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Thermal Modeling of Magnetoresistive Heads in
Three Dimensions

Peter F. Ladwig, I-Fei Tsu, Clifton H. Chang, and Y. Austin Chang

Abstract—We present an analytical model that can describe the heat. These interfacial resistances can take different forms.
dissipation of thermal energy generated by Joule heating in mag- The first is the unavoidable contact resistance resulting from
netoresistive heads. The model is simple in that it requires no fi- o inability to process a MR head with each material layer in
nite-element analysis and can be quickly configured to investigate - . .
the effects of varying head characteristics. However, despite its sim- completg |nt|ma.te cont.act with surrounding layers [5]' Anqth(_ar
plicity, the model can quantify heat transfer through all surfaces of  form of interfacial resistance results from corrosion. This is
the sensor effectively, as demonstrated by comparison with exper- especially true for the ABS, which is in direct contact with
imental data. With this model, the effects of varying system geom- oxygen. A final consideration leading to interfacial resistance

etry, materials, bias current, environment, and defects can be in- s qye to electromigration. Over time, the migration of atoms
vestigated. Analysis of these effects identifies parameters to which .

Joule heating is most sensitive. We discuss promising areas for de—'n_ one_z direction results in a ﬂUX_Of vacancies |n.the opposite
vice improvement, such as increasing the gap thermal Conductivity direction. These excess vacancies alter the resistance charac-

and decreasing contact resistance at interfaces. teristics of the material, especially when they coalesce to form
Index Terms—Anisotropic magnetoresistive (AMR) heads, giant mlcrop'oros';lty [6]'_ . . )
magnetoresistive (GMR) heads, spin valves. In this discussion, a three-dimensional (3-D) model is pre-
sented that accounts for heat dissipation through all sensor sur-
faces by employing a thermal resistance analysis technique. The
model can correctly incorporate interfacial resistances as well
N MAGNETORESISTIVE (MR) heads, the output SNR in-and has the advantage of being easily adaptable to different sen-
creases with bias current [1]. However, there exists a lingors while yielding quick results. This model is used to charac-
tation to the amount of current that can be supplied to MR selgrize the sensitivity of heat dissipation to geometric and envi-
sors, due in part to the instability effects of Joule heating [1]. tonmental parameters. The identification of parameters to which
is thereby important to describe the heat dissipation within tdeule heating is highly sensitive identifies areas in which heat
MR head. Furthermore, as the industry continues to push fégsipation can be improved. Increasing the ability of the MR
higher areal densities, MR sensors decrease in size and thBesd to dissipate heat allows more bias current to be applied,
fore, the conduction through all surfaces of the sensor becontiegreby providing possible avenues to improve sensor perfor-
important. mance.
A mathematical model created by Jandearl. [2] describes
the heat conduction of a sensor embedded within a continuous [I. MODEL

medium contained between perfect heat sinks. Thereforeqne model evaluates a bank of six thermal resistance paths

the model cannot account for heat conducted through theparaliel configuration. Each path represents a relevant heat
air-bearing surface (ABS), back gap, permanent magnets, sfer mode from generation within the sensor to complete

electrical contacts. Tobin and Atesmen [3] improved on thigissipation at ambient temperature. This method is contingent
model by adding the capacity to analyze additional Iaye[ﬁ;)on the following assumptions.

with separate thermal conductivities, allowing the sensor’s
surroundings to be asymmetric but still infinite in depth and
breadth. Guo and Ju [4] constructed a model that includes the
heat flow via the highly conductive leads. However, this model
also neglects the contribution of the ABS surface and back
gap. In addition, neither model can account for the contact
resistances between interfaces. A finite element model, created
by Imamura, Kanai, and Toda [5], shows the significant impact
of interfacial resistances on the MR head’s ability to dissipate

. INTRODUCTION

 Steady state conditions.

Thermal conductivity within each component layer is con-
stant. The temperature profile in each layer of the head is
linear.

The permanent magnets alongside the sensor stack, and
the electrical contacts are modeled as one material, hence-
forth called the leads.

The shields and lead materials of the system are much
more thermally conductive than the gap material. Heat in
the shields and leads will not transfer into the gap in rel-
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the hottest and coolest parts of the sensor will have higher \ hack gap
and lower resistances, accordingly. T lop gap

» The sensor stack is a continuous rectangular shaped solid. £ j,-.:'.t'!'
This simplified geometry is illustrated in Fig. 1. | uer—l‘m;tnnE (A BS) |

With these assumptions, the six parallel conduction paths
can be identified. Each conduction path can be associated with
a surface of the sensor. Fig. 2 shows the thermal resistaRgf1.  simpiified sensor geometry with labeled surfaces.
network. The effects of interfacial resistance can also be

bodtom gap

accounted for by adding resistance elements. For example, A W
. . . . . . . Lk B
if corrosion exists on the air-bearing surface, an interfacial RCTSOT - iz
resistance term should be added between the sensor and ABS _—1TY A
thermal resistances. Fourier's law describes thermal resistance Lt ARS
via conduction, with heat flon@ (W), thermal resistance —% AW A i
. el arcanmumn SISO top zap  shield Ambieni
Rivermal, (K/W), temperature difference\T" (K), thermal Temperabire Bp Temp
.. . . wid (N T LT
conductivity £ (W/(m - K)), conduction distance. (m), and pemNT e h'lf':'lll.'.. = alﬁ:'rll.l
cross sectional areda (m?) [7] -
|.. 'll' 'I-_, .I'l'.i.l.- .l_l_-’-\.
sens  hotbom gap shickd
Q = A17/ Bijermal (1) 1A A
L BETSOT + lead

Rthermal it If—A (2)
’ Fig. 2. Thermal resistance network.

Determination of both. and A are directly based on the head
geometry, with the exception of the conduction distahcef The temperature rise of the sensor can therefore be solved
the shields and leads (contacts and magnets). In these area®r by evaluating the total thermal resistance of the network,
is the characteristic thermal decay length, a parameter that isR);..; .o,
directly related to head geometry. This distance varies with the
amount of heat to be dissipated and therefore must be calcu- Qgenerated = AT/ Ryctwork- (6)
lated with each run. To accomplish this, the amount of heat dis- ] .
sipated along each patffe..:) is calculated as if the shields {inetwork IS d_ependent on yvhether maximum or average temper-
and leads possessed infinite thermal conductivity (zero cond@re is desired. The maximum temperature is of interest for the
tion distance). The real conduction distance is then calculafégfeérmination of maximum current density, but the average tem-
indirectly UsiNgQyeszect, the conductivity of the shields/leads,perature is more useful in (_:alculatlng the electrical re3|sta_n§:e
and a constan’. Chosen correctly, the constagiwill apply to of th.e sensor. The. assumpuon of constant thermal condyctmty
all MR heads for a wide variety of input conditions. This equaVithin €ach material provides that the temperature profile will
tion must be calculated separately for each shield and lead?gsPi€cewise linear (constadt’/dx). This is a simplification

the amount of heat dissipated along each path may be differdt allows the temperature at any point along each path to be
calculated easily. Therefore, along each path, the average tem-

perature inside the MR sensor stack will be found halfway be-
tween the hottest point within the sensor and the corresponding

. . . . interface. In other words, the average temperature can be found
The thermal resistance of the air-bearing surfges is shown g P

bel hereh (W/M? - K ts th tion h by evaluating the thermal network with the sensor’s thermal re-
elow, whereh (W/(m* - K)) represents the convection heagiq. .o ajong each path cut in half. It is important to note that
transfer coefficient [7]

the sensor’s thermal conduction length depends on the total dis-
1 tance that heat must travel from the hottest point, which is not
Raps = ——. (4) necessarily the geometrical center of the sensor. This conduc-
h-A tion length within the sensor is different for each path and is
Using these equations, the equivalent resistance of the entire fendent on the resistance of the path on the opposite side. For
work can be determined by applying the same rules that apg@mple, if the top gap is slightly thicker than the bottom gap,
to electrical resistors connected in series and parallel. the hottest point within the sensor will shift upward, responding
The generated heat must equal the total heat dissipated. Hedhe increased resistance along the top gap path.
is generated by Joule heating and is dependent on currant

L=C- (Qperfect/k)' (3)

the electrical resistance of the sen#nsor clectrical [ll. RESULTS AND DISCUSSION
Fig. 3 shows the average sensor temperature as a function
Qgenerated = 1 % Reensor electrical - (5) of bias voltage squared. The experimental data was measured

from NiMn-based spin valve (GMR) heads, with nominal
Note that the sensor’s electrical resistance has significant temader widths of :m, and stripe heights from 0.26 to 0.681.
perature dependence and is well documented [2], [4], [8]. Thithie average sensor temperature was calculated by dividing
dependence introduces the need for an iterative solution methibd. Joule-heat sensor resistance rise (in percentage) by the
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temperature coefficient of resistance (TCR) of the sensor stack. 2R

Excellent agreement was obtained between the model and 2edl) 1 \J

experiment. The model was also compared with finite element L M0 | s

analysis data for an AMR head with similar results in Fig. 4. % = 2 1l ¥

The MR head used for the finite element comparison possessed ¥ = ™ W

a sensor thickness of 51 nm, a stripe height of /Ing and a g g 1w P S— ]

2.4 um track width. £ f 10— g1 *ouperimeat [ —
The model was used to investigate several spin valve geome-  — :f’:' o ]

tries. However, all results shown here will be based on the same s : F : -1

default characteristics from a typical spin vellvA typical tem- ""L? e =i T A

perature profile is shown in Fig. 5. This profile is created using Vohage Squared (V/1000)

five known data points and averaging between them. The five
Qata points are the maX|mL_1m sensor temperature .and the ”ﬁé(.'& Average sensor temperature as a function of squared voltage. Squared
imum temperature at each interface, which are easily calculatetlage is proportional to power but more conducive to measurement. Here, the
once the location of maximum sensor temperature is kno\quel is compared to experimental results from MR sensors of relatively small

. . . . size.
using (1) and (2). These maximum interfacial temperature lo-

cations are chosen such that they are as close as possible to 95
the maximum sensor temperature. Conduction directly between L 8
the maximum sensor and interface temperatures is linear and . =™ ' ' -
one-dimensional (1-D). The heat flow along other paths is cal- £ 175 i e, =
culated as the vector combination of the two adjacent 1-D paths. 2 150 | -

Fig. 6 illustrates the partitioning of generated heat through ] -
each surface of the sensor. The largest portion of the heat is £ e ' | B ANSYS, maximum
conducted away through the gaps. Although the thermal con- ._E 106l i { O ANSYS, nvernge
ductivity of the gaps is small, the gap surfaces account for the 44 lg | | ® madel, maxirum. |

majority of a typical sensor’s surface area. Also note the large
portion of the generated heat that is removed by the leads due

to the high thermal conductivity of the lead materials. In this o 2 : o
analysis, the thermal conductivity of the leads is calculated as Power (]

the weighted average (by thickness) of the permanent magnets . .
Fig. 4. Average and maximum sensor temperature as a function of power.

f"md ContaCt.S' The Contripmion of th.e leads in Qissipating h@fﬁre, the model is compared to an ANSYS finite element program analyzing
increases significantly with decreasing track widths as shownMR sensor of relatively large geometry.

in Fig. 7. If all other parameters are held constant, the leads will
become the dominant conduction path when the track width is Feackpap SENSOT

I'|'|.||||.' 1, BVETaES

less than 0.3wm. The decreased distance that heat must travel lemperatine
through the sensor in that dimension makes only the lead paths B 180-1T5
more thermally conductive. Therefore, one can expect the leads @ 145-160
to be a dominant thermal conduction path as the areal density > B 130-145
of MR sensors increases, due to the corresponding decrease in E i
both track width and stripe height (a decrease in stripe height 'I st
has a small effect on the percentage of heat dissipated through II = -119
the six surfaces of the sensor; this is because the surface area r

of the gap/sensor and lead/sensor interfaces are reduced in pro- mir-bearing surface (ADS)
portion with one another; furthermore, while the ABS and back
gap paths do dissipate larger portions of heat as stripe height'de-5. Calculated temperature profile within the sensor.
creases, their contribution does not become significant until the
track width is approximately an order of magnitude larger than back gap '?ff
the stripe height). % '
The effects of varying all of the given default parameters was
studied. The results show that the sensor is quite sensitive to

IThe default parameters used in this study are>G@mbient temperature,
sensor sheet resistance of @5sensor thermal resistance coefficient (TCR) of
0.28% K, 7 mA bias current, 50 nm sensor thickness with a thermal conductivity
of 35 W/m- K [2], [8], 500 nm stripe height and track width, 40 nm top and
bottom gaps with thermal conductivities of 1 W/ [2], [8], 2000 nm shields
with thermal conductivities of 35 W/mK [2], [8], 100 nm thick leads (contacts
plus permanent magnets) with a weighted average thermal conductivity of 66
W/m - K [7], and a convection heat transfer coefficient at the ABS (calculated
by finite element analysis) of 26 000 W/tm K). Fig. 6. Partitioning of generated heat through each surface of the sensor.

fog gap £3%
26%
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Fig. 8. Sensor temperature as a function of gap thermal conductivity.
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250

pected. Sensor temperature increases in an exponential fashion

with increasing bias current and decreasing sensor thickness and 150l 2

Fig. 7. Fraction of generated heat dissipated through each sensor surface asa = Avernge | |
function of track width. o - Polainisen
_; ::_\ -\H‘\\.‘ | SN TS
. . . . . -_:- {HI i
changes in sensor thickness, stripe height, and bias currentasex- = - &
& 175
o
o

stripe height. However, some interesting, less intuitive results 125
are shown in Fig. 8. Note that the default value for the gap con- 0l 1
ductivity (1 W/(m - K)) lies within the highly sensitive region ' n 160 -

of the graph. The maximum sensor temperature decreases by
over 100°C when the gap conductivity is increased from 0.1

to 1 W/(m - K). This illustrates the need for reliable thermal
conductivity measurements of thin films. Furthermore, the dalty- -
show that significant improvements in sensor reliability can be

Lend Condiscriviny [ W/m K]

Sensor temperature as a function of lead thermal conductivity.

achieved by replacing the current gap material of choice (alu- il

mina) with a material of even marginally higher thermal conduc- 4517 T e 1
tivity. It is important to note that this improvement in reliability i —_— a.-.:-...;::;.... -
may be made without sacrificing the performance of the sensor. —

For example, one possible candidate is beryllium oxide, which
has a high electrical resistivity, and a thermal conductivity (in
bulk form) over 7.5 times that of bulk alumina [7]. However,
Fig. 8 also illustrates that further efforts to increase the gap con-
ductivity from 10 to 100 W/(m K) will yield insignificant im-
provements in heat dissipation.

The effect of varying lead conductivity is similar, showing a
large change in sensor temperature over a finite region as illus-
trated in Fig. 9. Replacing the contacts and/or permanent mag-
nets with higher conductivity materials will yield significant re-
ductions in sensor temperature. For example, the lead conduc-
tivity used in this analysis was based on tantalum contacts with a
thermal conductivity of 57.5 W/(mK). Switching to gold con-
tacts, with a conductivity of 317 W/(mK), increases the lead
conductivity to 207 W/(m K) (compared to 66 W/(mK) with
Ta) [7]. The potential sensor temperature drop is ovet@5  Fig. 10. Additional sensor temperature rise due to interfacial resistance. The

The effect of interfacial resistance between adjacent materiklgistance was characterized as a 0.5 nm air gap, with a thermal conductivity of
was also studied. Fig. 10 illustrates how the addition of an intey 2263 Wim- K171
facial resistance further increases the temperature rise within the . . _ I .
sensor. As mentioned previously, the main cause of interfac‘gm'nates_) may also yleld_beneﬂts in sensor reliability without
resistance is due to the inability to create completely intimat@MPromising sensor design ar periormance.
contact between two material layers. This cause is an artifact of
processing, not a designed feature of the device. Therefore, opti-
mizing processing conditions such as sputter deposition rate (ta'he Joule heating characteristics of a magnetoresistive sensor
reduce interface porosity) and photoresist liftoff (to remove cooan be simply yet effectively modeled as a bank of thermal re-

l'emp. Rise due 1o Interfacial Resistance |%C)
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SEOC PR
eop/shield
ahy

Bsirllh g s ld
sensonhackean

hoth senaod | el
bith sensargap

IV. CONCLUSION



1136 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 3, MAY 2001

sistances. The results of modeling the sensor in this fashioniikei Tsu received the B.S. and M.S. degrees in materials science from National

|ustrate the Importance of the contacts and permanent magﬁ- @-Hua UniVerSity, SinChU, TaiWan, in 1986 and 1988, respectively, and the

. .. . Ph.D. degree in materials science from the University of Wisconsin, Madison,
(leads) in dissipating heat. Furthermore, the model suggests gnqg%. 9 Y

improvements in reliability and performance can be obtained byHe conducted his postdoctoral research at Argonne National Laboratory, Ma-

increasing the thermal conductivities of the gap and lead mat@iials Science Division, Argonne, IL. In 1997, he began working as a Device
ial d also b timizi . diti ¢ . .. Physicist in Seagate Technology’s Recording Head Group, Minneapolis, MN.
rals and also by opimizing processing conaiions 1o MINIMIZE . 15 was given the Presidential Scholar Award from the Microscopy So-

interfacial porosity, oxidation, and contamination. ciety of America in 1996.

ACKNOWLEDGMENT

The authors would like to thank W. P. Wood for his insights

on modeling magnetoreistive heads.

Clifton H. Chang was born in New Haven, CT, in 1953. He received the B.S.
degree in electrical engineering from the Massachusetts Institute of Technology,
REFERENCES Cambridge, and the Ph.D. degree in mechanical engineering from Columbia

[1] J. C. MallinsonMagneto-Resistive Heads, Fundamentals and Applica/niversity, New York.
tions San Diego, CA: Academic, 1996. He has over 18 years of experience in the disc drive industry through his

[2] A.Jander, R. S. Indek, J. A. Burg, and J. H. Nickel, “A model for pre€Mployment with Control Data and Seagate Technology, Minneapolis, MN.
dicting heating of magnetoresistive head&EE Trans. Magn.vol. 32,
pp. 3392-3394, Sept. 1996.

[3] V. M. Tobin and K. Atesmen, “Magnetoresistive stripe temperature cal-
culation,”J. Appl. Phys.vol. 87, pp. 6627-6629, May 2000.

[4] Y. Guo and K. Ju, “An analytical thermal model for MR head&sEE
Trans. Magn.vol. 33, pp. 2917-2919, Sept. 1997. . . . . . .

[5] T.Imamura, H. Kanai, and J. Toda, “An FEM analysis of the temperatu% Austin Chang recelve_d the B.S. and Ph_.D. d_egrees in chem|cal engineering
rise distribution in a GMR head due to the sense current and cont@d metallurgy, respectively, from the University of California, Berkeley, and
resistance,1EEE Trans. Magn.vol. 35, pp. 2559-2561, Sept. 1999. the M.S. degree in chemical engineering from the University of Washington,

[6] D. G. Pierce and P. G. Brusius, “Electromigration: A revieMicro- ~ Se€attle.

electron. Reliah.vol. 37, no. 7, pp. 1053-1072, 1997. He spent several years in industry prior to joining the Faculty of the Materials
[7] F. P. Incropera and D. P. Dewitintroduction to Heat Transferard Department, University of Wisconsin, Milwaukee (UW-Milwaukee), in 1967
ed. New York: Wiley, 1996. as an Associate Professor, and was promoted to Professor in 1970. In 1980, he

[8] C.H.Chang, “Three-dimensional transient simulation of magnetoresiined the faculty of the Department of Materials Science and Engineering at
tive head temperature during an ESD evedt,Electrostaticsvol. 44, University o_f Wisconsin, Madison (U\_N-Madlson). He first served as the Chair
pp. 267—280, 1998. of the Materials Department at UW-Milwaukee and then at UW-Madison, where

he served as Chairperson for 15 years. In 1991, he returned to full time teaching.
Dr. Chang was appointed Wisconsin Distinguished Professor in 1988. He is a
member of the National Academy of Engineering and has received many honors
Peter F. Ladwigwas born in 1974 in Wausau, WI. He received the B.S. degremd awards such as the William Hume-Rothery Award of TMS (1989), Fellow
in mechanical engineering from Marquette University, Milwaukee, W1, in 199&f TMS (1991), Educator of TMS (1990), the Extraction and Processing Award
and is currently a Ph.D. candidate in the Materials Science Program at the UiiiMS, 1993), the John Bardeen Award of TMS (2000), Fellow of ASM Interna-
versity of Wisconsin, Madison. tional (1978), Albert Easton White Distinguished Teacher Award of ASM-In-
He has gained industrial experience as a mechanical engineer, manufactuengational (1994), and the Albert Sauveur Achievement Award of ASM-Inter-
engineer, and materials engineer while working for HUSCO Internationalational (1996). In June 2000, he was one of seven foreigners elected to the Chi-
Tower Automotive, and Seagate Technology, Minneapolis, MN, respectivelynese National Academy of Sciences. His research interest is in the application of

Mr. Ladwig received several awards while at Marquette, including the Outiermodynamics/phase diagrams and kinetics to a variety of materials from ex-
standing Freshman, Outstanding Junior, and the Walter M. Hirthe Memortedction/refining to structural and electronic materials. He has co-authored more
Award for the top student pursuing graduate study. than 400 publications and one patent. He is President of TMS, 2000.



