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Abstract Anisotropic magnetoresistive (AMR) based magnetometers are used in
devices as varied as global positioning systems to provide dead reckoning capa-
bility and in automotive ignition systems to provide crankshaft rotational position.
Presented are data and methods that can assist in the design and implementation of
these systems and a method to design a Helmholtz coil system to test these devices.
The transverse and longitudinal behavior of individual AMR sensors along with
group (proximity) behavior is addressed with both data and modeling. The design
of a 3-axis measurement system goes from basic electromagnetics to the use of
COMSOL and the verification of the measurement system using a commercial
3-axis magnetometer.

1 Background

When William Thompson (Lord Kelvin) discovered the Anisotropic
Magnetoresistance (AMR) effect in 1897 [1] it was but a curiosity of physics.
Significant effort through the early part of the Twentieth Century was made in an
effort to model and understand this effect. Though, to use AMR to its maximum
effect it would take another sixty years of development (including the microelec-
tronics revolution) to make usable thin-films for sensors and memory. In the 1960s,
the invention of the integrated circuit along with the space race led to advances in
thin film deposition processes that produced high quality magnetic films. The
search for a material to be a lightweight non-volatile memory material for space
applications, led researchers to develop devices from AMR materials [2] to satisfy
these requirements. This memory is called magnetic random access memory or
MRAM. Corporations as diverse as IBM, Philips Electronics, TI, and Honeywell
have developed variants over the years on this theme. Philips Electronics and

M.J. Haji-Sheikh (&) � K. Allen
Department of Electrical Engineering, Micro-Electronic Research
and Development Center, Northern Illinois University, Dekalb, IL 60115, USA
e-mail: mhsheikh@niu.edu

© Springer International Publishing Switzerland 2017
A. Grosz et al. (eds.), High Sensitivity Magnetometers, Smart Sensors,
Measurement and Instrumentation 19, DOI 10.1007/978-3-319-34070-8_6

167



Honeywell entered the Market in the 1960s, 1970s and into the present day using
AMR thin film magnetometers. Over that time period, researchers studied the effect
of depositing films under magnetic fields [3, 4] and the sources of noise that would
effect low field measurements [5]. Recently, the topic of permalloy deposition in
static magnetic fields has become of interest again as shown in this recent paper by
García-Arribas et al. [6]. Commercial uses of AMR magnetometers consist of high
current detection (overload current detection in power distribution), position
sensing, tachometry, low magnetic field anomaly detection, and multi-axis
compasses.

2 Physical Model

Magnetoresistance can be broken into two types, ordinary and anisotropic. Ordinary
magnetoresistance is often exhibited by non-magnetic metal and semiconductors.
The effect is due to the shorting out of the Hall voltage which then increases the
path length of the electrons which in turn increases the resistance. The ordinary
magnetoresistance equation is

Dq
q0

¼ C � l � B2 ð1Þ

where C is a constant, μ is the mobility, and B is the normal magnetic field. This
effect is mostly used in indium antimonide magnetoresistors produced by Asahi
Chemical Industry. The InSb compound semiconductor can have extremely high
mobilities (60,000–80,000 cm2/V s). During the late 1980s and early 1990s GM
research advocated the use of InSb sensors in crank-sensor applications [7] and
deployed some of these sensors in vehicles such as their Cadillac luxury line.

Automotive AMR sensors come in two types: High-field sensors that sense
primarily angle; Low-field that sense magnitude. The range of what is considered
high field depends on the application. A high field sensor for an AMR device is an
in-plane field level that is high enough to keep the sensor in saturation. It is
common to discuss field levels in magnetic sensors in units of Oersteds or Oe since
a Tesla is quite a large unit for normal uses. For many AMR sensors this corre-
sponds to greater than 25–30 Oe. A low-field sensor operates below the onset of
saturation. Figure 1 shows the response of a single AMR resistor element. The
lower region behaves in somewhat a sinusoidal manner while the next region is
somewhat linear and the last region is the saturation region. This curve is often
described as cos2 behavior

DR
R0

¼ DRmax cos2 h: ð2Þ
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A solid monograph on the design of AMR sensors, as defined through the 1990s
and published in 2001 is authored by Tumanski [8]. Tumanski defines a broader set
of application devices and analyzes some giant magnetoresistive (GMR) devices
where this article only will consider AMR devices. Tumanski outlines much of the
design criteria for various magnetic sensors and is a pioneer in the use of AMR
sensors for many commercial applications.

2.1 Theoretical Behavior

The ordinary magneto-resistance effect is present in all metals and was first
observed by Hall [9] in his groundbreaking paper on “A New Action of the Magnet
on Electric Currents” in 1879 then followed by William Thompson’s discovery of
the AMR effect in 1897. After almost of a century of work by various researchers
such as Birss [10] and Stoner and Wolforth [11], the material went from a curiosity
to a commercial success in transformer cores, to modern magnetic sensors and
magnetic memory. The theoretical models can date back to the research work done
by the people at IBM’s Watson Research Center [2, 12]. A physical model put forth
[2] is the increase in resistance due to s-d interband scattering. Magnetoresistance
can be broken into two types, ordinary and anisotropic. Additionally Batterel and
Galinier [13] pointed out a novel effect that appears in AMR materials, this effect is
described as the planer hall effect and come out of the tensor analysis of the AMR
effect. This effect is often used in MRAM (magnetic random access memory) not
generally used in magnetometry. The anisotropy constant can be determined by the
planer hall effect according to Chang [14].

Fig. 1 The transverse
magnetoresistance curve for a
37.5 nm and 35 μm wide
resistor. This field response
curve is entirely dependent on
geometry of the sensor (width
and thickness)

Anisotropic Magnetoresistance (AMR) Magnetometers 169



2.2 The Resistivity Tensor

A physical model for the behavior of an AMR sensor is a necessary step to allow
these sensors to be used in design. Most models start with trying to fit data and
theory to a resistor below the saturation point. As we were designing sensors for
various saturation mode applications, it was painfully obvious that that method was
not applicable to the situation presented. Testing shows that rotating a saturating
field created a very well defined sinusoidal behavior. This did not match the cos2θ
behavior outlined in a plurality of journal papers. For us to use an equation in our
modeling at the time, we needed to rethink this equation. An experiment to develop
this physical model was devised at the time that would incorporate everything we
knew about measuring resistors. Figure 2 shows the basic resistor design used to
develop a Maxwell’s equations based model to characterize the behavior of satu-
rated elements. The basic concept is to use Kelvin connected resistors that have a
well defined current launching structure that will behave in a manner which can
make extracting behavior a simple mathematical exercise. A common measurement
technique for these films has been to use a Vander Pauw structure. The Vander
Pauw structure is not useful for these type of magnetic tests due to the current never
following a straight line in one of these structures.

Figure 3 is a graph of the data generated for a group of magnetoresistive ele-
ments tested in the saturation region [15].

Fig. 2 CAD layout of a
typical AMR thin film Kelvin
resistor along with a
schematic of the vectors
present in the given device.
This image is care of
Honeywell’s Sensing and
Control Division
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The sensor model behavior is the result of solving a 2d tensor that starts by
assuming isotropic and anisotropic behavior for a magnetoresistor. The error often
made in this solution is the dropping of one of the current elements that relates to
the transverse current in a resistor. The full tensor to solve for the saturated mag-
netoresistance is as follows

P0
total ¼

q0 0
0 q0

� �
þ q

0 þDq0 cosð2hÞ Dq0 sinð2hÞ
Dq0 sinð2hÞ q

0 � Dq0 cosð2hÞ
� �

ð3Þ

By solving the following relationship,

~E ¼ q~J ð4Þ

where E is the electric field and J is the current density. The modified AMR
relationship can be shown to be similar to the Mohr’s circle as described in Nye
[16] and is as shown in equation,

qeff ¼ q0 þ q
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Dq0

q0 cosð2hÞ
� �2

þ Dq0

q0 sinð2hÞ
� �2

s
ð5Þ

with the only difference from a mechanical system is the lack of off-axis shear
components. So that the measured resistance is

Fig. 3 Saturated magnetoresistors tested through 360°. The data is from Haji-Sheikh et al. [15].
This graph also includes the results of modeling
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V ¼ qeff
length
area

� I or

Vtotal ¼ IsR0 AþB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þC cosð2hÞð Þ2 þ C sinð2hÞð Þ2

q� � ð6Þ

The value of R0 is also experimentally determined since it represents the resis-
tance with no applied field (Table 1).

These empirical results allow for a high precision fit to the permalloy and are
consistent with Maxwell’s equations. For a sensor below saturation the modeling is
not so simple. Many things influence the results including the proximity of the other
sensor elements, length, width, and thickness. Some automotive designs operate
between 0.1 and 0.2 T (1000–2000 G) which is far above the sensor saturation
level. Above saturation, proximity and geometry don’t have much of an effect but
below saturation these effects become designable parameters and can have a sig-
nificant effect on the overall results.

2.3 Cross Axis Behavior Unsaturated Single Resistor
Element

The range of what is considered high field changes from sensor to sensor design.
A high field sensor for an AMR sensor is an in-plane field level that is high enough
to keep the sensor in saturation. It is common to discuss field levels in magnetic
sensors in units of Oersteds or Oe (Gauss in air). For many AMR sensors this
corresponds to greater than 15–30 Oe. A low-field sensor operates below the onset
of saturation. Figure 4 shows the response of a single AMR element with different
thicknesses. This behavior is representative of the rotation of micro-magnetic
domains. These domains will rotate until they reach a maximum angle which will
be a number somewhat lower than ninety degrees.

The below saturation mode in automotive sensing is not as common as the above
saturation mode sensors but it does show up in current sensing in electric vehicles
and in sensing the Earth’s magnetic field. The high-current sensors are generally
designed as meander sensors but have to take in account the design parameters an
not needed for the above saturation devices. Figure 5 shows various representations
of the magnetization and behaviors of the sensors below saturation.

Table 1 Coefficients of fit for permalloy magnetoresistors

Film thickness

5.0 nm 10.0 nm 15.0 nm 20.0 nm 25.0 nm 30.0 nm 37.5 nm

A 0.97923 0.97580 0.97340 0.97090 0.97050 0.96968 0.97000

B 0.01420 0.01640 0.01695 0.01695 0.01726 0.01722 0.01630

C 0.480 0.480 0.572 0.572 0.718 0.769 0.845
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The Stoner-Wohlforth model is often used to represent the behavior of mag-
netoresistors within the full range of hysteresis, as shown in Fig. 5. To approach
magnetization rotation, we can look at minimizing the energy of the magnetic
system so from Chikazumi and Charap [17] we get,

E ¼ �Ku cos2ðh� h0Þ �MsH cos h ð7Þ

where Ms is the saturation magnetization, H is the external field, θ is the angle
between H and Ms and θo is the angle between H and the easy axis (EA). The
anisotropy constant Ku acts like the spring constant for a rotating spring and is the
energy that it takes to return the magnetization back to the original position. It is
important to characterize the permalloy out of any particular deposition process
since no two deposition systems will produce identical material. The two main
numbers that are needed to be compared from machine to machine are the values of
Hc and Hk. The Hc value represents the easy-axis hysteresis and the Hk represents
the hard-axis slope between the saturation levels. There are commercial B-H
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Fig. 4 Transverse
magnetoresistance curves
from a 5 to 37.5 nm thick
35 μm wide resistor. The
saturation region of this curve
is controlled by geometry.
Thinner films have a lower
saturation field and a lower
maximum change in
resistance

Fig. 5 a The B-H behavior of an ideal thin film. b A magnetic free body diagram representing the
thin-film resistor. c A plot of the Stoner-Wohlforth asteroid is shown
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looping systems that will measure these values inductively directly on a deposited
substrate. That means that Eq. (8) needs to be matched to an actual test structure.
To extract θ for a given design, the following equation can be used to extract the
angle

cos hj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4C

V0

ISR0
� A

� �
1
B

� �2

�C2 � 1þ 2C

" #vuut ð8Þ

where the values of A, B, and C come from Eqs. (8) and (9). The angle θ can be
plotted against applied θ. A graph of this is shown in Fig. 6 for a 25 nm.
Equation (12) is a first attempt to model the behavior using a magnitude tensor ratio

Dh ¼ M
2Ku

H ¼
M0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a cos 2hð Þ2 þ a sin 2hð Þ

q
2Ku

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ d cos 2hð Þ2 þ d sin 2hð Þ

q ð9Þ

where Mo is considered to vary rhombohedrally and Ku is also varying in the same
fashion. The values for δ and for α are also experimentally determined and the
equation is solved transcendentally.

The model can then be substituted into Eq. (4) and compared to the original data.
The initial data and experiments indicates that this model can fit actual data. The
relationships then can create a conceptual basis for a more complete model in the
future.

It is important to reinsert the rotation data (Fig. 7) into the model to determine if
the magnetization rotation model works. This is to match the modeled data to the
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Fig. 6 The angle θ versus
applied external field H. Also
shown is the results of
attempting to create a model
to fit the rotation of the
magnetization with H. There
is significantly more transition
than the S-W predicts
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original data. The result for this comparison is shown in Fig. 8. Normally this data
is fitted using a piecewise model as shown in Tumanski [8] but this new approach
allows the model to be appear contiguous.

2.4 Longitudinal Axis Behavior Unsaturated Single Resistor
Element

An important sensor response that needs to be understood is the off-axis behavior. This
off-axis behavior is most interesting when looking at a 45° field to the current direction
and then when the field is rotated 180° from the magnetization direction. The resistors
force the magnetization to line up with the resistor direction and without an applied
external field the magnetization and the current is parallel to the current direction. With
these responses, hysteresis is defined. This is specific to a below saturation element and
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Fig. 7 Rotation angle for
resistors of the same width
and different thicknesses. It is
clear that the thicknesses
change the maximum rotation
angle. The maximum angle of
rotation appears to be actually
lower for the thinner resistors.
Width equals 35 μm
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Fig. 8 This is a graph of
magnetic response of single
resistors of constant width but
varying thickness. This graph
demonstrates the behavior of
the model versus the actual
sensor results. Unfortunately
the model is not as predictive
as necessary. but it does show
the relationship between the
earlier saturation model and
the below saturation behavior
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often a source of error. The schematic in Fig. 5 shows an ideal hysteresis behavior and
we can compare this with Fig. 9 which shows the 45° off-axis applied field behavior.
The first quadrant applied field is in the direction in which the magnetization is set
(right side) and the third quadrant applied field is in the opposite direction of the set
magnetization (left side). This displays two effects need to produce a compass
chip. One of these effects is the asymmetry of the resistor response and the other is the
hysteresis caused by the reversal of the magnetization.

The hysteresis effect that is often observed in certain sensors can be demon-
strated by applying the field at forty-five degrees to the resistor. Each measurement
point is around a milligauss so that the domain reversal happens in a narrow field
range. To demonstrate the reversal effect at its strongest, a group of individual
resistors were bias longitudinally. These resistors were on four wafers to reduce the
effect of manufacturing variability on the experiment. There was no attempt to
reproduce this data with the effect of proximity on this set of samples. According to
Tanaka, Yazawa and Masuya [18], in their study of magnetization reversal in cobalt
thin films, the magnetization reversal is always proceeded by a non-coherent
rotation process and is heavily influenced by crystalline grain orientation. During
the processing of permalloy films often multiple layers are deposited to build up the
target thickness. The single layer films have Bloch wall displacement where mul-
tilayer devices have Neel wall displacement [19]. This multilayer structure lowers
the switching field. The films in the following graphs have multiple layers (2
minimum and 10 maximum). They exhibit switching fields that are strongly
affected by the thickness of the films and by the width of the patterned resistors. The
results in Fig. 9 demonstrate the behavior of a single resistor element being biased
by an external magnetic field at forty-five degrees. As expected, the resistor behaves
much as a barber-pole sensor behaves until the switching field is reached. When the
magnetization reversal occurs, the resistance change mirror images the right half
plain behavior.
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Fig. 9 45° off-axis behavior
for three different widths of a
resistor with the same
thickness. The results up until
the switching field show a
behavior (as they should)
similar to a barber-pole sensor

176 M.J. Haji-Sheikh and K. Allen



The next set of graphs show the results of using an external bias field along the
resistor direction and in the opposite direction of the magnetization for that resistor.
Figures 10, 11, 12, 13 and 14 demonstrate the effect of patterning and film thick-
ness on the reversal field for an 81 % Ni/19 % Fe permalloy film. It is clear that the
switching field drops with patterned resistor width. In Fig. 10, the film thickness
was 25 nm (250 Å) and the resistors appear to go through a single reversal point
which would indicate that there is a certain amount of coherency in this behavior. In
Fig. 11 the comparison is with a constant resistor width (12 μm) and varying the
thickness from 15, 25, and 37.5 nm. This shows that the switching field is
increasing with increasing film thickness. This is consistent with the increasing
magnetic material volume.

The effects of using a very narrow resistor i.e. 6 μm as patterned, is shown in
Fig. 12 while Figs. 13 and 14 show 15 and 20 μm resistors. Several things come
out of these figures. The effect of edge in support of the magnetization reversal is

0 5 10 15 20 25
0.986

0.988

0.990

0.992

0.994

0.996

0.998

1.000

1.002

50m250

35m250

20m250

12m250

Field in Oe

R
/R

o

Fig. 10 Resistance of
individual resistors biased
magnetically along the current
direction. The resistor
thickness is 25 nm and all
resistors are the same length
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Fig. 11 Resistance of
individual resistors biased
magnetically along the current
direction. The resistor
thickness varies from 15, 25,
37.5 nm and the width is
12 μm and all resistors are the
same length
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Fig. 12 Resistance of
individual resistors biased
magnetically along the current
direction. The resistor
thickness varies from 15, 25,
37.5 nm and the width is
6 μm and all resistors are the
same length
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Fig. 13 Resistance of
individual resistors biased
magnetically along the current
direction. The resistor
thickness varies from 10, 15,
25, 37.5 nm and the width is
15 μm and all resistors are the
same length. The domain
reversal is not as sharp at
10 nm

0 5 10 15 20 25 30 35
0.990

0.992

0.994

0.996

0.998

1.000

1.002

20m100

20m150

20m250

20m375

Field in Oe

R
/R

o

Fig. 14 Resistance of
individual resistors biased
magnetically along the current
direction. The resistor
thickness varies from 10, 15,
25, 37.5 nm and the width is
20 μm and all resistors are the
same length. The domain
reversal is not as sharp at
10 nm
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quite strong. As the resistor gets narrower the field required to reverse the mag-
netization gets higher. This is consistent with present design philosophy and theory.
The thickness also has an effect on the reversal of the magnetization. Not only does
the thinner sensors demonstrate lower magnetization reversal, the thinnest sensors
(10 nm) show significant anisotropy dispersion. This dispersion is not evident in the
thicker resistors. Also, this dispersion effect is also interactive with the support from
the edge effect. This is also demonstrated with the 10 nm sample which, when the
resistor was patterned at 6 μm, the apparent dispersion was reduced and the reversal
point was increased. This dispersion effect, in the range of the test, does not seem to
be as strong as the thickness to width ratio from 15 nm and up. Additional mea-
surement in this range could support a strong micro-domain numerical model.

Another question that was attempted to be answered by this experiment was
whether or not temperature, in a narrow range, has an effect on the reversal value.
Figure 15 shows the resistance of an individual resistor biased magnetically along
the current direction. The resistor thickness is 15 nm and the width is 6 μm. This
resistor was chosen because of the strong magnetization reversal value above
20 Oe. This experiment was performed at 3 different temperatures and shows the
magnetization reversal is relatively independent of temperature in that narrow
range.

The magnetization rotation angle was calculated for the resistors going through
domain reversal. This calculation is shown in Fig. 16 and demonstrates that the
magnetization rotates somewhere between 50° and 65° of rotation prior to reversing
direction. Interestingly enough, the 35 μm resistor shows a result that implies that
some portion of the resistor is rotating past 90° since the resistance is starting to
decrease smoothly prior to reversal.
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Fig. 15 Resistance of an
individual resistor biased
magnetically along the current
direction. The resistor
thickness is 15 nm and the
width is 6 μm. This
experiment was performed at
3 different temperatures and
shows the magnetization
reversal is relatively
independent of temperature
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2.5 Cross Axis Behavior for the Unsaturated Barber-Pole

Since the resistance change is coupled to the current direction, a different type of
sensor was developed. Commercial entities such as Philips and Honeywell have
produced compass chips using a design called the barber-pole. Unlike the previous
structures, the barber-pole steers the current 45° to resistor direction. This allows
the maximum field to be 90° to the resistor direction and improves magnetization
control. One of the primary uses of an AMR sensor is for a below saturation
direction sensor. The normal behavior of an AMR resistor can be characterized as
an even function sensor i.e. symmetrical about “y” axis. The resistance of these
barber-pole structures in a ninety degree applied field is shown in Fig. 17.

Figure 18 is a single element barber-pole resistor. The resistor is 35 μm in width
and has 45° shorting straps. The np in the graph means we are setting the mag-
netization in the negative direction and sweeping the field in the positive direction,
and the nn means that we are setting the field in the negative direction and sweeping
the field in the negative direction. These samples had a fixed offset field i.e. bias
field of 0, 5, and 10 Oe. The classic compass chip behavior is obtained by summing
resistor values that have different shorting +45 (and + current) shorting bars and
−45 (and −current) to linearize the main sensing region. The resistance of these
structures is inverse to the desired behavior, the wider structures have lower
resistances which in turns says that the larger the resistor bridge the better the
compass, but in general a more expensive part. These resistors are sensitive to
magnetization reversals so that it is important to have a calibration routine that
includes a magnetization reset function. A barber-pole sensor when placed in a
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Fig. 16 Calculated angles for
longitudinally biased resistors
using Eq. (11) to determine
the edge effect. The three
resistors were next to each
other on the same silicon
substrate. The magnetization
reversal occurs between 50°
and 65° of rotation prior to
reversing direction

Fig. 17 Barber-pole sensor
element, aluminum shorting
straps for redirecting the
current
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saturating field behaves similar to a non-barber pole sensor except that the phase is
shifted by forty-five degrees.

Figure 19 shows a bridge response calculated from a 4 resistor Wheatstone
bridge with no proximity effect. The proximity effect will be shown in the next
section. The source resistor data comes from the resistor in Fig. 18. The proximity
effect will increase the sensitivity of the sensor by as much as a factor of 5. The
advantage of a barber-pole magnetometer is that you get a very sensitive resistor
along with high linearity and good directional sense. Unfortunately these sensors
need either a magnet to support a consistent magnetization direction or some form
of set-reset circuitry and corresponding structures.
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Fig. 19 Bridge response
calculated for a 4 resistor
array with no proximity effect.
The proximity effect will
increase the sensitivity of the
sensor by as much as a factor
of 5
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2.6 Proximity Effect

The proximity effect, in AMR sensors, is unique in sensing. Anisotropic mage-
toresistors change sensitivity when placed in close proximity of each other, which is
quite unlike any other sensors. Two pressure sensors next to each other do not
change their sensitivity, two flow sensing elements cannot either. This effect is
caused by the coupling of each sensing element magnetically. A good demon-
stration of this effect can be visually demonstrated by using inexpensive compasses
and placing them in close proximity of each other. Each compass starts effecting the
previous compass till all the compasses have more effect on each other then the
Earth’s magnetic field has on the compasses. Figure 20 is a schematic of a resistor
array used to demonstrate the effect of proximity.

So in the sensor element, as the space between each element get closer, the
effective transverse sensitivity increases. The proximity effect has been modeled by
B.B. Pant [20] and is as follows,

aðrÞ ¼ 2 � r
ð1þ 2 � rÞ
� �

þ r

ð2 � ð1þ rÞ2Þ

 !
� p2

2
� 4

� �
ð10Þ

where aðrÞ is the geometric correction factor based on the distance r that is the
resistor separation distance. This factor is then used as a correction factor for the
demagnetization factor,

Gðr; t;wÞ ¼ t
w
� aðrÞ ð11Þ

The demagnetization factor G(r, t, w) is now a function of the gap ðaðrÞÞ, the
thickness t, and the resistor width w. Table 2 shows how a this factor can be used to
find equivalent thickness, width, and gaps for designing in proximity. These values
are quite reasonable. Figure 21 demonstrates the demagnetization factorG(r, t,w) by
holding the gap to 6 μm and varying the resistor width from 12 to 35 μm. These
results show a significant sensitivity difference between the elements. The sensitivity
is usually represented by

Fig. 20 Multiple resistor
strip model for proximity
effects
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S ¼ dR
R0dB

ð12Þ

where R is the resistance at the starting point in the field range of interest, dR is the
change in the resistance, and the dB is change in the magnetic flux. Unfortunately,
proximity does not effect resistors being biased longitudinally, which does effect the
usefulness of the proximity effect in 0°–90° Wheatstone bridge configured sensors.
Narrow resistors as shown Figs. 10, 11, 12, 13 and 14 have reversal values much
higher than the wider resistors therefore producing a much larger hysteresis loop,
but a better low field sensor (less than 10 Oe). Wider resistors produce a much
better medium field range sensor i.e. greater than 11 Oe but lower than saturation
since the hysteresis is usually less than 10 Oe.

3 Noise Sources and Behavior

Noise sources and the behavior of permalloy thin films at dc to high frequency have
been studied since these materials have been used for magnetic recording heads.
There are multiple reasons for noise in AMR materials but the most common source
is Barkhausen noise. Baldwin and Pickles [19] in 1971 experimented with thin
permalloy films to determine what model that the Barkhausen noise behaves like.
The term Barkhausen noise often refers to the erratic pops that are often heard in
older sound systems which use soft-magnetic materials. In the analysis above, the

Table 2 Geometric
correction factors for 2
different bridge designs

Gap μm α (r) t (μm) w (μm) G (r, t, w)

r1 6 0.9803 0.035 20 0.00170

r2 3 0.9448 0.020 11 0.00172

0 10 20 30 40 50 60 70 80 90
0

0.5

1

1.5

2

2.5

12 µm 6 µm

15 µm 6 µm

20 µm 6 µm

35 µm 6 µm

Field in Oe

Fig. 21 The demagnetization
factor G(r, t, w) effect
demonstrated by holding the
gap to 6 μm and varying the
resistor width from 12 to
35 μm
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flux applied to the test samples were varied linearly over time. The conclusions for
this was to determine that the Barkhausen noise in the materials analyzed were due
to statistical fluctuations. For an exponential distribution function i.e. the power
spectrum Gp the concept that was put forward to analyze the effect with a breakable
spring model,

f ðz; z0Þ ¼ kz06 z6 z0 ð13Þ

f ðz; z0Þ ¼ 0z6 0; z � z0 ð14Þ

and the exponential distribution function,

z0nðz0Þ ¼ N expð�z0=ZÞ ð15Þ

then by integrating,

GpðbÞ ¼ ð1=AuÞ
Z0
1

dz0nðz0Þ
Z
Lp

expð�jpzÞf ðz; z0Þdz
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dðpÞ
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we get

GpðpÞ
P2
c

¼ 4
NAu

1

ðpZÞ�1 ðpZÞ2 ðpZÞ
2 � 1

ðpZÞ2 þ 1

 !
þ ln½ðpZÞ2 þ 1�

 !
þ dðpÞ ð17Þ

and the coercive pressure is,

Pc ¼ 1
2
NkZ2 ð18Þ

N and Z are density and length parameters, Le is the length of the wall travel
perpendicular to the wall, z0 is the defect range, Au is the are of the domain wall p is
the spatial frequency.

Shape anisotropy and defects have an effect on higher frequency behavior, this
was demonstrated by Grimes et al. [21]. They experimented on thin permalloy films
by patterning repeated arrays of holes in the film. This showed that a variation of
thicknesses and hole patterning created compensating demagnetization factors.
Another form of error is hysteresis caused by the formation and annihilation of edge
walls in the sensor elements. This was demonstrated by Mattheis et al. [22] by using
high fields perpendicular to the resistor. The edge walls were observed using Kerr
microscopy. Additionally, the pinning mechanism at the edge walls was observed
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by seeing cross-tie walls on thin permalloy films using scanning electron micro-
scopy with polarization analysis was used to image the surface magnetic domain
structure after exposure of the permalloy film to an ac field as shown by Lee et al.
[5]. Recently, Zhang et al. [23] have demonstrated Y-factor noise measurements for
sub-micron permalloy arrays. Their test setup was configured using co-planer
waveguides and patterned permalloy. The noise figures were extracted from the
following equation

F ¼ Na þ kT0Gs

kT0Gs
ð19Þ

where F is the noise figure, k is Boltzmann’s constant, Gs is the system power gain,
Na is the added system noise, and T0 is 290 K. The noise voltage density for the
permalloy array will vary with bias voltage and will produce various ferromagnetic
resonance peaks. The noise, from the measurements, is Johnson-Nyquest noise
which comes from the real part of an RLCG model. The noise voltage density for
this array approach is

VN ¼ 4NkTDR ð20Þ

where N is the total number of array elements and DRþR is the output of the
measurement system. The measurements in this analysis show even low noise
voltage density for frequency measurements in the 2–10 GHz frequency range. This
was less than 1 nV2/Hz except at resonance where it was 2 nV2/Hz at resonance
which is quite low.

4 Fabrication Methods

Over the years, various physical deposition methods have been used as techniques
to create sensing films. These methods include e-beam evaporation, filament
evaporation, ion beam deposition and sputter deposition. The sputter deposition
methods include DC (Direct Current), DC-magnetron, RF (radio-Frequency), and
RF magnetron plasma deposition. The most effective method used to manufacture
the AMR sensors is a combination of radio frequency magnetron plasma deposition
and strong enough magnets to bias the film during deposition. This allows the film
to be deposited incorporating the minimum in trapped gases since the plasma can
run in a pressure as low as 1 mTorr. Plasma deposited films will trap gasses as
shown in van Hattum et al. [24] who shows that the argon incorporation can be as
high as four percent in the film. Early deposition experiments using rf-plasma
showed that this gas incorporation can create delaminations of the film. The stresses
from these trapped gases can effect the maximum magnetoresistive change and
stability of the sensor. Another important variable to control during the deposition
phase is the system base pressure. Base pressure in the 10−8 Torr range will
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minimize oxygen incorporation in the film. When creating a sensor film it is important
to protect the permalloy (AMR sensor film) as much as possible from oxidation. Iron
and nickel oxides will reduce the range of the sensor and create a much higher Hc

which will increase the stiffness of the film. Many process chemicals will attack the
permalloy film if it is left unprotected. The relatively high iron contact makes the film
rather sensitive to chlorine compounds. To prevent these problems from happening,
many people use a thin protective coating of tantalum nitride. The film than can be
handled like any other metallic film and patterned with photoresist without the worry of
contamination. A dry etch is recommended at this point since the protective films are
usually wet etch resistant and most wet permalloy etches are inconsistent at best. The
most common way of etching permalloy is to use an neutral beam ion-mill [15].
Figure 22 shows a schematic of a scanning electron microscope image of an AMR
sensor element on a monolithic device. The sensing film, TaN/NiFe/TaN, is deposited
on an integrated circuit with the semiconductor contacts open. The film is then coated
with positive acting photoresist and exposed through a patterned photomask. All areas
with semiconductor contacts are covered with resist and also the pattern for the sensor
is covered with the resist.

After the ion-milling process and after the photoresist is removed, every contact
will be covered with a residual stack of material. The advantage of this is that this
residual material acts as an electromigration barrier for the contact also. The
TiW/Al wiring layer is deposited on the surface and pattered and then the entire
wafer is coated with silicon nitride. To reduce process stresses, the assembly is
annealed in forming gas for at least 30 min at temperatures greater than 400 °C.
This step will lower the resistance of the permalloy and maximize the magne-
toresistance. To analyze the effects of the thickness on crystallography, several
different samples were sent to Argonne National Labs advanced photon source. The
results show that as the NiFe thickness increases the face centered cubic [111]
becomes enhanced [25]. This enhancement can explain the change in film behavior
in films less than 10 nm in thickness.

Fig. 22 Monolithic AMR sensor element. The total element is around 1500 nm thick. From the
Author
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5 Using a Magnetometer to Calibrate a 3 Axis Helmholtz
System

To demonstrate the one application of an AMR magnetometer, a 3 axis Helmholtz
low field system was chosen. To evaluate a sensor design the magnitude and
direction of the generated magnetic fields must be known or easily determined.
Since the magnetometers to be tested are capable of measuring the surrounding
magnetic fields along the x, y, and z axes, the system must be able to generate
magnetic fields in these three directions simultaneously. These design requirements
are fulfilled by the proposed arrangement of three pairs of Helmholtz Coils placed
along the three orthogonal directions. A pair of Helmholtz Coils is separated by the
value of their shared radius. However, when there are three sets of coils all with the
same coil radius and separated by that same coil radius along the x, y, and z
directions, an intersection would need to occur between these coils. Therefore, in
the system ultimately derived and laid out below, the three pairs are separated by
their diameter. This structure will be referred to as a modified Helmholtz Coil
system. The proposed arrangement of three pairs of Helmholtz Coils placed will be
placed along the three orthogonal directions. A pair of Helmholtz Coils is separated
by the value of their shared radius. The Biot-Savart Law for calculating the mag-
netic field at a point along the axis of a loop of wire is shown in Eq. (21):

B ¼ l0IR
2

2ðR2 þ a2Þ3=2
ð21Þ

defined by two coils placed in series. These two coils have the same radius and
current magnitude/direction and are represented by this equation, μ0 is the magnetic
permeability of free space, I is the coil current, R is the radius of the coil, and a is
the distance between the coil and the point at which the measurement is taken,
which can be anywhere along the coil axis. From this equation, an equation can be
derived to calculate the magnetic field for a pair of coils, Helmholtz coils. This is
Eq. (22):

B ¼ l0ðNIR2Þ
2ðR2 þðR=2Þ2Þ3=2

ð22Þ

Here the total current, I, is calculated from the current supplied to a coil and the
number of turns of wire for a coil, N. The coils are separated by a distance equal to
the radius of the coils, R. The point at which the measurement is taken, a is half of
the radius, R/2. The two coils are in series with the same current direction so that the
magnetic fields generated by the two are additive. Each coil is the same with respect
to all the quantities of interest, the entire equation describing one coil can be
multiplied by two. Simplifying Eq. (3), results in Eq. (4):
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B ¼ ð4=5Þ3=2 l0NI
R

ð23Þ

Equation (21) can be used to calculate the magnetic field obtained from a pair of
true Helmholtz Coils—where the coils are separated by their shared radius.
However, to account for the fact that each pair of coils will instead be separated by
their diameter rather than their radius for the reasons discussed above, Eq. (24) is
derived from Eq. (21) where a now represents half the diameter of the coils or the
radius, R.

B ¼ l0ðNIR2Þ
2ðR2 þR2Þ3=2

ð24Þ

Simplifying this equation results in Eq. (25):

B ¼ ð1=2Þ3=2 l0NI
R

ð25Þ

Equation (25) is the equation that ultimately describes each pair of coils in one
direction for the coil system designed within this thesis. The magnetic field gen-
erated by each pair of coils along their shared axis can be determined when the
number of turns, current, and radius are specified. Alternately, this equation can be
rearranged to solve for a different unknown; for example, it will be useful to solve
for the number of turns of wire needed to achieve a desired magnetic field value. It
can be seen that the numerical constant in Eq. (25), describing what will be referred
to as the modified pair of Helmholtz Coils, is smaller than the constant that appears
in Eq. (23), which describes the true pair of Helmholtz Coils. This is to be
expected, as separating the coils by a larger distance and measuring the magnetic
field at a further point from the two sources generating the field should reduce the
measured field. The result of this solution will require a greater number of wire
turns for a given current. Also an increase supplied current to generate a given field
value in the modified coil system could be used, more than would be required by
the true Helmholtz Coil system. The consequence of this fact will require a greater
number of wire turns or more current supplied to generate a given field value in the
modified coil system than would be required by the true Helmholtz Coil system.
There are many calibration techniques that have been developed for magnetometers
utilizing different methods. An example of a physical method is the swinging
compass procedure, which has long found use in sea navigation. This process
requires that the magnetic field values be recorded using the ship’s compass for the
eight cardinal directions and these values are then compared with reference values
to obtain the offset in measurements [26]. Generally, this method is
two-dimensional and not very precise and so will not be suitable when working
with a three-axis magnetometer in this application. For compensating the external
hard and soft error sources, which once again take the form of an ellipsoid shape
rather than sphere that is offset from the origin, numerical methods using matrices
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are commonly employed and are considered to be the simpler and less accurate
linear approach. In this approach, it is sought to do away with this mathematical
approach in compensating for these errors. Helmholtz coils have found use in
compensating the internal biasing errors of magnetometers. With regards to the
tri-axis design, existing designs tend to attempt to hold true to the requirement that
the separation between the coils be their shared radius, which again requires that the
design allow for the intersection and overlap of coils, making the realization of the
actual system more complex [27]. Here, the design to be explored keeps the coil
system design simple to realize by separating the coils by their diameter instead.

Once it was determined that the test system for the magnetometers would be of a
modified Helmholtz design for all three axes, the specifics of the design were laid
out. Originally, the limiting factors of the design were to be that a total magnetic
field capable of being generated by the system was to be about 6 G—as that was the
limit of the range of one of the magnetometers to be tested with the system. In
addition, the current was originally limited to 5A and was therefore the value used
in the initial calculations. The reason for this was to plan for the event in which
there would be difficulties in obtaining six power supplies with a higher current
rating. The physical coil system was to be assembled using six aluminum bicycle
rims with a diameter of 16.5 in. (radius of 8.25 in.), each wrapped with 16 gauge
insulated copper wire. Before continuing, vector relationship equations must be
employed to determine the required magnetic field that must be generated for each
of the three axes, such that the resultant magnetic field vector has a magnitude of
roughly 6 G through the center of the system. A magnetic field vector of 3 G along
each of the x, y, and z axes will give a resultant vector magnitude of 5.20 G through
the center of the system.

Now, if Eq. (25) is employed and rearranged to solve for N, the number of
windings of copper wire needed for each of the bicycle rims can be estimated given
the requirement that for each pair, about 3 G of magnetic field be generated when
5A of current is supplied to each pair. This equation predicts that roughly 28
windings are necessary for each of the six bicycle rim coils.

In order to better visualize the magnetic fields predicted to be generated by the
entire tri-axis coil system, the software package COMSOL was used to simulate the
coil system design using the Magnetic Fields package. From within the COMSOL
model, the six aluminum rims, the current to be supplied to the coils, the number of
wrappings of copper wire, etc. could all be specified. The final simulation results are
shown in Fig. 23 which shows an individual slice of the three dimensional simu-
lation. Figure 24 shows the complete three dimensional model results. Similar to
the calculated scenario, this simulation specified an 8.25 in. radius for the coils, a
current of 5A supplied to each pair of coils and 28 wrappings for each of the coils.
It can be seen that at the very center of the assembly about 5.5 G is the predicted
value of the magnetic field according to the color legend. This does compare very
closely with the vector magnitude of 5.20 G and direction through the center of the
system that was calculated above.
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It should be noted that for this modified Helmholtz Coil design, the COMSOL
model shows that the fields within the system are not as uniform as what would be
expected from the true Helmholtz Coil design.

It can be seen in Fig. 23 that there are various “hot spots” near adjacent coils that
create an overall less than uniform pattern of the magnetic field in the system.
Regardless, the center point of the system, where the magnetometer will be placed,
shows a “sweet spot” for the field which Eq. (6) can predict fairly accurately. Using
the results of the COMSOL simulation, the six bicycle rims were hand wrapped
with 28 turns of the copper wire with the goal of achieving the roughly 6 G of
magnetic field at center of the physical assembly. Figure 25 shows the actual
physical assembly of the coil system. The base of the assembly seen in this figure is
also constructed of aluminum, chosen like the bicycle rims for its non-magnetic
properties and hence, not a source of magnetic distortion to the system. Finally, the
rod extending to the center of the system from a three axis manipulator located to
the left of the system is also aluminum and this is where the magnetometer will be
placed. Each coil was wrapped twice, with 28 turns going in the clockwise
(CW) direction and another 28 turns counterclockwise (CCW) (Fig. 25).

For the three pairs of coils for the x, y, and z direction, each wrapped in the
clockwise and counterclockwise direction, a total of six power supplies were

Fig. 23 One-dimension of the Comsol model of the three-axis Helmholtz coil test system
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needed for the assembly. This setup is useful in the absence of switching power
supplies, because to otherwise switch the direction of the current, the leads would
have to manually be switched between the CW and CCW sets of wrappings and
checked each time for accuracy. Also, with two directions of wrappings, there exists
the possibility of running both sets of coils at the same time with different currents

Fig. 24 Full three dimensional model of the three-axis Helmholtz test system

Fig. 25 Modified 3-axes
Helmholtz Coil design. The
strings were used to help
square the sensor in the test
area
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supplied to the two sets, if an offset value of magnetic field needs to be generated by
the second set to adjust the overall magnetic field for the system. Two Honeywell
chips, the HMC5843 and HMC5883L were considered for use in testing the coil
system. The HMC5843 chips were already available for use and provided the
opportunity to construct a hybrid circuit, while the HMC5883L breakout boards
were purchased fully assembled. These two chips were very similar in design and
operation. The HMC5883L was designed to be the successor to the HMC5843 and
boasted a few improvements, including a smaller size, less connections, the ability
to measure a larger range of fields, etc.

The HMC5843 chip was explored first. The chip itself has dimensions of 4 mm
x 4 mm × 1 mm with 20 pads, each with a width of 0.25 mm (about 10 mils) and
spacing between the pads of 0.25 mm. Using AutoCAD, a layout for the design of a
hybrid circuit was constructed. The design was simple, requiring only that there be
conducting traces from the chip pad to larger printed pads at the edges of the
alumina substrate for the purposes of making external connections to the chip. An
additional AutoCAD layer was specified for printing a dielectric layer onto the
substrate to function as a solder dam to prevent leeching of solder applied to the
conducting pads out to the traces. Figure 26 shows the completed hybrid circuit
with the HMC5843 chip soldered to the printed circuit and wired to the connector.
Wires soldered to the magnetometer were then fed outside of the coil system an
Arduino Nano placed at the base of manipulator. The magnetometer is a slave
device with a unique hardware address and must be connected to a master that can
supply the power, clock, collect the data, etc. The Arduino was then connected by
way of an USB to a computer which ultimately supplied the power to the Arduino.
It also ran the Arduino IDE with code uploaded to the Nano that collected the
magnetic fields data along the x, y, and z axes and calculated the overall vector
magnitude and angles. The results of testing the physical coil assembly and mag-
netometer with the Arduino code when 5A of current was supplied to each of the
three pairs of coils. It can be seen that the x and y axis values are in agreement with

Fig. 26 HMC5843 hybrid
circuit with external
connections
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Eq. (25), which once again, predicts 3 G of field under these conditions. The dis-
crepancy is mainly with the z axis measurement, as it showed the greatest variation
from 3 G, with roughly 2 G of magnetic field. And, it was this measurement that
reduced the magnitude of the resultant field to 4.748 G. Recall that the mathe-
matical prediction was 5.20 G while the COMSOL model predicted 5.5 G. The fact
that the experimental model resulted in a total magnetic field value significantly
different from both the COMSOL model and the mathematical calculations would
be expected, as the latter two are considered more ideal or simplistic than the real
world situation in which the experimental model operates. Real world conditions
include the presence of Earth’s magnetic field along with many other potential
sources of stray magnetic fields—the surrounding power supplies, computers, etc.
in the lab are just a few examples.

The following graphs show the results of using the HMC5883L chip to find
sources of magnetic field distortion (Fig. 27).

6 Commercial Devices

Commercial sensing opportunities for AMR magnetometers are broken into two
basic areas. The first of these is for feedback for process control systems and the
second use generally for safety equipment. Automotive sensors are usually used for
engine control as well as safety equipment. The feedback control applications are
often position sensing and can be very similar to automotive applications, but many
are static position devices. These static position devices often set the range of
motion for robotic and automatic equipment. A common commercial device is the
meander sensor. Meander sensors can be used to measure anything from
ring-magnets to high-current fields generated by power lines.

Fig. 27 Plot of the corrected output of the HMC5883L magnetometer in x-z, y-z, and x-y with
various offset currents to compensate the Earth’s field. Centered, spherical magnetic field data with
an offset current applied in the z coil set
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6.1 Discrete Devices

Common uses for the discrete AMR devices often are low field applications. The
low field applications are mostly compass applications but some applications like
linear position sensors may use an array of discrete sensors. An example of an array
of position sensors is shown in Fig. 28.

This arrangement of sensors can be used with either multi-channel analog to
digital converters and computer algorithms or can be used with a series of ampli-
fiers and comparators an a purely analog circuit.

6.2 Automotive Applications (Monolithic IC)

In the early 1970s a small group of engineers began a revolution in automotive
sensing using magnetic sensors. These individuals perceived that magnetic sensing
could replace the mechanical points in the automotive ignition system. By that time
optical ignition systems had been used in automotive racing, but these systems
proved unreliable in field testing due to their tendency to perform poorly in less
than ideal conditions. A team at Honeywell’s MicroSwitch Division saw that the
Hall Effect sensor along with a vane could replace the cam and points in an
automotive ignition system. This team installed this first solid state vane switch in a
1960s Ford Mustang and drove into the future. This first introduction of a point-free
magnetic sensor based ignition system open the door to computerized automotive
control systems. These developments allowed the automotive manufacturers to
reduce emissions of primary pollutants. Modern engine control systems now
monitor intake air, crank position, cam position, and exhaust gases. In the early
1990s, automotive manufacturers were looking to meet more stringent emissions
criteria. The criteria were essentially no misfire during start-up, and no fuel tank
vapor leaks. To improve the quality of the signal and to simplify the control system
by removing unneeded components the spark distributor was replaced by the
gear-tooth sensor. It was in this environment that the first automotive grade ani-
sotropic magnetoresistive sensor [29, 30] was introduced. This sensor is a

Fig. 28 Honeywell’s
HMC1501 array. The outputs
can be compared to determine
position of the sliding
magnets, from Honeywell
Application Notes [28]
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monolithic sensor—monolithic means that the sensor and the circuitry exists on the
same chip and is shown in Fig. 29. Previous AMR monolithic sensors (high current
sensors) produced by the Honeywell team were limited by process technology to
85 °C, these sensors have now been replaced by newer technology. Previous AMR
monolithic sensors (high current sensors) produced by the Honeywell team were
limited by process technology to 85 °C, these sensors have now been replaced by
newer technology. The Hall Effect sensor, which is still used by the majority of
automotive platforms, requires that the direction of the field be oriented out of
plane. The Hall Effect sensor is mounted in such a way that the sensor is essentially
sitting on top of the magnet and the gear tooth sensor passes just short of the sensor
surface. Figure 30 shows an automotive crankshaft with target from the early
1990s. The problem with this sensor configuration is that the gap spacing is the
distance between the surface of the Hall sEffect sensor and the magnetic target and
is dependent on the over-molding, fit and engine wear. The form of the waveform
coming off of the gear-tooth is roughly sinusoidal with an dc offset. When a Hall
Effect sensor is placed close to a gear-tooth it produces a high dc offset and a high
amplitude waveform. As the spacing opens up, the offset reduces and the
peak-to-peak values reduce significantly. To maximize the sensors usefulness, the
Hall Effect sensor electronics require a partial rotation of the gear-tooth target to

Fig. 29 First automotive grade gear tooth AMR sensor element. This sensor element in
combination with the process patent created a monolithic sensor that could withstand 185 °C
ambient [29, 30]
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calibrate the sensor. This causes excess unburned hydrocarbons to be released in the
atmosphere during start-up.

On the other hand, the Anisotropic MagnetoResistor (AMR) sensor depends on
the in-plane magnetic fields. The AMR sensor is sensitive to the ratio of the
in-plane fields which can be quite consistent over several millimeters. This con-
sistency and high signal to noise ratio makes the AMR sensor quite desirable for
start-up conditions. Unlike the Hall Effect sensor, the circuitry used for the AMR
sensor can be relatively simple temperature compensated dc operational amplifier
(Hall Effect sensors can also be dc but the gap spacing is significantly smaller, as
much as 25–50 %). The AMR sensor can be near zero-speed at start-up, which
means that the sensor can detect the first gear-tooth transition. The AMR sensor can
be used with an encoded target rather than a gear-tooth target. The encoded target
can be found in U.S. Manufactured vehicles built by General Motors after 1997 (C5
Corvette). Other automotive applications in which AMR sensors can be used are as
follows, wheel-speed, gear-shift, automatic transmission sensing, and compass
applications. In the early days of AMR automotive sensing, there was a concern for
stray fields effecting the AMR sensors. This was allayed by a group of Honeywell
design engineers who surveyed all the possible sources of stray fields in the greater
Chicago area.

Fig. 30 Early 1990s
crankshaft with target. The
arrows show the target [31]

196 M.J. Haji-Sheikh and K. Allen



The stray fields were discovered to be much less than the fields needed to cause a
significant error in the sensor. Figure 31 shows a prototype permalloy speed [32]
and direction sensor built by Honeywell’s Microswitch Division. This device has
two separate permalloy sensors spaced far enough apart to create a phase shift. This
phase shift along with simple digital logic allows the device to detect direction
along with rotational speed for a ring magnet. The application envisioned for this
device was an anti-lock brake sensor that could a car from rolling backwards on a
steep hill.

7 Advances in AMR Magnetometry

The bulk of work in AMR magnetometry over the last 15 years has focused on
improving modeling of AMR sensors. A significant amount of work has been
performed to analyze permalloy nanowires and nanodots. Recent work by
Corte-León et al. [33] looks at the effect of pinning at the corners of 150 nm
structures. They noted that even these nanostructures magnetic response is still
dominated by the AMR effect while they were studying how to determine the best

Fig. 31 Prototype speed and direction sensor manufactured by Honeywell’s MicroSwitch
Division in the early 2000s. The monolithic device is made from ion-milled permalloy and double
level metal. The sensors are ±45° meander sensors. The logic family is I2L. Photo care of Author
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way to analyze magnetization reversal. The effect of aspect ratio is studied by Singh
and Mandel [34] along with temperature effects. Spin-waves in permalloy nanos-
tructures are studied by Nguyen et al. [35] using high frequency measurement
techniques with good correlation of theory for experimental. Many new papers are
studying these physical properties of nanowires, but this has not been translated to
the area practical magnetometry. Most modern advances in AMR magnetometry
has been in the commercial sphere and can be found during cursory searches on
patent agencies. A recent advancement on the planer hall device was filed with the
U.S. Patent and Trademark Office by Klien et al. [36] and a modification of the dual
track automotive sensor was filed by Pant and Lakshman [37]. Significant work still
needs to be done in trying to characterize the three dimensional tensor that repre-
sents the magnetoresistor also connecting that to the basic mechanisms. Nanoscale
work is showing that even though the resistors are getting smaller, the AMR effect
may exist at a very fundamental level.
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