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AMR sensors are among the most widely deployed magnetic field sensors. In contrast to other
technologies it has a simple structure and a low production cost. In this paper a multiscale modeling
strategy is proposed to describe the performance of these sensors taking their specific features into
account. The prediction of the behavior of a typical AMR thin film sensor has been studied and the
results are compared to experimental measurements from the literature. The proposed micro-macro
model offers an opportunity to investigate optimal material composition, crystallographic texture, film
thickness or bias field level for specific applications.
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0. Introduction

Anisotropic Magnetoresistance (AMR) effect in ferromagnetic
materials is the dependence of the electrical resistivity on the angle
between the direction of the electrical current and the magnetiza-
tion [1]. This effect is the basis for a wide range of magnetic field
sensors. These sensors are mostly made of ferromagnetic thin films.
The application of a magnetic field changes the magnetization of the
film, and the corresponding change in resistivity is measured
through an electronic circuit. These devices can be used as magnetic
field detectors according to the all-or-nothing operation method.
They can then be part of displacement, position or rotation speed
sensors in electro-mechanical machines [2,3]. AMR devices can also
be used for the quantitative measurement of magnetic field. This
type of AMR sensors is used in electronic compasses (measurement
of Earth’s magnetic field) [4] and for non-contact detection of
electrical currents (by measuring the magnetic field created around
the conductor) [5].

Several technologies can be used to ensure an optimal perfor-
mance for these sensors [6-9], but this performance is always
related to the intricate relationship between the microstructure
and the macroscopic response of the sensor. In the case of
ferromagnetic polycrystalline materials, the microstructure scale
is twofold. The material is divided into magnetic domains with
different magnetizations, and it is also divided into grains with
different crystallographic orientations.

From the modeling point of view, a large part of phenomenolo-
gical models for the AMR effect are based on the hypothesis that the
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material is at magnetic saturation so that it can be described as a
one-domain particle [10-14]. This is however a strong simplification
due to the complex magnetic domain structure of ferromagnetic
materials. Some authors proposed micromagnetic calculations to
describe this evolving domain structure in thin film AMR sensors
[15,16]. But these approaches usually lead to dissuasive computa-
tion time so that strong simplifying assumptions are needed when
describing real systems. An alternative is the use of a micro-macro
approach that incorporates a statistical view of the microstructure to
define the effective properties of ferromagnetic materials [17,18].
Such an approach has been recently applied to the AMR effect for
bulk ferromagnetic polycrystals [19].

In this paper this micro-macro approach is extended to describe
the properties of thin film AMR sensors. A demagnetizing surface
effect is introduced in order to account for the small thickness of the
material, and the specific crystallographic texture of AMR sensors is
introduced. This model allows us to reproduce the features of AMR
magnetic field sensors under typical operating conditions.

The paper is divided into four parts. In the first part the
operation principle and the fabrication technology of thin film
permalloy AMR sensors are briefly presented. In the second part
the modeling strategy is detailed. This approach is then applied in
the third part to the prediction of the behavior of a typical AMR
sensor. The results are compared to the experimental results
obtained from the literature. The last part is a discussion on the
role of the bias field and film thickness in the optimization of the
sensors performance.

1. Thin film AMR sensors

An AMR sensor has two main parts, a magnetoresistive sensor
element and a comparator circuit prepared on one chip. The
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sensor elements are typically made of highly textured thin
permalloy films deposited on a silicon wafer and patterned as a
resistive strip [6]. Thanks to the thin film structure the magne-
tization remains mostly in the film plane so that the film behavior
is insensitive to the perpendicular component of the external
field.

As the electrical resistivity depends on the angle between the
direction of the electrical current and the magnetization, a close-
saturation magnetization state can ensure the ideal sensing
properties. The permalloy film element (xy plane) is deposited
in a strong magnetic field that sets the preferred orientation
(macroscopic easy axis, x). It results in a strong orientation of
crystallographic easy magnetic axes along the x direction. In the
case of the absence of external magnetic field the macroscopic
magnetization vector is set parallel to the length of the resistor
and can be set to point in either direction, left or right in the film.
The component of the external magnetic field measured by the
sensor will then be the y component (Fig. 1).

As a first step before the real field measurement, an external
magnetic field can be used to align the magnetic domains in the
preferred direction (reset procedure). During the measurement, a
bias magnetic field (created by additional hard magnets or coils)
is applied in direction x so that the magnetization aligns with the
x axis. The sensor is then unidirectional, it is only sensitive to the
y component of the external field. This y component tends to
rotate the magnetization in the film plane which results in a
detectable change in the electrical resistivity of the sensor
element. Nevertheless, the x component of the external field
must remain low enough to avoid a change in the sign of the
original magnetization (flipping-effect). The bias field has an effect
on the measurement range and the sensitivity of the sensor, and
its value must be carefully set depending on the application.

The first generation of AMR thin film sensors was used in the
read head of hard disk drives. The sensor elements had single-path
structure as it is presented in Fig. 2. Here the electrical current
(dark lines) flows in the easy direction (x) of the film. A
perturbation field in the z direction (diffused magnetic field of a
magnetic bit on the hard disk for example) changes the resistivity.
This device has been used in the all-or-nothing operation method.

If a quantitative measurement of the magnetic field is neces-
sary, then a linear response of the sensor is preferred. An
electrical current oriented 45° from the x axis can ensure this
linearity. These sensors use a layout technique that places low-
resistance shorting bars (so called barber-pole) oriented 45° from
the x axis, as presented in Fig. 3. The current, following the
shortest path, flows from one bar to the next at a 45° angle.
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Fig. 1. Magnetic field sensor. x: Macroscopic easy magnetization axis and y:
measurement direction.
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Fig. 2. Single-path sensor.
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Fig. 3. Barber-pole sensor element.

In the magnetoresistive sensor elements four of these resistors are
connected in a Wheatstone bridge to compensate the temperature-
dependence effects.

The comparator circuit adds a linear amplification to the
sensor element’s signal. So finally the change in the output
voltage of the sensor is proportional to the change in resistivity
of the AMR thin film. If the sensor is used in the linear range, then
this change in resistivity is itself proportional to the y component
of the external magnetic field.

The object of the next part is the detail of a multiscale
approach to describe these types of sensor configuration.

2. A multiscale approach

When dealing with heterogeneous microstructures and com-
plex physical mechanisms, multiscale approaches can be an
efficient tool for the prediction of macroscopic behavior. It is
based on the principle that a relevant description of the physical
mechanisms can be written at the scale of the typical hetero-
geneities of the material—here the magnetic domains. This
approach supposes to be able to estimate the local loading (stress,
magnetic field, electric current) as a function of the applied
loading. This is made through scale transition rules, depending
on the microstructure of the material. In the case of thin film
magnetoresistive sensors, two important parameters need to be
considered in addition. The first one is the sharp crystallographic
texture of these thin films that has a strong impact on the overall
behavior. The second one is the small thickness of the films that
induces strong demagnetizing effects and affects the magnetic
behavior.

The model proposed in this paper is detailed hereafter. The
description is divided into three parts. The localization rules to
define the local loading as a function of the external loading are
first presented. The local constitutive law is then detailed and the
homogenization step to define the macroscopic response is finally
explained. The model is an extension of a previously published
model for bulk magnetoresistive materials [19]. The main change
is the introduction of a demagnetizing surface term to describe
thin film behavior and the introduction of a sharp texture
representative for standard thin film AMR sensors.

2.1. Localization rules

The macroscopic loading is given by the macroscopic current I,
the applied stress @ and the applied magnetic field H. The aim of
the localization step is to define the local loading, at the scale of
the typical heterogeneities, as a function of this macroscopic
loading. The scale transition rules are given in [19] and exten-
sively discussed in [17]. They are briefly presented hereafter. Two
distinct scales have to be considered: the scale of the magnetic
heterogeneities (magnetic domains, index o) and the scale of the
mechanical heterogeneities (grains in the polycrystal, index g).

Due to the weak electrical heterogeneity, the current i is
assumed to be uniform

iy=ig=1 (1)
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The stress 6, at the magnetic domain scale is not needed in
the following. The stress 6, at the grain scale is defined using
localization operators

0y =Bs : G+L" : (EF—gf) )

€” and g are the magnetostriction strain respectively at the
macroscopic and grain scale. B, denotes the so-called stress concen-
tration tensor and £ is a tensor accounting for elastic incompat-
ibilities due to magnetostriction. Tensors B, and £™ highly depend
on the orientation of the considered grain, so that crystallographic
texture effects can be accounted for through (2). Since the magnetos-
triction strain is not initially known an iterative process is needed
(see Section 2.4). The reader is referred to the previous publications
[17,19] for the calculation procedures of B, and £™.

The magnetic field is supposed to be uniform at the grain scale

(Hy =Hg). Although inaccurate, this assumption allows us to
define the behavior of a grain on average. The magnetic field Hg
at the grain scale is defined through the following localization
equation [17,19]:
H;=H+ ﬁ(M—Mg) 3)
M and M, are the magnetization, respectively, at the macroscopic
and grain scale and ™ is the effective magnetic susceptibility of
the material. Again, this equation requires an iterative process to
be solved.

Once the local loading is defined, a local constitutive law has to
be applied.

2.2. Local constitutive law

The local constitutive law is written at the scale of a single
crystal or a grain in a polycrystal. A grain (index g) is seen as a
collection of magnetic domains oo with uniform magnetization
M,, oriented along direction o = ‘[ot; o, o3] (that can be any unit
vector). The norm of M,, is M; the saturation magnetization of the
material. Inside a magnetic domain o, the magnetostriction strain
€} is also uniform. In the case of cubic crystallographic symmetry,
the magnetostriction strain tensor can be written as

Z100(02—3)  Jinoqon A11061003
3 ) . .
el = 5 Mooz Aoo(@B3—-9 Ao 4)
) 2_1
A111001003 21110203 Z100(X3—3)

where Aigo and ;17 are the magnetostrictive constants of the
single crystal.

We call domain family « the set of magnetic domains with
magnetization M,, along direction « in a grain. The free energy of a
domain family o can be divided into four contributions (5)

W, =wWEwhows+ws (5)

fo( is the magnetocrystalline anisotropy energy. In the case of
a cubic crystallographic symmetry it is expressed as a function of
the magneto-crystalline anisotropy constants K; and K

W =Ky (G053 + 0303 +o30) + Ko (od o3 03) 6)

This paper has been focused on polycrystalline materials, this
is why magnetocrystalline energy is introduced. However, other
type of anisotropy could also be considered, such as uniaxial
anisotropy for amorphous or nanocrystalline AMR thin films.

W’; is the magnetostatic energy, tending to align the magne-
tization with the local magnetic field H,

Wi = —uoM, - H, (7)

W¢ is the magnetoelastic energy accounting for the effect of
stress on the magnetic behavior, introducing the average stress

within the grain o,
WS = -0, : & 8)

Compared to the initial model presented in [19], an additional
contribution is introduced. W% is the surface energy, accounting
for the strong demagnetizing effects due to the small thickness
of the films. Such a demagnetizing term was proposed in [20]
to describe the magneto-elastic behavior of Iron-Silicon Grain
Oriented sheets. It can be written as

W3 = Ns(a - 2)* ()

z is the direction normal to the film and Ns is the demagnetizing
field energy.

Concerning the resistivity p, of a domain family «, it can
be defined according to the Doéring model [10,21]. For instance,
for a cubic crystal with negative anisotropy constant, it can be
written as

1
P2=Po {1 +ki (a%ﬁ?w%ﬁ% +a%ﬁ§f§)

1
42k (0102 B4 By + 0203 B3 B3 403011 B3 B1) + K3 (5— §)

25 1
ke (a‘;ﬁ%w;‘ﬁ% +odpE+ g—g)

+ 2k (011062 B1 Br 03 + 012003 B 502 + 0t3.001 B3 By oc%)} (10)

where B=I[f; B, B5] is the current direction (unit vector),
s=o203 +odod+a2a3, p, is the resistivity of the material in the
demagnetized state and kq, ka, ks, k4, ks are material constants.
After this description of the local state for a domain family «,
we introduce a state variable f, representing the volume fraction
of domains with magnetization along « in a grain g. This volume
fraction f, is obtained through an explicit expression [22]:

f= exp(—As - Wy)
7 [,exp(—As - W) do

an

As is an adjustment parameter related to the initial slope of the
anhysteretic magnetization curve [17]. The domain structure is
then described in a statistical way.

Once the constitutive law has been applied, a set of volume
fraction f, is associated with a set of direction a regularly
distributed in space. An averaging operation then allows us to
estimate the macroscopic response: it is the homogenization step.

2.3. Homogenization step

The magnetostriction strain and magnetization within a single
crystal (or grain) are defined by an averaging operation over the
single crystal (with volume Vj):

s§:<a”>g=vlg/xs“ dv="> f,el (12)
L o

1
Mg:<M>g:V—g/aMdV:§ f,M,. 13)
o

The macroscopic magnetization is obtained through an aver-
aging operation over the whole volume V of the polycrystal [17]:

M= (M), =<(Mg)y (14)
The macroscopic magnetostriction strain is obtained through an
averaging operation over the whole volume V of the polycrystal [17]:
e ={"By:el>y={"Bs: &>y (15)

If the material exhibits a crystallographic texture, then this
average operation is not made uniformly among all possible
orientations g for the grains but in accordance with the orientation
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Fig. 4. Calculation algorithm.

distribution function of the polycrystal. This is why crystallo-

graphic texture effects are included in the proposed model.
Finally, the effective macroscopic conductivity ¢ (¢=1/p) is

obtained through a self-consistent (Bruggeman) approach [19]:

CTCu/y

2.4. Calculation algorithm

The generic algorithm for the self-consistent calculation of the
AMR response of thin films is given in Fig. 4.

The input data consists of the applied loading (magnetic field
H, stress ¢ and current I) and material parameters. Most of the
material parameters are the classical single crystal constants
except two adjustment parameters As and Ns. The parameter Ag
can be readily identified from the initial slope of the anhysteretic
magnetization curve [17], and Ns is related to the ratio between
the grain size and the film dimensions [20]. The determination of
the value of Ns is discussed in the last part of the paper. The
crystallographic texture of the material is also needed under the
form of an orientation distribution function, for example mea-
sured from Electron Back Scattering Diffraction (EBSD). The
calculation being self-consistent, an initial starting point is
needed for the macroscopic magnetization and magnetostriction
strain. An initial guess is also needed for magnetization and
magnetostriction at the grain scale. A uniform strain and magne-
tization hypothesis is usually chosen at this stage. It must be
noticed that this initial choice does not affect the final solution
but it has an impact on the convergence speed of the process.

From this data, the localization process is started to define the
local loading (Hg, 65 and ig, Eqs. (1)-(3)). The free energy for each
domain family is then computed (Eq. (5)), allowing us to define the
volume fractions for each domain family (Eq. (11)). The material
response is then computed at the grain scale (Eqgs. (12) and (13))
and at the macroscopic scale (Egs. (14) and (15)). The process
is performed iteratively until the convergence on M and &F is
reached. The macroscopic resistivity is then obtained with Eq. (16).

3. Application to permalloy thin films

In this part, we investigate the properties of a Fe;{Nigg
polycrystal. This type of permalloy is often used in AMR sensors
due to its significant AMR effect (# 2%).

3.1. Calculation parameters

The material constants of permalloy single crystal can be
found in the literature. The parameters used in the present
simulation are defined in Tables 1 and 2.!

The adjustment parameters As and Ns have been assigned the
values of 0.032 m>/J and 800 J/m>, respectively.

In order to describe the possible orientation a for the magne-
tization in the domain families, a set of 10,242 orientations
optimally distributed on a unit sphere has been used for each
crystallographic orientation [18].

The sharp crystallographic texture of AMR thin films resulting
from the fabrication process is approximated by a perfect
{hkl} <111) texture. Each grain of the polycrystalline film is
assumed to have (111) direction aligned along the x direction.
The plane normal to this (111 direction is then obtained from
uniformly distributed rotation around the (111 direction. The
corresponding pole figures are given in Fig. 5. A distribution of
180 grain orientations has been used. The use of a thin film with
such a crystallographic texture makes the x direction an easy
magnetization axis (due to the negative magnetocrystalline ani-
sotropy constants, easy axis are {111) directions for Fe;;Nigg
single crystal).

3.2. Modeling results

As it is usually done in such devices, a bias magnetic field has
been applied along the x direction. Due to the barber-pole

! Déring’s constants are those of Fe;sNigs but are assumed to be similar to
those of Fe;;Nigg.
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Table 1
Physical constants used for the modeling (from measurement of single crystal
properties [21,23]).

Coefficient Mg Ky, K 21000 A111 Ci1, Ci2, Cyg

Unit A/m k]/m3 — GPa

Fe{1Nigg 750x10° -1, -2 —15, -10(x 107%) 243, 148, 122
Table 2

Constants for Doring expression (from measurement of single crystal properties [24]).

Coefficient k4 ko ks | ks

Fe;5Nigs 0.0518 0.0478 —0.0243 —0.0139 0.0259

<110>

bl
Y

<100>

T

<111>

N
X;‘ <

Fig. 5. (100>, <(110) and <{111) pole figures for the AMR thin film (perfect
{hkl} <111 fiber, 180 orientations).

configuration, the electric current is assumed to be oriented at 45°
in the plane xy (see Fig. 3).

The change in resistivity as a function of the applied field in
the measurement direction (y) is plotted in Fig. 6 for several bias
fields (applied in the x direction). This result can be compared to
measurements performed on a Philips commercial AMR sensor
[25] (Fig. 7). The output voltage of the sensor is expected to be
proportional to the change in resistivity (Fig. 6), the ratio
depending on the specific electronic circuit used in the device.

Although the particular composition and crystallographic
texture of the permalloy used in the Philips AMR sensor are
unknown, a good qualitative agreement is obtained between
modeling and measurement. The increase in resistivity is approxi-
mately linear with respect to the applied field up to a point
corresponding to a configuration in which a large number of
magnetic domains are parallel to the electric current (leading to
the maximum resistivity). The resistivity then decreases while the
magnetic domains tend to align along the direction of the applied
magnetic field, closer and closer to the y direction. The initial
linear stage of this curves defines the range of measurement of
the sensor. High bias fields provide higher variations of resistivity
and wider linear range but the slope - representative for the
sensitivity of the sensor - is then lower. These effects are well
captured by the model. The predicted level for the change in
resistivity is much lower when no bias field is applied compared
to the 1kA/m bias field. This is not in accordance with the

25

Hbiasx=4 kA/m

3p (%)

Hbiasx=2 kA/m

Hbiasx=1 kA/m

Hbiasx

0.5

Hbiasx=0 kA/m

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Hy (A/m)

Fig. 6. Change in resistivity versus applied field for several bias field levels—mo-
deling results.
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Fig. 7. Change in output voltage versus applied field for several bias field levels—
experimental results from [25].

experimental observation. It probably means that the anisotropy
of the thin film has been underestimated in the calculation.
However as soon as a significant bias field is applied, it dominates
the behavior of the sensor, and the model gets consistent with the
experimental observation. The range of linearity of the AMR thin
film is also underestimated by the model. The peak value of the
curves is obtained for lower values of the applied magnetic field
H,. This is related to the fact that hysteresis effects have not been
introduced in the modeling. The predicted curves are reversible
whereas the resistivity versus total magnetic field experimental
curves exhibit a hysteresis cycle - not shown in Fig. 7. The
anhysteretic representation stands inside this hysteresis cycle.
This discrepancy should not affect the accuracy of the prediction
of the sensitivity of the sensor, but will only allow relative
comparisons concerning the range of measurement.

4. Discussion

For the purpose of the discussion, we first define the sensitiv-
ity S and range of measurement Hp, of an AMR sensor (see
Fig. 8). The sensitivity S is defined as the slope of the linear part of
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the curve. The range of measurement is the applied field value
from which the resistivity change becomes non linear with the
applied field. The loss of linearity is defined by a switch of 6H with
respect to the linear response (see Fig. 8). In the following, we will
use the arbitrary value of 6H =5 A/m. The minimum detectable
level of magnetic field is mainly related to the electronic circuit of
the sensor and has not been considered in this work focused on
the material AMR behavior.

4.1. Bias field effect

As seen in Fig. 6, the application of a bias field significantly
increases the range of measurement of the sensor. This effect is
illustrated in Fig. 9. But the main role of the bias field (along the
direction x) is to ensure that the sensor is unidirectional, meaning
that it is sensitive only in direction y of the film. This effect can
be captured by the model. Fig. 9 shows the sensitivity of the
permalloy thin film sensor in directions x and y as a function of
the bias field Hbias,. The sensitivity in direction z has not been
plotted. Due to the surface effect - resulting from the thin film
geometry - the material is very hard to magnetise in direction z,
the sensitivity in that direction is then very low, almost zero.

25
2 | I
1
1
1
1
1
15y X
O 1
= 1
=
< 1
S .
1+ 1
S=dR/dH
1
1
1
05 !
1
1
1 Hmax
4
0 L L L L L )
_’I 500 1000 1500 2000 2500 3000
o Hy (A/m)

Fig. 8. Definition of the sensitivity S and the range of measurement H, on a
magnetoresistive curve.
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Fig. 9. S,, Sy and Hp,ay as a function of the bias field applied in the x direction.

As soon as the bias field level reaches a yield value (approxi-
mately 250 A/m in that case, in accordance with standard bias
field levels in AMR sensors), the sensitivity along direction x
vanishes. This is due to the saturation of the material with a
magnetization along direction x. On the other hand, the sensitiv-
ity in the direction y first increases with the bias field and then
decreases, so that an optimal value for the bias field can be
obtained. In the case illustrated in Fig. 9, a minimum bias field of
250 A/m is required but the intensity of the bias field can be
adjusted depending on the desired compromise between sensi-
tivity and range of measurement. The proposed model is then a
tool to optimize this choice.

4.2. Influence of the film thickness

The influence of the film thickness w can also be investigated
through the variation of the parameter Ns. For a given grain size
of the material, Ns is inversely proportional to the film thickness
[20]. In the case of the sensor configuration studied above with a
strong in plane (111) fiber and an in-plane magnetic field, the
role of the thickness is weak since the magnetization sponta-
neously remains in-plane. On the other hand, if the magnetic field
is normal to the thin film plane, then the thickness plays a
significant role. To study this role, we focus now on a slightly
different AMR sensor.

The influence of the film thickness on the sensing properties of
single-path AMR sensors has been studied experimentally by
Tumanski [6]. The structure of this type of sensors has been
previously presented in this paper (Fig. 2). The main difference
from the barber-pole sensors is the direction of the current as it
aligns here in the direction of the macroscopic easy axis, x, in the
film plane. The magnetic field is applied perpendicular to the film
plane (z direction). Fig. 10 shows the modeling results compared
to the experimental observations. The parameter Ns has been
fitted using the experimental curve with 50 pm thickness as a
reference and the same model parameters as before. Assuming
that Ns is inversely proportional to the film thickness, its values
can be determined from this first fitting in order to predict the
curves with 25 and 75 pum thicknesses. The comparison between
numerical and experimental results gives satisfying results.
The model can predict the influence of the film thickness on the
sensing properties.

25 Ns=650
2L
151
<
&
1t
05
0 L L L L J
0 500 1000 1500 2000 2500

Hz (A/m)

Fig. 10. Change in resistivity versus applied field for several film thicknesses—-
modeling (lines) and experimental results [6] (dotted lines).
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5. Conclusion

A numerical tool for the behavior of AMR thin film sensors has
been proposed. It is based on a magneto-elastic multiscale model
combined with a local model for material resistivity (Doring
model). This approach accounts for the specific features of AMR
sensors (thin film structure, barber-pole configuration or sharp
crystallographic texture). It could also be extended to amorphous
or nanocrystalline alloys by introducing appropriate anisotropy
terms. The model has been applied to the modeling of a poly-
crystalline permalloy thin film sensor. This numerical tool allows
us to investigate the nonlinear magnetoresistive behavior of this
type of structures in 3D. It can be used for optimization purpose
to define optimal material composition, crystallographic texture,
film thickness or bias field level for specific applications.
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