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Summary

The anisotropic magnetoresistive sensors are eactite alternative to the
Hall effect-based sensors, in particular thanksh® comparable level of
miniaturization, accompanied by higher sensitivithese sensors exploit
the anisotropic magnetoresistive effect in ferronsiy metals. The
resistance imposed to the flowing current is depahdn the angle of
magnetization, the difference between the maximund aminimum
resistance reaching units of percent. Sensors basethe anisotropic
magnetoresistive effect almost exclusively relytioin layers of appropriate
ferromagnetic alloys. The used material, the wayhefdeposition and the
geometry of the sensor, influencing the magnetstigsi effect itself as well
as the range and sensitivity of the sensor, ardehisive parameters for the
proper function of the sensor. The characterisfithe magnetoresistive
element is linearized and the full-bridge confidima consisting of four
elements is mostly used in the sensors. Periodiealagnetizing and
feedback compensation mode is often used for ingmant of the sensor
parameters.

This lecture is dedicated to the anisotropic magesistive sensors,
beginning with the explanation of the physical ptraenon they are based
on and continuing to the design of the sensors cmuits for their use.
Publications that contain own research resultseferenced underlined.

The author participated on research and developofehts type of sensors
during his almost one-year stay at Universidad blzai Autbnoma de
México and another one-year stay at Tyndall Natidnstitute in Ireland.

Besides that, he performed research on the maviediable sensors during
his stay at the Czech Technical University in Peagat the Technische
Universitat Wien and at his current place, Colle§@olytechnics Jihlava.



Souhrn

Anizotropni magnetorezistivni senzoryegstavuji atraktivni alternativu
k senzoiilm zaloZzenym na Hall@v jevu zejména diky porovnatelnému
stupni miniaturizace ip sowasné vysSi citlivosti. Tyto senzory vyuzivaji
anizotropniho magnetorezistivniho jevu ve feromégkgch kovech.
Elektricky odpor kladeny protékajicimu proudu jeviz§ na Uhlu
magnetizace materidlufipemz rozdil mezi maximalnim a minimalnim
odporem dosahuje jednotek procent. Senzory zalohenénizotropnim
magnetorezistivnim jevu téth vyhrad® vyuZivaji tenkych vrstev
vhodnych feromagnetickych slitin. Zasadni pro funkenzoru je volba
materialu, zpsob depozice a geometrie senzoru, ktera twjesjak projev
jevu samotného, tak i rozsah a citlivost senzordezva vlastnich
magnetorezistivnich eleménje vhodnym zpisobem linearizovana a senzor
pak \tSinou vyuzivd nstkového zapojeniétyi magnetorezistivnich
element. Pro zlepSeni paramétrsenzoru se vyuziva periodického
premagnetovani eleména zgtnovazebniho zapojeni.

Tato gednaska se zabyva anizotropnimi magnetorezistiveamizory od
popisu samotného fyzikalniho principu az po nawhzeru a obvail pro
jeho pouziti. Odkazované publikace s vysledky wiiwt vyzkumu jsou
uvedeny podtrzen

Autor se zabyval vyvojem tohoto typu senzbdghem téndi roéni stdze na
Universidad Nacional Autonoma de México a dalSinfcstdze v Tyndall
National Institute v Irsku. Krogntoho provadl vyzkum na komemé

dostupnych senzorecheliem svého fsobeni naCeském vysokém aeni

technickém v Praze, na Technische Universitdt Waema sotiasném
pasobisti, Vysokeé Skole polytechnické Jihlava.
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1 Introduction

In 1857, an interesting phenomenon appearing iofiggagnetic conductors
was described in Proceedings of the Royal Societyondon [1], authored
by William Thomson, known also as Lord Kelvin, pge$or at the
University of Glasgow. Lord Kelvin reported that.iron, when subjected
to magnetic force, acquires an increase of resistato the conduction of
electricity along, and a diminution of resistance the conduction of
electricity across, the lines of magnetizatiotHe further states that
“...nickel is similarly influenced by magnetism, b greater degreé.

The effect Lord Kelvin observed is a manifestatiminthe phenomenon
known to us today as the Anisotropic Magnetoresisttffect (AMR). It
took more than a century until the origin of AMRshiaeen understood in
the full detail. With development of the advanceschnologies for
deposition of thin films, the AMR effect began te bxploited in reading
heads for hard drives and later also in sensordirfear measurements of
weak magnetic fields. Various improvement techngqueave been
developed for linearization of the sensor, for efffsand sensitivity
stabilization and for elimination of the temperaturdependences.
Nowadays, AMR sensors for linear and angle measemésrform a stable
and ever growing segment of the market of magmetisors. Current AMR
sensors are significantly more sensitive than Héiiect based sensors,
allowing their usage in compassing applicationsarnks to their size,
weight and price, AMR-based sensors recently fimertuse also in space
research, so far a typical fluxgate sensors domaispite of their worse
sensitivity, noise and stability parameters.

2 Anisotropic Magnetoresistive Effect

2.1 Origin of the Anisotropic Magnetoresistive Effet

Although its macroscopic manifestation has beenwkncsince Lord
Kelvins' experiments, the explanation of AMR effeotigin was not
possible until the mechanism of electric conductiotransition metals (i.e.,
metals with not fully occupiedd orbitals) has been understood, considering
the quantum mechanical principles. In his pionagriworks [2, 3],
N.F. Mott postulates that due to the overlappingh&f4s and 3d energy



bands in the electron structure of transition metdms, an electron
scattered off thés shell can undergo two types of transition: traosito
anotherds shell, or transition to an unoccupied state in3dehell. Due to
higher effective mass3d electrons are much less mobile than #w
electrons. Thus, the s-d transitions contributenifigantly to the overall
resistivity of the material.

In ferromagnetic metals (Ni, Fe, Co @ room tempesgt uncompensated
spin magnetic moments align parallel due to thehamge energy. The
volume density of the vector sum of all the pafacuspin magnetic
moments is the magnetization vectit, If all the spin magnetic moments
within the ferromagnetic body are alignéd,reaches its maximum possible
value Mg or saturation magnetization (the ferromagneticybdd in the
saturated state). An external magnetic field carseahange of direction of
M without changing its value — all the spin magnetiements react on the
magnetic field by the same rotation. This behaidgaeferred to asoherent
rotation of M. In a real ferromagnetic body, the parallel aligminof the
spin magnetic moments is usually limited to a semategion — so-called
domain.

It has been shown that, owing to the spin-orb#riattion, the probability of
an s-d transition in a saturated ferromagnetic rizdtis the highest for the
electrons travelling parallel td, and the lowest for the electrons travelling
orthogonally toM [4, 5]. As the s-d transitions considerably cdnite to
the resistivity of the material, the overall resity of a magnetized
ferromagnetic material is the highest when theendrflows in the direction
of M and the lowest when the current flows orthogontdli, in an exact
accordance with the Kelvin's finding.

2.2 Macroscopic manifestation of the AMR effect

Let a ferromagnetic body be considered. Designapnghe resistivity
imposed to the current flowing in parallel ¥ and o, the resistivity
imposed to the current flowing orthogonallyNh the theoretical resistivity
of a demagnetized sample is [5]

_1 2
Po =Pt

AP 1)



and the so-called AMR coefficient is most usuakfided as

(APJ -AMR = AP )
100 AMR }p +gp ( )
3™ 3™

being of units of percent in the common ferromaigreatoys, see table 2 in
chapter 5.

Let an electric current with the density flow through a saturated
ferromagnetic material. 1t has been found [5, 6, tiidt the general
relationship betweerd, M and electric fieldE in the material can be
expressed as

E=pdd 3)

with the resistivity tensor being

p:
0, +0pBoda, Aplcosy, [Cosy, - p, [Gosr, Apldosy, [dosy, + 4, [dosy,
Aplcosy, [Cowy, + o, [dow, 0, +0po3 a, Aplcdosy, [Gowr, — p, [Cow,
Apldosy, [Cowy, — o, [Cosy, Apldosy, [Cowy, -, [Cosr, p,+0peoda,

(4)

Here,
Ap=py- oo
M4 is the Hall coefficient of the material;
cosyy, cosy, cosy, are the direction cosines M in the choosen
orthogonal system of coordinates.

If the system of coordinates is chosen in the weat itsx-axis coincides
with the direction of flowing electric current, i.¢he current density vector
isJ = (Jy, 0, 0), it can be written fd&,

E, =(0, +8pcosa, )03, (5)



The resistivity imposed to the current, i.e., meaduin the current
propagation direction, i®meas = Ex / Jx and it is given by the so-called
Voigt—-Thomson formula

Pread @) = po +DpCOS @, = p,—Dpsin’a, ©)

Many modifications of this basic formula have bedsveloped to better
approximate the behavior of the resistivity in alferromagnetic film, e.qg.
[8], but in fact, the presented formula in its lcadorm represents a
sufficiently good model for the ordinary magnetisége sensors [9].

3 Thin film AMR stripes

It is possible to design a sensor of magnetic fiekd employs the described
AMR effect. The resistivity of the sensor elemesta function of the
direction ofM, which in turn can be controlled by the extermakésured)
magnetic fieldH. One of the crucial assumptions, however, is that
sensor material is saturated akid undergoes the coherent rotation. This
means that the entire volume of the sensor mateghhves as a single
magnetic domain. Such a behavior can hardly beewgetiin bulk forms,
but it is relatively easily achievable in thin fignfthickness ~ tens of nm) of
magnetoresistive material. Additionally, standardhinology developed for
semiconductor electronics fabrication can be usedfdbrication of thin
films of magnetoresistive materials. Today, sensbas employ the AMR
effect are exclusively based on thin film structyrmostly in the form of
narrow stripes.

3.1 Magnetization in saturated ferromagnetic thin fims

Direction of saturated magnetizatibhin a ferromagnetic thin film exposed
to the magnetic fieldH is determined by the minimization of the free
system energy. In basic considerations, two comgeginergy terms are
taken into account in AMR thin films: the magnetiist energy, related to
the mutual orientation of the external magnetiddfiel andM and being
minimal for M coinciding withH; and energy terms associated with the
uniaxial anisotropies in the material.



Uniaxial anisotropy manifests itself by the existerof the so-called easy
axis of magnetization, wher® orients to in absence of an external
magnetic field. In other words, the energy assediatith the uniaxial
anisotropy is minimal wheN is oriented along the easy axis (in one of the
two possible orientations). The “strength” of thaiaxial anisotropy is
quantified by its characteristic field,. The higherH,, the higher energy
needed to inclineM out of the easy axis. Magnetic field applied
perpendicularly to the easy axis must have the madm equal toH, or
higher to rotateM fully into its direction. Generally, the state kviminimal
energy in presence of an external magnetic féldccurs for a direction of
M between the easy axis adddirection, see figure 1.

X

easy axis

Figure 1: MagnetizatiorM in thin film ferromagnetic stripe exposed to the
magnetic fieldH. Easy axis is coincident with the longitudinalsagf the stripe.
Dotted arrow represenkd, if its initial orientation along the easy axiss\@pposite.

There are several origins of uniaxial anisotropiesnagnetoresistive thin
films. In the most general view, two main anisotropources can be
identified:
» inherent material anisotropy (consisting of crystal anisotropy
and anisotropy induced during the manufacturingess);
« shape (form) anisotropy.
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3.1.1 Material anisotropy in thin ferromagnetic films

Already during the deposition of the magnetoregistinaterial, direction

usually develops, in which it is easier to magreetize material, i.e., there
exists a uniaxial anisotropy. After deposition, tteén magnetoresistive
films intended for the use in sensor applicatiome annealed in a
homogeneous magnetic field for several reasonswiiabe discussed in
chapter 5. This magnetic field is usually appliedtihe direction of the
already existing easy axis. As a result, the aropyt is further

strengthened. Its characteristic fieldy; reaches hundreds of A/m,
depending on the particular material (see tabletpter 5). Although
complicating the sensor design from certain pofntiew, existence of the
material anisotropy is hardly evitable.

3.1.2 Shape anisotropy in thin film ferromagnetic sipes

The shape of a saturated ferromagnetic body heafilyences the behavior
of its magnetization. The divergence Mf on the surfaces of a spatially
limited ferromagnetic body leads to creation of theo-called
demagnetization field [10]. Thus it is easier to gmetize the (non-
spherical) ferromagnetic body in certain directioommpared to other
directions andV in a saturated ferromagnetic body has shape-ditedm
preferred directions of orientation. The theorydafmagnetization effects
has been described thoroughly in the general tekbon magnetism, e.g.,
[11]. The demagnetization effects are usually dbsdr by the so-called
demagnetization factad for the main directions (usually along the axes of
the coordinate system). Unfortunately, only inpsbidal specimens the
demagnetization field is uniform, resulting in dmgumber
demagnetization factons, , along the axes [12]. Nevertheless, due to its
practical importance, considerable effort has beade to propose suitable
models that would allow making a proper estimat@fnsingle-number
demagnetization factors even in rectangular bddie<l 7].

In the particular case of thin magnetoresistivépst, an assumption is
usually made that the demagnetization fadir=0, N,~1 andN, is
approximated adl, =t/ (t +w) = t/w, wherew is the width and is the
thickness of the stripe [7, 18, 19].
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This means that the demagnetization effects have important
consequences in thin film ferromagnetic stripes208

* a uniaxial anisotropy, so-callethapeor form anisotropyis present with
the easy axis coincident with the longitudinal asighe stripe X-axis
in fig. 1). Its characteristic field, s depends orlN, and saturation
magnetizatiorMig [21]

H. =NM (7)

» vector of magnetizatioM does not leave the plane of the stripe under
normal conditions due to a huge demagnetizatiotinénperpendicular
direction to the film planez{axis).

In the common AMR sensors, the stripes are desigmede way that the
easy axis of the material anisotropy coincides with easy axis of the
shape anisotropy (longitudinal axis of the striggje characteristic field of
the resultant anisotropy iBl, = Hys + Hyxs While Hys can hardly be
influenced, being rather a material property, thapg anisotropyys can
be controlled by the thickness and width of thgstrHowever, the stripe
thickness cannot be chosen arbitrarily, becausekrnbbs bigger than
approx. 50 nm can lead to formation of magnetic @iosin more than one
layer, which leads to degradation of the magneisties effect. Hence, the
width of the stripe is a decisive parameter in deieation of the strength
of the uniaxial anisotropy of the stripe, givenitsycharacteristic fieldH..

3.1.3 Angle ofM in thin film ferromagnetic stripe

Let us consider a saturated thin ferromagneticpestriwith a uniaxial
anisotropyH, along its longitudinal axisM orients itself along the easy axis
in one of the two possible orientations. Let areaxl fieldH = (H,, H,) be
applied in an arbitrary direction in the stripermda- see fig. 1. The external
field H disturbsM from its initial position along the easy axis, lulute to
the anisotropyM does not rotate fully into the directionlaf
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Introducing the reduced fieldﬁX _H. h, =i, it can be shown [7] that
Ha Ha

the angleg of inclination ofM from the longitudinal axis of the stripe in the

state of minimum system energy satisfies the foamul

h, sing —h, cosg +sing cosg =0 (8)

Unfortunately, there is no (simple) analytic sauatifor ¢. It means that
there is no simple equation for the angldvbfvhen the stripe is exposed to
an arbitrary external fielt. Nevertheless, the angle Mdffor an arbitrarH
can be found geometrically, using the so-callech&t&Wohlfahrt diagram
[22, 23]. Recently, works have been published om tibpic of analytic
solution forg [33].

There exist simple solutions of (6) for some paittic cases, from which the
most important one in AMR sensors is thattbfapplied in they—axis
direction, called in that case tBensitive axisin that caseh, = 0 and for

Hy < H, it can be written
. — H 9
sing = H_a 9)
WhenH, > H,, M is rotated fully to théd, direction, and further increasing
of H does not changg, being 90°.

3.2 Resistivity in AMR stripes as a function of theneasured field

Let a thin narrow stripe of a magnetoresistive mialtdoe contacted on its
short edges and let electric current be flowinguigh the stripe along its
longitudinal, orx-axis, see fig. 1. The external (measured) flé|dapplied
in they-axis direction, causes inclination §If given by (9). Combining (9)
and the Voigt — Thomson formula (6), and realiingto, = ¢, one gets for
the resistivitypneasimposed to the flowing current

H 2
pualt )= 21700 3] [ =1,

a

(10)
pmeas(H y):pD’ |Hy|>Ha
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Figure 2 illustrates this behavior in theory andasweed on a real sample,
where hysteresis and smoothening of the charaiitenisar to theH, = H,
point are obvious. Both effects are the evidencehef limitation of the
single-domain magnetization model. For big anglésVig in particular,
strong demagnetization effects cause deterioratidhe magnetic ordering
and creation of multiple domains, which do not i®tzoherently anymore.

This leads to the described discrepancy of the iadéd the real AMR
stripe.

Pme Preas

A}

-H, H,

Figure 2: Theoretical (left) and real (right) dependencéhefresistivity of an AMR
stripe on the field applied in the orthogonal dii@t.

In practice, the voltage drop across the stripgsigally measured, which is
proportional to pness in the case of constant current. Obviously, the
dependence of the resistivibeas(0r the voltage drop) on the applied field
H, is quadratic and even function, avoiding thusdétection of the polarity
of the applied field — reversing the polarity of gnatic field H, does
(theoretically) not lead to a changedieas
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3.4 Linearization of AMR stripes characteristic — Barber poles
Linearization and symmetrical response to the $igflopposite polarity of
AMR stripes is usually achieved by depositing shgrtbars made of
aluminum or gold onto the AMR stripes through timgla of 45°, forming
the so-called Barber poles [7]. The conductivityatdiminum or gold is
much higher than that of the magnetoresistive riateiThe current
minimizes its path through the more resistive nmakeflowing from one
shorting bar to another in the shortest possiblg, we., with inclination of
45° to the longitudinal axis (neglecting the effeatlose to the stripe
boundary), see fig. 3.

O
e

shorting bars — “barber poles”

Figure 3: Left: A schematic view of shorting bars functienthin magnetoresistive
stripes. Most of the current is inclined throughi #bthe longitudinal axis of the
stripe. Right: shorting bars in a commercial AMRs&

Assuming that the easy axis Mf is coincident with the stripe longitudinal
axis, the angle betweehandM is ¢ + 45°, depending on the concrete
orientation of the shorting bars, see fig. 4. Thafter (6) and (9), the

dependence Qfneason the fieldH, is given as

2

p||+pL Hy (Hy>
H)=1"24pp2 [1- (2

pmeas( y) 2 X pHa H, (11)

The dependence @..s0n the same external field, for the two possible
inclination of shorting bars (+45° and -45°) is opjte, see figure 4. This is
very convenient for the design of the full-bridgmsors. It is also worth of
notice that the characteristic gets reversed instime stripe, when the
initial orientation ofM along the easy axis is opposite.
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It is obvious that using shorting bars, the depanéeof resistivity orH,
gets linearized. The theoretical linearity erroaaees 1% for approx.
H, = 0.14H, and 5% for approxH, = 0.3H, Characteristic field of
anisotropyH, is thus the decisive parameter for setting the@erange and
sensitivity, if planned to be operated in the unpensated mode.

4,

H, Hy

Figure 4: Two possible configurations of the shorting bar&aMR elements and
the corresponding characteristics (dashed linaHx@havior)

3.5 Configuration of AMR elements in a sensor

A typical AMR sensor for linear field measurememtsnsists of four

magnetoresistive elements, linearized using thetisigdbars. The zero-field
resistanceR, of all the four elements is ideally identical. Quementary

pairs are formed setting different angles of shgrthars in the neighboring
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bridge elements. Thus the resistaf@eof one element increases AR
while that of the neighboring element decreaseghieysame amount in
response to the applied field, see fig. 5. The uttpltage of the bridge is
Vout = VJRyAR = IgAR.

gV + %

dv - %

Figure 5: Full bridge configuration of an AMR sensor.

Sufficient length of elements is achieved configgrthem in meander-like
patterns, providing usually the resistaiigen the order of units of®. The
AMR meander structures are partly observable in¥ig

The alloys used for fabrication of AMR elements ibithconsiderable
temperature dependence of resistivity [34]. Varimethods can be used for
the elimination of the consequent temperature ddgrace of offset and
sensitivity [35]. It has been shown by the authiothés lecture [24] that the
constant-voltage supply of the AMR bridge leadseduction of the offset
temperature drift of the sensor, while the constamtent supply reduces
the temperature coefficient of sensitivity, noteatfng the offset drift. Since
it is easier to compensate the offset temperattifetdan the temperature
sensitivity variation in a magnetometer device, tlee of the constant-
current supply is recommendable.
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4 Research on improvement techniques in AMR sensors

4.1 Periodical remagnetization - flipping

The described bridge configuration of linearized RiMlements can be used
as a sensor for measurement of magnetic fields.eiery not talking about
the linearity, it suffers of a significant hystases Additionally, its
exposition to a strong magnetic field can causerdeation of the magnetic
alignment. This fact is crucial, because if theemat is not in the saturated
state, the assumption of the single domain-likéecent rotation oM is no
longer valid. Consequently, the characteristic afchs a sensor is
unpredictably changed — usually its sensitivityignificantly reduced and
its output value in the zero field, i.e. offset,high and unstable. Fig. 6
shows a characteristic of a commercial AMR sensxposed to an
excessive field in the sensitive direction. It tenseen that the first quarter
of the characteristic corresponds to the theoretizalel, but the rest of the
curve follows a completely different trend, with amlower sensitivity.
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Figure 6: Large-field characteristic of the KMZ 51 AMR sensdgthout
remagnetization (flipping).

Fortunately, it is possible to restore the defisaturated magnetic state of
the AMR elements with a strong magnetic field aggblalong the easy axis.
For this purpose, the so-called flipping or se#tetoil” or strap is
integrated into the sensor that can generate higlugh magnetic field to
setM to one of the possible orientations along the easy, depending on
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the polarity of the current pulse led through tligping strap. This reversal
is performed simultaneously in all the four bridgéements, usually
periodically. The deep saturation of the matemakéases the immunity of
the sensor against field shocks and in additiosighificantly reduces the
hysteresis and noise.

As reversing of the initial orientation d¥l results in reversing of the
characteristics of each bridge element, the outhatacteristic of the bridge
also gets reversed. Consequently, a rectangulaalsig present on the
bridge diagonal when periodical remagnetizing isdjswith the amplitude
proportional to the measured field. The signal banrestored using the
synchronous detection, which allows for easy compgon of the bridge
offset, caused by the slight differences in reasta of the particular bridge
elements.

Research has been done on the influence of theatiatu depth during

remagnetization on the noise and offset stabilfttARIR sensors [25, 26].

The sensor was placed into a magnetic shieldinghaba stable (ideally
zero) offset should be present on its output. Harewhen flipping pulses
were not strong enough, there was different oftsdtage observed after
each flipping pulse, see fig. 7. Also the noise R@lie was influenced by
the amplitude of the flipping pulses. It was cownled that the deeper
saturation, the better noise parameters / offabilgy — see fig.7.
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Figure 7: Influence of the saturation depth caused by fligmn the offset stability
and noise in KMZ 51 AMR sensor [26].
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In practice, remagnetization is accompanied bylggis on the output signal
of the sensor, well observable on the waveforméign7. To avoid the
influence of these glitches on the processed outpighal in a
magnetometer, suitable circuits that ignore shostaints of the output
signal immediately after the remagnetization hawvée used, employing a
non-trivial timing (see fig. 8) and a sample/holctait in the synchronous
detection block. Author of this lecture used suakeaign of the processing
circuits and published this finding [27, 28].

4.2 Feedback compensation mode

To further suppress the temperature dependencéeofensitivity of an
AMR sensor and to increase its linearity, it is wemient to operate the
sensor in the compensated mode. Magnetic fielhefsame value as the
measured one, but of opposite polarity is generattethe sensor area,
maintaining the sensor in virtually zero magnetieldf An integrated
compensation strap is usually used for this purpegech is capable of
producing magnetic field in the sensitive axis dien. The demodulated
signal from the sensor is integrated and the rieguttignal is led back to the
compensation coil (strap), see fig. 8. If propetiynnected, a negative
feedback is formed: in presence of the measurdd ffee sensor output
voltage is integrated, magnetic field with the ogip® orientation to the
measured field is generated in the compensatidnwbich after stabilizing
is of the same value as the measured field. Heheesensor acts as a zero
indicator, which leads to a significant improvemeftinearity (determined
by the linearity of the feedback loop in this mode) reduction of the
temperature dependence of the sensor. The cuh@ming through the
compensation coil is proportional to the measureld.f
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Figure 8: Typical processing chain of magnetometers with ABRsors.

The compensated mode has another important adeangeg If the
measured field does not act exactly in the sems#iis direction, it can be
decomposed to a component along the sensitiveHxand a component
along the easy axid, of the AMR elements, see fig. 1. The comporignt
however, influences the angle ®f, and consequently the response of the
sensor tdH,. AMR sensor therefore does not work as an idegtiovesensor

— its output is not dependent on the componenh®@fagnetic field in the
sensitive axis only. This phenomenon is referredsoross-field effecand
represents one of the main problems of AMR sensorparticular when
used in compassing applications, where presenadiefd component, is
inevitable. Feedback compensation highly reduces dioss-field effect,
because in the compensated mddeis always kept along the easy axis.
For that, the compensation field generated strigatbhng the sensitive axis
must have the same magnitudetys Therefore, the compensation current
is always proportional to the measured compokgnf the external field,
regardless to the componetht
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The importance of the techniques of periodicalpflijy and compensation
mode of operation can be well illustrated by théiewed parameters. In
table 1, example is given for the KMZ 51 sensor.

Table 1: Parameters of KMZ 51 sensor in different operatimdes in the range
FS = £300uT (current supplied if not stated otherwise) [24,28]

Datasheet Measured Measured | Measured with
value without flipping with flipping &
/ compensation flipping compensation
Linearity
[% FS] N/A 0.5 0.5 0.008
Hysteresis
[% FS] 2 15 0.02 0.008
Offset temp.
drift 70 90 N/A 2.1
[nT/K]
Temp. coef, O.ZCS%U/ vc:ltage
of sensitivity |  0.31 0.08 /pfuﬁrem N/A 0.002
[/ . supply

5 Basic remarks to fabrication of AMR sensor

The practical exploitation of anisotropic magnesisve effect in
magnetoresistive sensors rely on narrow stripesddrout of a thin film of
magnetoresistive material deposited onto an apateprsubstrate. In
practice, alloy of nickel and iron, NiFe 81:19 (patloy) is mostly used as
the material for fabrication of the magnetoressstistripes. Its AMR
coefficient is high enough to allow its exploitation sensors (2.2 %). There
exist alloys with higher AMR coefficient (see tab®, but a crucial
advantage of NiFe 81:19 is its very low magnetostm, i.e., its magnetic
properties are not sensitive to the mechanicatst®

The width of magnetoresistive stripes is usuallythe order of tens of
micrometers, the thickness is tens of nanometdrs, length reaches
hundreds to thousands of micrometers. The stripemastly sputtered onto
a passivated silicon substrate. To save the spate isensor, the stripes are
almost exclusively realized as meanders [20, 3D, 31
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Table 2: Parameters of the ferromagnetic materials @ ra@onperature

(after [7]).
Po Ms A

Alloy Aplpo (magneto- |  (resistivity of Hur (saturated (magneto-

composition resistive coef.) demagnetized | (char. field) magneti- striction

material) zation) coef.)

(%) (%) (x10% ©.m) (Am?Y | (x10°Am?Y) | (x109
NiFe 81:19 2.2 22 250 8.7 0
NiFe 86:14 3 15 200 7.6 -12
NiCo 70:30 3.8 26 2500 7.9 -20
NiCo 50:50 2.2 24 2500 10 0
NiFeCo 60:10:30 3.2 18 1900 10.3 -5
NiFeCo 74:10:16 2.8 23 1000 10.1 0
NiFeMo 87:8:5 0.7 72 490 5.1 0
CoFeB 65:15:20 0.0 86 2000 1.03 0

The AMR coefficient can be affected by high backgrd resistivity o,
caused among others by the charge carrier scatterirthe material grain
boundaries. The amount of the material grains @areduced by annealing
of the sputtered films, lowering thyus. Annealing must be done in an inert
atmosphere (mostly argon); even a small amounixpfen present during
annealing process can depreciate the anisotropterimadue to surface
oxidation. A homogeneous magnetic field is usuadlgplied during
annealing in the direction of the intended longitadl axis of the stripes.
This measure is performed for reducing the anipgtrdispersion in the
material, but it also leads to creation of a urahginisotropy with the easy
axis along the direction of the applied field — #i®ve mentionedthduced
anisotropy The characteristic fieltH,; of this anisotropy in NiFe 81:19 is
about 250 A/m. Altogether, annealing reduces trekdpaund resistivityn,
lowers the mechanical stresses in the materialleauds to creation of the
induced anisotropy with a low dispersion.

Flipping and compensation straps are deposited dlener onto the
magnetoresistive meanders, separated with a p#esiviayer. Figure 9
shows a layout of KMZ 51 sensor [30]. The particutaidge legs are
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composed from more magnetoresistive elements is thdsign, with
appropriate angles of shorting bars, due to thégdesf the flipping strap
and directions of the magnetic field it generateslifferent sections of the
stripes.

Figure 9: Layout of the market-available KMZ 51 sensor jI§#l], and Honeywell
HMC family sensor (right) [32], with shorting batsarber poles) and compensation
and flipping straps

6 Conclusion & Further Research

In this lecture, the anisotropic magnetoresistiffect has been explained
from its origins to the sensors that exploit thisiepomenon for
measurements of magnetic fields. The techniqued fwelinearization of
the sensor response, reduction of hysteresis amgetature dependences of
offset and sensitivity have been described.

Periodical remagnetization of the magnetoresistiements, called flipping
or setlreset pulses, serves for restoring the ntagretate of the

magnetoresistive structures, leading to increasgdunity to strong field

shocks, and for reduction of hysteresis. When peréd periodically,

flipping provides a modulated signal on the sensatput, with the

amplitude proportional to the measured magnetid .fi@ffset of the sensor
can be relatively easily eliminated during the mssing of such a signal
with the synchronous detection.

The sensor can be operated in the compensated madds it works
virtually in the zero field, as every change in theasured field is quickly
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compensated with a field of opposite polarity, gated by the on-chip
compensation strap. This fact leads to a significemprovement of
linearity, reduction of the temperature dependenfesensitivity and
elimination of the cross-field effect. Basic rekwto the fabrication of
AMR sensors are given.

Further research will be focused on possibilitiegligital processing of the
sensor signal. If an A/D convertor with the suffici precision and speed is
available, the signal of the sensor can be digltizbrectly and the
synchronous demodulation, offset elimination etm be performed by an
appropriate digital processing. Although some amgbarts, such as the
input amplifier or flipping circuits, would remain the circuitry, the design
as a whole would be markedly simplified.

Another field of research is associated with th@pfhg process.
Traditionally, the strong current pulses for flipgi are produced by a
switched capacitor. Recently, some designers hagd tectangular pulses
of longer duration, but much lower amplitudes fbpgding. There is no
work that would compare these two approaches fimenpbint of view of
the achievable measurement parameters.

With the fast evolution of wireless sensor gridmsumption of the devices
becomes an important issue. In the case of AMR assnghe main
contribution to the consumption is the supply of #ensor bridge and the
compensation current. The supply current of thdderican be lowered by
designing sensor elements with higher resistanise.cbmpensation current
could be lowered increasing the field factor of tt@mpensation strap.
However, the consumption could also be loweredhd& sensor was not
working constantly, but rather only for the momeviten the measured
value is desired. In between readings, the sermad de set in an “idle”
mode, with no supply to the measurement bridge,flipping and no
compensation. Nevertheless, the reading would aviaye to be preceded
with a strong flipping pulse to restore the magnptioperties of the sensor.
The main field of investigation here is the repbdity and long-term
stability of such systems.

25



7 References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

Thomson W.: On the Electro-dynamic Properties ofdise— Effects
of Magnetization on the Electric Conductivity ofdkel and of Iron.
Proceedings of Royal Society London, iss. 8 (1858;-550

Mott N. F.: A discussion of the transition metals the basis of
guantum mechanic®roceedings of the Physical Society, Vol. 47
(1975), 571-588

Mott N. F.: The electrical conductivity of transiti metals.
Proceedings of the Royal Society of London, Vdh3A1936), 699—
726

Smit J.: Magnetoresistance of ferromagnetic metatsalloys at low
temperaturesPhysica XVII (1951), No. 6, 612-627

McGuire T. R. and Potter R. I|.: Anisotropic magmesistance in
ferromagnetic 3d alloyslEEE Transactions on Magnetics, Vol.
Mag-11 (1975), No. 4, 1018-1038

Jan J. P.: Galvanomagnetic and thermomagnetictgffacmetals.
Solid State Physics, No. 5 (1957), 1-96

Tumanski S.: Thin film magnetoresistive sensbrstitute of Physics
Publishing, 2001, ISBN 0 7503 0702 1

Haji-Sheikh M. J., Morales G., Altuncevahir B, Kogm A. R.:
Anisotropic magneto-resistive model for saturatedssr elements.
IEEE Sensors Journal, Vol. 5 (2005), No. 6, 1258312

Aumentado J. and Chandrasekhar V: Magnetoresistahsingle-
domain ferromagnetic particle#\pplied Physics Letters, Vol. 74
(1999), No. 13, 1898-1900

Joseph R. I. and Schiébmann E.: Demagnetizing fiéfd
nonellipsoidal bodiesJournal of Applied Physics, Vol. 36 (1965),
No. 5, 1579-1593

Buschow K. H. J. and de Boer F. R.: Physics of Mgigm and
Magnetic MaterialsKluwer Academic Publishers, New York 2004,
ISBN 0-306-47421-2

Osborn J. A.: Demagnetizing factors of a genelgsalid. Physical
Review, Vol. 67 (1945), No. 11-12, 351-357

26



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Joseph R. I. and Schlébmann E.: Demagnetizing fiétd
nonellipsoidal bodiesJournal of Applied Physics, Vol. 36 (1965),
No. 5, 1579-1593

Schlémann E.. A sum rule concerning the inhomogeseo
demagnetizing field in non-ellipsoidal sampldsurnal of Applied
Physics, Vol. 33 (1962), No. 9, 2825-2826

Aharoni A.: Demagnetizing factors for rectangul@rrébmagnetic
prisms. Journal of Applied Physics, Vol. 83 (1998), No0.3832—
3434

Aharoni A., Pust L., Kief M.: Comparing theoretia@magnetizing
factors with the observed saturation process itanglar shields.
Journal of Applied Physics, Vol. 87 (2000), N06964—-6566

Fluitman J. H. J: The influence of sample geometny the
magnetoresistance of Ni-Fe filmiBhin Solid Films, Vol. 16 (1973),
Iss. 3, 269-276

Groenland J. P. J., Eijkel C. J. M., Fluitman JJH de Ridder R. M.;
Permalloy thin-film magnetic sensoiSensor and Actuators A, Vol.
30 (1992), Iss. 1-2, 89-100

Dibbern, U:Magnetic field sensors using the magnetoresisfifexie
Sensors and Actuators A, Vol. 10 (1986), 127-140

Tumanski S.: Handbook of Magnetic Measurements i€Sein
Sensors). CRC Press, Taylor & Francis Group, 2011, ISBN
1439829519

Sczaniecki Z., Stobiecki F, Gontrarz R., RatajcHakAnisotropy of
narrow stripes of thin ferromagnetic filmhcta Physica Polonica,
1974

Stoner E. S. and Wohlfarth E. P.: A mechanism ofgmasic
hysteresis in heterogeneous alloykilos. Trans. R. Soc. Lond., vol.
A240 (1948), 599-642

Thiaville A.: Extensions of the geometric solutimf the two
dimensional coherent magnetization rotation modklurnal of
Magnetism and Magnetic Materials, Vol. 182 (19%8)18

Vopalensky M., Platil A.: Temperature Drift of Oéfs and
Sensitivity in  Full-Bridge Magnetoresistive SensorsEEE
Transactions on Magnetics, Vol. 49, Iss. 1 (2013B-139

27



[25] Hauser H., Fulmek P. L., Haumer P., Vopalensky Ripka P.:
Flipping field and stability in anisotropic magnetsistive sensors.
Sensors and Actuators A, Vol. 106, Iss. 1-3 (2003),
121-125

[26] Platil A., Vopalensky M., Ripka P., KasSpar P., HausH.:
Improvementof AMR Magnetometer Precisiofzurosensors XVI -
Proceedings, Prague, 2002, 612-613

[27] Ripka P., Vopélensky M., Platil A., Ddscher M., lssen K. M. H.,
Hauser H.: AMR magnetometer.Journal of Magnetism and
Magnetic Materials, Vol. 254 (2003), 639-641

[28] Vopalensky M., Ripka P., Platil A.Precise magnetic sensors.
Sensors and Actuators A, Vol. 106, Iss. 1-3 (2E&&B)42

[29] Platil A., Kubik J., Vopalensky M., Ripka PPrecise AMR
Magnetometer for Compas$EEE SENSORS 2003, p. 472-476,
Toronto 2003, ISBN 0-7803-8134-3

[30] Philips Semiconductors: KMZ51 Magnetic field sensBroduct
datasheet

[31] Philips Semiconductors: Magnetic field sensors regal. Product
datasheet SC17

[32] Honeywell: Magnetic Sensor Products — HMC/HMR Sgerie
Application note.

[33] Wood R.: Exact Solution for a Stoner—Wohlfarth Rtetin an
Applied Field and a New Approximation for the EngrBarrier.
IEEE Transactions on Magnetics, Vol. 45 (2009), NdL00-103

[34] Counil G, Devolder T. Kim J.V., Crozat P. Chappert C.Zoll S.
Fournel R.: Temperature dependences of the ragystand the
ferromagnetic resonance linewidth in permalloy thiims. IEEE
Transactions on Magnetics, Vol. 42, Iss. 10 (208823-3325

[35] Mioz D. R., Moreno J. S.,Berga S. C., Montero E.EScriv C.
R., Antén A. E. N.: Temperature compensation of ¥tsne bridge
magnetoresistive sensors based on generalized anpedonverter
with input reference currentReview of Scientific Instruments
Vol. 77, Iss. 10 (2006), art. number 105102

28



Ing. Bc. Michal Vopélensky, Ph.D.
Born 28" April 1978

Education:

6 /2006 Ph.D. in Measurement Technology, CTU-FIE&fBe

6 /2002 Bc. with honors in Specialization in Peatpg
CTU-MIAS Prague

3/2002 Ing. in Measurement and Instrumentation,

CTU-FEE Prague

International experience:

3/2006 —3/2007 Researcher in Tyndall Natiorasttitute, Cork,
Ireland. Development of magnetoresistive sensor for
an industrial partner.

2-12/2003 Scholarship at Universidad NacionatéAoma de
México. Project topic: Magnetoresistive Thin Film
Sensors for Measurements of Active RF Power in situ

3-6/2001 One semester stay at Vienna University
of Technology in the frame of Socrates / Erasmus
programme

7 —8/2000 Summer school ,Global Development Rxog,

Rockwell Automation and Milwaukee School of
Engineering, Wisconsin, USA

29



Professional career (other than mentioned above):

since 9 /2011 College of Polytechnics JihlavaadHef the
Department of Electrical Engineering and Computer
Science

5/2009 -8/2011 Bosch Diesel, s.r.o., Jihlasam leader for
optimization of non-cutting processes

10/2007 —-5/2009 Bosch Diesel, s.r.o., Jihlpvacess specialist for
automated systems of visual inspection and
industrial image processing

6 — 8/2007 B:TECH, a.s., Hashiiv Brod, software specialist
1-8/2005 CTU-FEE, Dept. of Measurement, re$earc

Teaching activities:

since 2011 College of Polytechnics Jihlava:
Cislicové systémy / Digital Systems, Elektricka
méieni, Numerické metody, Programovani v jazyce
C, Zaklady elektrotechniky, Elektrotechnika pro
informatiky 1, Multimédia.
Supervisor of 5 bachelor theses.

2000 — 2005 CTU-FEE: Senzory gepodniky / Sensors and
Transducers, Elektrickadfeni, Analogové
predzpracovani signalu a jeho digitalizace.
Supervisor of 3 diploma theses.

Other significant academic activities and membersipis:

2013 Technical Programme Committee of International
Workshop on Design and Analysis of Embedded
Systems 2014
Technical Programme Committee and Organizing
Committee of Software Development and Object
Technologies Conference 2013

30



2012 Organizing Committee of European Magnetic
Sensors and Actuators Conference (EMSA)

since 2011 Member of Collegium of Rector, Collefe o
Polytechnics Jihlava
2002 Organizing committee of Eurosensors XVI
conference
2000 Member of Committee for Pedagogy, CTU-FEE
Prague, as the only student member
1998 - 2001 Member of the Academic Senate, CTU-PEfue

Project activities:

Principal investigator, co-investigator or partmip in more than 10
academic projects since 2000 (FRVS, OPVK, (®A..), leader or
participant in many industrial projects during thdustrial career.

Publications / citations (as in Feb 2015):
Hirsch index: 7 (Web of Science){ (Scopus)

Author or co-author of more than 35 publications at conferences
and journals, 9 of them in impact journals (Sensmd Actuators,
IEEE Trans. on Magnetics, etc.)

Citations (after automatic exclusion of autocitations):
113 (Web of Science}l 18 (Scopus).

Reviewer for international journals - IEEE Sensors,
IEEE Transactions on Magnetics, Sensors and Aatsiato

Fields of Interest:

Sensors and transducers, magnetic field sensaoysicghelectronic design,
signal and image processing.

31



List of Publications
Journals with impact factor

Vopalensky M., Platil A.: Temperature Drift of Offset and Sensitivity in
Full-Bridge Magneto-resistive SensolSEE Transactions on Magnetics
Vol. 49, Iss. 1, 2013, pp. 136-139, DOI 10.1109/TGLR012.2220535,
ISSN 0018-9464

Vopalensky M.: A Single Magnetoresistive Strip as a Power Comvert
Journal of Electrical Engineering — Elektrotechnjelasopis,Vol. 63
(7 suppl.), 2012, pp. 114-117, ISSN 1335-3632

Mlejnek P., Vopalensky M., Ripka P.:AMR Current Measurement
Device.Sensors and Actuators A — Physjdabl. 141, Iss. 2, 2008, pp. 649-
653, DOI 10.1016/j.sna.2007.10.016 , ISSN 0924-4247

Vopalensky M., Platil A., Kaspar P.: Wattmeter with AMR sensor.
Sensors and Actuators A - Physidahl. 123-124, 2005, pp. 303-307,
DOI 10.1016/j.sna.2005.03.033, ISSN 0924-4247

Vopalensky M., Ripka P., Kubik J., Tondra M.: Alternating biasing of
SDT sensorsSensors and Actuators A — Physidat|. 110, Iss. 1-3, 2004,
pp. 182-186, DOI 10.1016/j.sna.2003.10.044, ISSRUOL47

Vopalensky M., Ripka P., Kubik J., Tondra M.: Improved GMR sensor
biasing designSensors and Actuators A — Physidabl. 110, Iss. 1-3,
2004, pp. 254-258, DOI 10.1016/j.sna.2003.09.036N 0924-4247

Hauser H., Fulmek P.L., Haumer P., Vopalensky M., ipka P.: Flipping
field and stability in anisotropic magnetoresistsemsors. Sensors and
Actuators A — Physical, Vol. 106, Iss. 1-3, 2008, p21-125,

DOI 10.1016/S0924-4247(03)00148-1, ISSN 0924-4247

Ripka P., Vopélensky M., Platil A., Doscher M., Lessen K.H.,
Hauser H.: AMR magnetometerdournal of Magnetism and Magnetic
Materials,Vol. 254, 2003, pp. 639—-641, DOI 10.1016/S0304-
8853(02)00927-7, ISSN 0304-8853

32



Vopalensky M., Ripka P., Platil A.: Precise magnetic senso8ensors and
Actuators A - Physicalol. 106, Iss. 1-3, 2003, pp. 38-42,
DOI 10.1016/S0924-4247(03)00129-8, ISSN 0924-4247

Other journals

Krej & 1., Vopéalensky M.: The Use of Single Turn Absolute Magnetic
Sensors in 3D Reconstruction of Objettsgos Polytechnikos, Vol. 4,
2014, 71-76, ISSN 1804-3682

Vopalensky M., Ripka P.:Magnetorezistivni senzorflaboproudy obzor,
Vol. 2-3, 2002, 12-18, ISSN 0037-668X (in Czech)

Platil A., Malatek M., Ripka P., Vopéalensky M.: GMI — Magnetometr.
Acta Avionica, Vol. 5, No. 8/S, 2003, 29-32, IS3Bb19479 (in Czech)

Vopdélensky M., Ripka P., Hauser H.:.Magnetometr s AMR, GMR a SDT
sensoryActa Avionica, Vol. 5, No. 8/S, 2003, 23-28, ISS85619479
(in Czech)

International Conferences

Vopalensky M., Krejéi I.: Optimized Circuitry for AMR Magnetometer.
EMSA 2014 — Book of Abstracts,25, Vienna 2014,
ISBN 978-3-85465-021-8

Krej & 1., Vopalensky M.: Single Turn Absolute Magnetic Sensors
Application in 3D Reconstruction of ObjecEBMSA 2014 — Book of
Abstractsp. 36, Vienna 2014, ISBN 978-3-85465-021-8

Vopalensky M., Platil A.: Temperature Drift of Offset and Sensitivity in
Full-Bridge Magnetoresistive SensoEVISA 2012 - Book of Abstracts
p. 140, Prague 2012, ISBN 978-80-01-05078-1

33



Vopalensky M.: 3D Model of Coherent Rotation of Magnetization in
Magnetoresistive ElementSMSA 2012 - Book of Abstracts, 38,
Prague 2012, ISBN 978-80-01-05078-1

Vopalensky M.: A single magnetoresistive strip as a power coavert
Magnetic Measurements 2012 - Book of Abstragztd,/, Bratislava 2012,
ISBN 978-80-227-3770-8

Vopalensky M., Mlejnek P.: Influence of the Flipping Pulses on Noise and
Stability of Anisotropic Magnetoresistors/th Soft Magnetic Materials
Conference Programme and Book of Abstra¢td, 1, p. 100, Bratislava:
Slovak University of Technology, 2005

Vopalensky M., Dostal P., Ripka P., Tondra M..Compensated SDT for
Linear Measurement®Magnetic Measurements, 79-80, Prague 2004,
ISBN 80-01-02994-8

Vopalensky M., Platil A., KaSpar P.: Wattmeter with AMR Sensor.
XVIII EUROSENSOR®. 520-521, Rome 2004

Vopalensky M., Mlejnek P., Saneistr J.AMR Current Measurement
Device.EMSA 2004, Book of Abstracts,M-P 27, Cardiff 2004

Platil A., Kubik J., Vopalensky M., Ripka P.: Precise AMR
Magnetometer for Compad&EE SENSORS 2008, 472-476, Toronto
2003, ISBN 0-7803-8134-3

Vopalensky M., Tipek A., Ripka P.:Influence of the Flipping and
Feedback Techniques on the Temperature Behavianisbtropic
Magnetoresistord/I Latin American Workshop on Magnetigm 300,
Chihuahua, 2003

Ripka P., Vopalensky M., Platil A.: Precise Magnetic SensoEMSA
2002 - Book of Abstractp, 67, Athens 2002

Hauser H., Fulmek P.L., Haumer P., Vopalensky M., ipka P.:
Prediction of the Flipping Fields in AMR Sensded1SA 2002 - Book of
Abstractsp. 90, Athens 2002

34



Platil A.., Vopéalensky M., Ripka P., KaSpar P., Haser H.: Improvement
of AMR Magnetometer PrecisioBurosensors XVI - Proceedingsy. 612-
613, Praha 2002

Vopalensky M., Ripka P., Kubik J., Tondra M.: Improved GMR Sensor
Biasing DesignEurosensors XVI - Proceedingsy. 616-619, Praha 2002,
ISBN 80-01-02576-4.

Vopdélensky M., Ripka P., Kubik J., Tondra M.: Alternating Biasing of
SDT Sensorszurosensors XVI — Proceedingg. 872-874, Praha 2002,
ISBN 80-01-02576-4

Vopdalensky M., Ripka P., Tondra M., Hauser H.:Practical
Measurements on New Types of Magnetoresistive $srB3aC 2002 -
Proceedings of the 8th Biennial Baltic Electroni@snferencep. 215-216,
Tallin 2002, ISBN 9985-59-292-1

Ripka P., Vopalensky M., Platil A., Déscher M., Lessen K.M.H.,
Hauser H.: AMR Magnetometerl5th Soft Magnetic Materials Conference
— Book of Abstractg. 293, Bilbao 2001

Hauser H., Fulmek P., Haumer P., Vopalensky M., Rika P.: Prediction
of Flipping Fields in AMR Sensor8MM Conferencep. 292, Seattle 2001

Platil A., Vopéalensky M., Ripka P.: The AMR MagnetometeMagnetic
Measurements 2000 — Book of Abstrapts37-38, Praha 2000

Platil A., Vopalensky M., Ripka P.: Nové typy magnetorezistinrNové
trendy v rozvoji letectyé. 44-48, KoSice 2000

National Conferences

Mlejnek P., Vopalensky M.: Contactless Current Measurement Device
with the Anisotropic MagnetoresistoBOSTER 2005. EI2, Prague 2005

Kubik J., Svoboda M., Vopalensky M.:Internet Workplace for Magnetic
MeasurementdNorkshop 2004 - Proceeding&l. A, pp. 396-397,
Prague 2004, ISBN 80-01-02945-X

35



Mlejnek P., Vopalensky M.: Contactless Current Measurement with the
Anisotropic Magnetoresistorg/orkshop 2003 — Proceeding&l. A,
pp. 500-501, Prague 2003, ISBN 80-01-02708-2

Kubik J., Vopalensky M.: Automated MR Sensor MeasureméPOSTER
2002 - Book of Extended Abstraqts El114, Prague 2002

Vopalensky M., Platil A.: Improving the Parameters of AMR Sensors
Using Flipping Technique?oster 2001p. E33, Prague 2001

Vopalensky M., Platil A.: Measuring of the Magnetic Field with the AMR
SensorsPoster 2000p. E30, Prague 2000

36



