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storage drives
Tape storage drives use lithographically deposited anisotropic
magnetoresistive (AMR) sensors to read magnetic transitions
written on tape. The read-back signal and the reliability of an
AMR sensor are both affected by sensor temperature. Because
current passes through the sensor, it is subject to joule heating,
dependent on both the geometry of the sensor and the thermal
conductivities of its material. Because of the resources required
to build new sensors, the ability to predict the effects of
dimensional changes on sensor temperature is important. This
paper describes an analytical model and a three-dimensional
finite element analysis (FEA) of the heat transfer for a
shielded rectangular-sheet AMR sensor under joule heating
over a range of sensor dimensions. The novel analysis
consolidates the experimental and FEA data into a few
parameters that make it possible to calculate the sensor
temperature as a function of power for a wide range of
geometries, thus assisting designers who need to set current
limitations on the read elements of extant drives and to
extrapolate to next-generation drives. We also evaluate
the temperature of a sensor and the substrate in a drive,
combining the heating from writers and readers. Heat flow
away from the head substrate was found to be significantly
higher when the tape is moving than when it is stationary,
and a simple model is developed to describe the heat
dissipation of the substrate as a function of tape velocity.

Introduction
Magnetic tape storage drives primarily use shielded
anisotropic magnetoresistive (AMR) sensors to read
signals written on magnetic tape [1–3]. The active
portion of the sensors is deposited as thin rectangular
resistive sheets (stripe) containing an AMR material. The
resistance of an AMR material is greater when current is
parallel to the magnetization direction than when the two
vectors are perpendicular. Magnetic flux from the tape
surface causes the sensor magnetization vector to rotate.

Electrical leads are used to connect to external devices.
Current is passed through the sensor, and the AMR
signal is measured as a voltage change. Current applied
to the sensor also results in heating. With increasing
temperature, the AMR effect decreases by approximately
0.01% �C�1, resulting in a decreased signal [4]. With
increasing temperature, the AMR stripe and the shields
can undergo magnetic changes [5–9] that can degrade the
performance of the sensor. At higher temperatures and
currents, diffusion or melting of the materials can cause

�Copyright 2003 by International Business Machines Corporation. Copying in printed form for private use is permitted without payment of royalty provided that (1) each
reproduction is done without alteration and (2) the Journal reference and IBM copyright notice are included on the first page. The title and abstract, but no other portions, of this
paper may be copied or distributed royalty free without further permission by computer-based and other information-service systems. Permission to republish any other portion of

this paper must be obtained from the Editor.

0018-8646/03/$5.00 © 2003 IBM

IBM J. RES. & DEV. VOL. 47 NO. 4 JULY 2003 I. E. T. IBEN ET AL.

401



degradation or destruction of the sensors [4, 6, 10 –12].
Because of the close physical proximity of the shields to
the stripe, shield temperatures rise as a result of thermal
diffusion from a powered sensor. Elevated temperatures
increase the rate of shield oxidation [6], which causes
signal losses due to Wallace spacing [13]. Because tape
heads use multiple sensors and writers embedded within
a single substrate, the joule-heating power from the
elements causes a rise in the substrate temperature [4].
Tapes are composed of plastic substrates with organic
binders whose stability and glass transition temperatures
are of the order of 40�C to 50�C [14]. Elevated
temperatures of materials in the tape-head substrate can
potentially accelerate physiochemical reactions and cause
problems such as tape deterioration or head damage. To
optimize performance and reliability, it is important to
limit the temperature of the AMR sensor, the shields,
and the substrate in which the sensors are embedded.

The temperature rise of a device is measured
experimentally by the increase in the device resistance
[4, 15, 16]. To determine the thermal distribution throughout
a device as a function of geometry, both analytical [4, 17, 18]
and finite element analysis (FEA) have been used [15, 19].
While analytical models of the thermal distribution in
the sensor and the shields are useful, accurate models can
be excessively complicated. Performing FEA computations
is relatively standard with today’s computers, but
determining the appropriate parameters and comparing
the results with experimental data can be difficult. To
determine the stripe temperature as a function of current
in a drive operation, it is preferable to be able to use a
simple expression, rather than maintaining a multitude of
plots for different sensor (stripe and shield) geometries
and power levels. Considering the range of geometric

dimensions of tape-head readers, the need for a simple
equation that predicts sensor temperature as a function of
power becomes especially evident.

Figure 1 shows a schematic of the relevant components
of a shielded AMR sensor. In the center of the figure is
the AMR stripe, which, for thermal analysis, is a thin-
sheet resistor. The sheet lies in the xz plane. The read-
track width, W, lies along the x-axis, centered at x � 0,
and the stripe height, H, points in the �z direction. The
air-bearing surface (ABS) is in the xy plane at z � 0, with
the tape surface just above z � 0. Tape passes along the
ABS in the �y direction. The AMR sensor is separated
from magnetically soft shields S1 and S2 by alumina, with
the shield-to-shield spacing labeled gap. The shields are
embedded in a solid undercoat and overcoat. The
undercoat is then deposited onto a substrate, which
is usually a hard ceramic material. Traditionally, an
additional material, closure, is bonded onto the overcoat
to protect the soft alumina and sensor materials from
wear. Both the underlying substrate and the closure are
referred to hereafter as the substrate. To form a functional
tape head, the ABS is lapped (polished) to a highly smooth
surface. This polishing decreases the value of H. The
choice of the value of H (which can range over a factor
of 2 or more) is based upon both performance [2, 3]
and manufacturing tolerances. As the linear ( y-axis)
and transverse ( x-axis) densities of magnetic transitions
written to the tape are increased for higher storage
capacity, gap, H, and W will decrease.

Data is written on tape in multiple parallel tracks along
the length of the tape. To align the read sensors or writers
with the desired tracks, special AMR sensors, termed
servos, are located on the tape head to read pre-written
data (servo patterns) from the tape. The servo information
is then used to guide transverse motion of the head during
reading or writing processes. The dimensions of the servos
are usually different from those of the readers, with values
of the order of one-half to two times the reader track
width. Thus, within a product, the range of both H and W
can vary greatly, so a simple analytical expression for
evaluating the temperature of a stripe as a function of
power and dimensions is extremely useful.

In this paper, we present simple analytical expressions
to predict—as a function of the power applied to the
AMR sensors and writers and of the tape velocity—the
temperature of the sensors and the tape-head substrate
when operating in a drive. The models to describe the
joule heating of the sensors include the temperature
dependence of the sensor sheet resistance and the
dimensions of the sensor. The necessary parameters for
the models are determined from experimental data. The
average temperature of shielded AMR sheet resistors
was measured as a function of both the current and the
geometrical dimensions of the sensors. Steady-state FEA,

Figure 1

Schematic of the read-sensor layout.
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which includes the temperature dependence of the sheet
resistance and the power deposition into the stripe, was
performed to determine the distribution of temperatures
throughout the entire reader, including the sheet resistor
and surrounding shields. The initial values of the thermal
properties of the materials were taken from literature and
were adjusted to best fit the experimental data over a
range of sensor dimensions. A simple analytical model
is also developed to determine the tape-head substrate
temperature as a function of power into the head from the
readers and writers and the heat dissipation to moving
tape. The models are then extended to operation in a
drive.

Experimental details and results

Materials
The AMR stripes used in this study were thin multilayered
rectangular sheets that include an 81 Permalloy (81:19 Ni:Fe)
sensor with self-biasing from a soft adjacent layer (SAL).
Permanent magnets (hard bias) are located at the ends of
the sheet resistors for further sensor biasing of the sensor
magnetization. Figure 1 shows a schematic of the relevant
components of the shielded AMR sensor, described above.
The bulk of the data was collected on sensors with a gap
of 0.37 �m, a sensor Permalloy thickness (tmr) of 30 nm,
a SAL thickness (tSAL) of 24 nm, and a sheet resistance
(Rsheet) of 6.2 �/�. Some parts were studied that had a
gap of 0.5 �m, a tmr of 40 nm with a tSAL of 32 nm, and
an Rsheet of 4.6 �/�. S1 is 1.8-�m-thick annealed Sendust
(Fe:Si:Al, 83:12:5). S2 is 3-�m-thick 81 Permalloy. The
sensor stripes have read-track widths (W) between
4 �m and 13 �m and read-stripe heights (H) that
range from 1.4 �m to 3.4 �m.

While older tape products used magnetic nonconductive
ferrite substrates on which the sensors were deposited
[4, 14], the substrate used in this study was made of
nonmagnetic conductive AlTiC. Furthermore, while
conventional tape heads use a contoured ABS [14], the
tape head we studied has a flat-lapped ABS [20]. The
area of the ABS in contact with tape is 4.8 mm2.

The tape used has four layers: a 0.2-�m thick magnetic
layer of �Fe2O3 magnetic particulates and a binder;
a 2-�m-thick underlayer of nonmagnetic metal-oxide
particulates embedded in a binder; a 6-�m-thick
polyethylene naphthalate (PEN) layer; and a 0.5-�m-thick
back coat. The density, heat capacity, and thermal
conductivity of the magnetic layer are approximately
1.7 g cm�3, 1 J g�1 �C�1, and 0.41 W m�1 �C�1, respectively
[14]. The underlayer should have properties similar to
those of the magnetic layer. The density, heat capacity,
and thermal conductivity of the base layer are
approximately 1.3 g cm�3, 1.27 J g�1 �C�1, and

0.19 W m�1 �C�1, respectively1 [21]. To ensure close
contact of the ABS and the tape surface, tape moving
over the surface overwraps the leading and trailing
edges of the substrate.

Sensor resistance as a function of stripe dimensions
and temperature
The sensor resistance (Rtotal) is a series combination of the
resistance of the leads, the hard bias (R lead-hb), and the
active AMR stripe section (Rmr). For a device, the track
width is fixed to high accuracy in the wafer lithography
process and its value is known. Owing to lapping
tolerances in the preparation of the sensor, the stripe
height varies from one sensor to another, and its value
must be calculated from the total measured resistance
using the equations

Rmr�Tmr� � �W/H	Rsheet�Tmr� � Rtotal�Tmr� � Rlead-hb (1a)

and

H � W�Rsheet��Tmr�/�Rtotal�Tmr� � Rlead-hb	. (1b)

The stripe sheet resistance (Rsheet) is a function of the
stripe temperature (Tmr). The combined resistance of the
lead and hard bias (Rlead-hb) is 7.5 � 0.7 � for the parts.
Although the stripe comprises multiple layers, it is very
thin and is treated as a single sheet with an effective
homogeneous sheet resistance. To determine the
temperature of an AMR stripe, it is necessary to know
�mr, the thermal coefficient of fractional resistance change
per temperature change of the AMR stripe, as defined by

Rmr�Tmr� � Rmr�Tst��1 � �mr�Tmr � Tst�	, (2)

where Tst is an arbitrarily chosen standard temperature
(� 25�C). To determine �mr experimentally, the leads of
an AMR sensor are bonded to a cable, and the cabled
sensor is heated in an oven while the resistance is
measured as a function of temperature. For an accurate
determination of �mr, the temperature-dependent
resistances of the leads and the cable are measured and
subtracted from the total measured resistance. The
quantity �mr is determined to be 0.0025 � 0.0001�C�1.

Joule heating and thermal conductance
A simple empirical model for predicting the temperature
rise of an AMR stripe as a function of current is to
assume that the joule-heating temperature rise of the
sensor (
Tmr-joule) is proportional to the power deposited
in the stripe (Pmr), as given by


Tmr-joule � Pmr /kmr � Rmr�Tmr�Imr
2 /kmr , (3)

1 Values are for polyethylene terephthalate, a common base used for magnetic
storage tapes.

IBM J. RES. & DEV. VOL. 47 NO. 4 JULY 2003 I. E. T. IBEN ET AL.

403



where Imr is the current passing through the sensor and
kmr is the AMR sensor thermal conductance.

Combining Equations (2) and (3) yields the AMR
resistance and joule-heating temperature rise as functions
of current, as shown respectively in Equations (4a) and (4b):

Rmr�Imr� � Rmr�Imr � 0�/�1 � �mr Imr
2 ] (4a)

and


Tmr-joule � ��mr/�mr�Imr
2 /�1 � �mr Imr

2 	, (4b)

with �mr defined through

kmr � �mr Rmr�Imr � 0�/�mr . (4c)

The physically relevant parameter kmr is derived from the
resistance versus current data using the fitting parameter �mr

[Equation (4c)]. To extract �mr, Equation (4a) can be
rearranged to give a function that is linearly dependent
on the square of the sensor current:

�Rmr�Imr� � R�Imr � 0�	/Rmr�Imr� � �mr Imr
2 . (5)

Figure 2 is a plot of the transformed AMR resistance
given in Equation (5) as a function of current squared for
two AMR stripes with two different track widths of 7.6 and
12.6 �m, with other geometrical values remaining the
same. The tmr was 30 nm, and the gap and stripe height
were 0.37 �m and 2.2 �m, respectively. Figure 3 shows the
experimentally determined and calculated joule-heating
temperature rise plotted against current squared for the
same AMR sensors shown in Figure 2. The experimentally
determined temperature rise is derived from the measured
resistance using Equation (2) with Equations (1a) and
(1b). The calculated temperature rise uses Equation (4b)
with the experimentally determined �mr of Figure 2.
Note that for the same current or current density, the
sensor (servo) with W � 7.6 �m is cooler than the sensor
(reader) with W � 12.6 �m.

Experimental model for thermal conductance
Thermal conductance varies with sensor geometry. Thus,
to predict the temperature of AMR stripes as a function
of bias current for a range of geometries, we measure the
thermal conductance for a range of stripe heights and
track widths. Figure 4 is a plot of the experimentally
determined thermal conductance as a function of stripe
height for AMR sensors with track widths of 12.6 and
7.6 �m, which are lapped to stripe heights between 1.4
and 3.4 �m. For a fixed gap, the stripe height and track

Figure 2

Data and fit for transformed AMR stripe resistance as a function of 

current squared for sensors with a t
mr
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Data and fit for the AMR stripe joule-heating temperature as a 

function of current squared for the same parts shown in Figure 2.

0

20

40

60

80

100

120

0 50 100 150 200 250 300

W � 12.6

W � 7.6

�
mr

 � 0.00080 mA�2

�
mr

 � 0.0025�C�1

�
mr

 � 0.00066 mA�2

	T
mr

(I ) � (�
mr

/�
mr

)I
mr

/[1 � �
mr

I
mr

]

	
T jo

u
le

  
(�

C
)

Current2  (mA2)

22

Figure 4

Thermal conductance as a function of stripe height of AMR 

sensors with a t
mr

 of 30 nm, a gap of 0.37  m, and track widths of  

7.6   m (red diamonds) and 12.6   m (blue circles).

0 1 2 3 4
0

0.04

0.08

0.12

k
mr

 � k
H

H � k
W

W � k
HW

HW
k

H
 � 10.63    W   m�1�C�1

k
W

 � 7.56    W   m�1�C�1

k
HW

 � 0.12    W   m�2 �C�1

Stripe height  (  m)

k m
r 
 (

m
W

 �C
�

1
)

�

��
��

��

�

� �

I. E. T. IBEN ET AL. IBM J. RES. & DEV. VOL. 47 NO. 4 JULY 2003

404



width dependence of the thermal conductance is modeled
by the empirical second-order quadratic equation,

kmr � kH H � kW W � kHW HW, (6)

where kH, kW, and kHW are dependent on the thermal
conductivities and dimensions of the gap, shields, and
overcoat.

Also shown in Figure 4 are the best 
-square
minimization fits using the parameters kH, kW, and kHW,
whose values are tabulated in Table 1 (wafer 1). Values of
the thermal-conductance-fitting parameters derived from
experiments using wafers with different sensor geometries
or different deposition tools are also given in Table 1.
The errors in the fitting parameters are one standard
deviation in the mean-square deviation between the fit
and the data.

In addition to being dependent on stripe height and
track width, the thermal conductance parameters are also
gap-dependent. Values of thermal-conductance-fitting
parameters as a function of stripe height and track width
for a gap of 0.5 �m are given in Table 1 (wafer 4, line 2).
The fact that thermal conductance decreases with increasing
gap emphasizes the importance of including the shields
in an analysis of the heat flow. Wafers 3 and 4 are
used to compare the effect of the gap on the thermal
conductance, because all other parameters are identical
for these parts, and the wafers are deposited using the
same tools in the same physical location. The ratio of
the measured thermal conductance at a gap of 0.50 �m
compared with a gap of 0.37 �m (k0.50/k0.37) was 0.85 � 0.01
for track widths of 4 and 12.6 �m and stripe heights
between 2 and 4 �m (wafers 3 and 4). Given the size of
the gaps compared with the surrounding material, the
shields act as heat sinks, drawing away much of the heat
from the AMR stripe. If the temperature drop to ambient
temperature occurred entirely across the gap, kmr would
vary inversely with the gap, and k0.50 /k0.37 would be
expected to be 0.74. A more accurate representation of
the dependence of kmr on gap is �1/gap. Equation (6)
can then be modified to include the gap dependence of
the thermal conductance:

kmr � �gap0

gap
�kHH � kWW � kHWHW�, (7)

where gap0 is arbitrarily chosen to be 0.37 �m. With only
two gaps studied, the dependence is not well substantiated.
The value of k0.50/k0.37 is between unity and the ratio of the
gaps because the shields are not perfect heat sinks and are
at a temperature intermediate between the stripe and the
ambient value.

Thermal modeling
The FEA was carried out using the commercial software
tool ANSYS**, with an approach similar to that
described by Young [15]. Also, the mesh size was varied
appropriately for the size and location of the material.
The sensor, which was thin and was the source of the
heat, had a fine mesh, as did the thin-gap alumina. The
shields, which were close to the sensor, also had a fine
mesh size, but larger than that of the sensor. Regions
farther from the heat source had a coarser mesh size. The
model also included the temperature-dependent electrical
resistivity of the sensor in the calculations. The boundary
conditions set the temperature of the substrate and
closure at 25�C.

The thermal conductivity parameters used in the FEA
are taken from the literature and adjusted to best fit the
experimental data over a range of sensor geometries. The
thermal conductivity of the AlTiC substrate was taken to
be 20 W m�1 �C�1. Owing to the relative thickness of the
shields, the thermal conductivities of S1 and S2 should be
similar to their bulk values and related to their electrical
conductivity [19]. The electrical resistivity of Sendust
and Permalloy 81 are around 80 ��-cm and 15 ��-cm,
respectively [11]. Correlation with alloys listed in the CRC
Handbook of Chemistry and Physics [22] indicates that the
thermal conductivities of Sendust and Permalloy should
be in the range of 13 to 20 W m�1 �C�1 and 40 to 60
W m�1 �C�1, respectively, which are higher values than
those used in this report. The thermal conductivities used
for the metals were 120, 8.5, and 21 W m�1 �C�1 for the
leads, shield S1, and shield S2, respectively. The values of
S1 and S2 are similar to those reported in other FEAs:

Table 1 Thermal conductance parameters from FEA and experiments.

Type W range
(�m)

H range
(�m)

Gap
(�m)

kH

(W �C�1 m�1)
kW

(W �C�1 m�1)
kWH � 106

(W �C�1 m�2)

FEA 4 –13 1– 4 0.37 10.4 � 2.1 6.0 � 0.6 0.86 � 0.22
Wafer 1, line 1* 7.6 –12.6 1.5–3.5 0.37 11.3 � 4.4 7.5 � 0.9 0.06 � 0.4
Wafer 2, line 2* 7.6 –12.6 1.5–3.5 0.37 9.2 � 0.9 7.7 � 0.2 0.33 � 0.09
Wafer 3, line 2* 4 –12.6 2– 4 0.37 7.0 � 1.5 8.8 � 0.9 0 � 0.3
Wafer 4, line 2* 4 –12.6 2– 4 0.5 6.0 � 1.5 7.5 � 0.9 0 � 0.3

*Lines 1 and 2 are distinct deposition locations and tools.
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9 and 40 W m�1 �C�1 in [19], and a single value of 13
W m�1 �C�1 in [15]. While the thermal conductivity of the
thick overcoat and undercoat aluminas might be close to
the bulk values, the thermal conductivity of the thin-gap
alumina is very different from the bulk values [19, 23].
The optimum thermal conductivity for the gap alumina
was 1.5 W m�1 �C�1, which is intermediate between the
values of 1 and 3.5 W m�1 �C�1 reported by Ju et al. and
Young [15, 19].

An isothermal contour plot at the ABS is shown in
Figure 5, using a power in the sensor of 5.2 mW for a
stripe with a tmr of 30 nm and a track width, stripe height,
and gap of 12.6, 2.25, and 0.37 �m, respectively. As

expected, the AMR stripe is the hottest region. The
shields are also at elevated temperatures, with the
fractional joule-heating temperatures of the shields within
the width of the stripe being over 75% of the average
sensor temperature rise. Furthermore, shield S2, which is
thinner and has the lower thermal conductivity, is hotter
than shield S1.

An isothermal contour plot of the sensor is shown in
Figure 6. The thermal distribution within the sensor is
relatively uniform, as seen in Figure 7, which is a plot of
the temperature of the AMR stripe along the ABS from
the center of the stripe to the track-width edge. The
temperature of the shields is also important. Figure 8
shows an isothermal temperature distribution of shield S2,
using a power in the sensor of 5.2 mW. The precipitous
temperature drop from the stripe to the shield is evidence
of the large effect on the thermal distribution from the
relatively high thermal conductivity of the shield compared
with that of the gap or overcoat alumina. The ratio of the
maximum joule-heating temperature rise of shield S2
(26�C) compared with that of the stripe (41�C) is 63%,
with the drop occurring over a distance of 
0.16 �m. The
remaining drop in heat through the overcoat alumina
occurs over a distance of 
25 �m. The fact that the
shields serve as major heat sinks for the sensor is shown
experimentally by the dramatic dependence of the sensor
thermal conductance on the gap size.

Comparison of experiments with FEA and other
models
The thermal conductance as a function of stripe height
and track width is used to compare the temperatures
determined by FEA with the experimental values. The
thermal conductance measured by FEA is calculated
by dividing the deposited power by the average AMR

Figure 5

Temperature distribution in the neighborhood of an AMR stripe 

on the air-bearing surface. The temperature along the track is 

quite uniform, and the highest temperature occurs in the middle of 

the AMR stripe, as expected. The maximum temperature rise is 

about 41�C.
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temperature. FEA calculations of sensor temperature
rise using a constant current density and a temperature-
independent sheet resistance and including the effects of
leads for a range of track widths and stripe heights for a
gap of 0.37 �m are tabulated in Table 2 and plotted in
Figure 9. The thermal conductivities given earlier have
been adjusted to give a best fit to the experimentally
determined values of thermal conductance, as shown in
Figure 9. Also shown in the figure is the fit to the FEA
thermal conductance using Equation (6), and the
results are given in Table 1 (FEA). The FEA and the
experimental values agree within several percent over the
range of stripe heights and track widths measured. The
differences are due to a combination of experimental
errors and approximations used for both the FEA and
the experimental analysis. FEA calculations without
lead leakage yield similar results, but they do not yield
as good a fit for the full range of stripe heights and track
widths studied as when the lead leakage is included.

Interpretation of thermal conductance parameters
The quantity kmr contains the thermal conductivities of
the leads, gap, overcoat alumina, and shields, as well as
the sensor dimensions. Under certain assumptions, the
thermal conductance can be calculated analytically. For
example, assuming that the shields are perfect heat sinks
(no temperature rise above ambient) and W is large, Guo
and Ju [18] obtain the equivalent of Equation (4b) [see
their equation (7)] if one chooses kmr � 2(kAl/gap) HW,
where kAl is the thermal conductivity of the gap
alumina. However, the data and FEA presented in
Equation (7) of the present paper reach a quite
different conclusion. Because the shields are not
perfect heat sinks, the geometric dependence of the
thermal conductance is very different from the simple
analytical expression.

An instructive way of understanding the thermal
conductance parameters is to examine the relative
contributions made by the three thermal conductance

y

z x

Figure 8

Temperature distribution of the shield S2. Because of symmetry, 

only half of the shield is shown. The highest temperature occurs at 

the region near the AMR stripe and approaches the AMR average 

temperature.
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Table 2 Average joule-heating temperature rise, �
Tjoule�, from FEA at a constant current density. The AMR gap was 0.37 �m,
and Rsheet was 4.62 �/�. The AMR resistance was held fixed. Heat flux from the leads was included in the model.

Track width � 4 �m Track width � 13 �m

Stripe height (�m) 1 2 4 1 2 4
Total current (mA) 15 30 60 15 30 60
Power (mW) 4.16 8.32 16.63 13.51 27.03 54.05

�
T joule� (�C) 94 126 186 122 185 285

Thermal conductance (�W/�C) 44 66 89 111 146 190
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parameters to the total thermal conductance, as shown in
Table 3. For both the data and the FEA, the kHWHW
term, which is the dominant term if the shields are
assumed to be perfect heat sinks, contributes the least
amount of long-range heat flux. The dominant long-
range heat flux is from the linear terms kHH and kWW.
The linear terms are dominant not because of heat flow
through the thin ends of the sensor sheet, but because of
the three-dimensional nature of the heat flow through the
media surrounding the sensor, particularly the shields. For
the dimensions of extant tape heads, heat flow through
the leads is minimal. Though the bulk of the heat
leaves the sensor sheet through the sheet surface area,
2HW, it diffuses from the surrounding materials in three
dimensions, causing the temperatures in close proximity
to the sensor to fall more rapidly than would result from
a one-dimensional model, where heat flow is only in the
�y direction. As seen in Figures 7 and 8, the temperature
drops substantially (by about 37%) across the gap, but not
to room temperature, as in the case of an infinite thermal
conductivity for the shields [18]. The large temperature
drop across the narrow gap (compared with the undercoat
and overcoat alumina and metal shields) indicates that
the dominant heat flow is through the highly conductive
shields. The dominance of the linear terms kWW and kHH
reflects the fact that the dominant flow of heat is in the xz
plane of the shields (Figure 1). The heat flow to shields
S1 and S2 is assumed to be identical. The kWW term is
associated with heat flow through the shields in the
�z direction, while the kHH term is associated with
heat flow in both the �x and �x directions. Heat flow
through the leads also contributes to the kHH term.
Thus, the magnitude of the kH term should be larger
than that of the kW term as a result of two effects:
1) the heat flux through the leads; and 2) the fact
that heat flow in the solid shields has two paths
perpendicular to H, in both the �x and �x directions,
and only one path perpendicular to W, in the �z
direction. The kWW term is much larger than the kHH
term because W/H �� 1.

An analytical expression to fit the temperature rise of
AMR stripes with large W/H ratios (5.5 to 150) was used
by Dee and Thornly [4],

kmr�Dee �
W

A � B loge�W/H�
, (8)

implying that the thermal conductance is dominated by heat
flux in the material surrounding the sensor. Equation (8)
does not include the effects of leads. While the data
collected by Dee and Thornly requires that the parameters
A and B be of opposite sign, the data reported here
requires that the signs of both A and B be positive,
indicating that although Equation (8) is useful, a direct
physical interpretation of the parameters A and B is not
evident. Furthermore, while the analytical expression used
by Dee and Thornley can be used to summarize the data
reported here, the second-order expression of Equation (6)
is easier for understanding the effects of H and W on
limiting the sensor currents in a drive.

Extrapolation of the thermal conductance to smaller
dimensions
Equation (7), which includes the dependence of the
thermal conductance on W, H, and gap, can be used to
extrapolate to smaller dimensions. Figure 10(a) is a plot
of the average temperature rise as a function of the stripe
height of a giant-magnetoresistive (GMR) sensor [19] that
had a track width of 0.4 �m, a value range for H of 0.2
to 0.6 �m, and a gap of 30 nm, with an applied current
of 5 mA. The GMR sensor, which was designed for use in
high-density disk drives (HDDs), is also a shielded thin-
sheet MR sensor with a structural design similar to that of
the AMR sensor used in tape heads, but the multilayered
sensor sheet is composed of different materials from
those used in an AMR sensor, and the dimensions are
significantly smaller.

Figure 10(b) is a plot of the thermal conductance as a
function of stripe height of the same GMR sensor calculated
from the data in Figure 10(a) using Equation (3) with

Table 3 Thermal conductance and fractional contributions to the heat flux from kH, kW, and kHW for different W and H values
using parameters from FEA and experiments.

Type gap
(�m)

W � 12.6 �m, H � 2.25 �m W � 5.4 �m, H � 1.25 �m

kHH
(%)

kWW
(%)

kWHWH
(%)

k
(mW �C�1)

kHH
(%)

kWW
(%)

kWHWH
(%)

k
(mW �C�1)

FEA 0.37 19 61 20 0.123 25 63 11 0.051
Wafer 1, line 1* 0.37 21 78 1 0.122 26 74 1 0.055
Wafer 2, line 2* 0.37 16 76 7 0.127 21 75 4 0.055
Wafer 3, line 2* 0.37 12 88 0 0.127 16 84 0 0.056
Wafer 4, line 2* 0.5 13 88 0 0.108 16 84 0 0.048

*Lines 1 and 2 are distinct deposition locations and tools.
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Equations (1) and (2). The values for Rsheet and �mr were
taken as 20 �/� and 0.001�C�1, respectively.2 Also shown in
Figure 10(a) is an extrapolation of the thermal conductance
parameters used to fit the data in Figure 9 using
Equation (7), which reduces to kmr � 4.9 � 21.9H �W/�C
(H is in �m) for the data. To achieve the fit shown in the
figure, the extrapolated thermal conductance values were all
decreased by a multiplicative scaling factor ( fscale) of 0.58.
The other thermal conductance parameters given in Table 1
yield similar fits to the data shown in Figures 10(a) and 10(b)
with scaling factors between 0.5 and 0.58. The extrapolated
temperature rise as a function of stripe height was also
calculated and is shown in Figure 10(a). Equations (4b)
and (4c) and the extrapolation parameters shown in
Figure 10(b) were used.

The fact that a scaling factor is necessary to accurately
fit the thermal conductance for the HDD sensor using the
parameters determined for the tape drive sensor is not
surprising considering the fact that the gap, H, and W are
each decreased by more than a factor of 10 for the GMR
sensors compared with the AMR sensors. The relative
shield sizes are also not identical. The fact that the
extrapolation works so well over such a large range of
dimensions is because the structures are similar in their
overall design, both being thin rectangular sheets with
metal shields. One reason for requiring a scaling factor
(between 0.5 and 0.58) for the extrapolated thermal
conductance could be that the thermal conductance of
the gap alumina is thickness-dependent [19, 23] in the
thickness range of 13–160 nm. Another possibility is that
thermal leakage through the leads differs between designs
and dimensions. Furthermore, the shield dimensions affect
the sensor thermal conductance. Finally, the dependence
of the thermal conductance on �1/gap has been established
for only a narrow range of gaps and requires further study
to validate its use over a wider range. The extrapolation
was not given to advocate its use over such a wide range
in sensor dimensions, but rather to lend support to
the use of Equation (7) in making projections to future-
generation tape-head sensors prior to their fabrication.

Projected joule-heating temperature as a function
of current
Thermal conductance can be used to calculate the
temperature rise of an AMR stripe using Equation (4b).
Figure 11 shows the average joule-heating temperature
rise as a function of current for a sensor with a tmr of
30 nm, a W of 13 �m, and a gap of 0.37 �m for four
different stripe heights. As expected, for a fixed current,
the shorter the stripe height, the greater the joule-heating
temperature rise. What is not evident in Figure 11 is that

the increase in temperature with decrease in stripe
height is significantly lower than would be expected by
simply plotting the ratio of power densities for the two
conditions, as would be predicted using a crude one-
dimensional model of heat flow from a sheet resistor or
assuming that the shields are at ambient temperature. Two
instructive parameters are the maximum current (Imax) and
current density [ Jmax (� Imax/H)] at which an AMR stripe
reaches a fixed joule-heating temperature rise (
Tmax):

Jmax � Imax /H � �kmr /HRmr
�
Tmax /�1 � �mr
Tmax�

� �kmr /HWRsheet
�
Tmax /�1 � �mr
Tmax�. (9)

Imax and Jmax are respectively plotted against stripe
height in Figures 12(a) and 12(b) for a joule-heating
temperature rise of 80�C for track widths of 3 and 12 �m
and gaps of 120 and 360 nm. In a simple one-dimensional
heat-flow model of a thin rectangular heat source, kmr is
proportional to HW, leading to the prediction that the
joule-heating temperature rise of an AMR stripe would be
fixed by a constant current density that is independent of

2 Y. S. Ju, IBM Almaden Research Center, San Jose, CA, private communication
(Fall 2002).
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either the stripe height or the track width. However, a
three-dimensional heat-flow model deviates significantly
from the one-dimensional model. The smaller the
dimensions (H, W, gap), the higher the current density
that can be used before exceeding a fixed upper
temperature limit. When W/H �� 1, as is the case
for tape heads, Jmax depends strongly on H. If W
and H are comparable in magnitude, as in the case
of the HDD head shown in Figure 10, Jmax has a much
weaker dependence on H.

Substrate temperature rise from writers and
neighboring sensors
The data and analysis given thus far describe the self-
heating of a single powered sensor. The substrate
temperature will also increase above ambient in response
to the heat generated by the neighboring powered sensors
and writers (see Figure 1 in [24]). Figure 13 shows the
rise in resistance and temperature [Equation (2)] for an
unpowered sensor when seven writers are powered to a
total of 192 mW. The ABS of the tape head is always
in contact with the tape. In Figure 13, all writers are
unpowered for the first 20 s, at which time power is
applied to six writers. The temperature of the substrate
rises approximately exponentially in time to a maximum
increase of 19.8�C with a 1/e time constant of 10 s. At
210 s, the tape is started moving at a speed of 3 m/s with
a tension of 0.6 N and an over-wrap angle of 1.5� on both
the leading and trailing edges of the substrate. Following
initiation of tape motion, the substrate temperature rise
drops from 19.8�C to 4.2�C, with a 1/e time constant of

Figure 11
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1 s. The tape is forced to shuttle back and forth across
the substrate, reversing direction every 18 s. The six spikes
between 210 s and 320 s are the substrate heating due
to the decrease in heat dissipation associated with tape
motion while the tape is stopping and reversing direction.

Figure 14 shows the substrate temperature rise
plotted against writer power for the following substrate
configurations: (a) isolated from the tape; (b) in contact
with stationary tape; (c) in contact with tape moving at
3 m/s. The temperature rise (
Tsub) of the unpowered
sensor is measured to be proportional to the total power
deposited into the substrate and represents an increase in
the substrate temperature, as shown in Figure 13 and
represented mathematically in Equation (10),


Tsub � �Nmr Pmr � Nwr Pwr�/ksub , (10)

where Nmr and Nwr are respectively the number of MR
sensors and writers, Pmr and Pwr are the power deposited
into the substrate from individual sensors and writers, and
ksub represents the thermal leakage from the head, which
is dependent on tape velocity. For an isolated substrate, ksub

is 4.4 mW �C�1 and is a combination of leakage through the
cable leads and the body with which the head is in contact
in a drive. Without air flow from an external source or
in the absence of tape motion, the heat flux out of the
substrate from conduction through the air is minimal.
When the substrate is in contact with the tape, an additional
leakage is introduced as a result of the thermal conduction
of heat to the tape surface, for a ksub of 9.7 mW �C�1.
When the tape is moving at 3 m/s, ksub is 34.5 mW �C�1—
an increase of 24.8 mW �C�1 resulting from the motion
of the tape. Experimentally, the temperature rise of a
powered reader above the local substrate temperature
is not substantially affected by the presence or lack of
heat dissipation or by tape motion across the head ABS.
Thus, the self-heating temperature rise of a sensor above
the substrate is still given by Equation (3). The temperature
of an AMR sensor, then, is given by the ambient drive
temperature plus the self-heating temperature rise plus the
substrate joule-heating temperature rise, as quantified
in Equations (3) and (10), respectively.

The flow of heat from the substrate to the tape can be
understood with a heat-flow analysis in which heat flows
from the head substrate to the moving magnetic iron-oxide
particulates on the tape surface. The particulates heat up
as they flow, eventually approaching the temperature
of the substrate if the contact time is of a sufficient
duration. For the flat-contoured tape heads of this study,
when the tape passes over the leading edge of the
ABS, air is skived off (or moved) to the extent that the
pressure is 
0.9 atm and 
, the mean free path of the
air (
109 nm at 300K and 0.9 atm), is significantly
larger than d, the substrate–tape spacing (
30 nm).
Because 2 �� d, subcontinuum behavior must be taken

into account, and the thermal conductance per unit area,
Fsp, for heat flow from the substrate to an iron-oxide
particulate on the tape surface is given [19] by

Fsp � kair /�d � 
�2 � �T

�T
�� 4�

� � 1� /Pr� , (11)

where the thermal accommodation number �T may be
taken as 1, the Prandtl number Pr may be taken as 0.7,
and the specific heat ratio � for diatomic molecules is 7/5.
The thermal conductivity kair of air is 0.026 W m�1 �C�1

and is a weak function of pressure, while 
 varies
approximately as the inverse of the air pressure [25].
The subcontinuum model, then, results in a thermal
conductance of 7.6 � 104 W m�2 �C�1, which is only 8%
of the value determined using only the substrate–tape
spacing (d) shown in the denominator of Equation (11).
The heated substrate area is approximately the product of
the width spanned by the line of heated writers (L) and
the distance that heat diffuses perpendicular to the line
of writers (s), which is aligned with the direction of tape
motion. In this experiment, L is about 2 mm, and s is
roughly in the range 0.3– 0.6 mm. For stationary tape,
using the flux calculated by Equation (11) and a hot
ABS area of 1 mm2 yields a thermal conductance of
76 mW �C�1, which is 17 times the experimental
value of 4.5 mW �C�1. Matching the calculated and
experimental thermal conductance values requires that
the tape surface temperature be only 1.2�C cooler than
the substrate temperature, rather than at ambient
temperature.

The increased thermal conductance measured when the
tape is moving can be accounted for by using a dynamic
heat-transfer model. As a section of the tape surface first

Figure 14

AMR temperature rise for an unpowered sensor as a function of 

power deposited into the substrate from writers: (a) Isolated head; 

(b) Head with heat sink, but tape stationary; (c) Head with heat 

sink, tape moving at 3 m/s.
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passes under the hot region of the substrate ABS, it is at
ambient temperature, and a maximum heat transfer is
achieved. As the tape section travels along under the
hot region of the substrate ABS, it heats up, thereby
decreasing the heat transfer with distance. The heat
transfer with distance along the substrate in the direction
of tape motion decreases as the temperature differential
between the substrate (Tsub) and the tape surface (Ttape)
approaches its equilibrium value. Equation (12a) is a
simplified equation describing heat flow from the substrate
to the tape surface, where the equilibrium temperature of
the tape surface is taken to be the substrate temperature,
and the thermal conductances resulting from the thermal
gradients along the plane of the tape and from the cable
leads and other heat sinks are lumped into the zero
velocity thermal conductance:

dTtape/dt � ��Fsp/Cv h��Ttape � Tsub� � �1/���Ttape � Tsub�;

(12a)

Ttape�t� � Tsub�1 � e �t/��. (12b)

Cv is the effective volumetric heat capacity and is equal
to the product of the density � and heat capacity Cp, and
the quantity � is given by Fsp/Cvh. The quantity Cv is
about 1.7 � 106 J m�3 �C�1 for the magnetic coating,
the underlayer, and the PEN layer. The term h is the
maximum penetration depth of heat into the tape for the
time during which the tape is beneath the hot section
of the head. To determine the depth of penetration
h through a medium with a thermal conductivity of
ktape within the time td, one can use the approximate
relationship ktape/Cv 
 h 2/td. Given a thermal conductivity
of 0.41 W m�1 �C�1 for the top layers and a thickness of
2.2 �m, heat will penetrate through the top layers within
about 20 �s, or 20% of the 100-�s time for the tape to
flow past a 300-�m hot section of the head. Thus, within
100 �s, heat will penetrate the top layers and into the
PEN layer, whose thermal conductivity is about half
that of the top layers. If the tape is treated as being
homogenous, with a value for ktape of 0.3 W m�1 �C�1,
which is intermediate between the different layers, heat
will penetrate 
4.2 �m into the tape within 100 �s. Using
4.2 �m for h then yields a value for � of 89 �s. Because
the heat flux decreases with the decrease in temperature
differential between the substrate and the tape surface,
the substrate thermal conductance (ksub) will be decreased
from its value calculated with a heat sink fixed at the
ambient temperature,

ksub � �FspL/Ts� � s

dx �Ts � Tp�

� FspLv� � slv

dte �t/�

� FspLv��1 � e �slv� �

� CvLhv�1 � e �slv� �, (13)

where v is the velocity of the moving tape. With increasing
s/v�, the thermal conductance approaches an asymptotic
value of FspLv� (� CvLhv), which is 42.8 mW/�C using
the parameters given above and a tape speed of 3 m/s.
For s of 0.3 �m, s/v� is 1.8 and ksub is 27.5 mW/�C, which is
within the accuracy of the experimental value of 25.8 mW/�C.
A one-dimensional heat-flow analysis through the thickness
of the tape using the thermal properties and dimensions
given in the materials section, a tape speed of 3 m/s,
and an s of 0.3 �m yields a thermal conductance equal
to the experimental value, indicating that the simple
model presented above is sufficient, given the uncertainties
in the parameters. A more accurate analysis of the heat
transfer would include the thermal conductivities of
the tape materials with the complete thermal diffusion
equations, a FEA of the thermal distribution along the
ABS, and experimental data over a range of velocities.
The analysis given above, though, yields a simple
approximate picture of the problem.

Summary and conclusions
The experimental data shows that the measured thermal
conductance of a shielded rectangular-sheet AMR sensor
is an excellent parameter to use for analyzing the
average sensor temperature or for concisely quantifying
experimental or FEA data. The thermal conductance
of a shielded rectangular-sheet conductor can be fit to a
second-order equation in stripe height and track width
with an inverse dependence on the square root of the gap
thickness. The sensor thermal conductance is strongly
dependent on the gap thickness because the shields are
the major source of heat flow away from the sensor.
Materials properties such as thermal conductivity are
contained within the thermal conductance parameters.
Measuring the thermal conductance over a range of
geometries and adjusting the thermal conductivities
used in the FEA results in a better determination of
the material thermal conductivities used in the product
than can be achieved with a single geometry.

In this paper, it has been shown that a simple
phenomenological analytical model can be used both for
tape and for disk heads whose dimensions range over an
order of magnitude. A major observation is the fact that
for a fixed upper limit of the sensor temperature, the
smaller the dimensions, the higher the current density that
can be used before exceeding a fixed upper temperature
limit. The reason for the temperature rise not being
constant for constant current density is the three-
dimensional nature of heat flow; it results from the fact
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that the linear terms (kHH and kWW) are dominant for the
long-range heat flow away from the sensor rather than the
quadratic term (kHWHW). One consequence of smaller
sensors being able to sustain higher current densities
for a fixed temperature rise is that an electromigration
phenomenon, which might not be present in thicker
sensors, could become a dominant reliability issue with
smaller dimensions [6, 11, 12].

It has been shown that the three thermal conductance
parameters are sufficient to characterize or analytically
represent the thermal properties of a shielded thin-sheet
resistive sensor over a wide range of geometries. These
parameters can then be used to summarize either
experimental or FEA data and to quantitatively compare
different sensor designs. A design engineer can also use
the three thermal conductance parameters to analytically
characterize the temperature of the sensor operating at
different current levels for a range of geometries, and to
extrapolate to next-generation devices. However, an
experimental approach and FEA are still necessary
to accurately determine the thermal conductance
parameters, especially because the properties of
ultra-thin films can deviate substantially from their
bulk values. Also, changes in shield materials will
dramatically affect the thermal conductance of the
readers. FEA can also be used to accurately determine
the spatial distribution of temperatures, including the
shield temperatures.

To determine the operation temperature of a sensor
operating in a drive, besides the joule heating of the
individual sensors, joule heating from the surrounding
sensors and writers must also be included, as well as heat
leakage as a function of tape velocity. The data show that,
for tape heads, care must be taken to limit the total power
into the substrate from both sensors and writers to avoid
raising the temperature to values that could cause damage
to the tape or create tribology issues associated with a hot
stripe, shield, or substrate in contact with tape. When the
tape is stationary, the temperature of the tape surface
approaches that of the substrate. Moving tape continuously
brings to the substrate a new section of tape surface which is
at ambient drive temperature, resulting in significantly
more cooling and thereby minimizing the concern for
thermally induced damage to the tape.
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