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Abstract

An itroduction to the theory of the anisotropic magnetoresistance effect in ferromagnetic thin films 1s given, ending
in a treatment of the minimahzation of the free energy which is the result of the intrinsic and extrinsic anisotropies
of the thin-film structure The anisotropic magnetoresistance effect in long stnips 1s reviewed Attention 1s given to
problems like the formation of domains and measures hike biasing and lineanzation The paper concludes with a
description of some applications which are being developed by the authors (1) an analyser for the stray field of
recording heads, (2) a sensitive magnetometer, (3) an accurate absolute angle detector, and (4) an absolute (linear)

position detector

1. Introduction

Electrically conductive magnetic matenials may
show the amisotropic magnetoresistance effect,
which means that the electrical resistivity depends
on the direction of the magnetization vector If
one considers a magnetic thin film, this effect
results m resistivities which are different when
measured perpendicular (p, ) or parallel (py) to the
local magnetization direction If the magnetization
in the film 1s determined by an external magnetic
field, the thin-film device can act as a sensor for
this field Then, a two-step process 1s acting n
such a sensor a magnetic field determines the
magnetization and the magnetization determines
the resistivity A sensor for magnetic fields can be
applied to detect position-, angle- or time-depen-
dent information, since magnetic fields can be
given a geometrical and/or temporal structure

In addition to the resistance anisotropy men-
tioned above, magnetic bodies may possess mag-
netic anisotropy, which can be of intrinsic (materal
property) or extrinsic (shape effect) nature In a
magnetic thin film, which does not have intrinsic
anisotropy perpendicular to the film plane, the
magnetization vector will be restricted to lie 1n the
plane of the film to a very good approximation
This 1s a consequence of the demagnetizing effect,
which strongly reduces the magnetization compo-
nent 1n a direction perpendicular to the film surface
For this reason the description of the effect can be
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restricted to two dimensions, with only the in-
plane components of the external fields being
effective 1n practical devices

It must be noted that the sensitivity of an-
1sotropic magnetoresistance devices for in-plane
magnetic fields 1s in contrast to that of normal
magnetoresistive or Hall devices, which react to
perpendicular field components In principle, the
normal effect 1s also present in a magnetic conduc-
tor, but mn the matenals treated here 1t can be
neglected with respect to the anisotropic effect

1. The resistance anisotropy

The anisotropic magnetoresistance effect implies
the electric resistivity change

Ap=PN—PL¢0

This phenomenon 1s present 1n three-dimensional
metals and alloys as a consequence of the an-
1sotropic scattering of the conduction electrons
[1,2] Some characteristic Ap/p values are listed 1n
Table 1 (we define p = (p; + p.)/2)

The choice of a suitable sensor material not only
depends on Ap/p values (actually in the percent
regime), but also on other properties like the mag-
netic properties and the sensitivity for temperature
or stress These and other considerations have
generally led to the choice of magnetostriction-free
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TABLE | Characteristic bulk values for Ap/p at room temperature

Material Aplp (%)
Nig 16Coy 30 66
Nig 4:Feg 15 43
Nij g9 Feg o 27
Nig g4 Mg o6 25
Nig 94Sng g6 18
Niy¢:Pdg 17 23
Fep oo Vo 10 13

Fig 1 Magnetic thin film with magnetization vector M at an angle o
with respect to the x axis Currents are parallel or perpendicular to M
(see tesistivities py and p, respectively)

permalloy Ni, g:Feq 15 and, to a much lesser extent,
NiCo and NiFeCo alloys

Consider a resistance anisotropy induced by the
magnetization vector, with no other anisotropy
effects acting on the resistance present (the use
of polycrystalline thin films elminates the crystal-
lographic contribution by averaging) Under the
assumption of a pure anisotropic magnetoresis-
tance effect, Ohm’s law can be written in tensor
form

(£)-(3 2)C) 0

where one of the coordinate axes 1s chosen along
the magnetization vector (Fig 1) E 1s the electric
field strength and J the current density Here p,
and p, are umquely determined and do not de-
pend on direction themselves
From a practical point of view 1t 1s more conve-
ment to choose the x-axis of the coordinate system
along J so that only a component J, remains
Transforming eqn (1) to that system results 1n
(EY) (p +3Ap cos 2a
E,)]  \ LApsin2a

i4

1Ap sin 2 J.
p—3Apcos2a/\ 0

(2)

with a the angle between the magnetization vector
M and the x-axis Equation (2) can also be written
as

pJ. . cos 2u
E = 3A
( 0 >+2 Pl (sm 20:) )
It 15 easy to generalize eqn (3) and express the

component E, along a direction at an angle { with
respect to the direction of J

E; = pJ cos { +3ApJ cos(20 — {) 4

3. Magnetization versus magnetic field

Permalloy films are characterized by the occur-
rence of an intrinsic umaxial magnetic anisotropy
[3] This anisotropy can be specified by the energy
density, which 1s necessary to disorient the magne-
tization vector M, with respect to the anisotropy
direction The subscript s indicates that in this
type of film, the magnitude of the magnetization
vector has a maximum, or saturation, value This
energy term reads

g, = K sin?g (5

with K the constant of uniaxial amsotropy and j
the angle between M, and the anisotropy axis (also
called the easy axis), which we take along the
x-axis (Fig 2) The strength of the anisotropy 1s
often represented by the anisotropy field Hy ., (1n
the remainder of this paper often denoted as H,),
defined as

Hk mntr = 2K/u0Ms (6)

where u, 1s the permeability of free space The
anisotropy 1s determined by film growth condi-
tions and/or subsequent treatment (magnetic an-
nealing) A charactenstic value for the amsotropy
field strength 1s 300 A/m

Fig 2 Definition of ¢ and § ea 1s easy axis, ha 1s hard axis



Apart from the anisotropy, the direction of the
magnetization vector M, 15 determined locally by
the local magnetic field H If such a field 1s
present, the expression for the free energy density
reads

¢ = K sin’f — poH - M, (7N

The equlibrium value for the magnetization direc-
tion 15 determined by minimizing eqn (7) with
respect to § Taking

de[éf =2K sin fcos f — M, H sin(p — ) =0
it follows that
sim(e — B) = H, sin(2p)/2H (8)

with ¢ the angle of H with the anisotropy axis
(Fig 2) Equation (8) must be solved under the
condition 6%/6p>>0 Unfortunately this can be
done 1n only a few special cases, although 1t can be
visualized very elegantly with the help of the so-
called Stoner—Wohlfarth astroid (Fig 3) With the
help of this device stable solutions can be con-
structed via a geometrical procedure [4] Note that
the procedure gives a single solution for an infinity
of H-vectors (e g , M, 1s a solution for H, H' and
H" in Fig 3), which emphasizes the need for
measures to design a device with a umiquely
defined output

This Section concludes with three remarks The
first concerns the anisotropy, which always has
some spread in magnitude as well as in direction
This 1s commonly denoted as dispersion

Furthermore, the easy-axis orientation 1s tem-
perature and stress dependent [5] The second

ea

Fig 3 Stoner—Wohlfarth astrold Magnetization directions are con-
structed by taking the tangents from the arrow tip of H to the astroid
in the direction of the casy axis
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remark concerns exchange interaction A contribu-
tion from this interaction to the energy 1s ne-
glected mn eqn (7) This 1s permitted as long as we
consider a single-domain model, or magnetization
distributions with relatively small gradients (‘al-
most’ single-domain model) In the practical
configurations, which are the subject of subse-
quent Sections, this condition 1s always fulfilled
[6] The third remark concerns the switching time
In principle the coherent switching of magnetic
dipoles 1s governed by intrinsic and eddy current
damping, which 1s greatly reduced in thin films
This makes very high switching rates (up to
1 GHz) possible [3]

4. The anisotropic magnetoresistance effect
in (long) strips

This Section treats the strip depicted in Fig 4,
which 15 considered to be very long with the
current contacts far apart This 1s for two rea-
sons First, we may expect the occurrence of do-
mams at the end of the strip (see Section 5),
while we want to confine ourselves to the ‘almost’
single-domain model Secondly, the current con-
tacts have a short-circmting effect on the trans-
verse voltage (which we call the planar Hall
voltage) 1n the vicimty of the current contacts
This effect 1s extensively treated in the hiterature
[7] for the normal Hall effect and has a compara-
ble influence on the planar Hall effect [8] There-
fore a further treatment 1s omutted here The
influence of the short-circuiting effect on the (lat-
eral) magnetoresistance 1s neghgible in the planar
case [9] This 1s 1n contrast to the normal magne-
toresistance effect

ET

~“eq

Fig 4 Long stnp configuration
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The expression for the free energy of a strip,
neglecting end effects, 15

E=JKSIn2ﬁ_%“Ost'Hl _ﬂOJ‘Ms‘Ha
vol vol vol

(9)
H, 15 the externally applied field, while H, 1s the
demagnetizing field, or (dipole—dipole) interaction
field, generated by the divergence of M The factor
3 1n the second right-hand term 1s a consequence of
the mutuality of the dipole—dipole interaction
[10], where one part of the device generates the
field acting on another, and vice versa If, for
mathematical convemence, a long strip with an
elliptic cross section 1s considered, a homogeneous
magnetization (single-domain film) leads to a con-
stant value for H, at every position of the film

H =—~DM,sina (10)

with « the angle between M, and the strip
axis and D the demagnetizing factor, for which
D =t/(t +w) 1s valid to a good approximation in
this case (¢ and w are the thickness and the width
of the strip, respectively, with f<w, eg,
t =40 nm, w = 4000 nm)

So we find for this case

£ = ;l(':-)-l = K sin’f + 3o DM? sin’o — uyoM, - H,
(11)

It 1s seen that the interaction term behaves for-
mally as a uniaxial anisotropy along the strip axis
(shape anisotropy) Although practical specimens
(to which we shall return shortly) will not have an
elliptical cross section, the assumption 1s well
suited for first estimates

If « = § (conciding anisotropy axes) an effective
anisotropy K* can be defined

K* =K + 3p,DM? (12)
This leads to an ‘effective’ anisotropy field
H:=Hkmtr+Hkshape=Hkmtr+DMs (13)

Under the assumption of an elliptical cross sec-
tion, the homogeneity of M 1s justified afterwards
if H, 1s homogeneous as well If H, 1s directed
perpendicular to the strip axis, 1t 1s convenient to
introduce the normalized applied field #, as

h,=H,/H¥ (14)
and the single-domain model leads to

smf=h, forh,<lI

smf=1 for ha>1} (15)

Equation (15) can easily be verified by mimimizing
eqn (11) Introduction of eqn (15) mto egn (3)
leads to

E.=p,J —ApJh? (16)
E, = ApJh,(1 — K2y (17)
or, since f§ 15 constant over the strip, to

ﬁVH=, ARh,(1 — h2)? (19)

with Vg and Vy the magnetoresistance and pla-
nar Hall voltages respectively, 1 the sensor drive
current, R and AR the sensor resistance and maxi-
mum sensor-resistance change respectively and /
the sensor-strip length Equations (16) to (19) are
vahd for |h,|<1 For larger values of |h,|, A,
should be replaced by 1 in these equations The
expresstons (18) and (19) have been plotted in Fig
5 (curves numbered 1)

If o # B (non-comciding anisotropy axes) an
effective anisotropy can be defined in direction as
well as in magnitude The results for this situation
are not derived here, but can be found 1n the
hterature [11]

Returning to the more realstic non-elliptic
cross section, a form effect may be expected as
well, although a shape anisotropy cannot be spe-
cified exactly The assumption of a homogeneous

Vi Yi!

H o Ho -

Fig 5 Vyg (upper curves) and ¥, (lower curves) for a rectangular
cross section with shape parameter a, = H gnape/H% 1, Instrinsic
behaviour with a; = 0 (also vald for elliptic cross section), 2, a,=0 5,
3,a,=1
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Fig 6 Influence of edge profile on magnetoresistance and planar Hall
effect, curves of devices having the same shape parameter a, = 0 095
1, edge tapered over 70% of strip width, 2, rectangular profile

magnetization no longer leads to a constant value
for H,, which in turn makes the assumption of a
homogeneous M no longer justified Nevertheless,
the problem can be solved with the help of numer-
ical procedures using a computer We shall not go
mnto the details of such computations, which are
given elsewhere [12], but only present some char-
actenstic results of Vy and Vg curves for a
number of ratios a, = Hy gap/HE (F1g 5) Agan
the intrinsic anisotropy 1s assumed to be parallel
to the strip axis while the applied field 1s perpen-
dicular to 1t

In contrast with the ‘elliptic’ case, the shape of
the curves depends on the aspect ratio of the strip
and 1t can be seen that the assumption of an
elliptical cross section may lead to rather larger
deviations for a,~ 1 This raises the supposition
that 1n this hmit any deviation from rectangulanty
may lead to a significant deviation from the results
of Fig 5 Ths can easily be shown from a compu-
tation 1n which an edge-taper 1s assumed (Fig 6)
[12] Experimental curves on specimens with a
large form effect often show deviations which can
easily be ascribed to specific edge profiles, poor
edge definition, edge asperities and so on

5. Domains [3, 13]

In Section 4 only (almost) single-domain solu-
tions were considered No attention was paid to
solutions that contain magnetic domains, which
may easily occur 1n practice

This can be demonstrated by the examples of
Fig 7 A magnetic field in a direction perpendicu-
lar to the strip axis with a magnitude larger than
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(a) (b)

Fig 7 Possible domain configurations (a) in a short strip after
relaxation from a large field perpendicular to the strip axis, (b) in a
disc after relaxation from a large field pointing to the nght In both
cases the easy axis 1s horizontal

¥ pulls the magnetization perpendicular to the
strip axis If such a field decreases and becomes
smaller than H¥ again, the magnetization will start
to rotate back to the easy-axis position However,
the rotation may be clockwise or anti-clockwise
and, depending on the local deviations from the
anisotropy direction (angular dispersion), the mag-
netization will rotate 1 opposite directions
different parts of the film This results in a mult-
domain film with (approximately) opposite magne-
tization directions when the external field has
diminished to zero (Fig 7(a))

A second example of domam formation can be
given on the basis of the situation i discs or short
strips Starting from a decreasing but positively
oriented magnetic field, the magnetization will
switch from positive to negative at H = — H¥ 1if the
Stoner— Wohlfarth (SW) model 1s strictly followed
In practice, however, the switching process starts at
smaller (absolute) values of H as a consequence of
domain formation, often starting at the film edges
So, instead of switching coherently, as predicted by
the SW model, the film ‘switches’ by domains that
grow 1n opposite directions throughout the film
(Fig 7(b)) [3] This gives the switch a noisy appear-
ance, resulting in Barkhausen noise in the electrical
output

6. Biasing and linearization

Switching of the magnetization, whether or not
accompanied by domain formation and growth,
should generally be avoided 1n a working device In
practice this means that the fields to be detected
must be on a trajectory outside the SW astroid
Such a requirement cannot be fulfilled if the device
serves as a detector of unknown (possibly small)
fields However, in applications where permanent
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magnets are part of the device (e g, 1n position
and angle detectors), such a requirement can be
fulfilled (see applications described n Sections 7 3
and 74)

When small fields in a limited range should be
detected (e g, by a recording read head) a bias
field may be added to shift the range outside the
switching region, so that all events take place on a
single branch of the magnetoresistance or planar
Hall curve Apart from this, a bias field can be
used to put a small-amphtude signal around a
point of maximum sensitivity [14]

In most apphcations the use of the magnetore-
sistive effect 1n long strips 1s preferred over the
use of the planar Hall effect, although the latter 1s
linear m first order The reason for this 1s simple
and can be derived from eqns (18) and (19)
In order to make the doman influence and the
short-circmiting effect at the strip ends neghgible,
a large //w ratio 18 requred, leading to a large
ratio of the magnetoresistive to the planar Hall
voltages

Since 1n many cases the quadratic magnetoresis-
tor response (eqn (18)) 1s not desirable, there 1s a
need for linearization Available methods have
been reviewed by Tsang [15] and Kwiatkowskl
and Tumanski [16] From the combination of
eqns (3) and (15), it can be seen that a (first-
order) linear magnetoresistive response 1s obtained
if the direction of the current flow 1s oriented at
45° with respect to the easy axis (1€, o — ff = 45°
in Fig 4), while still maintaining the easy axis
oriented perpendicular to the magnetic field to be
measured An important variation on this theme 1s
the so-called barberpole configuration [17], where
the easy axis of a magnetoresistive strip 1s oriented
parallel to 1ts main geometrical axis, but where a
highly conductive overlay structure deposited on
the strip forces the current to flow locally at 45° to
the strip axis In a dafferent approach to lineanza-
tion, a magnetic bias field can be appled (e g,
[18-20])

7. Applications

Anisotropic magnetoresistive devices are used to
measure magnetic fields and all variables that can
exploit a magnetic field as an intermediate agent,
e g, angular position, linear position, temperature,
etc Besides, they are widely used and investigated

as detectors for magnetically stored information,
eg, in disc dnves or in bubble memories In
particular the application as a read head for mag-
netic recording (suggested by Hunt [21]) has been
a subject of permanent investigation The advan-
tage of a magnetoresistive (MR) head over a
conventional inductive head 1s that 1t scales down
favourably (with respect to the latter) regarding
the signal-to-noise ratio [22] The obvious draw-
back of the MR head 1s that 1t must be combined
with a separate write head Nowadays the MR
read head 1s 1n use 1n some advanced recording
systems and 1its role in magnetic recording can
hardly be circumvented We do not go mto the
details of the recording MR head 1n this review,
but refer the reader to the abundance of literature
on the subject

7 1 Field analyser

A magnetoresistive permalloy strip can be used
1n a measuring system for the purpose of mapping
the fringing fields of recording heads (including
ring-type ferrite heads, thin-film heads and single-
pole-type heads for perpendicular recording) and
the flux reversals in hard-magnetic layers [23, 24]
Depending on the position of the transducer with
respect to the head or magnetic-layer surface, the
perpendicular or tangential field component 1s
measured (Fig 8)

The transducer 1s designed such that the magni-
tude of the field to be measured 1s smaller than
H}, but of comparable order This can be done by
a proper choice of the aspect ratio z/w Since the
detector output 1s not unmiquely deterrmned by an
external field (see Fig 3), use 1s made of the
knowledge that the nature of the fringing fields 1s
two dimensional and the strip axis 1s positioned 1n
the direction of the zero component of the mag-
netic-field pattern In measuring a recording-head
field, a possible disturbing field along the strip axis
will generally be screened out by the soft-magnetic
material of the head itself and does not influence
the sensor’s signal

The magnetic-field component can be measured
directly if there 1s a neglhgible field gracient along
the width of the sensor strip This 1s generally not
the case, because the head-gap length may be of
the order of one mucrometer so that sigmficant
field changes occur within sub-micron distances In
that case the sensor signal has to be compared
with computed values which have been derived on
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Fig 8 Orentation of the sensor substrate with respect to a nng-type
head n order to determine the y component (a) or the x component
(b) of the fringing field

the basis of an assumed structure of the field and
a model of the behaviour of a permalloy sensor
strip 1n a non-uniform field {25] The character of
this type of measurement requires an unbiased
detector However, 1if the fringing field of a flux
reversal 1n a hard-magnetic layer 1s measured, a
linearization of the sensor s possible by means of
an externally apphed homogeneous field n the
width direction of the sensor strip [24]

The technology of the preparation of permalloy
transducers with micron or sub-micron width di-
mensions on the very edge of a substrate can be
found 1n the literature [26, 27]

7 2 Thn-film magnetometer

In most designs of magnetoresistive magnetic-
field sensors, the occurrence of magnetic domains
1s detrimental to their operation In the magne-
tometer described here, which 1s based on an
inductive thin-film magnetometer first reported by
West et al [28], the occurrence of magnetic do-
mains 18 exploited for obtaining a sensitive mag-
netic-field sensor It has been shown [29, 30] that
for low operating frequencies and small film di-
mensions, magnetoresistive rather than inductive
readout of the magnetic state of the film will n
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principle lead to a better sensitivity An alternating
(e g, sinusoidal) bias field H,, 1s applied perpen-
dicular to the measurand and to the easy axis of a
magnetoresistive film which 1s shaped mnto a pla-
nar Hall element or a magnetoresistor having a
canted current path The bias field periodically
saturates the film, and upon returning from satu-
ration the magnetization splits into two parts (dis-
tributed over a number of magnetic domains)
which rotate toward the easy axis in opposite
directions The easy-axis field component, H,, de-
termuines the ratio of the two magnetization frac-
tions, which 1n turn determines the sensor’s output
voltage Using an orthogonal susceptibihty model
[31] and neglecting dispersion 1n the magnitude of
anisotropy and shape effects, the peak-to-peak
output voltage V,, for a planar Hall configuration
(shown 1in Fig 9) can be calculated to be [30, 32]

2iw AR I
s o, Hl./2n )

where g, 1s the standard deviation of the distribu-
tion function of amsotropy-axis orientations (an-
gular dispersion) and H 1s the measurand This
result 1s independent of the amphtude of H.,,
which should, of course, be larger than H, The
waveforms occurring with a sinusoidal excitation
field are shown in Fig 10

A small hysteresis effect in the sensor can be
explained by the dispersion in the magnitude of
anisotropy and the inhomogeneous demagnetizing
field due to the non-elliptic cross section of the
permalloy film {32]

The feasibihity of fabricating this type of magne-
tometer with an integrated drive coil using planar
technology (Fig 11) has been demonstrated [33]

If appropriate driving and signal-processing
electronics are employed (using a non-sinusoidal

(20)

Vi

NANNNNANNNN
€
=4
\\\T\
le— x —

Fig 9 Magnetometer configuration, using the planar Hall effect H,,
1s the periodical excitation field, H, 1s the magnetic field component to
be measured
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(a) (b} ()

Fig 10 Magnetometer operation (a) H,, and Vy vs time, (b), (c)
Vu vs H. (a) and (b) sold curve, H,= H, # 0, dashed curve
=—Hy (c) H=0

H

s

L7
a3 \\\/\\QI'\\Q

Fig 11 Magnetometer construction (1) Sisubstrate, (2) S10, nsula-
tor, (3) Al lower half of excitation coil, (4), (7), (9) polymide
nsulator, (5) permalloy, (6) Al contacts to permalloy, (8) Al upper
half of coil (drawing by Rineke Groothengel)

excitation field), two magnetic-field sensors of this
type can be applied 1n a solid-state compass, mea-
suring both field components in the plane of the
film with an accuracy of 3 x 1072 A/m [30] Thus
would allow the orientation of the earth’s mag-
netic field to be measured with an accuracy of
approximately 1°

73 An absolute angle detector

Whereas many applications of magnetoresistive
films use relatively small magnetic fields, there are
examples of magnetoresistive sensors which use
very large (with respect to H¥), so-called ‘saturat-
ing’, magnetic fields In such a sensor, all problems
related to the formation of magnetic domains, to
hysteresis, etc are avoided In homogeneous satu-
rating fields, the performance of magnetoresistive
elements can be optimized with respect to the
signal-voltage level [34]

One cxample 1s an absolute angle detector
[35, 36], shown schematically in Fig 12 A pair of
magnetoresistive elements 1s used to detect the
orientation of the (saturating) magnetic field of a

rotatable
permanent
magnet

Fig 12 A contactless absolute angle detector The orientation of the
permanent magnet with respect to the magnetoresistive elements can
be measured using the output signals of the elements M represents
the magnetization in the magnetoresistive elements

Fig 13 A pair of planar Hall elements as used n the detector of Fig
12 71 represents the driving current, M the magnetization of the
permalloy A two-dimensional plot of V,=7IAR cos(20) and
V,=1AR sin(20) 1s also shown

permanent magnet Magnet and magnetoresistive
elements do not necessarily have to be jomed
mechanically, as long as the orientation of the
magnetic field with respect to the magnetoresistive
elements represents the angle that 1s to be mea-
sured This allows some freedom 1n the positioning
of the magnet with respect to the clements, 1f
the magnetic field 1s homogeneous 1n a certain
area

The magnetoresistive elements are planar Hall
elements (Fig 13), mutually rotated over 45 de-
grees The output angle ® can be calculated from
the two signals from these elements In Fig 13
the two signal voltages are plotted in a two-di-
menstonal diagram for different values of @ It 1s
obvious that the sensitivity of this measurement is
constant 1n the range of the angle detector 0
to 180 degrees Furthermore, the measurement is
intrinsically temperature independent a change
n temperature will affect Ap, and will cause a
change n the radius of the circle in Fig 13 The
measured value of ©®, however, will not be
affected



In Fig 13 the short-circuiting effect of the cur-
rent terminals of the elements 1s neglected This
effect does not change the principle of the mea-
surement, since 1t can be represented by a constant
multiplication factor n ¥, and V,

The magnetic amsotropy of the permalloy film
causes a difference n orientation of the magnetic
field and the magnetization 1n the film This effect
causes a systematic error mn the sensor signal
Although this error can be accounted for in the
electromics following the angle detector, 1t would
be more convenient to use a permalloy film with-
out magnetic anisotropy This can be realized by
an annealing treatment of the permalloy film [35]
or by using a double layer of two permalloy films
with mutually perpendicular magnetic anisotropies
(37)

Several solutions for readout electronics have
been tested The signal of the detector 1s very
similar to that of a resolver Therefore, standard
resolver electronics can be used On the other
hand, the signal processing of the angle detector 1s
much more flexible than that of a resolver (ac or
dc excitation currents, two independent ele-
ments), allowing a number of simpler solutions to
be exploited

Another angle detector that operates 1n a satu-
rating magnetic field 1s shown in Fig 14 This
Figure shows a four-pole system, but the number
of poles can be increased, 1f desired The signal of
this type of sensor has a periodicity of n if the
magnet consists of » poles Due to the symmetry of
the system, the signal voltage V,, 1s relatively
mnsensitive to misplacement of poles on the magnet,
or musplacement of the magnet from the centre of
the permalloy ring pair A possible application of

Fig 14 A four-pole detector A pair of permalloy rings, which are
partly covered with alumimum, 18 magnetized by the field of the
magnet The rings are driven with a current / In this configuration,
an offset-free signal ¥, 1s obtamed, which 1s approximately sinu-
soidal
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this type of angle detector 1s to replace the collector
m a d ¢ motor

Depending on the position of the rotor, the
current through the driving coils 1n the motor can
be switched with the aid of the signals from the
detector Preferably, zero-crossings of the signal are
used Dufferent phase shifts of the signal can be
obtained from extra ring pairs which are shghtly
rotated with respect to the ring pair shown 1n the
Figure The signal, which 1s approximately sinu-
soidal, can easily be transformed into the switching
formation for the driving coils and other interest-
ing information like the speed of the rotor can
easily be obtamed A practical drive application of
this sensor 1s currently being prepared for publica-
tion [38]

74 An absolute position detector

A system for the absolute detection of linear (or
angular) position can be realized using a magne-
toresistive permalloy strip as the position-data de-
tector [39] In this system the position information
1s not conventionally laid down 1n parallel tracks
but 1s recorded n one smgle track of a hard-mag-
netic scale (see Fig 15) by means of a maximum-
length sequence of 2" —1 bits [40] The position
coordinate can be derived from the response of a
sensor array detecting a sertes of n adjacent bits
Maxmmally 2" — 1 umique bit combinations can be
distinguished

The magnetoresistive sensor array 1s built up of
a permalloy strip laid down on the edge of a
substrate and 1s divided mto separate sensor ele-
ments by means of electrical conductor strips per-
pendicular to the sensor strip The magnetization
distribution 1 the permalloy strip 1s determined by

direction of
movement

magnetic
sensor

magnetization
reversal

©

hard-magnetic
scale

Fig 15 Detection of bits n a hard-magnetic layer by means of a
magnetoreststive sensor array
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Fig 16 (a) Sensor strip, divided mto two sets of sensor elements,
positioned 1n the stray field of a hard-magnetic information layer (b)
Qutput of a sensor element

“

the stray field of the hard-magnetic layer (Fig 16)
The resistance of each sensor element 15 an indica-
tion for the presence (‘1-bit’) or the absence (‘0-
bit’) of a flux reversal at that particular position 1n
the scale The resistance values have to be cor-
rected for the temperature effect of the magneto-
resistive material by using dummy elements To
avoid ambiguities at the boundaries of the flux-
reversal positions, at least two sets of sensor ele-
ments are necessary, which should be mutually
shifted over (n + 1/2) bit periods (in the case of
two sets) Some mechamism has to be created to
decide on the choice between the two sets of
sensor elements An obvious solution 1s the mtro-
duction of a second (reference) track with an
all-ones recording pattern Such an additional
track can also serve as the basis of an mterpola-
tion scheme for the purpose of improving the
resolution of the position readout

Prototype detection heads have been realized
with strip widths in the range of 10 to 30 ym and

¥ values of 1500 to 3600 A/m The cross-contact
leads, which must show a very low specific contact
resistance to the permalloy film, were reahzed by
patterning a Mo/Al film using a Lft-off process
The response of the sensor elements with various
dimensions 1 the stray fields of the flux reversals
of magnetic scales (actually commercially avail-
able audio tapes were chosen) was evaluated It
was found that position bits can be detected with
a lower bit-period lmit of the order of a few
hundred pm

Based on experiments and on calculations with
a simulation model, it can be concluded that
the resolution of the position-detection system
1s of the order of 100 pym, which 1n principle can
be mmproved by a factor of 10 to 100 with the

apphcation of interpolation techmiques The per-
formance of a system based on an alternative
techmque, being the semiconductor sihcon Hall
technology, is estimated to be of the same order as
the permalloy-based version [41] The range of the
position detector depends on the position-bit
period and the number of applied elements 1 the
sensor array and in principle 1s not hmited

8. Concluding remarks

In the last few decades much work has been
done concerning the theoretical description of an-
1sotropic-magnetoresistance phenomena and the
development of apphcations The commerical fea-
sibthity of this sensor type has been shown in the
field of analog magnetic sensors and magnetic-
recording read heads, respectively However, the
magnetoresistive sensor has not yet emerged as a
low-cost mass-product One of the obstacles 1s the
development of fabrication techmiques for the re-
alization of thin-film devices in large quantities,
with good and reproducible properties and 1n a
suitable package Another aspect 15 the integra-
tion with electronics 1 order to cope with special
problems like temperature effects, mmitiahzation,
biasing, drive currents and communications Mul-
tidisciphnary activities of this kind are found to
form a certain barrier for the utihzation of these
designs
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