts al ong th| S curve can be defi negg-by:

3. The method of claim 1, further comprising:

applying a second electrical stimulus to the sensor such that a

second electrical response results therefrom;
measuring the second electrical response; and
wherein said determining a thermal calibration value includes:

determining the thermal calibration value as a function
of the first and second electrical stimuli and the first and
second electrical responses.

4, The method of claim 3, wherein the first electrical stimulus
and the first electrical response comprise a first point along a curve, and the
second electrical stimulus and the second electrical response comprise a

second point along the curve, the curve being defined by the relationship

VEC, I+C, I3

- where V comprises a voltage across the sensor,
I comprises a current through the sensor,
C, comprises a linear coefficient relating V and I,

C, comprises the thermal calibration value, and

wherein the thermal calibration value C, is determined using said
relationship, and the first electrical stimulus, first electrical response,
second electrical stimulus and second electrical response each comprises one
of V, Iand C,.

o tin e e

e
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determ ned using Clerr]. 2.2 Extracting C3 From Points Al ong Sensor
~Curve If the head voltage is represented as a Taylor Series in
current, then V.=(derr]l + ([err]lferr]
square ter dropped since only an odd dependence in current is
expect ed, aﬁ H Hﬂ iﬁuonls verified in Section 2.3 below. ((err] i
used for t ce val ue here for clarity.) Two vol tage/current

|-V
The

IS



;19-1 vierr] = derr]l[err] + (err] I[err] and

* c L M s *

-37-

5. The method of claim 3, wherein the first electrical stimulus
and the first electrical response comprise a first electrical stimulus/response
pair, and the second electrical stimulus and the second electrical response
comprise a second electrical stlmulus/response pair, and wherein said

. determining the calibration value includes determining the thermal
calibration value according to the relationship

- -V I,+V, 1,
=12 271
I,I;-I,I;

where : C, comprises the thermal calibration value,
; I, and V, comprise the first electrical
| ' stimulus/response pair, and
I, and V, comprise the second electrical

stimulus/response pair.
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>V[err‘] = derr]l[err] + (err]l[err]

matrix formyields:

[err]

6.

[err]

Solving this system of equations for

* c L M s *

-38- -

The method of claim 3, wherein the first electrical stimulus

and the first electrical response comprise a first electrical stimulus/response

pair, and the second electrical stimulus and the second electrical reSponsé

comprise a second electrical stimulus/response pair, and wherein said

determining the calibration value includes determining the thermal
calibration value according to the relationship

where

7.

R,-R,
I2-I7

G=

C, comprises the thermal calibration value,

I, and R, comprise the first electrical

stimulus/response pair and R, comprises a

measured resistance of the sensor, and

I, and R, comprise the second electrical

stimulus/response pair and R, comprises a

measured resistance of the sensor.

The method of claim 2, wherein the sensor comprises an

access element and the surface comprises a storage medium to be accessed

by said access element, and wherein upon the application of a bias current

to said access element, the thermal sensitivity of the access element to the

distance between the element and the storage medium is defined by a

sensitivity value proportional to the calibration value multiplied by the cube

of the bias current.

This Sheet Has Been Replaced

I

Representing these equations in

Cerr]:




hAIsof using V=IR [err] Cerr] can therefore be determ ned using
el ectrical neasurenents only by, for exanple, neasuring voltage response

palrs to respegtwe current stinmuli

* c L M s *

- -39-

8. The method of claim 1, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein upon thé application of a bias current
to said access element, the thermal sensitivity of the access element to the
distance between the element and the storage medium is defined by a
sensitivity value proportional to the thermal calibration value multiplied by

the cube of the bias current.

9. The method of claim 1, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein said applying and measuring are
performed while the access element is not in operative relationship with the

storage medium.

R
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-20- pairs or by neasuring resistance values to respective current
stinmuli. Subsequent to the discovery of these relationships by the instant
i nventors, a series of tests was conducted to verify whether in fact C3
accurately predicted the thermal response of the sensor. 2.3 Test
Resul ts Fig. 4 is an exenplary electrical neasurenent systemfor

electrically calibrating a sensor, in accordance with the present

i ) AR i

10. A method for thermally measuring the height of

Y

topographical variations on a storage medium, comprising:

determining a thermal sensitivity of a sensor according to the
method of claim 1, wherein the storage medium comprises the

surface;

thereafter moving the sensor relative to the storage medium at

a substantially constant distance therefrom; and

using said thermal sensitivity to measure an instantaneous
distance between the sensor and the storage medium and therefore

the height of the topographical variations on the storage medium.
11.  The method of claim 1, further comprising:

prior to said determining the thermal calibration value,
measuring a family calibration value for a family of sensors

inclusive of the sensor.

I
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programabl e current source applies current to sensor 16, a data

acqui sition/ processing systemreads the thermal response of the sensor

(e.g. V[err]), and the results nay be stored in a conputer file. The
processi ng system may performany of the requisite calculations.” Tt should
be noted that all, or any subset of, the syste ed in Fig.
4 may be | ocated within the conpl et ed data storiﬂmmmﬂum\"ﬂr Clir Remai ni ng
conponents may be | ocated outside of the system (*fe. §.,Li n a sdedl cat ed
calibration system. The actual thermal responses of a group of 10
Utra-Star heads to an actual topografhi cal defect were obtained, and the
results were conpared to the calibration nodels discussed above. The
fol |l owi ng neasurenents were nade: Observed peak height (via measured sensor
vol tage) when scanppi ng Acilitizatic meepagednprisinglef ect; and Sensor nonli near

| -V characteristic. The data obtained are shown in Table 1 bel ow
The heads were all taken froma single batch of UItra-Star product heads.

The resi stance of the hen fl own
over a sanpl e defect. E%e"é’ "'"Ehg’th%lﬁg &{i IS S own |n ig. 5, taken

with head 1. Al sensor, the thermal calibration value substantially determinative of a

thermal sensitivity of the sensor to a distance between the sensor and
a surface relative to which the sensor is to be moved, said

electrically determining including -

measuring at least one electrical response of said
~ sensor to a respective at least one electrical stimulus applied
thereto.

13.  The method of claim 12, wherein the electrically determining

includes using the relationship

V=C,I+C, I3

to relate the thermal calibration value to the at least one electrical
stimulus and the at least one electrical response, where

V comprises a Qoltage across the sensor,

I comprises a current through the sensor,

C, comprises a linear coefficient relating' V and I, and

C; comprises the thermal calibration value.

14.  The method of claim 13, wherein the measuring at least one
electrical response includes measuring two electrical responses to two
respective electrical stimuli, wherein each electrical stimuli comprises one
of V and I and wherein each electrical response comprises one of V, I and
C,.
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-21- heads were biased at 8 mA for these experinents, and data was
acquired on a test stand The response of each of the 10 heads was neasured
for the sane defect. Fig. 6 shows the distribution of neasured thernal
‘responses having an aver age omﬁﬂﬂmll um deviation of 16 or a spread
of 20% (The data for head 8 ﬁ u ce the measured resistance
was far out of range, but even indudiof of htad 8 doesn't significantly
alter the

-42- -

15.  The method of claim 12, wherein the sensor comprises an
access element and the surface 'coinprises a storage medium to be accessed
by said access element, and wherein upon the application of a bias current
to said access element, the thermal sensitivity of the access element to the
distaﬁce between the element and the storage medium is defined by a
sensitivity value proportional to the thermal calibration value multlphed by
the cube of the bias current.

'\
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_pbser‘\ved spread in thermal sensitivity.) Not e that although the
resi stance change of order 100 ppm observed when flying over the defect is

small, the total resistance change in the head when powering up-from1l nmA
-to 8 mAis nuch larger, in th E!Hﬂijﬁmlﬂm The magnetoresistive ("M')
el ement operates hot, and the I n tenperature upon
bringing the disk |nto prOX|mty i's smal'l. The variability in

thermal sensitivity clearly depends on several factors. Absolute resistance
of the MR el enent does not play a ngjor role in sensitivity as shown by the
data in Table 1. The signal strength #48; however, expected to be
proportional to the anmount the resistance changes with tenperature. As _
di scussed above, a nodel of the thernmal systempredicts that a calibration

value Clerr] is gijgen gycalﬁtﬁ-gﬁa,nmethdm%ﬁpﬁéﬂg is the tenperature dependent
MR re5|stance and Kis the

using primarily electrical measurements to determine a
" thermal sensitivity of a sensor to a distance between the sensor and a

surface relative to which the sensor is to be moved.

17. The meihod of claim 16, wherein the electrical measurements

comprise V, I or C, points along a curve defined by the relationship:

V=C,I+C,I3

and wherein C, is substantially determinative of the thermal sensitivity.

18.  The method of claim 17, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein upon the application of a bias current
to said access element, the thermal sensitivity of the access element to the
distance between the element and the storage medium is defined by a
sensitivity value proportional to C; multiplied by the cube of the bias

current.
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therr}al conduct ance of the sensor to the surroundings, and determnes in
part both TPS sensitivity and the degree of nonli nearity_of the current-
vol tage curve of the MR sensor. Thus, a nmeasure of the isolated hea

propert i es—peewdes-aﬁteasona,bl e pred| ction of the TPS serlmstshéééﬁa)éBeenReplaced
-V characteristics of the ten heads \ﬁ'm”mmu
(;;e((:';nrji ;:?L:lﬂmnt"mummn”m sk, with the data shown in Tabl I”'Hm
- 44-

19. A system for determining a thermal sensitivity of a sensor,

.comprising:

a first circuit for applying a first electrical stimulus to the

sensor such that a first electrical response results thereﬁ_'om;

a second circuit for measuring the first electrical response;

and

means for determining a thermal calibration value as a
function of the first electrical stimulus and the first electrical
response, wherein the thermal calibration value is substantially
determinative of the thermal sensiti‘}ity of the sensor to a distance
between the sensor and a surface relative to which the sensor is to

be moved.

20.  The system of claim 19, wherein the first electrical stimulué.
and the first electrical response comprise a point along a curve defined by

the relationship

V=C,I+C,I?

where \4 comprises a voltage across the sensor,
I comprises a current through the sensor,
C, comprises a linear coefficient relating V and I,

C, comprises the thermal calibration value, and

wherein the thermal calibration value C, is determined by said
means for determining using said relationship, and the first electrical

stimulus and first electrical response each comprises one of V, I and Cl.

RbPLACLD




,heads\) and 7b (single head, also checking for polarity variations). The
voltage data is fit to a cubic coefficient in current (C3 in Table 1). To
enphasi ze the quality of fit of the data, the nonlinear portion of the head

voltage—qweﬂ—by—v—l—Rﬁeﬂ] is plotted versus I[err]. In this plot, the

slopels |ven b|c coefficient Cferr]. In Fig. -8—the on-disk
rreasur mthe di sk defect is plotted vs electrically
measur e I i ent C3. The broad spread in dat aRJimunkﬂl,ulll”m
substant| met hod, and in fact even head 8 (

near the Ilnear f|t In add#dSton to measurement of the DC't hérmal
sensitivity by I-V curve fits to a cubic nodel, the AC cubic coefficient
was al so neasured (using techniques |like those disclosed in U S. Patent No.
5,469, 051, entitRed ElRetsysteni ofDething 10) fifrther Comprisihg:Li nes, and i ncor por at ed
herein by reference). In this nmethod, the sensor (in this case an MR
sensor) is heated by an AC current containing two frequency conponents at

[err] and 2[err]. The c‘ﬁﬁ.’al&%{ﬂt%r lgﬁ?ﬁ{s"?%*ﬁ SbdtiBal il o fgsul ts 1n a

DC vol t age across the sensor, give OW ng expression: [err]
sensor such that a second electrical response results therefrom,;

a fourth circuit for measuring the second electrical response;
and

wherein said means for determining a thermal calibration value

includes:

means for determining the thermal calibration value as
a function of the first and second electrical stimuli and the

first and second electrical responses.

22.  The system of claim 21, wherein the first electrical stimulus
and the first electrical response comprise a first point along a curve, and the
second electrical stimulus and the second electrical response comprise a

second point along the curve, the curve being defined by the relationship

V=C,I+C,I?

where V comprises a voltage across the sensor,
"I comprises a current through the sensor,
C, comprises a linear coefficient relating V and I,

C, comprises the thermal calibration value, and

wherein the thermal calibration value C; is determined by said
means for determining using said relationship, and the first electrical
stimulus, first electrical response, second electrical stimulus and second

electrical response each comprises one of V, I and C,.




_.v\,herei I[err] is the current at [err]; and I[err] is the current at
2[err]. By neasuring DC vol tage versus frequency for fixed current
anplitudes, the frequency dependent—thermal—sensitivity of the MR head can

‘be determ ned. This rreasurerren“mmm'lﬁllﬁmﬁrm,rom 20 Hz to 2 M—Iz and

46-

23.  The system of claim 21, wherein the first electrical stimulus
and the first electrical response comprise a first electrical Stimulus/response
pair, and the second electrical stimuius and the second electrical response
comprise a second electrical stimulus/response pair, and wherein said means
for determining the calibration value includes means for determining the
thermal calibration value according to the relationship '

. -V, I, +V, 1,
<
I,I;-I,I}

where G, comprise:s the thermal calibration value,
I, and V, comprise the first electrical -
stimulus/response pair, and _
Ii and V, comprise the second electrical

stimulus/response pair.
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- 23- " the results are presented in Table 2 and in Fig. 9a. Over the
rel evant range_of frequencies (typically 100 kHz to 1 IWHz for i nmaging

applications) t sensi tivi be expected to change by roughly one
order of magnit @ﬂ mmnﬂmf is inportant in understanding relative

si zes of topogr [H"’or exanple. In Table 2, Cferr] is given by:
[err] and where: Y1 "and V2 are neasured biases across a | Kohm

resi stor. (Vvdc(0) and Vdc(90) in Table 2 are differences in
anpl i tudes from90 to -90 degrees, or 0O to 180 degrees, after
a gain stage of 100.) _47- Fig. 9b is a plot of the AE

corner frequency vs. MR head resistances (for a different batch of heads).
The corner frequency depends approxinmately inversely with resistance.

24.. The system of claim 21, wherein the first electrical stimulus
and th¢: first electrical response comprise a first electrical stimulus/response
pair, and the second electrical stimulus and the second electrical response
comprise a second electrical stimulus/response pair, and wherein said means
for determining the calibration value includes means for determining the
thermal calibration value according to the relationship |

‘R-R,

C.=
> 1212

where C, comprises the thermal calibration value,

I, and R, comprise the first electrical
stimulus/response pair and R, comprises a
measured resistance of the sensor, and

I, and R, comprise the second electrical
stimulus/response pair and R, comprises a

measured resistance of the sensor.

25.  The system of claim 20, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein upon the application of a bias current
to said access element, the thermal sensitivity of the access ele.ment. to the
distance between the element and the storage medium is defined by a
sensitivity value proportional to the calibration value multiplied by the cube

of the bias current.
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Finally, the electrical neasurenents of CJerr] were nmade while flying on
the disk to determne if there was any dependence of the neasurenents on
this environnent. Shown in Fig. 10 are the DC |-V curves for head number 2,
both of f the disk and on (at two RPMs). A small  change is observed;——

corresponding to a slight inprovenent in thernal conde'
el emrent of roughly 3% However, the intrinsic head pr ﬂ”mz" E”‘E;&! hange
substantially, and a calibration made via |-V neasurenent’s cans be
used i ndependent of whether the head was flying on the disk or not.

- -43-

-26.  The system of claim 19, wherein fhe sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein upon the application of a bias current
to said access element, the thermal sensitivity of the access element to the
distance between the element and the storage medium is defined by a
sensitivity value proportional to the thermal calibration value multiplied by

the cube of the bias current.

27.  The system of claim 19, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed -
by said access element, and wherein said means for applying and said
second circuit operate while the access.element is not in operative

relationship with the storage medium.

-
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-24- Table 1

ON  DISK OFF DI SK VEASURED
NEASURED EALEBEATED—CALCULATED HEAD
RES| STANCE PEAK RES| STANCE
Cerr] 1 28. 40 ”ml!ﬂ"lunmu" ll‘u 1. 55E- 04 2
28. 14 65 ! 6565 0. 0153
49-

28. A system for thermally measuring the height of topographical

variations on a storage medium, comprising:

means for determining a thermal sensitivity of a sensor
including the system of claim 19, wherein the storage medium

comprises the surface;

means for moving the sensor relative to the storage medium

at a substantially constant distance therefrom; and

means for using said thermal sensitivity to measure an
instantaneous distance between the sensor and the storage medium

and therefore the height of the topographical variations on the

storage medium.
29.  The system of claim 19, further comprising:

means for measuring a family calibration value for a family

of sensors inclusive of the sensor.
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3 28.61 82 1. 40E-04 28. 2286

0.0170 4 29.73 75 1. 24E-04 29. 3729
0. 0196 5 31. 89 105 1. 61E-04 31. 5203
0. 0253 6 30 66 80 1. 28E-04 29. 7590
0. 0194 82 1. 39E-04 28. 5340
0. 0185 100 8. 90E- 05 54. 4424
0 9ee Hlﬂlll N ) Hlllﬂﬂl& 70 ToEo0s 283670
0. 0161 . 28 44 45 7. 76E- 05 28. 1147
0.0173 AV=50F9. 4

SO/ AV: . 20 Tabl e 2

30. A calibration system, comprising:

means for electrically determining a thermal calibration value
for a sensor, the thermal calibration value substantially determinative
of a thermal sensitivity of the sensor to a distance between the
sensor and a surface relative to which thé sensor is to be moved,

said means for electrically determining including

means for measuring at least one electrical response of
said sensor to a respective at least one electrical stimulus
applied thereto.
31.  The system of claim 30, wherein the means for electrically

determining includes means for using the relationship

V=C,I+C,I?

to relate the thermal calibration value to the at least one electrical
stimulus and the at least one electrical response, where

V comprises a voltage across the sensor,

I comprises a current through the sensor,

C, comprises a linear coefficient relating 'V and 1, and

C, comprises the thermal calibration value.
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Freq(HzZ) V1 (V) V2 (V)  2Vdc(90)  2Vdc(0)  Anp (mv) Phase

G 30.0 2.66 1.33 13 1 13. 0384

85. 60137 0. 00917 106-0 2= A—SS 13 - 0.5

13. 00961 87.79748 0. 00915 1.33 13
el aE T D

12. 3 0.1 s ®. 00865 3000. 0 2.66

1.33 11.7 0.5 .- 11.71068  87.55303 0.00824 10000. 0
2. 66 1.33 11 1.3 11. 07655  83. 26001 0. 00779
30000. 0 2.66 1.33 9..%1- 0.8 - 9.732934  85.28532
0. 00684 100000. 0 2.66 1.33 8 1.2 8. 089499
81. 4693 0. 00569 300000.0 2.66 1.33 6.6 1

IS B s AR b o b

least one electrical response includes means for measuring two electrical
responses to two respective electrical stimuli, wherein each electrical stimuli

comprises one of V and I and wherein each electrical response comprises

oneof V, 1 anci C,.

33.  The system of claim 30, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein upon the application of a bias current
to said. access element, the thermal sensitivity of the access element to the
distance between the element and the storage medium is defined by a
sensitivity value proportional to the thermal calibration value multiplied bsr
the cube of the bias current.
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2000060. 0 2. 66 1.33 4 4. 123106 75. 96382

0. 00290 - 25- Addi ti onal
Test s: Addi tional tests were conducted in connection with TPS
.cal i bration, the results of which a sed (but not depicted)

her e:

-52-
34. A calibration system, comprising:

means for using primairily electrical measurements to
determine a thermal sensitivity of a sensor to a distance between the

sensor and a surface relative to which the sensor is to be moved.

35.  The system of claim 34, wherein the electrical measurements

comprise V, I or.C, points along a curve defined by the relationship:

V=C,I+C,I?

and wherein C, is substantially determinative of the thermal sensitivity.

36. The system of claim 35, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed
by said access element, and wherein upon the application of a bias current
to said access element, the thermal sensitivity of the access element to the
distance between the element and the storage medium js defined by a
sensitivity value proportional to C,; multiplied by the cube of the bias

current.
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When the head is operating on the disk, both magnetic readback techniques
and TPS are sensitive to topographical variations. The spectral response of
the head for both techni ques was obtai ned. The output of the nagnetic
readback circuitry conprised a rising spectral anplitude for the frequency
range bel ow 100 kHz, indicating the spectrum of disk roughness versus
spatial wavel ength. The TPS spectrum taken under thmﬁé —conditions as the
magneti ¢ readback spectrum was neasured. A very si m

observed, and in fact the ratio of the two data set “wmuut
magneti c readback and TPS have the sasg frequency dlep nde “le M thi'¢ band
towithin 1 dB. On the basis of these observations, since gnetlc readback
is known to be frequency independent, the response of TPS to topographic
variations can b nf e r&g?%% @t Wth frequency over the
range 1-100 kHz. 37.11 A eoﬁzgf){gé\dsgédgplt he' magnet oresi stive sensor to a
very slow square wave bias current, with an arrpl | tude varying betvveen 1.8

and 12 mA, and at” a frequency yangjn w Hertz to ten
kil ohertz, was neasure %Wéﬁg@&ﬁfgﬁnﬁéﬁb%@?ﬁ ‘3@ a probe of
resi stance w‘thognaeé&aawio which-die sisbois bR Rbvae was bal anced at the

| ower bias |evel

7z

measuring a plurality of actual thermal responses of the

sensor at a plurality of actual times during said varying; and

determining a thermal sensitivity of the sensor to the
instantaneous distance d between the sensor and the surface using
said plurality of actual thermal responses.

38. The method of claim 37, wherein said varying an
instantaneous distance includes sinusoidally moving the sensor an excursion
distance d, about a mean distance d, according to the movement function

d=d +d,sin(wt)

where w comprises a frequency of movement, and

t comprises time.

39. The method of claim 38, wherein said c_ietermining the
thermal sensitivity includes determining a calibration value substantially

according to the relationship:

atr(t) = S
d,+d;sin(wt)
where C, comprises the calibration value, and

atr(t) comprises an actual thermal response at time t.
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Because a small perturbation is being sought against a | arge background, an
accurate observation of the tinme response of the current-dependent
resi stance was not obtained. The MR sensor was included as one leg of a
‘Wheat stone bridge, and only the current dependent part of the resistance
was measur ed. - 26-
The recovery Mﬁ" ﬁlnﬂlm Me wave excitation was neasured. The head
recovered thul u H y 10 m croseconds, with a tail lasting roughly
50 microseconts.® THesd ndasliréments are consistent with previous

-54-

40.  The method of claim 39, wherein said determining a
calibration value includes determining an intercept point of a curve linearly
fitted to a plurality of data points each comprising a first value and a second
value, the first value being related to the reciprocal of one actual thermal
response of the plurality of actual thermal responses and the second value
being related to sin (wt’) at the respective time t’ of the plurality of

respective times.

41. The method of claim 40, wherein the calibration value C, is
proportional to the mean distance d, multiplied by the reciprocal of the
intercept point, the calibration value therefore being determined independent

of the excursjon distance d,.

42.  The method of claim 41, wherein said determining a thermal
sensitivity includes determining a sensitivity value, wherein the thermal
sensitivity of the sensor value relates to the instantaneous distance d
according to the sensitivity value, the sensitivity value being proportional to
the calibration value multiplied by the reciprocal of the square of the mean

distance d,,.

43.  The method of claim 42, wherein the sensor comprises an
.access element and the surface comprises a storage medium to be accessed

by the access element.

44.  The method of claim 37, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed

by the access element.
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measur enents of harnoni c generation, showing a gradual rolloff of thernal
response with frequency over the range of roughly 20-300 kHz. Al so taken
were traces at |ower test frequencies of 1 kHz, 50 kHz and 0.2 Hz. At the
| ongest tinme, an additional resistance relaxation is observed,

corresponding to a tine constant of order a few Seconds—This was

interpreted to correspond to the Iow—frequenc?j sociated with
heat flow into the slider body. This rel axati ‘m, Uﬂg’ﬁ"Lbe
observabl e or problematic for any of the fregliéney rénges: Mhterest for
TPS. ' Addi tionally, the scalisg-of the rel axaty on vol tage versus

bi as current | evel was neasured. Bridge voltages for biases of 10 and 12.6

mA high bias, and 1.8 mA | ow bias, respectively were neasured. Measurement

frequency was 4 ki, THcuplihag®r e wiidhin b GeimiEhgXahbaRaas set to

twice that of the 10 mA data. The cubic relationship was hearly perfectly
met: i.e. (1sensitivity[ieclufles detemminingoarn ingergepd going o€ arommve lincamlyt figedrodel of
Glerr] presep! e B Cor daus plios Sith Buiprisil £ Hret VehiE S oo ' 278

value, the first value being related to the recip'rgcal of one actual thermal

response of the plurality of actual thermal responses and the second value

being related to sin (wt’) at the respective time t’ of the plurality of

respective times.

46.  The method of claim 45, wherein said deiermining a thermal
sensitivity includes determining a sensitivity value, wherein the thermal
sensitivity of the sensor relates to the instantaneous distance d according to
the sensitivity value, the sensitivity value being proportional to the
reciprocal of the intercept point multiplied by the reciprocal of the mean
distance d,. |

47.  The method of claim 46, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed

by the access element.
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Anot her calibration technique, in accordance with the present invention,

I nvol ves calibrating the sensor by physically changing the di stance between
t he sensor and the nedi um surface, tracking t he changes and nonitoring the
actual thermal response of the sensor. Mdtion in the sensor itself (and
therefore a change in the distance) can be induced by various me

i ncluding pi ezoel ectric excitation froma crystal ﬂm

e.g., on the suspension arm or by acoustic excitati ﬂ Jmul’ m"W
excitation, etc. The distance between the sensor and surfacé c#n s
-27- -56- -

48. A method for thermally measuring the height of

topographical variations on a storage medium, comprising:

determining a thermal sensitivity of a sensor according to the
calibration method of claim 37, wherein the storage medium

comprises the surface;

thereafter moving the sensor relative to the storage medium at

a substantially constant distance therefrom; and

using said thermal sensitivity to measure the instantaneous
distance between the sensor and the storage medium and therefore

the height of the topographical variations on the storage medium.
49. The method of claim 37, wherein:

said varying an instantaneous distance d includes moving the

sensor according to a movement function; and

said determining a thermal sensitivity includes determining a
difference between a plurality of model thermal responses
corresponding to said movement function and said plurality of actual

thermal responses.

50. The method of claim 49, wherein the difference is a non-
linear function relating the instantaneous distance d to the plurality of actual
thermal responses.

R
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.alxs‘o;be changed by noving known topographical features on the surface past

t he head. In the case where it is possible to closely monitor the
novenent of the head, a small

head by one of the technlques S separate system for
nmonitoring the oscillation is e ﬂ IB@ | e, the head notion can be
nmeasured optically using one of schenes such as

interferonetry, triangulation, conf ocaI etc A conpari son of the thermnal
and optical signals then serves to cali brate the head thermal | y.

In the case where known topographi catS?vari ati ons are noved past the sensor,
a direct calibration results by conparing the height of these known
features to the actual thermal response of the sensor. However, in

the case where t5g, hearhe methbod @fdaiinrdT, Fuithet dompaisitgt a st or age system it
Is difficult to use a separate physical neasurenent to observe the head
notion, or to use a nedi um having known variations. In

monitoring a position of the sensor as the instantaneous
distance d between the sensor and the surface is varied, including

producing a monitored position function; and

wherein said determining includes comparing said plurality of

actual thermal responses to said monitored position function.

52.  The method of claim 51, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed

by the access element.

53. The method of claim 37, wherein said varying an
instantaneous distance d between the sensor and the surface includes placing
the sensor in motion relative to the surface, the surface having
topographical variations of a predetermined nature thereon, the
instantaneous distance being varied as the topographical variations move

past the sensor.
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thi's ‘case, the head is oscillated an ampbunt snaller than, but conparable
to, the head-di sk gap spacing. This can be acconplished using a nmechani cal

shaker to excite head notion with respect to the disk. 3.1 Extraction
-of Sensitivity S fremHead Mvenent Usi ng an assunption that the
head terrperatu “m“‘u‘m“p spacing as 1/d, the head tenperature is
orven' oyt IGATRATI

-58-

54. A calibration system, comprising:

means for varying an instantaneous distance d between a

sensor and a surface relative to which the sensor is being moved;

a circuit for measuring a plurality of actual thermal responses

of the sensor at a plurality of actual times during said varying; and

means for determining a thermal sensitivity of the sensor to
the instantaneous distance d_between the sensor and the surface using
said plurality of actual thermal responses.

55. The system of claim 54, wherein said means for varying an
instantaneous distance includes means for sinusoidally moving the sensor an
excursion distance d, about a mean distance d, according to the movement

function

d=d,+d,sin{wt)

where w comprises a frequency of movement, and

t comprises time.

, 56.  The system of claim 55, wherein said means for determining
the thermal sensitivity includes means for determining a calibration value

substantially according to the relationship:

atr(t)= G
d,+d;sin(wt)
where C, comprises the calibration value, and
atr(t) comprises an actual thermal response at time t.
R
eet Has Been Replaced
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,-28- [err] wher e: T[err] is the operating tenperature of the

head; and A is a head-dependent constant. For a given bias
current |, the TPS response signal V[err] (an exenplary neasured actual
thermal response or "atr") is given by: [err] or [err]

AR O Y

-59-

57.  The system of claim 56, wherein said means for determinihg
a calibration value includes means for determining an intercept point of a
curve linearly fitted to a plﬁi‘ality of data points each comprising a first
value and a second value, the first value being related to the reciprocal of
one actual thermal response of the plurality of actual thermal responses and
the second value being related to sin (wt’) at the respective time t’ of the
plurality of respective times.

58. The systein of claim 57, wherein the calibration value C, is
proportional to the mean distance d, multiplied by the reciprocal of the
intercept point, the calibration value therefore being determined independent
of the excursion distance d,. .-

59.  The system of claim 58, wherein said means for determining
a thermal sensitivity includes means for determining a sensitivity value,
wherein the thermal sensitivity of the sensor value relates to-the
instantaneous distance d according to the sensitivity value, the sensitivity
vélue being proportional to the calibration value multiplied by the reciprocal

of the square of the mean distance d,.

- 60.  The system of claim 59, wherein the. sensor contprises an
access element and the surface comprises a storage medium to be accessed

by the access element.

61.  The system of claim 54, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed

by the access element.
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The §ensitivity S (relating the change in voltage to the change in gap

spaci ng) can therefore be derived as: [err] or, by introducing a
calibration vatue—ferri: [err] wher e: dierr] is
t he rreanflyh 0 nm. The sensitivity S can be
extract ed by o Hl “ll“mn”mlgd as it flies over the surface according to
a novenent

-60- ' -

62.  The system of claim 55, wherein said means for determining
~a thermal sensitivity includes means for determining an intercept point of a
‘curve linearly fitted to a plurality of data points each comprising a first
value and a second value, the first value being related to the reciprocal of
one actual thermal response of the plurality of actual thermal responses and
the second value being related to sin (wt’) at the respective time t’ of the
plurality of respective times. ' | '

63.  The system of claim 62, wherein said means for determining
a thermal sensitivity includes means for determining a sensitivity value,
wherein the thermal sensitivity of the sensor relates to the instantaneous
- distance d according to the sensitivity value, the sensitivity value being
proportiohal to the reciprocal of the intercept point multiplied by the |

reciprocal of the mean distance d,.

64. The system of claim 63, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed

by the access element.

-
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- 29- d =d[err] +d[err] sin ([err]) Typically, a
head resonance frequency is chosen to obtain a | arger excursion distance
dierr] for a given excitation value. In one exanple, a head can be excited
using a piezoceram c, using typical frequencies of 10-100Khz. Using this
novenent function, the head voltage signal is given by: [err]

| RRR B T

. -61-

65. A system for thermally measuring the height of topographical

variations on a storage medium, comprising:

means for determining a thermal sensitivity of a sensor
including the calibration system of claim 54, wherein the storage

medium comprises the surface;

means for moving the sensor relative to the storage medium

at a substantially constant distance therefrom; and |

means for using said thermal sensitivity to measure the
instantaneous distance between the sensor and the storage medium
and therefore the height of the topographical variations on the

storage medium.
66.  The system of claim 54, wherein:

said means for varying an instantaneous distance d includes

means for moving the ‘sensor according to a movement function; and

said means for determining a thermal sensitivity includes
means for determining a difference between a plurality of model
thermal responses corresponding to said movement function and said

plurality of actual thermal responses.

67. The system of claim 66, wherein the difference is a non-
linear function relating the instantaneous distance d to the plurality of actual

thermal responses.
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It i § noted that the head voltage is not sinply sinusoidal. For dlerr] < <
dlerr] the voltage is nearly sinusoidal, but as d[err] increases the
vol t age becones nore asynnELLFe——Hpeﬁ—mon the reci procal of the

actual thermal responses (| sponding tines during the
novenent are plotted vs. | eﬂ“m)“ﬁnmc“’ t CJerr] and d[err]. Since
[err] the data can be plo#t Wwo- tli mrensi onal graph of the form
y(1/V) vs. x (sin([err])), and as is well known,

y = b + nk where bis they intercept; and mis the
sl ope. . -62-

68.  The system of claim 54, further comprising:

means for monitoring a position of the sensor as the
instantaneous distance d between the sensor and the surface is
. varied, including means for producing a monitored position function;
and '

wherein said means for determining includes means for
comparing said plurality of actual thermal responses to said
monitored position function.

69. The system of claim 68, wherein the sensor comprises an
access element and the surface comprises a storage medium to be accessed

by the access element.

70.  The system of claim 54, wherein said means for varying an
instantaneous distance d between the sensor and the surface includes
topographical variations of a predetermined nature on said surface, the
instantaneous distance being varied as the topographical variations move

past the sensor.

% 3k k % %k
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The |ntercept and sl ope of this graph (along with the nean fly hei ght
dlerr], known a-priori) yield CJerr] and d[err]:

- 30- [ err]
-63- i
CALIBRATION APPARATUS AND METHODS FOR A THERMAL PROXIMITY
SENSOR
ABSTRACT

Apparatus and methods for calibrating a thermal proximity sensor are disclosed.
Thermal responses from a thermal proximity sensor are used to sense the instantaneous
distance between the sensor and a medium over which the sensor is moved, in a data
storage system. Sensing the instantaneous distance results in detection of topographical
variations (80) on the medium. Calibration techniques (60) for the sensor are disclosed
herein and invoive, in one éspect, using primarily eléctrical measurements to calibrate
the sensor; and in another aspect, varying the distance between the sensor and the
medium, obtaining actual thermal responses from the sensor, and using the actual
responses (via direct comparison or curve fitting) to calibrate the sensor.

Fig. 2
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.The sensitivity S can therefore al so be obtai ned because: [err] The
isensitivity of the head is therefore determ ned by oscillating the head
Fabout a nmean fly height using a nmovenent function, in this exanple, a
~sinusoidal function. It should be noted that the excursion distance d[err]
about the nmean fly height need not be known, since the sensitivity nerely
depends on the nean fly height and the izigrcept point of the plot of the
reci procal of the actual thernal responé‘s vs. the novenent function
si.n([err]). 3.2 Test Results

17

19

e

-t - oma

T
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fig. 1



.Fig. 11 depicts an exenpl ary piezo-based systemfor calibrating a sensor
wherein the sensor 16 is nechanically excited while in notion above the

vdi sk surface 12. The resultant actual thermal

responses are coll ected using

-a data acquisition/processing system and can thereafter be used to
calibrate the sensor according to the technlques di scussed herein. The

processi ng system may perform any of t B

or any [subs npongnt ﬁﬁ@
11 may be located within the Eﬂﬁ;?%‘;% <_t_g,5d€
- Seisel ICAL vV RIA

be noted that all,

Remai ni ng conponents may t
dedi cated cali bration sys

é1& equi site calcul ations. It should

ted in Fig.

itsel f.

em(e.g.,

CALIBRATE THERMAL PROXIMITY
SENSOR TO PREDICT RESPONSE
TO TOPOGRAPHICAL VARIATIONS

|

PLACE SENSOR IN RELATIONSHIP
WITH SURFACE TO BE SCREENED

v

EMPLOY SENSOR TO THERMALLY
SCREEN SURFACE FOR
TOPOGRAPHICAL VARIATIONS

|

DETERMINE WHETHER
SURFACE VARIATIONS EXCEED
THRESHOLD LEVEL
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- 31- The thermal response nmay be non-linear with gap spacing, and
therefore the sensor does not show a sinusoidal response but rather

'exhi bits a varying degree of non-linear dependence as shown in Figs. 12 and
“14. By conparing the data to a nodel thermal response versus distarnce, the
anplitude of vibration can be extracted as a fitting paraneter. This is
shown in both the nodel curves in Figs. 3% and 14, and in the linearized
plots shown in Figs. 13 and 15. In Figs. 13 and 15, the data is fit to a
nodel in which the thermal output varies inversely with gap spacing, and it
is additionally assunmed that a sinusoidal variation in head hei ght above
the disk is induced. Verification of the calibration can be achi eved by
usi ng the Wall ace Spacing Law to establish the nean fly hei ght of the head.
The data of Figs. 12-15 was taken as the airbearing head was induced to
oscillate at the resonant frequency, about 60 kHz, although there were
several other frequencies nearby that could be used as well. For both tests
the disk was run at about 12.9 m's (4500 rpmat 27 mmradius). The bias
current was at 8 mA. The output is froma head preanp, which has a

o ——={ compuTER

PROGRAMMABLE
CURRENT

SOURCE

fig. 4



gain of 1000. Typical variation are in the tens to hundreds of mcrovolts,
corresponding to few parts per thousand resistance change. The vibration
mas i nduced with a piezo binorph glued to the suspension. The resonant
frequency was in the audio range and it was inpractical to use'it to

vi brate above about 100kHz. The data was taken at two piezo drive
| evel s, about 100 V p-p (Figs. 12-13), a.% about 7 V p-p (Figs. 14-15). The
| ower bias trace is sinusoidal as expeé(g . The higher bias trace is nore
peaked as the head is forced towards the disk. The data was fit to the
above-di scussed nodel where the thermal signal depends as 1/d, where. d is
the gap spacing. The frequency of the drive voltage is known, and neasured
val ues were obtained for the fly height.




-32- A linear fit was obtained by plotting the actual thernmal
responses vs. the expected sinusoidal form Wthin a few tens of percent,
the calibration obtained in this manner is self-consistent. The hysteresis
in the large excursion experinent is a result of the asymetry clearly seen
in the data plotted versus tine. The extraction of the calibration
value (Jerr] and the excursion di stance59{6err] fromthe graph of Fig. 13 is
shown here: [err]

THERMAL RESPONSE DISTRIBUTION
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-The extraction of the calibration value (Jerr] and the excursion distance
d, fromthe graph of Fig. 15 is shown here: [err]
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_ As di scussed above, the sensitivity S can be determned fromdCerr] or and
dlerr] or b (intercept) directly as: [err] These tests verify to
+sonme extent that (1) TPS is a direct neasure of displacenent, and not a

- derivative or sonething el se unexpl ai ned, and (2) TPS all ows neasurenent of
gap spaci ng. The non-|inear dependence of TPS on gap spacing is
expected to be a function of the distagege between the sensor and the disk
surface. As such, it establishes the spacing in an absol ute sense, as
opposed to a relative displacenent such as that obtained with magnetic
measurenents. In the case of magnetic neasurenents, a takeoff curve is
obtained in which the relative spacing of the head and di sk is observed as
a function of disk velocity. As the disk slows, the head drops with little
flying attitude change. However, when the head hits the disk the plot of
head di spl acenef®cormpouted—fromtie ’

100

MEASURED HEIGHT OF PEAK ARBITRARY UNITS

0 l [ ] | L

0.000 0.005 0.010 0.015 0.020 0.025 0.030
CUBIC COEFFICIENT OF 1-V CURVE Cs

fig. 8




.magnetic signal versus disk velocity changes direction, and the point of
m ni mum di spl acenent is interpreted as the point of contact. In the case of
. TPS, the signal change is non-linear, and therefore the surface can be
~anticipated w thout making contact, and in addition the zero-spacing
condition is with reference to the sensor. This is therefore a physically
- 34- di fferent neasurenent than a magneti c neasurenent, where the
measurenent is intrinsically one of relative displacenent.
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‘As a caveat, care nust be taken to performthe calibration on a region of
t he di sk not exhibiting | arge anonal ous topographic variations since the
average TPS signal in that case would not follow a sinple functional form
reflecting a constant average head/ di sk spaci ng. The calibration
met hods di scussed herein are applicable to all applications of TPS, which
i nclude testing tools for assenbl ed filﬁ§16as wel | as defect sensors for

i ndi vi dual di sks. One specific area mheré it is anticipated that this

met hod coul d be used is in maki ng neasurenents of head recession. Here, the
desired information i-s a neasure of the difference between thermal ("d")
and nechanical ("g") contact. (See Fig. 16). As discussed above, this
corresponds to the difference in position between the nagnetic and thernal

‘zero' displacenent. Whil e the invention has been particularly
shown and described with reference to preferred enbodi nent(s) thereof, it”
w Il be understood by those skilled in the art that various ckanges in form
and details npy be nmade therein wi thout departing fromthe gpiit and scope
of the invent]on.
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-CLAI VS: 1. A nmethod for determning a thermal sensitivity of a sensor
to a distance between the sensor and a surface relative to which the sensor
is to be noved, thereby calibrating the sensor, conprising:

“applying a first electrical stimulus to the sensor such that a first

el ectrical response results therefrom measuring the first

el ectrical response; and detern‘lilr}ilglg a thermal calibration value as
a function of the first electrical
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stinmulus and the first electrical response, wherein the thermal calibration
value is substantially determnative of the thermal sensitivity of the
Sensor to the distance between the sensor and the surface relative to which
‘the sensor is to be noved, thereby calibrating the sensor. 2. The
met hod of claim 1, wherein the first e]e &rical stimulus and the first

el ectrical response conprise a point al 3 a curve defined by t

rel ati onship V=Cl 1 +C3 13 wher e Vv
conprises a voltage across the sensor, | conpri

current through the sensor, Cl conprises a |

coefficient relating V and I, C3 conprises th

calibration value, and wherein the thermal calibrationyval ue is

determ ned using said relationship, and the first electrical sti

conprises one of V and | and the first electrical response conprises one @f

V, | and Cl1. 3. The nmethod of claim2, wherein the sergsor—e lel%
sed

an access elenent and the surface conprises a storage nediun1EgN3§L@ﬁ§§
by said access el enent, and wherein upon the application of 4
to said access elenment, the thermal sensitivity of
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v

-the access elenent to the distance between the el enent and the storage

mediumis defined by a sensitivity value proportional to the calibration
svalue multiplied by the cube of the bias current.

- 36 - 4. The nmethod of claim1, further conprising: appl yi ng
a second electrical stimulus to the sensor such that a second el ectrical
response results therefrom nexy3ari ng the second el ectrica
response; and wherein said determning a thermal calibration val ue
i ncl udes: determ ning the thermal calibration value as a function
of the first and second electrical stinmuli and the first and second
el ectrical responses.
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5. The met hod of claim 4, wherein the first electrical stinulus and
the first electrical response conprise a first point along a curve, and the
.second el ectrical stinulus and the second el ectrical response conprise a

- second point along the curve, the curve being defined by the relationship

V=Cl 1+C3 13 wher e V conprises a voltage across

t he sensor, I conpris?EN% current through the sensor,

Cl conprises a linear coefficient relating V and I, C3
conprises the thermal calibration value, and wherein the therma
calibration value C3 is determ ned using said relationship, and the first
and second electrical stinmuli each conprises one of V and I, and the first
and second el ectrical responses each conprises one of V, | and Cl1. 6.

The nethod of claim 4, wherein the first electrical stinmulus and the first
el ectrical response conprise a first electrical stimulus/response pair, and
the second electrical stinmulus and the second el ectrical response conprise
a second el ectrical stinulus/response pair, and wherein said determ ning
the calibration vagﬁg%includes determ ning the thermal calibration val ue
according to the r 1ionshlp wherje C3 conprijses the thermal calibjation
val ue, .
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*

1 and V1 conprise the first electrical stimnulus/response pair, and
2 and V2 conprise the second el ectrical stimulus/response pair. 7.

*The nmethod of clfaim 4, wherein the first electrical stinmulus and the first
el ectrical response conprise a first electrical stimnulus/response pair, and
- 37- ~the second electrical stimulus and the second el ectrica
response conprise a second electrical5%5gnulus/response pair, and wherein
said determining the calibration val ue’itAcl udes determ ning the thermnal
calibration value according to the relationship where C3 conprises the
thermal calibration val ue, 1 and Rl conprise the first electrica
stinulus/response pair and RL conpri ses :
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a nmeasured resistance of the sensor, and 12 and R2 conprise the

. ,second electrical stinmulus/response pair and R2 conprises a

measured resi stance of the sensor. 8. The nmet hod of claim1, wherein

- the sensor conprises an access el enent and the surface conprises a storage

medium to be accessed by said access el enent, and wherein upon the
application of a bias current to said gess el enent, the thermal
sensitivity of the access elenent to %ﬁg di stance between the el enent and
the storage nmediumis defined by a sensitivity value proportional to the
thermal calibration value multiplied by the cube of the bias current. 9.
The method of claim1, wherein the sensor conprises an access el enent and
the surface conprises a storage nediumto be accessed by said access

el ement, and wherein said applying and neasuring are perforned while the,
access elenent is not in operative relationship with the storage nmedi um
10. The nmethod of claim1l, wherein: said determ ning a thermal
calibration value is included in a step of neasuring a famly calibration
wﬂuefm'afaMLbBbf nsors jinclusi '
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famly calibration value neasured for the sensor conprises a thernal
cal i bration value for each sensor of the famly of sens_or‘jq mm-l )SHEET
.cal i bration val ue being substantially detérm native of t EL

sensitivity of each sensor of the famly1of sensors to a lrelspective
di stance between each sensor and a respective surface reljtj ve 5 g ANTSIR

each sensor
hei ght of
- 38-

bet ween the sensor and the storage ne
to be m)veflé

ALTBRATIQNABEARATUS an NaETHESS ¥ 4 EHER

.S _to be noved r thermmll vyl measuring the

determ ning a thermnal S@H‘ﬂ'ty of a sens r_to a distance
| ative to which the sensor is

ca?ﬁelﬁg to the

This invention relates generally to apparatus and methods for the detection of

topographical variations on a surface of a data storage medium using the thermal

response of a sensor moving relative thereto. More particularly, the invention relates to

apparatus and methods for calibrating the sensor used to detect the variations in order to

more accurately predict its response to the variations.



nmet hed of claim1l, wherein the storage nmedi um conprises the.sSuL

‘thereafter nmoving the sensor relative to the storage nedi UREF
substantially constant distance therefrom and uSsi N
sensitivity to neasure an instantaneous distance between f
storage nedium and therefore the height of the topographid

face
t AGEMENT SHEET
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t he storage

medi um 12. A calibratie-nethod for a se _conprising:

electrically calibrating the sensor, including determinind a thermal

calibration

L.are,

val.ue for the sensor,

the thermal _calibration @ e
substant | al [pPlications :EehmiguG T ProvimEsalbEed. (igtativg helght HLortion ds 40
di st ance betil‘fféﬁﬁﬁﬁtg‘é‘(ilﬁl%ﬂﬁﬁf. and a surface relative to which the sensor is
al e

to be noved
response of
applied the
as a functi

ermning including nmeasuring at |east one el ectrical
sai d Fengualitativeaapplicptiansisuch as visually inspectisigetbe miadium suiface for
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one el ectri GatfadeSRRRAPSAant N Gilfke magnetic measurements of head-disk spacing in which the

signal amplitude varies exponentially with height and recorded wavelength (in
accordance with the Wallace Spacing Law), TPS responses are head-dependent and
require calibration. It has been observed that thermal responses can vary by a factor of
two or more for a sampling of nominally identical suspension-mounted heads. Thus,
calibration is required to make estimates of height with greater accuracy than this factor
of two.

Therefore, to provide quantitatively accurate images of topographical variations
on a surface over which a TPS sensor is to be moved, techniques for calibrating the
sensor are required. The calibration techniques should support sensors designed for non-
invasive, in-situ measurement of topography in storage systems, and should therefore,
preferably, not require any particular, non-standard use or manipulation of the surface
itself.

Summary of the Invention

According to one aspect of the present invention there is provided a method for
determining a thermal sensitivity of a sensor to a distance between the sensor and a
surface relative to which the sensor is to be moved, thereby calibrating the sensor,
comprising:

applying a first electrical stimulus to the sensor such that a first electrical
response results therefrom;

measuring the first electrical response; and

determining a thermal calibration value as a function of the first electrical
stimulus and the first electrical response, wherein the thermal calibration value is
substantially determinative of the thermal sensitivity of the sensor to the distance
between the sensor and the surface relative to which the sensor is to be moved, thereby

calibrating the sensor.



\/ conpri ses a voltage across-the sensor, l_conprises a

responses to two respegctive el ectricalf%tei mul i

el ectrical stinul §¥CCOUHRg to Fnother gspact

=X,

~current through the sensor, Cl conpri seg ' iT
coefficient relating V and I, and c3 corrgérEfs!:ggEfm%“Tt §§
calibration val ue; wherein the at |east one el ectrijcal Sg;ﬂ“' us .
conprises one of Vand I and the at |east one electrical réisﬂo@s”fﬁﬁéo’?ﬁﬁﬂi s$es
one of V, and ClL. 14. The net hod eft-cl ai m 13, Wnerei{_n_mt_ﬂh_g___[,Tp;_@_‘sf_g_[_wg
at | east one electrical response includes nmeasuring two ¢l ectri cal

Qne

| and wher eifgr ARENAI Sfdabiriil) tHeCRAGMSES POPFaphies] Odifatidhs ¥n 4 stsheChedium,

comprising:

determining a thermal sensitivity of a sensor to a distance between the sensor
and the storage medium relative to which the sensor is to be moved, according to the
method of claim 1, wherein the storage medium comprises the surface;

thereafter moving the sensor relative to the storage medium at a substantially
constant distance therefrom; and

using said thermal sensitivity to measure an instantaneous distance between the
sensor and the storage medium and therefore the height of the topographical variations
on the storage medium.

According to still another aspect of the present invention there is provided a
calibration method for a sensor, comprising:

electrically calibrating the sensor, including determining a thermal calibration
value for the sensor, the thermal calibration value substantially determinative of a
thermal sensitivity of the sensor to a distance between the sensor and a surface relative to
which the sensor is to be moved, said determining including measuring at least one
electrical response of said sensor to a respective at least one electrical stimulus applied
thereto, and thereafter determining the thermal calibration value as a function of the at
least one electrical stimulus and response. |

According to still another aspect of the present invention there is provided a
calibration method for a sensor, comprising:

using primarily electrical measurements to calibrate the sensor, including
determining a thermal sensitivity of the sensor to a distance between the sensor and a

surface relative to which the sensor is to be moved.

f th t Ueasi,
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15. "The method f claim 12, wherein the sensor conprises an access

el ement and the surface conprises a storage nmediumto be cessed by said
access el enent, and wherein upon the application of a big rAremkea
access el enent, the thernmal sgnlew ty of the access el e%m m‘f*:hb-p %ﬁ
di stance between the el enent and the storage nediumis dgfijned }{ru-l
sensitivity val ue proportional to the thefmal calibratiorn all8 it P éd
by the cube of the bias current. 16. A calibration retihod for a
sensor, conprising: using primarily electrical asurenents to
calibrate the sensor, including determning a thermal sensktivity of fhe

sensor to a dist a?&@oﬂaﬁg"&ﬁ.&hﬂ Bﬁotﬁ&nﬁc@'écla@pﬂﬁ 1§H§efn{i?zﬁlehﬁbﬁtthéf€ it ?rd%&&f‘at he

sensor is to be noved. he mét hod of cl aim 16, wherein

electrical SEdem rf@m@t@mmsmhgmay sensitavitysaf pesmserdo al distgnee hatween thefsemsed by
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v conpr S ses aﬁ'voﬁf%%eere}fgrvg éos wth}}]ch the \{etg)r s'tode Iﬁoved thereb})'@ﬁf)f‘atmg the sensor,

compnsmg
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a first circuit for applyiﬁg a first electrical stimulus to the sensor such that a first
electrical response results therefrom;

a second circuit for measuring the first electrical response; and

means for determining a thermal calibration value as a function of the first
electrical stimulus and the first electrical response, wherein the thermal calibration value
is substantially determinative of the thermal sensitivity of the sensor to the distance
between the sensor and the surface relative to which the sensor is to be moved, thereby
calibrating the sensor.

According to still another aspect of the present invention there is provided a
calibration system for a sensor, comprising:

means for electrically calibrating the sensor, including means for determining a
thermal cé,libration value for a sensor, the thermal calibration value substantially
determinative of a thermal sensitivity of the sensor to a distance between the sensor and a
surface relative to which the sensor is to be moved, said means for determining including
means for measuring at least one electrical response of said sensor to a respective at least
one electrical stimulus applied thereto, and thereafter determining the thermal calibration

value as a function of the at least one electrical stimulus and response.



|, conprises a current through the sensor, " Cl conprises_a
|'i near coefficient relating V and I, and ERRERTt OFEET
thermal calibration val ue; and wherein C3 is substa P‘EEEBQ"@“& 9 EE
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wherein the sensor conprises an access el enent and the surfgc do@ipwi%esqﬂa i
storage nediumto be accessed by said acc8ss el enent, and erlei n upon the ‘
application of a bias current to said access elenent, the tHernal ' i
Ional @gd
A system for

“sensitivity of th i t
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calibrating the sensat forcddthiising @ thermal sensitivity of the sensor to a distance between

the sensor and a surface relative to which the sensor is to be moved, as a function of the

electrical measurements.



-40- - a first circuit for applying a first electrical stimulus to
t he sensor suQMhat\alrst el ectrical response result g«-herefsrom

a second ci I‘CUI asuring the first electrical respcﬂ{ﬁAC@MENT SHEET
means for det er W ”ﬂ ﬂ!m cal i bration value as a flufqctionmot—the

e first electrical respdnge he
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first electricals
thermal calibrati on val ue i s subst anti al By-determ native d
sensitivity of the sensor to the distance between the sensor_.and. the |
surface relative to which the sensor is to be noved, th&reby calibrating
the sensor CLAIMS: The system of claim 19, wherein ttefirst—eleetri-c
stinmulus and the first electrical response conprise a point along a curve
defined by the relationship V=C2 1+C3 13 ~  where
V-conpri sesl.a vol A agthatfondstetrhiningemthermal sensitivity of a sensor tola distaqmeibebueen

current t hrtgg %Qnstop gnf & Sirtade relative to which the sensor is to be moved, thereby calibrating

the sensor, comprising:

applying a first electrical stimulus to the sensor such that a first electrical
response results therefrom;

measuring the first electrical response; and

determining a thermal calibration value as a function of the first electrical
stimulus and the first electrical response, wherein the thermal calibration value is
substantially determinative of the thermal sensitivity of the sensor to the distance
between the sensor and the surface relative to which the sensor is to be moved, thereby

calibrating the sensor.

2 The method of claim 1, wherein the first electrical stimulus and the first
electrical response comprise a point along a curve defined by the relationship
V=C1 I+C3 13
where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I,
C3 comprises the thermal calibration value, and
wherein the thermal calibration value C3 is determined using said relationship,
and the first electrical stimulus comprises one of V and I and the first electrical response

comprises one of V, I and C1.

3. The method of claim 2, wherein the sensor comprises an access element and the
surface comprises a storage medium to be accessed by said access element, and wherein
upon the application of a bias current to said access element, the thermal sensitivity of
the access element to the distance between the element and the storage medium is
defined by a sensitivity value proportional to the calibration value multiplied by the cube
of the bias current.
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electrical stimuli and the first and second electrical responses.

5.

electrical response comprise a first point along a curve, and the second electrical stimulus

The method of claim 4, wherein the first electrical stimulus and the first

and the second electrical response comprise a second point along the curve, the curve
being defined by the relationship
V=Cl1+C3 13
where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I,
C3 comprises the thermal calibration value, and
wherein the thermal calibration value C3 is determined using said relationship,
and the first and second electrical stimuli each comprises one of V and I, and the first and

second electrical responses each comprises one of V, I and C1.

6.

electrical response comprise a first electrical stimulus/response pair, and

The method of claim 4, wherein the first electrical stimulus and the first

the second electrical stimulus and the second electrical response comprise a
second electrical stimulus/response pair, and wherein said determining the calibration
value includes determining the thermal calibration value according to the relationship
where C3 comprises the thermal calibration value,

I1 and V1 comprise the first electrical stimulus/response pair, and

I2 and V2 comprise the second electrical stimulus/response pair.

7.

electrical response comprise a first electrical stimulus/response pair, and

The method of claim 4, wherein the first electrical stimulus and the first
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neans for determnin “calibration value as a

first electrical stinmulus and the®fi¥st* elsectri cal respdnge conprise a 1
first point along a curve, and the second el ectrical stijmjl UsGahfitpan; !
second el ectrical response conprise a seddrd point al onq tithe curve, t he|
curve being defined by the relationship 1 =CI'T#C3 13

wher e

V. conprises a voltage across, thei .
| conprises a curtgriecend & cgah gtigplys And the secon elecmcafﬁ%ll%‘—@ms a
linear coef {d.6hf ectidal i/ rBdidnse pair, and wherein said determining the calibration

value includes determining the thermal calibration value according to the relationship
where C3 comprises the thermal calibration value,

I1 and R1 comprise the first electrical stimulus/response pair and R1 comprises
a measured resistance of the sensor, and

12 and R2 comprise the second electrical stimulus/response pair and

R2 comprises a measured resistance of the sensor.

8. The method of claim 1,wherein the sensor comprises an access element and the
surface comprises a storage medium to be accessed by said access element, and wherein
upon the application of a bias current to said access element, the thermal sensitivity of
the access element to the distance between the element and the storage medium is
defined by a sensitivity value proportional to the thermal calibration value multiplied by

the cube of the bias current.

9. The method of claim 1, wherein the sensor comprises an access element and the
surface comprises a storage medium to be accessed by said access element, and wherein
said applying and measuring are performed while the access element is not in operative

relationship with the storage medium.

10. The method of claim 1, wherein:

said determining a thermal calibration value is included in a step of measuring a
family calibration value for a family of sensors inclusive of the sensor, wherein the
family calibration value measured for the sensor comprises a thermal calibration value
for each sensor of the family of sensors, the family calibration value being substantially
determinative of the thermal sensitivity of each sensor of the family of sensors to a
respective distance between each sensor and a respective surface relative to which each

sensor is to be moved.

11. A method for thermally measuring the height of topographical variations on a

storage medium, comprising:
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12, A calibration method for a sensor, comprising:

electrically calibrating the sensor, including determining a thermal calibration
value for the sensor, the thermal calibration value substantially determinative of a
thermal sensitivity of the sensor to a distance between the sensor and a surface relative to
which the sensor is to be moved, said determining including measuring at least one
electrical response of said sensor to a respective at least one electrical stimulus applied
thereto, and thereafter determining the thermal calibration value as a function of the at

least one electrical stimulus and response.

13. The method of claim 12, wherein the determining includes using the relationship
V=Cl1I+C3 I3
to relate the thermal calibration value to the at least one electrical stimulus and the at
least one electrical response, where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I, and
C3 comprises the thermal calibration value;
wherein the at least one electrical stimulus comprises one of V and I and the at

least one electrical response comprises one of V, I and C1.

14. The method of claim 13, wherein the measuring at least one electrical response
includes measuring two electrical responses to two respective electrical stimuli of the at
least one electrical stimulus, wherein each electrical stimuli comprises one of V and I and

wherein each electrical response comprises one of V, I and C1.
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surface comprises a storage medium to be accessed by said access element, and wherein
upon the application of a bias current to said access element, the thermal sensitivity of
the access element to the distance between the element and the storage medium is
defined by a sensitivity value proportional to the thermal calibration value multiplied by

the cube of the bias current.

16. A calibration method for a sensor, comprising:
using primarily electrical measurements to calibrate the sensor, including
determining a thermal sensitivity of the sensor to a distance between the sensor and a

surface relative to which the sensor is to be moved.

17. The method of claim 16, wherein the electrical measurements comprise V, I or
C1 points along a curve defined by the relationship:
V=Cl1 I+C3 I3
where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I, and
C3 comprises the thermal calibration value;

and wherein C3 is substantially determinative of the thermal sensitivity.

18. The method of claim 17, wherein the sensor comprises an access element and
the surface comprises a storage medium to be accessed by said access element, and
wherein upon the application of a bias current to said access element, the thermal
sensitivity of the access element to the distance between the element and the storage
medium is defined by a sensitivity value proportional to C3 multiplied by the cube of the

bias current.

19. A system for determining a thermal sensitivity of a sensor to a distance between
the sensor and a surface relative to which the sensor is to be moved, thereby calibrating

the sensor, comprising:
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between the sensor and the surface relative to which the sensor is to be moved, thereby

calibrating the sensor.

20. The system of claim 19, wherein the first electrical stimulus and the first
electrical response comprise a point along a curve defined by the relationship
V=C2I+C3 13
where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I,
C3 comprises the thermal calibration value, and
wherein the thermal calibration value C3 is determined by said means for
determining using said relationship, and the first electrical stimulus comprises one of V

and I and the first electrical response comprises one of V, I and C1.

21. The system of claim 20, wherein the sensor comprises an access element and the
surface comprises a storage medium to be accessed by said access element, and wherein
upon the application of a bias current to said access element, the thermal sensitivity of
the access element to the distance between the element and the storage medium is

defined by a sensitivity value proportional to the calibration value multiplied by the cube
of the bias current.

22. The system of claim 19, wherein:

the first circuit applies a second electrical stimulus to the sensor such that a
second electrical response results therefrom;

the second circuit measures the second electrical response; and

wherein said means for determining a thermal calibration value includes:
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second electrical stimuli and the first and second electrical responses.

23. The system of claim 22, wherein the first electrical stimulus and the first
electrical response comprise a first point along a curve, and the second electrical stimulus
and the second electrical response comprise a second point along the curve, the curve
being defined by the relationship
V1=C1 +C3 I3
where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I,
C3 comprises the thermal calibration value, and
wherein the thermal calibration value C3 is determined by said means for
determining using said relationship, and the first and second electrical stimuli each
comprises one of V and I, and the first and second electrical responses each comprises
one of V, I and C1.

24, The system of claim 22, wherein the first electrical stimulus and the first
electrical response comprise a first electrical stimulus/response pair, and the second
electrical stimulus and the second electrical response comprise a second electrical
stimulus/response pair, and wherein said means for determining the calibration value
includes means for determining the thermal calibration value according to the
relationship where C3 comprises the thermal calibration value,

I1 and V1 comprise the first electrical stimulus/response pair, and

I2 and V2 comprise the second electrical stimulus/response pair.

25. The system of claim 22, wherein the first electrical stimulus and the first
electrical response comprise a first electrical stimulus/response pair, and the second
electrical stimulus and the second electrical response comprise a second electrical
stimulus/response pair, and wherein said means for determining the calibration value
includes means for determining the thermal calibration value according to the

relationship where C3 comprises the thermal calibration value,
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| sarfsbe@omprises a storage medium to be accessed by said access element, and wherein
upon the application of a bias current to said access element, the thermal sensitivity of
tﬁe access element to the distance between the element and the storage medium is
defined by a sensitivity value proportional to the thermal calibration value multiplied by

the cube of the bias current,.

217. The system of claim 19, wherein the sensor comprises an access element and the
surface comprises a storage medium to be accessed by said access element, and wherein
said means for applying and said second circuit operate while the access element is not in

operative relationship with the storage medium.

28. The system of claim 19, wherein:

said means for determining a thermal calibration value is included in a means
for measuring a family calibration value for a family of sensors inclusive of the sensor,
wherein the family calibration value measured for the sensor comprises a thermal
calibration value for each sensor of the family of sensors, the family calibration value
being substantially determinative by the thermal sensitivity of each sensor of the family
of sensors to a respective distance between each sensor and a respective surface relative

to which each sensor is to be moved.

29. A system for thermally measuring the height of topographical variations on a
storage medium, comprising:

means for determining a thermal sensitivity of a sensor to a distance between the
sensor and the storage medium relative to which the sensor is to be moved, including the
system of claim 19, wherein the storage medium comprises the surface;

means for moving the sensor relative to the storage medium at a substantially
constant distance therefrom; and
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30. A calibration system for a sensor, comprising:

means for electrically calibrating the sensor, including means for determining a
thermal calibration value for a sensor, the thermal calibration value substantially
determinative of a thermal sensitivity of the sensor to a distance between the sensor and a
surface relative to which the sensor is to be moved, said means for determining including
means for measuring at least one electrical response of said sensor to a respective at least
one electrical stimulus applied thereto, and thereafter determining the thermal calibration

value as a function of the at least one electrical stimulus and response.

31. The system of claim 30, wherein the means for determining includes means for
using the relationship
V=C1I+C313

to relate the thermal calibration value to the at least one electrical stimulus and
the at least one electrical response, where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I, and C3 comprises
the thermal calibration value; .
and wherein the at least one electrical stimulus comprises one of V and I and the

at least one electrical response comprises one of V, I and C1.

32. The system of claim 31, wherein the means for measuring at least one electrical
response includes means for measuring two electrical responses to two respective
electrical stimuli of the at least one electrical stimulus, wherein each electrical stimuli

comprises one of V and I and wherein each electrical response comprises one of V, I and
Cl1.

33. The system of claim 30, wherein the sensor comprises an access element and the

-surface comprises a storage medium to be accessed by said access element, and wherein
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34. A calibration system, comprising:

means for applying primarily electrical measurement to a sensor; and

means for determining a thermal sensitivity of the sensor to a distance between
the sensor and a surface relative to which the sensor is to be moved, as a function of the

electrical measurements.

35. The system of claim 34, wherein the electrical measurements comprise V, I or
C1 points along a curve defined by the relationship:
V=Cl1 +C3 I3
where
V comprises a voltage across the sensor,
I comprises a current through the sensor,
C1 comprises a linear coefficient relating V and I, and
C3 comprises the thermal calibration value

and wherein C3 is substantially determinative of the thermal sensitivity.

36. The system of claim 35, wherein the sensor comprises an access element and the
surface comprises a storage medium to be accessed by said access element, and wherein
upon the application of a bias current to said access element, the thermal sensitivity of
the access element to the distance between the element and the storage medium is
defined by a sensitivity value proportional to C3 multiplied by the cube of the bias

current.
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CALIBRATION APPARATUS AND METHODS FOR A THERMAL PROXIMITY. ..}

SENSOR

ABSTRACT

Apparatus and methods for calibrating a thermal proximity sensor are disclosed.
Thermal responses from a thermal proximity sensor are used td sense the instantaneous
distance between the sensor and a medium over which the sensor is moved, in a data
storage system. Sensing the instantaneous distance results in detection of topographical
variations (80) on the medium. Calibration techniques (60) for the sensor are disclosed
herein and involve, in one aspect, using primarily electrical measurements to calibrate
the sensor; and in another aspect, varying the distance between the sensor and the
medium, obtaining actual thermal responses from the sensor, and using the actual
responses (via direct comparison or curve fitting) to calibrate the sensor.

Fig. 2

i



