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Abstract

This thesis proposes a mathematical model for the thermal response induced by the head/disk
interaction in the TGMR head with an MgO barrier. The head/disk interaction under such
conditions will result in a thermal response, which causes both the surface of the head and the
disk to be heated. The resistive properties of the TGMR sensors change and distort the readback
signal which causes a baseline shift, thus causing problems during data recovery. Because of the
TGMR head, the thermal response exhibits a bi-polar magneto-striction on opposing DC (positive
and negative) backgrounds. This magneto-striction causes the thermal response to appear
differently from the classical thermal response caused by thermal asperity, and it can distort the
readback signal to the extent of causing a possib!é sector read failure. Results show that the
proposed mathematical model coincides with the actual thermal response present in today’s hard
disk drives. This model enables the development of new algorithms for detecting and correcting

thermal response, which will in turn improve the performance of the current HDDs.
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== M of free layer
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e

mstiufinuuiadaiiesflszneuvesnuidmouseduase (0.C. Component) ogjiilu
IUIUNIN

Erden M. F. and Kurtas E. M. [17] l@vuavemaiinnisasaaviazud 1 TA d1miuves
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a = a [ L LY w =
doyadunauuyluuid @fo,1} fllmunawihdy 7 gadeiulUdnesmeyiuigaund

4 v o A ] ] ° YN Yo o 9 {
(Ideal Differential) i 1-D 1ije D flosaduiunsminanal 7mis mld ldddudeyanfaou
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Timing recovery
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Target response
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MW 3.1 nuusiaosesdyanauaiionssa [2)

nf)
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S HOD) L, am L »p—»| UF | X, Symbol | J

T detector

Timing recovery

MW 3.2 LUVTIADIOIT Y UYAUAA [2]
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v lundrdryaon (Modulate) fudyanuiadlasuaniug g uazgniuniudisdayaasy
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09U n@) W1 1F 1Ady 1981 T Y (Readback Signal) Ao p(r) Fw1s0We i uaunis

¥
YV A

adiarmans 1anail

p(0)=) bg(t—kT)+n(r) (3.1)

¥ ] )
HAIINUUYNNTBIAILIITNTOIRINIU (LPF: Low Pass Filter) i omiadaya sy
H r ¥ v
NIUADYUDNUDUAIIND (Out off Band Noise) 11MINYNHIN15HNA29619 (Sampling) &4 17219
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p(0)=) bg(t—kT) +n() (3.2)
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nanuenuaUAWE ndmiminezgniimsdndaediignaiuquiae Inuiiasdne

a

anl

[ o ar

. . a 4 ! ar o @ i
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p()=Y d,g(t—kT)+n(t)+u(t) (3.3)
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10 n(7) Ao ﬂiyt?me‘i‘]Jﬂ’JNtﬂ‘!f??f“U"l’]llU“U‘]J’Jﬂ (AWGN: Additive White Gaussian Noise) N17J
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nt)  uft)
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t Equalizera Viterbi
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Detector

MNA 3.3 UV IR0 d YR IUMTAANANTENUNINMIAD LA UBUTIA NS o UV I8
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In() Ao HanFuaomM3IANTSTUA, 1az erf() Ao TanFudefinwain (Error Function) fifif

a 1

Rt erf (x)=(2/z) [ e¥'az WonvIMAivldTudygnmemndy p() gndsdeludineesn

o/ Qs 1

' a 4 ) H o ' o
399AHIUAT (LPF: Low Pass Filter) taggnindiodndyaiuniinisidiianizedaanysel

. @ v @ ' = 1 a 4 |
(Prefect Synchronization) A28A351015%nA18619 500 unzaAoIu1R (Mbps) it 157 1diI
¥
dirudoya yermiusedade fsesammuazudlumsaevaueuFannuieu (TR), 24

¢ A a o = wa g
wdnIe lawed iMelSunaaAveadyara iy T amguanifveansiia (Targey),

= g a . 5 y o @ ! d &
1AZNITATIVNIANDF U (Viterbi Detector) iomidraudeya ¢, Milulldunga Fanams
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= o 1

¥ [ 3
NARBIILNNTANTANT Y IUB UNdULADZIANINGT (Sector) Tdyaas TR IRATUNITIATS

{4 @ o = " w a : ' i 1A
Taghvianmeiiswandadoyamiiu 4096 Ta Fafoiuilunsaliudiiaga (Worst Case)

¥a o

=t 1 - d sl <
s2UVIANUHUIIUNTTUINY0Ya ND = PWS0/T = 2.5, 8n10 lawres n 1484 1mu 11 uiy)

o

(Tap) wazldmsifauuy GPR (Generalized Partial Response Target) [10] 4 uny Ao 1+ 1.351D

+0.958D° +0.325D" 39gnoonuuu Tasmnaiadeianaiaiideaounisiosga (MMSE:

Minimum Mean-squared Error) 84 53AU8a5 18 UMaedyaisnefdivesdyainusuniu
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THANTZNUY0Y TR UONIINTILMIATININITAATES TR 13N HIR IR EY (g} TaglF L
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3.21 ﬂ1‘iﬂ‘§3§)ﬂ1ﬁ€gmﬂm TR (Thermal Response Detection)

]
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a o U o a A = "o o 1
TavUndAdyaruenduvessrsadaan lasufiduiouguiiaunifugud [10] uaiol
) ko
HanTzNUIIN TR dzdmath Ididuigengmila lmhdugud duiulunszuiumsasiom

o é o ¥ o U { s 3
TR ¥ lagmsnuduiFonguvosdyanaeiunduTaomsmiaunae (g} veadyaiuou
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ndu {) TashAunfevesdyanusunduamnsamouiuaumsadinemans lasail [10]
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=7 > ¥ (3.5)
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& & ¥ Y 1 v oA Ay g o g p A
o L Ao ANUNINYBIMIIANMSIAuRAslANTuTWMMANLIN, « A (L-1)2, y, A0
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anwAawaInvesmInsvm Tasmsiudenlvlunsastonuie y, 2 m, Wusaunas
a| a w q a3 VA oA {
uasiladnn A 150 m, uag m; 1WumAAITUAsY (Threshold Value)
3.2.2 Mt lvnansgnufinaon TR (Thermal Response Correction)
3
MIFAYIHANTETNUYDINIADUAUDIAIINTDUVDNI01 TGMR tuv Inaifiozsi Iag
o a :i FY d. s 1 w ::; A =
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L] £ a da
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S, = ¥ —q, Wolimsiia TR (3.6)

=y,  iioluifia TR

= d

3.3 m‘mammuema‘lamai (Target and Equalizer Designed)

B o =t ¢ /e & oA 0 w ' Y A

dmiuniseenuuydnle lawesuaznising Wuldiudidyodiaun Taoniives
a 7 o Y A v @ L] e A s d =] 1 o
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a A ]
ANNAANAIAYDIBR0 Tatses o we=y-r 1A0T y, =5, * £ AL s =a *hLil0

FD)=Y" fiD' uazHD)=Y" nD*iilo EwW]=E[(y, 1))

=E[(s,* fi —a, *h)'] 3.7

Yo o ¢ o

4 1 at =Y Q‘lw C;. L o _ = o
e 4 Ao MANUTEANTAIN & V8921990509, 2 Ao mFulsEANTAIN & veamiia aums

I td
1 3.7 amnsoenluglveaunnsng (Matrix Form) 1ddade 11

E[w']=E[(S'F-A"H)']
=E[(S"F-ATH)"(S'F- A"H)]
= E[(F'S-H"A)(S"F-A"H)]
= E[(F'SS'F-F"SA"H-H"AS"F + H'AA"H)] (3.8)
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k=0
S-1 !
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e sflenaweIvesdidudoya 4096 Ta, EL] fio @28 uiun1sAIA21uAIANLIY

(Expectation Operator) iaunumaynsi (3.9), (3.10) uaz 3.11) avluaunmsh (3.8) wldla

E[w]=(F"RF - 2F"PH + H"UH) (3.12)

a ) ar o o o

Tavhi R Ao Saandusius (Auto-Correlation Matrix) yoad1dudoya s AvVUIA N x N, P fio

(Cross-Correlation Matrix) 3¢ 13198100030 s, 1as @ MNYUIA NxL, U0

o
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Y o v 4 2 Py a o a1 w & a o A A
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111#A1 MSE (Mean Square Error) Tuaunisi (.7) Wiisfesiiqa Taswnewsnu I'H

4 3

a

' 1w 4 ' [
Tafiawmiunilegaasanat Tavaunsaouduauns 1dsai]

E[w']=F'RF-2F"PH+H"UH - 2A(I"'H - 1) (3.13)

Tasmsvliauns (3.12) Sanfesiiga Tnoiida 4 Aodrguainsud (Lagrange Multiplier)

q

3 A o

0 q9 o o Y i e - =
msfimidaumsi (3.13) Ianfesigaansoni1dTasn1smienius (Differentiation) oy

a

MU F, 1, uaz 2 mwdnuuagimualdaunisiimewius 1atiswidugudneumsufay

myoyuTYeeaumMs (3.13) oy F v 114

OE[W']
oF
2RF-2PH=0
F=R"'PH (3.14)

= (2RF - 2PH)

ey Wus VoM (3.13) vy H 14

BV ] _ by 4 2UH - 241
oH
—2P'F+2UH-2A1=0 (3.15)

unua Fadluaumsn 3.15) mhild

~P"(R'PH)+UH =1
H=A(U-P'R'P)'L (3.16)

WeYIUTVOIaNMT (2-18) ey A ldld

OE[w'] = O"H+2

o
-I'H+1=0 (3.17)

unush B aslugunisi 3.17) 16
"A(-P'R'P+U)'1=1

. 1
T I"(-P'R'P+U)'I

(3.18)

F) H o
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time k k+1

i,q)

I
«  [-th stage 1

MW 3.6 MIMUVOINITAAT [2]

A A A A o P { Y a ¢
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Turesdyanuii luderiios (Discrete Channel) ioveadyna HY) Tnvit o Aoto
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¥
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@ =y =1 =Y o) YA
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fﬁm’aufi1’v‘iﬁju"1ﬂ'lé’\'Mﬂﬁqwumﬁ’fagaSuwﬂuaz v Aemiuanudrvesresdyanuszey k
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nlasuaoiugainaniug » TWiluaoue ¢
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Abstract—Recent developments in the tunneling giant magneto-
resistive (TGMR) head technology incorporating an MgO barrier,
is currently the most promising candidate for replacing a GMR
head. The TGMR head whose junction utilizes an MgO barrier
yields a higher performance with a lower areal resistance (RA)
value. However, as the areal density increases, the actual flying
clearance of the head above the media surface during read/write
operations is reduced to less than 10 nm. The head/disk interaction
under such conditions results in a thermal response, which causes
a shift in the bascline of the readback signal and exhibits bi-polar
magneto-striction on opposing DC (positive and negative)
backgrounds. This magneto-striction causes the thermal response
to look different from the classical thermal response that could
distort the readback signal to the extent of causing a sector read
failure. In this paper, we investigate and characterize the thermal
response induced by the head/disk interaction in the TGMR head
with an MgO barrier that is currently used in perpendicular
magnetic recording systems,

Keywords— MgO Barrier; Perpendicular recording; TGMR
head; Thermal response.

I.  INTRODUCTION

Tunneling giant magneto-resistive (TGMR) sensors have
many advantages over the GMR sensors when implemented as
a read element in a hard disk drive (HDD). These advantages
include increasing an MR ratio [1], and reducing a RA (i.e.,
RA = resistance x area) value [1] and head noise. These
advantages allow for an increase in data storage capacity.

The head-disk clearance in disk drives is being reduced
continuously by current designs, in an effort to gain write/read
performance. Recently, drives are being built with head-disk
clearance close to 10 nm. Furthermore, head-disk clearance
can become even less with decreased ambient air pressure.
The reduction in head-disk clearance causes an increased
sensitivity in the air bearing surface (ABS) altitude, resulting
in variations in head flying characteristics. Therefore, head-
disk interaction in real disk drive environments frequently
occurs. As the amount of pole-tip protrusion increases, the
gap between the head and the disk surface narrows. Thus,
HDDs become more susceptible to shock and vibration during
manufacturing and normal operation [2, 3]. The reduction in
an effective fly height could cause the media surface and the

read head to be interacted and heated easily. This heat will
cause the resistive properties of the read head to change,
resulting in a thermal response (or, equivalently, thermal
transient) in the readback signal. This thermal response affects the
performances of both recording and disk drive reliability. If
precautions are not carefully taken, the string of errors in the
detected data caused by the thermal response could easily
exceed the correction capability of error correction code (ECCs),
resulting in unrecoverable data. Therefore, the thermal response
is a crucial problem in perpendicular recording systems.

With the current TGMR read head (using an MgO barrier),
the thermal response no longer looks like the classical thermal
response proposed by Stupp ef al. [4]. Thus, the characteristic
of the thermal response introduced by the current TGMR head
is of importance, as studied in this paper.

II. CURRENT TGMR HEADS WITH MGO BARRIER

Currently, the TGMR head has been replaced the GMR
one because the TGMR head has a higher MR ratio. The
TGMR design implements the Current Perpendicular to Plane
(CPP) architecture in the read head. The CPP is the most
significant deviation from the Current In Plane (CIP)
architecture implemented in the GMR head, as shown in Fig. 1.

The CPP architecture has many design advantages that
allow for high data recording density. By flowing the current
perpendicularly to the plane, the read element can be made
physically smaller than that with CIP technology. As the read
elements become smaller, the potential data recording density
increases. From Fig. 1 (d), the top to bottom current flow
within the CPP element allows for the removal of the insulator
gap. Not having an insulator gap makes the read element
more sensitive and can be used in higher Bit per Inch (BPI)
designs. Furthermore, CPP architecture allows the shield to be
placed in direct contact with the TGMR element. The shield
will act as the upper and the lower terminals to the device.
This layout prevents cross-talk with adjacent tracks, thus
allowing an increased Track per Inch (TPI) density. In
addition, to prevent shorting around the sensor, insulators are
aligned under hard magnetic layers.

Futhermore, the TGMR heads are often made with barrier
layers consisting of magnesium-oxitde (MgQ). This increases
the performance of the tunneling magneto-resistive sensor by
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allowing increased amplitude when compared to conventional
spin valve devices. The inclusion of MgO within the barrier
layer also reduces the RA (resistance X area) value, thus
reducing head noise, while maintaining a high MR ratio.
Practically, the MR ratio is defined as dR/R where R is the
minimum resistance of the TGMR sensor and dR is the change
in resistance observed by changing the magnetic state of the
free layer. A higher MR ratio improves the readout speed.
Because of the smaller physical size and higher sensitivity of
the TGMR head, high recording densities can be achieved. A
high performance TGMR sensor is fabricated by incorporating
a tunnel barrier consisting of a Mg/MgO/Mg configuration, as
shown in Fig. 2.

The current TGMR stack technology is comprised of a
seed layer (Ta/Ru) in a bottom spin valve configuration, an
AFM layer (IrMn), a pined/symthetic antiferromagnetic (SAF)
layer (CoFe/Ru/CoFeB), a barrier layer (Mg/MgO/Mg), a free
layer (CoFe/NiFe), and a cap layer. All layers are sequentially
formed on a bottom shield in the read head [1]. The TGMR
stack technology differs from the GMR stack technology in
the fact that the Cu layers have been replaced by oxide layers
within the barrier layer. The lower Mg layer of 4 — 14 angstroms
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thick along with the upper Mg layer of 2 — 8 angstroms thick
are deposited by a DC sputtering method [1]. The sandwiched
MgO layer is formed by a process of natural oxidation
(NOX). The natural oxidation of an MgO layer is the
preferred method of formation because it can provide more
uniformity than the conventional sputtering methods. The
natural oxidation process involves pressurizing oxygen from
0.1 mTorr to 1 Torr (1 torr = | mm of Hg) and allowing
exposure for 15 — 300 seconds. In practice, the NOX time and
pressure may be varied to optimize the MR ratio.

III. EXPERIMENT AND DISCUSSION

This paper characterizes the behavior of the thermal
response induced by head/disk interaction in the current
TGMR head as a function of head/disk spacing, zone position,
temperature, and writing polarity. To achieve this, we performed
an experiment in the laboratory. We use the TGMR head with
an MgO barrier whose structure is shown in Fig. 2 because it
has a high MR ratio and a low RA value. Additionally, we
also set parameters for this experiment as follows:

The interface is SATA , a drive capacity is 1500 GB, a
track density is 191 KTPI average, a maximum linear density
is 1293 KBPI, and the resistance of the head is approximately
300 Q. The rotational speed of the disk is 7200 RPM. The
magnetic spacing between the read gap of the head and the
medium surface is controlled by adjusting the pole-tip
protrusion directly from a computer. This computer will send a
command via an USB Hyperport to a HDD as shown in Fig. 3.
The voltage of the drive was +5 volts. We measure the
readback signal from the RDx/y test points on the printed
circuit board (PCB) of the HDD with a differential probe
connected to an oscilloscope. The Servo Gate (SG) and Read
Gate (RG) test points on the PCB are very important to
indicate the exact reading location within the disk drive. The
Servo Gate and Read Gate signals are monitored on the
oscilloscope.

By design, the flying clearance of the drive under test is
close to 10 nm. With this low clearance along with the
decreased clearance due to reduction in ambient air pressure,
head/disk interaction frequently happens in a normal disk
drive environment. To prove that ambient pressure affects
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Fig 4. The flying clearance of different TGMR heads as a function of ambient
air pressures,

(b)

Fig. 5. The effect of the head/disk spacing, where (a) the normal readback
signal, and (b) the corrupted readback signal caused by the thermal response.

head/disk clearance, we perform an experiment in the
laboratory. The ambient air pressure is gradually decreased
from 800 to 0 torr, while measuring the clearance of the
head/disk. The results of this experiment are shown in Fig. 4.
It is clear that head/disk clearance is related to the ambient air
pressure. Specifically, a lower ambient air pressure results in
a lower head/disk clearance. Furthermore, when the ambient
air pressure approximately reaches 100 torr for all the heads
tested, a strange head/disk interaction phenomenon is observed.

As a result, we can force the head/disk interaction to occur
in a real HDD by decreasing ambient air pressure. Keep in
mind that when the head/disk interaction happens, the thermal
response will suddenly occur in the readback signal. In the
following subsections, we investigate how head/disk spacing,
zone position, temperature, and writing polarity affects the
behavior of the thermal response resulting from the head/disk
interaction.

A.  Evaluation of Head/Disk Spacing

In this experiment, the spacing between the read gap of the
head and the medium surface is controlled by adjusting the
pole-tip protrusion from a computer. We observed the
head/disk interaction phenomenon only when the pole-tip
protrusion of the TGMR head slaps the disk surface. The
result of the slap can be seen by a corruption the readback
signal caused by thermal response. This implies that the
thermal response causes corruption in the RDx/y signal and is
a function of head/disk spacing, as depicted in Fig. 5.

B. Evaluation of Zone Position
To study this, we adjust the read position of the TGMR head

Fig. 7. The effect of the temperature upon the shape of the readback signal,
where (a) the readback signal corrupted by the thermal response at cool
temperature (e.g., 0 C°), and (b) the readback signal corrupted by the thermal
response at hot temperature (e.g., 55 C°).

from an OD (outer diameter) zone to MD (middle diameter)
zone and ID (inner diameter) zone, and look at the readback
signal. We observed that although the zone position is changed,
the shape of the readback signal corrupted by the thermal
response remains the same throughout the OD, MD and ID
zone positions. This implies that the corrupted readback
signal in terms of its amplitude and its time duration is
independent of the zone position as illustrated in Fig. 6.

C. Evaluation of Temperature

This experiment investigates how temperature affects the
shape of the readback signal corrupted by a thermal response
due to head/disk interaction in terms of its amplitude and its
time duration. This can be done by gradually adjusting the
ambient temperature from 0°C to 55°C. We found that even
though the temperature is varied, the shape of the corrupted
readback signal is still the same for all zone positions. This
implies that the corrupted readback signal is also independent
of temperature as shown in Fig. 7.

D. Evaluation of Writing Polarity

In this experiment, we study how the polarity of signals
written on the medium surface affects to the polarity of the
readback signal corrupted by the thermal response. To
achieve this, we write the positive and the negative DC erase
pattern on the medium. We observed although the polarity of
signals written on the medium surface is changed to positive
or negative, the corrupted readback signal still has the same
polarity as depicted in Fig. 8. This implies that the polarity



Fig. 8. The effect of the writing polarity, where (a) the corrupted readback
signal with a positive DC erase pattern, and (b) the corrupted readback signal
with a negative DC erase pattern.
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Fig. 9. Thermal response caused by the current TGMR head design with an
MgO barrier.
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Fig. 10. The readback signal caused by the classical thermal response, where
the corrupted readback signal (a) before and (b) after high-pass filtering [4].

of the corrupted readback signal is again independent to the
polarity of signals written on the medium surface.

E.  Note on Thermal Response Caused by TGMR Heads

The four experiments described above reveal that the
thermal response resulting from the current TGMR head
design with an MgO barrier can distort the readback signal and
causes a baseline shift of approximately 160 — 400 bits.
Furthermore, we also observed that the thermal response
occurred in all experiments exhibits a bi-polar response on
opposing DC (positive and negative) backgrounds. This is
primarily driven by magneto-striction [6] as depicted in Fig. 9.
The magneto-striction causes the thermal response to look
different from the classical thermal response described by
Stupp et al. [4], as shown in Fig. 10.

Typically, magneto-strictioin is a property of ferromagnetic
materials that change physically in response to changing its
magnetization. This effect was first identified in 1842 by
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James Joule [7] when observing a sample of nickel that
changed in length when it was magnetized. This effect can
cause losses because of frictional heating in susceptible
ferromagnetic cores. Because the mechanism of magneto-
striction is at an atomic level and is relatively complex, this
paper will skip its details. For details about magneto-striction,
readers can find in [6].

IV. CONCLUSION

With the increases of areal recording density in hard disk
drives, the current TGMR head design is currently the most
promising candidate. Specifically, the head physically becomes
smaller, and the junction with an MgO barrier exhibits higher
TGMR performance with a lower RA value. However, as the
actual flying height is reduced, negative head/disk interaction
in real disk drive environments frequently occurs and can
distort the readback signal to the extent of causing possible
sector read failures. The head/disk interaction phenomenon
seen on the readback signal is known as a “thermal response.”

Practically, the thermal response causes a shift in the
baseline of the readback signal and exhibits bi-polar magneto-
striction on opposing DC (positive and negative) backgrounds.
This magneto-striction causes the thermal response to look
different from the classical thermal response introduced by the
MR sensors. Based on our experiments, we found that the
thermal response caused by the current TGMR head is
independent of head/disk spacing, zone position, temperature,
and writing polarity. This can, in turn, enable the development
of new algorithms for detecting and correcting this thermal
response, which will improve the performance of the current
hard disk drives.
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A New Thermal Response Model Induced by
Head/Disk Interaction in Current TGMR Head

S. Thamakam, K. Powers, P. Kovintavewat, and P. Supnithi

Abstract— The tunneling giant magneto-resistive (TGMR)
head technology incorporating an MgO barrier is currently the
most promising candidate for replacing a GMR head. As the
areal density increases, the actual flying clearance of the head
above the media surface during read/write operations is reduced
to less than 10 nm. The head/disk interaction under such conditions
results in a thermal response, which causes a shift in the baseline
of the readback signal and also exhibits bi-polar magneto-
striction on opposing DC (positive and negative) backgrounds.
This magneto-striction causes the thermal response to look
different from the classical thermal response that could distort the
readback signal to the extent of causing a sector read failure.
This paper proposes a mathematical model for the thermal
response induced by the head/disk interaction in the TGMR head
with an MgO barrier.  Results show that the proposed
mathematical model coincides with the actual thermal response
occurred in today’s hard disk drives.

Index Terms— MgO barrier; Perpendicular recording; TGMR
head; Thermal response, Corrupted duration

[. INTRODUCTION

UNNELING giant magneto-resistive (TGMR) sensors have

many advantages over the classical GMR sensors when
implemented as a read element in a hard disk drive (HDD).
These advantages include increasing magneto-resistive ratio
(MR ratio) [1], and reducing areal resistance (RA) value [1]
and head noise. These advantages allow for an increase in
storage capacity.

Current designs continuously reduce the head-disk
clearance in today’s disk in an effort to gain write/read
performance. Recent drives are built with the head-disk
clearance close to 10 nm [2] as shown in Fig. 1. In addition,
the head-disk clearance can become even less with decreased
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Fig.1. A schematic of the mechanical model of the media-slider contact

ambient air pressure. The reduction in the head-disk clearance
causes an increased sensitivity in the air bearing surface (ABS)
altitude, resulting in variations in head flying characteristics.
Therefore, in real disk drive environments, the head-disk
interaction often occurs. As the amount of pole-tip protrusion
increases, the gap between the head and the disk surface
narrows. Consequently, HDDs become more susceptible to
shock and vibration during manufacturing and normal
operation [3, 4]. The reduction in an effective fly height could
cause the media surface and the read head to interact and
become heated easily. This heat will cause the resistive
properties of the read head to change, resulting in a thermal
response (TR) (or, equivalently, thermal transient) in the
readback signal. This thermal response affects the
performances of both recording and disk drive reliability. If
precautions are not carefully taken, the string of errors in the
detected data caused by the thermal response could easily
exceed the correction capability of error-control code (ECCs),
resulting in unrecoverable data. Hence, the thermal response
is a crucial problem in perpendicular recording systems.

With the current TGMR read head (using an MgO barrier),
the thermal response no longer looks like the classical thermal
response proposed by Stupp ef al. [5]. Thus, the characteristic
of the thermal response introduced by the current TGMR head
is of importance, as studied in [6]. This paper proposes a
mathematical model for the thermal response induced by the
head/disk interaction in the TGMR head with an MgO barrier.

This paper organizes as follows. After describing the
mechanism of the TGMR read head and proposing the TR
signal model in a mathematical equation in Section II, Section
III explains the experiment setup in the laboratory to verify the
proposed TR model. Section IV briefly describes a free-
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Fig. 3. The thermal response model induced by head/disk interaction.

layer magneto-striction mechanism. Eventually, Section V
concludes this paper.

[I. TGMR HEADS WITH THERMAL RESPONSE MODEL

In general, the contact between the slider and the medium
surface does not begin at the read element. Instead, the initial
contact occurs along the slider rail. As the medium moves
towards the trailing edge of the slider, an interaction between
the medium and the slider will occur, resulting in the medium
heating to a high temperature. This abrupt change to high
temperature will cause the slider surface to have high
temperature as well as the medium which passes by. Then, the
heat will diffuse through the read element.

The mechanism of thermal diffusion can be explained
according to Mallary’s realization [7]. As the medium passes
by, not only the surface of the read element is heated, but the
line around the read element is also heated as shown in Fig. 2.
From the geometric viewpoint, we find that the line of elevated
temperature of the heat move towards the head will have
cylindrical in two dimensions. Practically, the heat will start
flowing in cross-track and vertical directions. However, there is
no heat difussion in the axial direction (across the stripe) at the
beginning of the TR process because there is no
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Table 1. Parameters for the experiment to verify the proposed TR model.

Parameters

Product Name
Recording system

Bxx, Pxx, Gxx, Mxx
Perpendicular

Heads 2-8 heads
Rotation Speed 7200 RPM
Interface S-ATA

Capacity (GB/Disc)

Areal Density (max in drive)
Avg Format Efficiency (%)
Track Density (0-skew)
Linear Density (max in drive)
Data Rate (max in drive)

320Gb (1D) - ITB (4D)
219 (1D) - 228 (4D) Gb/in
77.8

191.0 KTPI

1250 (1D) — 1300 (4D) kBPI
1460 (1D) — 1520 (4D) Mb/s

thermal gradient in that direction. This situation will cause the
temperature to linearly increase. Next, when the heat diffussion
arrives at the stripe edges, the heat passing through the stripe
will be slower than that through the shield because of low
thermal conductivity of the materials around the stripe in
cross-track and vertical directions. This results in a gradient
temperature across the stripe. Given such a geometry, this is a
preferred thermal relaxation mechanism for the stripe. Once
the head and medium interact, the average temperature in the
stripe will reach the highest temperature and then exhibit an
exponential decay.

Based on the thermal diffusion mechanism when there is
head/medium interaction, we propose the TR model as shown
in Fig. 3. This simplified TR model can decribe the TR event
in four regions, namely, a linear positive magneto-striction
rise-time, a linear negative magneto-striction fall-time, a linear
TR rise-time, and an exponential TR decay-time. In other
words, this TR signal can be mathematically expressed as

!
Ay—, 0<t<T

i 2

(=T
Ay +(A = A)——F-, T,<t<T,
u(f)=1 s .

A,+(A2—A,)T_" ; L2427
Azexp[r_r'J T, <t<T,
. Td

where 4y and A; are the positive and negative peak of
magneto-striction, respectively, 4, is the peak amplitude of
TR signal, T, and 7, are the positive and negative time of
magneto-striction, T, is a rise time, 7 is a decay constant, and
Ty = T,+ 3T, because it matches the actual TR signal occurred
in real disk drives as explained in Section III.

III. SPIN-STAND EXPERIMENT

In this section, we characterize the behavior of the TR signal
induced by head/disk interaction in the cutrent TGMR head
when head/disk spacing is zero during contact. To achieve this,
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Fig. 5. The estimated TR signal from (1) with different 7y's.

we perform an experiment in the laboratory by setting several
parameters as listed in Table 1.

To obtain a large and severe TR signal during read process,
the head/disk spacing is set to zero (all heads are set at the same
level), and the pole-tip protrusion is also set to a maximum
value. We use Seagate’s internal software to sends a command
via serial port to a HDD to do this task. Then, we measure the
readback signal from the RDx/y test points on the printed
circuit board (PCB) of the HDD with a differential probe
connected to an oscilloscope. Clearly, the measured TR signal
shows a shift in the baseline of the readback signal and also
exhibits bi-polar magneto-striction on opposing DC (positive
and negative) backgrounds as shown in Fig. 4.

To verify the TR model in (1), we first estimate the TR
signal for four regions in Fig. 4 based on a 2nd-order polynomial
curve fitting technique according to

y(t) =pt’+ pt+ p,, 2)

62

Histogram of Corrupted duration in multiple products
Normal

20

i v Variable
T/ [—e— B Comupted Duration
| |—m - Pxx_Corrupted Duration
- -4-- Gux_Corrupted Duration
-| [—d- - Mxx_Corrupted Duration

Frequency
=)
1

Mean StDev N
1003 5.665 50
7814 1636 50
86.02 10.45 50
97.54  7.469 50

30 45 60 75 90 105 120
Corrupted duration (nS)

Fig.6. Histogram plot of the corrupted duration of the TR signal in various
products.

where y(7) is the estimated TR signal, and py, p,, and p; are
polynomial coefficients. Fig. 4 also depicts the estimated TR
signal obtained from (2). Then, we compare the TR model in
(1) with that in (2) for different 7, values as shown in Fig. 5.
The result reveals that the TR model in (1) matches the
estimated TR signal in Fig. 4, where the TR model in (1) with
Ty=T,+ 3T, give the best estimate of the TR signal in Fig. 4.

We also verify the proposed TR model in (1) by comparing
it with 200 samples of the actual TR signal obtained from four
current Seagate products (50 samples/product). First, we find
the time duration that the actual TR signal occurs in real disk
drives. To do so, we collect the TR signal from 200 samples
and plot the histogram of the corrupted duration (starting from
when the TR occurs until 7j) caused by the TR signal as
illustrated in Fig. 6. Based on different products, it implies
that the corrupted duration of the actual TR signal ranges from
40.7 ns to 114.2 ns (with 5 Giga samples/second). In other
words, the corrupted duration of the TR signal is about 203 —
571 bit periods.

Next, we find the time duration of the actual TR signal
during magneto-striction mechanism, i.e. a magneto-striction
duration T,. Again, based on 200 samples, we plot the
histogram of the magneto-striction duration (starting from
when the TR occurs until 7;,) as displayed in Fig. 7. It can be
implied that the magneto-striction duration of the TR signal
ranges from 1.8 ns to 5.2 ns (with 5 Giga samples/second). In
other words, the corrupted duration of the TR signal is about
10 — 26 bit periods.

Furthermore, we also measure and analyze other parameters
that matches the actual TR signal in various products as given
in Table 2. Based on our experiment, we found that the
average peak amplitude of the normal readback signal is about
55 mV (zero-to-peak voltage). As a consequence, when using
(1) to generate the TR signal in the simulated channel model,
the possible range of values of each parameter in (1) are,
depending on how severe the TR signal as follows: A, is about
0.36 to 5.22 times, 4, is about 0.51 to 6.7 times, and A, is
about 2.2 to 6.33 times the peak of the normal readback signal.
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Table 2. Typical parameters of the TR model based on 200 sample in various
products, where the sampling rate is 5Giga sample/second.

Parameter Minimum Maximum
Magneto-striction duration (7,) 1.8 ns 5.2ns
Positive magneto-striction amplitude (4q) 20 mV 287 mV
Negative magneto-striction amplitude (4,)  -28 mV -368 mV
TR rise-time duration 3.2ns 16 ns
TR decay-time duration 27.5ns 100.8 ns
TR peak amplitude (43) 120 mvV 348 mV
Total TR corrupted duration 40.7 ns 114.2 ns

IV. FREE LAYER MAGNETO-STRICTION

Practically, the thermal response occurred in the current
TGMR read heads (using an MgO barrier) exhibits bi-polar
magneto-striction on opposing DC backgrounds, which was
induced from the free layer [8]. It is typically a property of
ferromagnetic materials that change physically in response to
changing its magnetization. James Joule first identified this
effect in 1842 [9] when observing a sample of nickel that
changed in length when it was magnetized. Fig. & briefly
explains the phenomenon of magneto-striction.

The mechanism of magneto-striction at an atomic level is
relatively complex. Internally, the structure of a ferromagnetic
material can be divided into several domains, each of which is
a region of uniform magnetic polarization. When an external
magnetic field is applied or changing magnetization (H) is
applied, the boundaries between the domains will be shifted
and the domains will start rotating. As a result, the physical
shape of the material (1) will also be changed.

V. CONCLUSION

To achieve ultra high recording densities, the TGMR head
design is used in place of the GMR head. As the flying height
is reduced, head/disk interaction in real disk drive environments
frequently occurs, which can distort the readback signal to the
extent of causing possible sector read failures. The head/disk
interaction phenomenon seen on the readback signal is referred
to as the thermal response (TR). It is important to note that the
TR differs from the TA in a sense that the TA phenomenon
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Fig. 8. Magneto-striction phenomenon [9].

induced from media asperity on the disk comes into contact
with the slider, whereas the TR phenomenon induced from
head/disk interaction (no media asperity).

Practically, the TR causes a shift in the baseline of the
readback signal and exhibits bi-polar magneto-striction on
opposing DC (positive and negative) backgrounds. This
magneto-striction causes the TR to look different from the
classical thermal response introduced by the MR sensors. This
paper proposes the TR model. Experimental results based on
200 samples in HDDs indicate that the proposed TR model
coincides with the actual TR occurred in real HDDs. This TR
model can enable the development of new algorithms for
detecting and correcting this TR, which will in turn improve
the performance of the current HDDs.
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