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Optimization of the Response of Magnetoresistive 
Elements 

KEES J. M. EIJKEL AND JAN H. J .  FLUITMAN 

Abstract-This paper provides a way to optimize the output signal 
of a general thin-film magnetoresistive element with a homogeneous 
magnetization field as used in applications with a saturating external 
magnetic field. The element is assumed to he operated by four-point 
measurement. In order to be able to compare different elements, a fig- 
ure of merit is defined. The general theory of the anisotropic mag- 
netoresistance effect (AMR effect) is treated. With that, a few general 
rules for optimization are formulated. It is concluded that in order to 
obtain a maximum signal voltage amplitude, the current density in the 
element should be constant, i.e., not affected by the AMR effect. It is 
shown, that the AMR effect on the current density in the element usu- 
ally cannot be neglected. Some special configurations of magnetore- 
sistive elements are treated in detail. The problem of four point con- 
tacts in an infinitely wide thin film is solved analytically, with the aid 
of a special transformation. It is found, that there is an optimum thick- 
ness of the thin film in an AMR device, which depends on the material 
and the deposition technique. For pseudo-Hall elements, an optimum 
length-to-width ratio is found ( -2 1.35). 

INTRODUCTION 
URING the past few decades, the anisotropic D magnetoresistance effect (AMR effect) in ferromag- 

netic thin films has been used to detect (variations of)  
magnetic fields in many applications [ l ] ,  [2], etc. The 
signal voltage amplitude of AMR devices is usually rather 
small and amplification is required in most applications. 
If the noise from the AMR device is small, as usually is 
the case in applications where saturating external mag- 
netic fields are used [2], the noise of the amplifier will be 
decisive for the signal-to-noise ratio of the system. In that 
case, an optimization of the signal voltage amplitude of 
the device is required. The resistor noise of AMR devices 
usually is negligible. 

Optimization of AMR devices can be performed by op- 
timizing the AMR material [3]-[5] or by optimizing the 
device geometry and the readout technique [6]-[8]. This 
can be done using an experimental approach [6], or with 
the aid of a theoretical model. However, these studies are 
usually concerned with special geometries of AMR de- 
vices. The optimization of a general device is very com- 
plicated. Furthermore, it depends on the actual detection 
problem in which the AMR effect is to be applied. 

In this paper, the optimization concerns elements with 
a homogeneous magnetization, experiencing a saturating 

in-plane magnetic field. The results of this study were used 
in the development of a contactless angle detector [2], 
[91. 

A few general remarks will be made in advance: 
With the exception of a few special applications, the 

signal voltage amplitude of an AMR device should be sta- 
ble in time and over a certain specified temperature range. 
This imposes constraints on the measurement setup: The 
contact resistance of the electrical contacts to the AMR 
film can be unstable at higher temperatures and current 
densities. On the other hand, the temperature behavior of 
the contact resistance can differ from that of the AMR 
film. Therefore, the influence of the contact resistance on 
the signal voltage of an AMR device should be mini- 
mized. This is achieved by driving the device with a high- 
impedance source (current source) and reading the signal 
voltage with a high-impedance amplifier (a four-point 
measurement setup). Such a measurement setup is as- 
sumed in the following calculations. A second problem 
can arise if a low-impedance driving and readout circuit 
is used: due to the magnetization-dependent internal re- 
sistance of most AMR devices, a distortion of the signal 
voltage can occur, which should be avoided in some ap- 
plications [9]. 

In all calculations the magnetization inside the AMR 
film is assumed to be in-plane. In practically all situations 
this assumption is valid, since the demagnetizing factor 
perpendicular to the film plane approaches 1 and because 
of the high saturation magnetization M, of the commonly 
used AMR materials. 

The magnetization in the film is assumed to be time- 
independent and homogeneous. Its orientation will be 
given with respect to a reference axis, which is defined as 
the symmetry axis of the AMR device through the current 
contacts. If such a symmetry axis is absent in a device, 
another definition of the reference axis should be used. If 
the magnetization is time-dependent, eddy currents can 
occur in the film, giving rise to changes in the signal volt- 
age. These eddy currents can usually be neglected if the 
magnetic field is in-plane. If inhomogeneities in the mag- 
netization field of an AMR film are present, the response 
of the device should be examined combining magnetic and 
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electrical properties. This Can lead to different conch- 
sions than presented here. As an example, the magneti- 
zation in the device may be influenced only at the edge of 
the film. In that case, the sensitivity of the device should 
be optimized in that area, e.g., by forcing the current to 
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flow especially in that area. However, many of the con- 
clusions drawn here can be applied to these devices. 

The influence of the current density on the magneti- 
zation in the film is extremely small and is neglected in 
the calculations. 

Only the AMR effect will be considered in our dis- 
cussion. Other possible sources of resistivity anisotropy 
will be neglected. The most obvious source of resistivity 
anisotropy in a conductor is crystal anisotropy, which is 
canceled out in a polycrystalline film such as Permalloy. 
Furthermore, galvanomagnetic effects other than the AMR 
effect will be neglected. It should be noted, that the Hall 
effect in AMR films is so small as to be negligible [ l ] .  

The magnetoresistive properties of the AMR film are 
assumed to be constant throughout the film plane. 

This paper deals with the general theory of the current 
density and the electrical field in an AMR film with low- 
resistance contacts. Some conclusions can be drawn from 
this general theory. After that, a few special cases will be 
treated, leading to optimization criteria for the general de- 
vice. 

THE AMR MATERIAL 
The most commonly used AMR material is Permalloy, 

usually in the magnetostriction-free composition of about 
81 at % Ni and 19 at % Fe. The ratio 81/19 is close to 
that with the highest magnetoresistive effect which is 
around 90 at % Ni [3]. At the magnetostriction-free com- 
position the magnetic properties of the Permalloy are su- 
perior: a very low coercive field of about 100 A/m or 
lower for these very thin films and a low uniaxial anisot- 
ropy energy constant of about 200 J /m3. These values are 
practically equal for films deposited by sputtering or by 
evaporation. Higher magnetoresistive effects are found in 
NiCo alloys [3] and NiFeCo alloys [4]. However, gains 
due to a higher magnetoresistivity are offset by a higher 
anisotropy constant and coercive field in these materials. 

Optimization of the AMR material itself by optimizing 
the deposition technique is often possible. It should be 
mentioned, that special treatment of an AMR film can re- 
sult in better performance. It is well known, for instance, 
that annealing treatment of Permalloy thin films lowers 
their resistivity by up to 30 percent, thus increasing the 
relative amplitude of the AMR effect itself [ 5 ] ,  [9], [lo], 
yielding higher output signals for a given input power. 

THE AMR EFFECT 
Fig. 1 shows an infinitely wide AMR film magnetized 

at an angle 8 with the x axis. Different resistivities pII and 
pL can be distinguished parallel and perpendicular to the 
magnetization vector (as), respectively. In this paper the 
amplitude of the AMR effect is defined as 

PI1 - P I  
Ap = ~ 

2 

which is positive for most AMR materials. 

Fig. 1 .  A homogeneously saturated AMR film. The magnetization vector 
M, is otented at an angle 8 with the x axis. A homogeneous current 
density J is directed along the x axis. Two point contacts A and B are 
positioned on the film surface at a mutual distance w. 

- 

The relative AMR effect (magnetoresistive ratio) is 
given by 

with 

PI1 + P I  
p=2. ( 3 )  

It should be noted that the definition of the AMR effect is 
slightly different from that, encountered in many other pa- 
pers: Ap = pII - pL.  The definition used here is chosen 
because of the simpler form of the successive equations 
that will be presented. Definition (1) is used, among oth- 
ers, by Coren and Juretschke [ I l l  and by Soohoo [12]. 

In a coordinate system with the x and y axes in the film 
plane, the x axis parallel to the magnetization vector, the 
resistivity tensor of the film of Fig. 1 can be written as 

(4) 

with pz the resistivity in the z direction, perpendiculg to 
the film plane. A homogeneous current density J is 
present in the film of Fig. 1 ,  directed parallel to the x axis. 
To determine the signal voltages that can be obtained from 
the film, we should first calculate the electric field E .  

When describing the behavior of an AMR device, it is 
more convenient to couple our coordinate system to the 
geometry of the device, or, equivalently, to the current 
direction in the film. In this case we choose the x axis 
parallel to 5. Now will transform to R5R-I with R the 
rotation in the x-y plane over an angle 8 around the origin 

( C o i e  -si;@ I) 
R = sin 8 cos 8 0 . 

We find 

pII - 2Ap sin2 8 2Ap sin 8 cos 8 0 

o 2Ap sin e COS e pII - 2Ap cos2 e 
0 0 PI 

Authorized licensed use limited to: UNIVERSITEIT TWENTE. Downloaded on November 24, 2008 at 16:05 from IEEE Xplore.  Restrictions apply.



EIJKEL A N D  FLUITMAN: RESPONSE OF THE MAGNETORESISTIVE ELEMENTS 313 

with A p  as in (1). This can be written as 

p + Ap COS ( 2 8 )  

Ap sin ( 2 8 )  p - Ap cos ( 2 8 )  0 

Ap sin (28 )  

0 0 Pz 

with p as in (3). From (5) it is obvious that the resistivity 
perpendicular ti, the film plane is independent of the (in- 
plane) magnetization orientation. Because of the high ra- 
tio of in-plane dimensions to film thickness of thin-film 
AMR devices, the current density perpendicular to the film 
is zero everywhere, except in a negligibly small region 
around a current or voltage contact. From (5) it can be 
concluded, that the E, component of the E field will be 
zero throughout the film. This suggests, that we can re- 
duce the problem to a two-dimensional one, simply by 
leaving out the z component in the calculations. In a two- 
dimensional approach the resistivity tensor reduces to 

A two-dimensional approach can be used in many calcu- 
lations concerning AMR devices. It should be noted, 
however, that the two-dimensional problem is not exactly 
analogous to the three-dimensional reality. By leaving out 
the z component, the restriction that the current density is 
nonzero only inside the film (0  5 z I t with t the film 
thickness ) is neglected. The three-dimensional analog of 
the two-dimensional approach is a pile of identical film 
planes extending to infinity along the z axis. The E and 5 
fields are independent of z .  The two-dimensionaI solution 
is the cross section of this three-dimensional space with a 
plane ( z  = constant). 

Using (5a), the E field at any point of the film of Fig. 
1 can be calculated 

- cos ( 2 8 )  
E = F7 = p J ( A )  + A p J (  ). ( 6 )  

sin ( 2 8 )  

The first term on the right is the E field in an isotropic 
conductor with resistivity p .  The second term is the AMR 
term, which depends on the magnetization direction in the 
film. It is interesting to see, that the modulus of the latter 
is Ap J ,  independent of the magnetization direction, while 
its orientation is coupled directly with the magnetization 
direction. It is clear from (6), that 5 and E will usually 
not be parallel in an AMR film. 

In a practical situation, two contacts A and B will be 
positioned on the film at a mutual distance w ,  to measure 
a voltage difference VSls. It is presumed that these contacts 
do not affect the current density in the film; in other words, 
we have point contacts that convey no current. Vsi, can 

now be calculated by taking J E di on the straight line 
connecting the voltage contacts. If this line is oriented at 
an angle (with 5, the component of E parallel to the line 
reads 

E, = p ~ c o s  ( + A P J C O S  (28  - j-). (7) 

In the present case, E,  is constant along this line, and Vsi, 
can be calculated 

PB 

Vsig = E, dl 
A 

= p ~ w  cos ( + APJW cos ( 2 8  - (1. ( 8 )  
By changing the value of (, the phase of the AMR term 
in Vsig, ( 2 8  - (), can be adapted. The amplitude of the 
AMR effect remains constant as long as the distance be- 
tween the voltage contacts is left unchanged. 

Two well-known configurations using the AMR effect 
are the magnetoresistor and the planar Hall or pseudo- 
Hall device [l], shown in Fig. 2(a) and (b), respectively. 
The current density in the films will be homogeneous, so 
J = I /w t  with I the driving current, w the width, and t 
the thickness of the Permalloy strip. The current contacts 
have a mutual distance of 1 .  To reduce the influence of 
short-circuiting effects on the signal voltages, we take 
1 >> w. 

In the magnetoresistor we have ( (  = 0)  

v,, = p~~ + A ~ J I  cos ( 2 8 )  

Usually, this voltage is written as 

v,, = IR - I A R  sin2 8 
with R the resistance of the magnetoresistor taken at 8 = 
0 and I the driving current of the device. AR is the max- 
imum change in strip resistance for different magnetiza- 
tion directions. It is related to both the shape of the mag- 
netoresistor and the (intrinsic) AMR effect. For the sake 
of clarity of the description, it is more convenient to sep- 
arate material and geometry parameters, as in (9). 

For the pseudo-Hall device we find ( (  = 4 n) 
Vph = ApJw sin ( 2 8 )  = I- sin ( 2 8 )  AP ( I  >> w ) .  

t 

( 10) 
Usually, this so-called pseudo-Hall voltage is written as 

W l w  
I 2 1 

VPh = - I A R  sin 8 cos 8 = - ZAR - sin (28) .  

AR has the same definition as in the magnetoresistor, a 
combination of material and geometry parameters. The 
ratio ( w / l  ) of the device does not influence the pseudo- 
Hall voltage (apart from the short-circuiting effect, which 
is not dealt with here), since AR contains a factor ( l / w ) ,  
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know that 
-lo-, 

div 5 = 0 (11) 

curl E = 0. (12) 

and 

With div ? = 0 we can write: 5 = -curl T, the curl of a 
vector field. In our thin film with J,  = 0 everywhere, we 
can state without loss of generality that 

(a) (b) 
Fig. 2. (a) A magnetoresistor. (b) A pseudo-Hall element. 

as can be seen in (10). To avoid this unclear situation and 
to use a single formalism for all AMR-related effects in 
the AMR devices, the formalism of (6) and (8) will be 
used throughout this paper. From this point of view, the 
magnetoresistive effect (9) and the pseudo-Hall effect (10) 
are special cases of the AMR effect (6). It is interesting 
to see, that in (9) and (10) the resistivity p and AMR effect 
A p  are divided by the thickness t ,  as in all equations en- 
countered in the following. This is a consequence of the 
approximately two-dimensional geometry of thin-film de- 
vices. 

In (9) and (10) the current density in the devices was 
considered to be independent of the magnetization direc- 
tion in the AMR film. In general, this is only an approx- 
imation, since the low-resistance current contacts of the 
devices of Fig. 2 short-circuit the cross voltage that builds 
up over the strip width (the short-circuiting effect). There- 
fore, (9) and (10) are only valid for long strips ( I  >> w), 
where the influence of the short-circuiting effect on the 
signal voltage is negligible. 

THE GENERAL THEORY 
In general, the Permalloy film will not be infinite, but 

will have a certain in-plane geometry, while the contacts 
will have finite size. The current density is determined by 
these geometry parameters and will generally not be ho- 
mogeneous. In this section, the two-dimensional problem 
will be solved using the three-dimensional analog of a pile 
of identical films extending to infinity in the + z  and -z  
directions. 

If the resistivity in the film is isotropic, the current den- 
sity is independent of the magnetization in the film. Con- 
tact geometry and film geometry determine the current 
density in the film. In (6) this means, that 7 is not ho- 
mogeneous, but dependent on the actual position: 5 = 
? ( x ,  y). If a resistance anisotropy is introduced, the cur- 
rent density is generally affected. This means, that ? will 
also depend on the orientation of the resistance anisotropy 
and consequently on the direction of a,, so 5 = j ( x ,  y, 
8 ). When calculating signal voltages from AMR devices, 
7 is often thought to be independent of the AMR effect as 
illustrated in the previous section [ 11. However, in a uni- 
versal AMR device this will lead to erroneous results and 
a more general approach is needed to calculate Vsig. 

In a point that is not a current source or sink, and under 
the condition dB/dt  = 0 for external magnetic fields, we 

-a*/ay 
? = -curl - \k = -curl (%) = ( a*:&). (13) 

A line * = constant represents , a  current path: if * = 
constant along a curve in our AMR film defined by the 
points ( x (  E ) ,  y (  E ) ,  0), we know that 

so 

- -- 
d5 ay 

so the tangent to the line P = constant has the direction 
of 7 at that point. 

E can be written as -grad a, the gradient of a scalar 
field @ ( x ,  y )  representing the potential at each point in 
the film. 

( (14) 

- 

- 
E = -grad a = -aa/ay 

with the z derivative of 9 equal to zero. 
With (12), (13), and E = z7 with as in (3, we find 

(15) 
At the edges of the film, the boundary conditions should 
be satisfied. 

Presume the boundary of the film is described by the 
parameter equation 

Y = g ( E )  . (16) 
x =f(E) I z = z  

If there is no (current or voltage) contact at the film edge, 
the edge is a current path, and we have 

*(f(E), g ( t ) ,  z)  = constant. (17) 
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If a (highly conductive) contact is positioned at the film 
edge, we know that 9 = constant, so there is no compo- 
nent of E parallel to the contact boundary. The orientation 
of the boundary at any point along the contact can be cal- 
culated from (16), and we find 

(F7) . T = 0 (18) 
with T a vector in the plane of the AMR film, tangential 
to the contact boundary. 

Equations (15), (17), and (1 8) lead to a solution for the 
current density in the film. E and 9 can be found with (6) 
and (14). When 9 is known, Vsig can be calculated as the 
potential difference between the two voltage contacts. 
Note that the z components in (17) and (1 8) can be left 
out again, reducing the three-dimensional equations to 
two-dimensional equations. 
_- An - analogous approach uses (1 1) with 5 replaced by 
a E ,  i? being the conductivity tensor in the material 
- 

The matrix coefficients a,,, uxy, and ayy can be expressed 
in terms of the conductivity along @, all, and the conduc- 
tivity perpendicular to M, a,, in the same way as with the 
calculation of the tensor coefficients of 7 (as before, is 
in the film plane). We have 

011 = l /Pi l  

0, = U P ,  

0 = (.I1 + 0, )/2 

0, = l /p ,  A 0  = ( u I I  - 0,)/2 

= + A~ cos (28 )  

ayy = - aa cos ( 2 8 ) .  

oxy = Aa sin ( 2 8 )  

Note that Aa has opposite sign as A p .  Combining ( l l ) ,  
(19), and (14) we find a differential equation for + 

or 

The boundary equations for 9 are identical to those for 
'P, when the film boundaries and contact boundaries are 
interchanged. 

With (20) and the boundary equations for 9, we can 
find 9 directly and calculate Vsi, by taking the difference 
between the values of 9 at the voltage contacts. It is in- 
teresting to see, that 9 and \k satisfy the same differential 
equation with the boundary conditions for the film edge 
and for the contacts interchanged. This means that the 

equipotential lines in a film will coincide with the current 
paths in the film when the current contacts and film edges 
are interchanged. 

The solutions to (15) or (20) cannot be calculated ana- 
lytically for an arbitrary geometry. It is only for very sim- 
ple structures that the solution can be found. A numerical 
analysis should be performed for a general geometry. 

Before conclusions can be drawn from the equations de- 
rived above, we should first consider the following: 

The angle CY between the E field and the 5 field as a 
function of 8 can be calculated from (6) [13] 

CY = arctan 

= -sin AP ( 2 8 ) ,  if - AP << 1 .  
P P 

The maximum value of CY only depends on the ratio A p  / p  
and is about 1" in Permalloy films. The AMR-induced 
changes in the E and 7 fields are divided between both 
fields. Depending on the boundary equations belonging to 
(15) or (20), one of these fields can be fixed so that the 
other shows maximum changes with varying magnetiza- 
tion direction. As an example, we take the magnetore- 
sistor of Fig. 2(a). If 1 >> w, the boundary equations 
dictate that the current density is homogeneous through- 
out the AMR film (except in a small region close to the 
contacts). If the device is driven by a constant current, 
the current density is independent of the magnetization 
direction. The electric field shows maximum AMR-in- 
duced changes described by (6). The signal voltage is 
given by (9). 

On the other hand, if I << w, the boundary equations 
dictate that the E field is homogeneous throughout the 
AMR film, and if the device is driven by a constant volt- 
age, the electric field is independent of the magnetization 
direction. The current density will now show maximum 
AMR-induced changes. With 7 = ;E, we find the total 
current Zsls through the device to be 

where V is the constant voltage between the current con- 
tacts. Driving the device with constant voltage should be 
avoided, because of temperature-dependent contact resis- 
tances. In a practical situation one can use a constant cur- 
rent supply in this type of device. A signal voltage can be 
measured at the contacts. From (9a) one can see, that this 
signal voltage will resemble (9) with only a small distor- 
tion. An example of a device of this type is the barber- 
pole element [14]. In fact, changes in the current density 
are measured by exploiting the resistivity of the material 
in this configuration. 

In pseudo-Hall devices or their equivalents, the electric 
field should not be fixed. A measurement of Vsls will not 
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show an AMR effect in that case. In these elements, the 
current density should be fixed. 

In order to obtain a fixed 7 field, we should examine 
(15) and the boundary equations for the device. Equation 
(15) is treated in the next section. Concerning the bound- 
ary equations, it can be concluded that in the case of a 
pseudo-Hall-like device the contacts should only have a 
minor influence on the current density in the region of the 
AMR film that determines ifsls. In other words, the volt- 
age contacts should be small, while the current contacts 
should be either small or far away from the voltage con- 
tacts ( I  >> w )  to avoid the so-called short-circuiting ef- 
fect. 

CURRENT DENSITY FIELDS INSENSITIVE TO THE AMR 
EFFECT 

The signal voltage in a pseudo-Hall-like device is de- 
termined by the changes in the E field and will be largest 
when the 7 field is fixed. From that point of view, it is 
useful to examine which current densities are unchanged 
by the AMR effect in an AMR film. 

The subsequent calculation of the signal voltage is rel- 
atively easy in that case: the E field can be calculated di- 
rectly with (6) and VSlg is obtained by integration. 

In the case of an infinitely wide AMR thin film we can 
use (15) to find q, which can be rewritten as 

a2\k a2\k 
ax2 ay2 

p- + p -  + aP cos ( 2 8 )  

a% 
axay 

- 2Ap  sin ( 2 8 )  - = 0. 

If the last two terms equal zero, we get the desired inde- 
pendence of the solution of \E from the direction of mag- 
netization, represented by 8. What remains is the solution 
for an isotropic conductor. To achieve this, it is necessary 
that 

and 

a2q  
axay 
- -  - 0. 

This set of differential equations can be solved quite eas- 
ily, leading to 

with a ,  cI ,  and c2 being arbitrary constants. Equation (2 1) 
is a superposition of a homogeneous current density and 
a circular current density with an amplitude growing lin- 
early with the distance from its center. This circular cur- 
rent density can be an eddy current in a homogeneous al- 
ternating field perpendicular to the film plane. The radius 
of every circle increases linearly with the distance from 
the origin, while the flux through the circle increases 

k y  

Fig. 3.  Approximation of a homogeneous current density in a finite ge- 
ometry. Only in  the region close to the current contacts is the homoge- 
neity of the field violated. 

quadratically, giving a circular current density as shown 
in the first right-hand term in (21). The use of eddy cur- 
rents to obtain a driving current in an AMR film could be 
considered. However, in a real AMR device problems will 
arise when strong alternating fields are allowed near the 
sensor: the orientation of the magnetization will be af- 
fected and crosstalk will occur between the signal cables, 
to mention only two of these problems. Furthermore, it is 
a practical problem to build a thin-film coil that produces 
a sufficient field strength at a high enough frequency to 
allow operation of the sensor in this setup. It can be con- 
cluded that in practical situations in very large films only 
homogeneous current densities remain unchanged by the 
AMR effect. 

In a finite film geometry, the boundary conditions im- 
pose extra demands on the current density. Far from the 
boundaries, the solution for 7 will resemble that of an in- 
finite film, and only homogeneous current densities re- 
main unchanged by the AMR effect. Therefore, the 
boundary equations should be satisfied by the solution of 
a homogeneous current density. This is realized in rect- 
angular strips as in Fig. 3.  The current flows parallel to 
the strip length. The boundary conditions at the sides of 
the strip are satisfied by a homogeneous current density 
along the strip length 

J =  - (Jx\  
\o 1 

which is the solution for 7 for the total strip, apart from 
the regions close to the current contacts. At those regions, 
the current density depends on the direction of magneti- 
zation in the film (the short-circuiting effect). 

The stability of homogeneous current densities in infi- 
nitely wide anisotropic films justifies the assumed stabil- 
ity of the current density in the infinite film of Fig. 1. 

Another way to construct current densities unchanged 
by the AMR effect is to let the boundary equations (17) 
dominate. 

POINT CONTACTS IN A N  INFINITELY WIDE AMR FILM 
To give an example of the influence of AMR-induced 

changes in the current density on the signal voltage of an 
AMR device, the geometry of Fig. 4 will be treated. Two 
point contacts are positioned on an infinite Permalloy thin 
film of thickness t .  The contacts are placed in (1, 0) and 
in ( -  1, 0) and driven by a current I which enters the film 
at (1, 0). Two extra point contacts can be positioned at 
arbitrary points on the film to measure a signal voltage, 
which can be calculated by solving (20) for this geometry. 
To find the solution, we will first look at an isotropic film. 
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I t v  

Fig. 4. An infinite Permalloy film with two point contacts 

- There is a close similarity between the solution of the 
E field around a point charge q and the 5 field around a 
point contact driven with current I in an isotropic conduc- 
tor. The form of the fields is the same, they differ only by 
a constant. Gauss’s law tells us that the total electric flux 
through a closed surface around q is q / c O .  The total cur- 
rent flux through a closed surface around a point contact 
is I .  Therefore, the current density 5 around a point con- 
tact can be calculated in the same way as the electric field 
E around a point charge, when q / c O  is replaced by I in 
Coulomb’s law. In an isotropic medium we have p 5  = E ,  
so the electric field E around the point contact is found 
directly by replacing q / c O  by I p ,  changing Coulomb’s law 
into a form 

- I P  - E = - e  
4ar2  ‘ 

- 

or 

4a r  

with 2, a unit vector from the point contact to the point 
where E is calculated, and r the distance between these 
points. In a very thin film, with 5 independent of the po- 
sition perpendicular to the plane, (22) changes into 

- I P  - E = - e  
2art  

or 

- I P  9 =  in ( r )  
2a t  

with all vectors in the film plane. 
In (23), 9 -+ 03 for r -+ 03. This is caused by the fact, 

that we are really calculating the potential field for a line 
source of current in three-dimensional space, which goes 
to infinity for r + 03. The electric field of a set of two 
point contacts conveying currents I and - I  at a distance 
rl and r2, respectively, reads 

- IP2i-l I~ei-2 E = -  
2ar l t  2ar2t 

or 

9 = In (:). 
2at  

If these point contacts are positioned at (- 1, 0) and 
(1, 0) as in Fig. 4, this leads to 

J ( x  + 1 y  + y2 

2 a  t 

In this case, 9 goes to zero at infinity. 
If we are dealing with an anisotropic resistivity, (24) 

will not be valid. However, by performing a suitable 
transformation of the anisotropic situation [ 151, we can 
translate the problem into an isotropic one, and (24) can 
be used directly to find the solution. 

If the coordinate system is rotated over an angle 8 to a 
new x’-y ’ coordinate system, so that the x’ axis coincides 
with the magnetization vector, the resistivity tensor will 
have a form as in (4) and the cross terms in (15) and (20) 
will vanish. Scaling of the axes ([ = G x ’  and 9 = 
a y ’ )  changes (15) and (20) into the Laplace equations 
V2\k = 0 and V2@ = 0. The total transformation has a 
matrix form 

GCOS e &sin e 
-6 sin e 6 cos e T =  ( 

Transformation of the geometry of Fig. 4 to the E-r plane 
and application of (24) directly leads to a solution for 9 ( 4 ,  
7 ) .  The resistivity in the t ; - ~  plane can be determined as 
follows (see also (13) and (14)): 

E * = (  -a+/aq. ) 
-aa/ar 

_ -  
= p * J *  (26)  

in which E * ,  ?*, and ;* are given in coordinates with 
respect to the t -q  axes. The resistivity tensor in the 4-7 
plane can now be calculated. The partial derivatives can 
be obtained from the definition of Tin (25) and the inverse 
transformation T-’, leading to 

The resistivity in the 4-r plane is isotropic, as expected, 
with a value 

P* = Jplip, = 4 P  + A P ) ( P  - AP)  
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which is an alternative definition for average resistivity in 
the material. With this, (24) yields 

+ ( E 9  7 )  
I P* 

27r t 
- _ _  - 

( E  + Jpil cos e>’ + ( 7  - Jp ,  sin e)’ 
J(t - 6 cos e>’ + ( 7  + a sin e>’ 

or 

Y )  

If two voltage contacts are positioned on the x axis (mag- 
netoresistor geometry) at a distance w, symmetrically 
around the origin, we find 

with a singularity for w = 2, when the voltage contacts 
coincide with the current contacts. Vslg is independent of 
the magnetization direction. This effect was demonstrated 
experimentally in a circular film with a diameter of 5 cm. 
The contacts were positioned as in Fig. 5(a). The varia- 
tion in VTlg with rotating magnetization was less than 0.25 
percent, more than 10 times smaller than the signal volt- 
age swing in a magnetoresistor. The remaining variation 
in V51g is attributed to the finite size of the contacts used. 

If the voltage contacts are positioned on the y axis at a 
distance w, symmetrically around the origin (pseudo-Hall 
geometry), we find 

For an AMR effect of a few percent or less (as in Perm- 
alloy) and w = 2, (29) is approximated by 

I AP VTig = - - sin ( 2 8 ) .  
X t  

This means, that the signal-voltage amplitude is reduced 
by a factor 7r with respect to the pseudo-Hall configura- 
tion of Fig. 2(b). With w = 2, only half the current passes 
between the voltage contacts. This accounts for a factor 
of 2 in the reduction of the signal voltage. A factor of 
a / 2  is caused by the fact that the current density is af- 
fected by the AMR effect. Changes in the current density 
occur at the cost of changes in the electric field, and thus 
at the cost of the signal-voltage amplitude. 

In general, the signal voltage (29) will not have an ex- 
act sine shape as a function of 8 ,  in contrast with the 

(a) (b) 
Fig. 5 .  (a) A 5-cm diameter Permalloy film ( t  = 50 nm) with contacts in 

a magnetoresistor-like geometry. (b) The same film with contacts in a 
pseudo-Hall-like geometry. 

pseudo-Hall device of Fig. 2(b) ( I  >> w). The distortion 
is extremely small for w = 2, but it is significant for other 
values of w. This was demonstrated in a circular film of 
5-cm diameter and a contact geometry as in Fig. 5(b) with 
w = 2 cm. A considerable distortion from the sine shape 
was found, which was caused by the AMR-induced 
changes in the 5 field [9]. 

It should be noted that the above calculation provides a 
complete solution for E * ( = -grad 9 ( E ,  7 ) )  and 7: 
( = E * / p * )  in the t-q plane. The solutions for 5 and E 
in the x-y plane can be found with the transformations 
used in calculation (26). 

OTHER GEOMETRIES 
Up till now, some special geometries have been treated. 

As mentioned previously, the general situation is very dif- 
ficult to describe. The transformation (25) can be used on 
a general geometry, leading to an isotropic medium and 
Laplace equations for \k and +. However, the boundary 
equations must also be transformed and an analytical so- 
lution can only be expected in very simple structures. With 
the aid of elaborate computer programs, different geom- 
etries can be simulated and compared. This method how- 
ever is time-consuming and the results are restricted to a 
limited number of geometries. On the other hand, a few 
simple rules can easily be deduced from the results of the 
previous calculations. 

In order to be able to compare different types of AMR 
devices we need a j g u r e  of merit, which tells something 
about the output signal of the device. An important figure, 
used to optimize the signal-to-noise ratio of a system, is 
the ratio of signal power Pslg to dissipated power P d l s  of a 
device, when the output signal drives a load of matched 
resistance. In our case, we want the signal current Zsls to 
be zero, to eliminate the influence of the contact resis- 
tance of the voltage contacts. Furthermore, in many de- 
vices a distortion in the signal will occur when Zsls # 0, 
because of the magnetization-dependent internal resis- 
tance of the device. The signal voltages should be mea- 
sured with a high-impedance circuit. We can take a high 
standard resistance for all devices, so that Islg is effec- 
tively zero in every situation, for instance 1 Gfl. The fig- 
ure of ment E can now be defined as 

(signal voltage swing)’ 

rdis pdis 

Authorized licensed use limited to: UNIVERSITEIT TWENTE. Downloaded on November 24, 2008 at 16:05 from IEEE Xplore.  Restrictions apply.



EIlKEL AND FLUITMAN: RESPONSE OF THE MAGNETORESISTIVE ELEMENTS 

~ 

319 

The load resistance of lo9 B has the status of a scaling 
factor. In practice, this factor can be left out and we de- 
fine 

(signal voltage swing\2 

where the multiplication with a dimension [ 1 /B] is nec- 
essary to keep E a dimensionless figure. The ratio of sig- 
nal power to dissipated power of the device when driving 
a load of matched resistance is found as 

where Rin is the internal resistance of the device, mea- 
sured between the voltage contacts (which includes the 
contact resistance). 

In this section, the signal voltage, figure of merit, and 
internal resistance Ri, of a number of devices will be cal- 
culated. In all cases the device is driven with a constant 
current. The contact resistance of all contacts is neglected 
in the calculations. 

For the magnetoresistor of Fig. 2(a) we find 

P l  A P l  R ~ ,  = - -  + --cos ( 2 8 )  = - -  
t w  t w t w  

The internal resistance of the magnetoresistor depends on 
6. For this reason, E can only be calculated approxi- 
mately. The value of E in (3 1) is valid for magnetoresistor 
strips where the voltage contacts are positioned close to 
the current contacts (1 = lo ) .  If this is not the case, a large 
part of the AMR film is not used effectively and will 
have to be adapted for the unused fraction of the film. 
Calculating q for a magnetoresistor with (30a) yields a 
value ( A ~ l p ) ~ ,  as expected [l] .  For all other devices 
treated here, 7 has a comparable value. 

Three important parameters are apparent in the figure 
of merit: the length-to-width ratio 1 / w  (a geometrical fac- 
tor), the relative AMR effect A p / p  (a material parame- 
ter), and A p / t .  E can be increased by increasing l / w ,  at 
the cost of a higher internal resistance of the device. The 
relative AMR effect can be increased by annealing [5], 
[ 101 or by choosing different AMR materials [3]. The fac- 
tor A p / t  is inversely proportional to the thickness t .  As 
Ap is approximately independent o f t  [16], [17], this fac- 
tor can be increased considerably. However, p increases 
in very thin films, to become infinite when the film be- 
comes electrically discontinuous. In Permalloy this will 
occur at a film thickness of 5 to 10 nm, depending on the 
deposition technique. Krongelb [16] has given some re- 
sults for p and Ap as a function of t for evaporated films. 
For sputtered films, these values should be comparable 

Fig. 6 .  ( A p / p ) ( A p / t )  versus the film thickness r for an evaporated 
Permalloy film. The plot is based on the results of Krongelb [16]. 

[17]. In Fig. 6 the product ( A p / p ) ( A p / t )  is presented 
as a function o f t ,  based on the results of Krongelb. It is 
clear, that an optimum film thickness is found around 10 
to 20 nm. It should be noted that thinner films tend to be 
less reproducible. These results of course strongly depend 
on the deposition technique, the actual AMR material, and 
possible annealing treatment afterwards. If one is able to 
produce very thin films with an acceptable resistivity, 
much can be gained here, providing that the magnetic 
properties of very thin films are sufficient. 

It was concluded in the preceding section, that the volt- 
age contacts of a pseudo-Hall device (Fig. 2(b)) should 
be small. Furthermore, the current contacts should be far 
away from the voltage contacts. This implies that 1 >> 
w .  However, in that case a large portion of the AMR film 
is not used effectively. This suggests, that an optimum 
length-to-width ratio exists for pseudo-Hall devices. The 
effect of the current and voltage contacts on the signal 
voltage is comparable to that in normal Hall sensors, and 
is approximated by a correction factor G ( l / w ,  s / w )  [7], 
[ 131, [ 181, which describes the influence of the length-to- 
width ratio and of the width s of the voltage contacts. For 
small voltage contacts (s  << w ) ,  this correction factor 
reduces to 

(32) 
16 F - = 1 - - e - ( ( r / 2 ) ( / / v c ' ) )  (:) a= 

A plot of F( l / w )  versus l / w  is given in Fig. 7(a). 
The internal resistance of the pseudo-Hall device is hard 

to calculate, but will be in the order of p / t ,  depending on 
1 / w  and on the size of the voltage contacts. We find 

V,, I - F - sin ( 2 8 )  4" (:) 
(33)  

P Rin in the order of - 
t 

$7 - _  AP AP ( F ( l / w ) ) '  

Fig. 7(b) shows a plot of ( F ( l / ~ ) ) ~ / ( l / w )  versus l / w .  
A maximum value of just below 0 . 5  is found for 1 / w  = 
1.35. 

In general, the optimization of a pseudo-Hall device is 
quite complicated. If a current IS i ,  is drawn from the de- 
vice its internal resistance should be known and the width 

Y 

P t l / w  
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OO 1 2 3 4 5 - - l / W  0 1 2 3 4 5-1 /w  

(a) (b) 

Fig. 7. (a) The correction factor F ( l / w )  versus / / w  in a pseudo-Hall de- 
vice with small voltage contacts. (b) ( F ( l / w ) ) ' / ( / / w )  versus I / w  for 
the same device. 

of the voltage contacts should be included in the calcu- 
lations. One can use approximations, computer simula- 
tions [18], or an experimental study [6]. 

The reduction of the signal voltage for lower values of 
l / w  is caused by the fixed orientation of the electric field 
near the current contacts. Near the contacts, the AMR ef- 
fect affects the current density. The influence of the 
changes in the current density on V,, is exerted via the 
resistivity of the material, which is also affected by the 
AMR effect. As a result, a small distortion in V,,, is in- 
troduced. This distortion was observed in measurements 
on a pseudo-Hall device with I /  w = 1 [9]. It can be con- 
cluded, that the correction factor F (  l / w )  is only approx- 
imate. 

The value of X for pseudo-Hall devices cannot be in- 
creased as easily as in a magnetoresistor, where X is pro- 
portional to l / w .  However, the absence of the large con- 
stant term in the signal voltage of a pseudo-Hall device, 
as it occurs in the magnetoresistor, can be a very useful 
property. 

A signal voltage equivalent to the pseudo-Hall device 
can be obtained from a magnetoresistor bridge as in Fig. 
8. The four elements in the bridge have length I, width 
w ,  and thickness t .  The signal voltage is proportional to 
sin ( y )  and is maximum for y = 90". In that case, we 
find 

P l  R. = - -  
t W  

(34) 

m A P A P  1 a=--- 
p t w' 

The internal resistance of the bridge is independent of 8. 
The electrical properties of different bridge structures, 
such as ring-shaped or meandering devices, can be cal- 
culated in the same way. 
As a last example, the geometry of Fig. 9 is examined, 

being a disc-shaped AMR device with four small circular 
contacts. An approximation of the resistance between two 
opposite terminals is needed to find the internal resistance 
of the device. Formula (24) indicates an infinite resistance 
for point contacts. In the case of circular contacts with a 
radius r, much less than their mutual distance w ,  (24) can 
be used as an approximation of the potential of the con- 

Fig. 8. A magnetoresistor bridge. The four strips have length I ,  width w, 
and thickness t .  The angle between the strips is y. 

Fig. 9. A disc-shaped AMR device with small circular contacts. 

tact. With this, we find that the resistance between two 
contacts in an infinite film is approximated by 

If the contact configuration of Fig. 9 is used in the infi- 
nitely wide film, two things become apparent: 

the edge of the film geometry of Fig. 9 will approx- 

half of the total current passes between the voltage 
imately coincide with a current path; 

contacts when the film is infinitely wide. 

It can be concluded, that the resistance between two con- 
tacts in the device of Fig. 9 is approximated by the resis- 
tance between two circular contacts of equal radius in an 
infinitely wide film, if it is multiplied by two. For the 
signal voltage it can be concluded, that (29a), multiplied 
by two, can be used as an approximation. We find 

2 A P  V,,, = - I - sin ( 2 8 )  
a t  I 
2 A p  A p  1 
a p t In ( w / r : )  

p = - - -  
Y 

with r: and r: representing the radii of the voltage con- 
tacts and current contacts, respectively. In general, these 
radii are not necessarily equal. 

To have an idea of the value of R,, and X for an actual 
device, we take a contact radius of 25 pm and a device 
diameter of 2 mm. The factor In ( W I T , . )  is found to be 
approximately 4.4. In experiments [9] a somewhat higher 
signal voltage amplitude is found. This is probably due to 
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the effect of the film edge on the current density of the 
film, which is neglected in (35). 

The choice of the geometry of an AMR device usually 
depends on more requirements than the figure of merit E 
and the signal voltage amplitude. For instance, the inter- 
nal resistance of the device, the signal-to-noise ratio, the 
maximum permittable current density at any point in the 
film (J,,,,, = 10” A/m2 for Permalloy), the geometry of 
the device or its magnetic properties can be important pa- 
rameters. Finally, the device should have a good thermal 
and long-term stability. These properties can sometimes 
be improved by changing the device geometry. As an ex- 
ample, consider a device where the stability of the rela- 
tively large current contact limits its thermal stability due 
to inhomogeneous changes of the contact properties 
throughout the contact area. In such a device, the influ- 
ence of these contact boundaries should be reduced by 
positioning the current contacts further away, or by using 
smaller contacts, thus increasing the influence of the sta- 
ble film boundaries. 

CONCLUSIONS 
In this paper the AMR effect in an AMR thin film with 

homogeneous magnetization is investigated. The differ- 
ential equations for the potential 9 in the film and for the 
vector field \k, which is related to the current density in 
the film, together with their boundary equations are given. 

It is concluded, that in a practical situation an AMR 
device should be operated by four-point measurement. To 
obtain good stability, it should be driven by a constant 
current, while the signal voltage should be measured with 
high impedance. Furthermore, the current density should 
be independent of the AMR effect to obtain an undistorted 
signal voltage with maximum amplitude. 

A homogeneous current density in an infinitely wide 
thin film is not affected by the AMR effect. Concerning 
the boundaries of an AMR thin film, one can conclude, 
that a film edge forces the current density to have a fixed 
orientation, while the highly conductive voltage or cur- 
rent contacts provide a fixed electric field. The influence 
of contacts on the current density should be kept small, 
especially in the case of a pseudo-Hall element. 

The problem of four point contacts in an infinitely wide 
AMR thin film can be solved analytically with the aid of 
a special transformation. The results are applicable as an 
approximation of the behavior of a disc-shaped AMR de- 
vice. 

A figure of merit E is defined that can be used to com- 
pare different AMR devices. This figure is calculated for 
a number of devices, together with the signal voltage and 
the internal resistance of the device. 

It can be concluded, that an AMR thin film used in 
AMR devices, where the signal voltage is measured with 
high impedance, has an optimum film thickness. The op- 
timum thickness depends on the material, the deposition 
technique, and possible annealing steps. For evaporated 
Permalloy films, an optimum film thickness is found be- 
tween 10 and 20 nm. Furthermore, a pseudo-Hall element 
has an optimum length-to-width ratio of about 1.35. 

The final choice of the AMR device in a special appli- 
cation will depend on other requirements such as the in- 
ternal resistance and signal-to-noise ratio, magnetic prop- 
erties, occupied space, and technological realization. 
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