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output properties of Zero-Speed Sensors Using

FeCoV Wire and NiFe/Cope Multilayer Thin
Film

yasushi Tikemura, Me7nbeT; IEEE, and T. Yamada

AbsLrwトーOtⅠtput properties of magJ)e山c
sensors generating

pulse voltages
are descrjbed･ The sensors principally consisLcd

of double mag71etic
layerswith different cocrciye forces･ Both or

thin_Rlm-based material andwire-based material were used for

tJle double layers･ When the magnetization of one or the layers was

switched by an extema) magnetic
fieldl a Pu)se voIlage

was induced

iT" pickup･coil wound aro-A
the materials･

The magnetic sensor

uslng
a twisted FeCoVwirtl tt" COnVenLiona) material

for the

wiegand efrectl had the disadvantage of the asymmetric output

yoltage generated by the alternatiye magnetic
field･ It was rotJJld

that a magneticwireI Whose ends were slightly etched, exhibi(ed

symmetric output yoltage･
The sensor element consisting of a pall

terTLed NiFe/CoFe mulliJayer thin
film was aJso stlldied･

Constant

output voltage
was obtained from this thin-rIJJn

Sensor uSJng an

excitation magnetic field at fJ･eqt)enCies dovm to
Oll Hz･

ttldcx Tcms-Large Barkhausen efrbct, magnetic
sensor) mag-

netic thin
fi]ms▼ magneticwiresナrOtation

sensor? velocity sensor'

Wiegand e恥cl･

T

Ⅰ.INTRODUCTION

HE MAGNETIZ〟rION switching accompanied with a

large Barkhausen Jump induces a stable pulse voltage in

a pickup coil, which does not
depend onthe frequency of the

excltlng magneticfield down to almost 0 Hz･ This phenomenon,

which
is known as the Wiegand effect 【1】,【2】,

is utilized

for various applicationgrof rotation sensor, speed sensor, and

others. A twisted Vicalloy (FeCoV) wife
has been studied as the

optimum materialyieldingthis effect 【3],【4]･
Its switching field

of 20-30 0e is relatively high for sensor applications･ Another

disadvantage in uslng a Wire is the demagnetizing鮎1d arising

in the wire, which degradesthe sensor performance, especially

in a shortwire. Film-based materials enable a
fabrication of a

sensor system consisting of a sensor element and an integrated

circuit for driving/detecting functions [5]-[7]･

we have studied the fabrication and characteri乙ation of sen-

sors consisting of both wire and thin-爪m materials･ A sensor

uslng a twisted FeCoV wire, the conventionalmaterial for

the Wiegand effect, had the disadvantage of an asymmetric

ou(put voltages generated by positive/negative magnetic-丘eld

directions [3].A method of reducing the edge effect by etching

both ends of the wire
has been proposed [8].A thin一別m-based

sensor consistlng Of NiFe/Cope multilayerthin丘Im deposited

on a thermally oxidized Si substrate was also studied [9]･
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TABLE I

CoMPARISON OF MAGNET)C SENSORS

Sensors WiegandscJ]$Or tlallscn50r MRsensor

Detection LarBeBarkhausen
Ha11e触t

Magneto-

pnmciple juⅠ叩 reslStaJICeeqeCt

Major V:)canoywires
Semiconductor

Ferromagnetic

material (FeCoV811oy) metal

PowersotJーCC Notrequired Required RcqtliTed

Outputslgna1 Constantpulseyoltagc Vo]tagc
Differenccof

y()ltage

Temperature Independent
Dependent Dependent

dependence (-lO.C-90oC)

0仙ers -1L'L4l'lt Lowcost Highsensitivity

O))
Ma8nCtLC型L

:.::I-I.i重量蔓=:重量塁
Sol1 1町er is rt!verscJ
with r&St 8Witchit18

(Large 8arkh8uSen jtlmP)

FIB. 1. (a) Double magnetic layers of FeCoVwire･ (b)
The
magnetizAtioJ)

conAgura血ns of
dlOSe layers tlnder antipardlel･ (c) Parallel a)igJlmentS･

A sensor element was fabricated by patternlng the丘1m by

photolithography and wet-etching processes･ Thisthin一点1m-

based sensor exhibited a constant output voltage for excitadon

magnetic鮎1d at frequencies down to O･1 Hz･

Ⅲ. WIEGAND SENSOR

Table I shows a comparison of Wiegand sensor, Hall sensor,

and magnetoresistive (MR) sensor. The Hall sensorand MR

sensor are operated by an electric current through the con-

ducting materials, normally thin別ms･ They requlre a power

source for the current. On the other hand, a Wiegand senso(

does not requlre any Power Source for an excitation of the

sensor element. Fig. 1(a) shows the stnJCture Of the twisted

FeCoV wire consisting of double layers of different coercive

force. This magnetical)y compound structure is obtained by

twisting thewires. Fig. 1(b) and (c) shows the magnetization

con丘gurations of a compound wire under ant)pamllel and par-

allelalignments, respectively･ 1n both丘gures, the magnetization

direction of the hard magnetic layer (core)with its coercive
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TABLE II

OuTPUT WAVEFORMS OF VARIOUS MAGNETIC SENSORS

Sensor.S Detecti00pnncわ1e

OutplltWaVe氏)孤

rhghspeed Lowspeed

HaIlscnsor Jlalleqect

IJMRsensor
Magnetoresistancc

e飴ct

I,)

Elccb.omagne(ic Electroma91etic

SeⅠl5(lr inductk)n
12 一再→

Wieg8ndsensor LargeBaJ'khausenjump
L3

force Hc - 60 0e is constant.When the magnetization of the

so允)ayer (shell,JZc
- 20 0e) is switched from the antiparallel

to the parauel alignments by the external magnetic
Geld,the

pulse voltage is induced to the pickup-coil wound aroundthe

wire･ Owing tothis pnnciple, the sensor element does not

requlre any eXC)ting Current･ This advantage of
"no
power-

source operation" is another feature of a Wiegand sensor･As

the switching speed of the magnetization is almost constant for

a wide range of operating temperature up to 90 oC the ot)tput

voltage is independent of (he temperature1 0n the other hand,

the resistivity of conducting semiconductor materials used for a

Hall sensorand ferromagnetic metal for an MR sensor depends

much onthe temperature. The output signals from these senso)'s

normally depend on the opcratlng temPerature･

Table Ⅱ showsthe waveforms of the output voltage for

various magnetic sensors･ A ro(ation sensor detecting rotated

magnets is assumed forthis comparison･ The amplitude of the

output voltagefrom a Hall sensor and MR sensor is constant,

but thewidth of the sign4Paldepends on the rotation velocity

(speed) of the measured objects･
The output voltage from a

conventional magnetic sensor uslng electromagnetic induction

is proportional to the changing rate of the magnetic丘eJd ap-

plied to the sensor･ Therefore, an electromagnetic sensor is not

suitable for detectlng Slow rotation. A 8uxgate magnetometer is

a high-sensitivemagnetic一触1d sensor, butthe waveformofthe

outpu( slg71aIalso depends on the changing rate Of the applied

magnetic丘eld.

The magnetization switching of the soft layer of a FeCoV

wire from antiparallel to parallelalignments is fast, since it is

accompanied with a large Barkbauselりump･
As its switching

speed does not depend on the changing rate of the applied mag-

netic field,the wavefbrm of the output voltage is constant. The

Wlegand sensor generates a constant output slgna) independent

of the rotating SPeed.

Magnetic double )dyers can be fabricated in a wire or thin-

film-based material. The advan(ages and disadvantages of a

Wiegand sensor consistlng Of awire and a thin角Im are listed

in Table Ⅱ【.A twisted FeCoV wire has a uniaxialmagnelic

anisotropy along the length direction, Which is an ideal mag-

netization con丘guration for yielding the Wiegand effect. But

this uniaxial anisotropy generates demagnetization Aeld at both

ends of thewire. It has been proven that a demagnetizing丘eld

degrades the舟equency dependence onthe output properties of

a sensor. A relatively large switching丘eldaround 20 0emight

T^BLE uI

CoMPARISON OF WJEGAND SENSOR CoNSIST]NG OF

WIRE AND THIN FILM
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Fig･ 2･ Magneti劫tion curve of a twisted
FeCoV
wire･

be a probleIⅥ in a microsi乙ed sensor system. On山e o山er hand,

the multilayer thin丘1m consistlng two layers with different

coercive forces is suitable for miniaturiz.ations and fabrications

with integrated circuits. A small output voltage owing tO the

thin thickness and in伽ences of side edges to the magnetization

switching are disadvantages.

ⅠⅠⅠ.RESULTS AND DISCU5SION

A. Wifle-Based Wiegaru) Sensor

The magnetic wire used in the experiment was a semihard

magnetic Vicalloy (40Fe-50Co-I OV, wt. %) wire of 0.25 mm iJl

diameter. The doublellayered magnetic structure was achieved

by twisting the wire. This compoundwire reveals a uniaxial

magnetic anisotropy along the wire axis, and itscoercive force

is about 20 0e in the outer shell (softlayer) and 60 0e in the

inner core (hard core).Fig. 2 shows the magnetization curves of

awire measured by a vibrating sample magnetometer (VSM).

Both of the major loop and theminor loopare measured. The

minor loop, which was recorded by switching the so氏IayeT,

whilethe magneti乙ation of the haLrd layer was constant･ The

magnetization reversal of the sot( layer from the anbparallel to
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Fig. 3. (a)Waveform of the extemal magnetic Aeld･.(b)M-H curve of

FeCoV wire. (c)Output pulse voltAge･

parallel alignments is steep, which suggests
that the switching

is accompanied with a
large Barkhausen JumP･

Fig･ 3 shows the M-H curve and corresponding waveforms

of exciting magnetic丘eld and output voltages for the wire･

when the magnetization of the soft layer
is reversed from

antiparal)el to paralleho that of the hard
core (parallelmagneti-

zation corresponding to
=a - a" in the M-H curve),

a sharp

pulse voltage indicated by Vp in Fig･ 3(c)
is induced in the

pickup-coil wound around thewire･ This magnetic鮎Id
is de-

fined as parallel Geld of Hp･ The amplitude and the
half-width

of the voltage are b(pically 2 mV per one tum of the search

?noileAnndd三no.-2.?tphSe･

fr,eLZeecLIcV,eJ三'f
Thheeseextveaiuae.s
mwaegneestsiecnti
:1:dy

This is because, the parallel magnetization process is due to the

Barkhausen jump, and that, its switching speed is constant･ In

order to repeat generahng the pulse voltage of
Vp, the magneti-

zation of the so氏Iayer should be switched back･ During this

antiparal1el magnetization process
by applying Hap･ a small

voltage indicated Yap in Fig･ 3(c) isalso generated･

Asthe magnetization switching of
the softlayer for parallel

and antiparallel to the hard core is asymmetric, the optimum

condition of the exciting field isalso asymmetric･ Fig･ 4 shows

the output voltage Vp of the wire obtained by applyingthe

asymmetric altemating鮎1d at 70 H乙The altemating held

consisted of Hp and HAD as shown in Fig･ 3(a)･The output

voltage was measured under various combinations of
Hp and

Hap･ The lengthof thewire was 30 mm･ The voltageper

one turn of the pickup coil was indicated･ A maximum output

voltage was obtained by the asymmetric altemating 6eld of

HAD - 20 0e and Hp > 500e･ When Hap is lessthan
20 0e,

the sof( )ayer does not switched back to the antiparallel con丘g-

uration. On the other hand, the hard layer is partially switched

when HAD is higher than 20 0e･ In both cases of HAD tower

and higher than 20 0e, the ideal con点guration of parallel and

antiparallelalignments is no( achieved, which resu)ts
in a )ess

output voltage. The optlmum COndition of this asymmetric

exciting Aeld is not suitable for the actual applications uslng

a pair of pemanent magnets･
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Fig･ 5･ Output yoltage per oJle tt)rn Of pickup coil generated丘om FeCoV
as-

preparedwire and etched wire･
The
syJllmetric ac magnetic丘dd of Hp

- H良P

a1 70 HヱWaS applied.

When a symmetric alternatlng丘eld is applied to a wire,

the output voltages of Vp and Vap･ the induced vo)(ages cor-

responding to parallel and antlparallel magnetization of the

soft layer, respectively, are asymmetric･ Fig･ 5 shows Vp and

Yap in positive and negadve voltages, respeclively･ indicated

as a function of the magnetic丘eld. The symmetric altemating

magnetic鮎Id of Hp
- Hap at 70 Hz was applied･Asthe

antiparallel magnetization reversal was gradual, the negative

output voltage of Yap was small･ Vp was larger than
Vap･ but

it decreased with increaslng external magnetic丘eld, 1t was

because that the hard layer was also switchedwiththe soft

layer･ In a practical use, the asymmetric output voltage of

Vp and Yap and the decrease of Vp inthe ･higher
exciting

鮎1d should be avoided. These disadvantages are attributed to

the demagnetizlng丘eld underthe parallel alignment, andalso

to the magnelostatic coupling between both layers underthe

antiparallel alignment･ In order to reduce these in8uences atthe

edge of thewire,the outer layer (softlayer) at bothends was

etched by an FeC12 SOlution, as shown inthe insertion in the

丘gure･ This etched wire exhibitedalmost the same voltages of

Vp and Vap･ The output voltage was relatively higherthan that

of the as-prepared wirewithout etchingand did not
decrease

with increaslng the extemal magnetic field･
This etchedwire is

stlitable for practical applications･
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Fig･ 6･ Minor loops of magn?tization
curyc of NiFe/A1203/Cope (him Rlヮ･

Bold and thin lines irldicaleTnlJIOr loops along (a)easy axis and (b)hard axIS

of magneti 2iLtion anisob10Py, reSpeCtively･

B. Tlhin-Film-Based Wt'egand Sensor

NiFe(300 nm)/Al203(30 nm)/Cope(150 nm)thin丘1ms
we.re prepared on SiO2/Sisubstrate using RF magnetron sput-

terlng equlpment. A uniaxia】 magnetic anisotropy was induced

only in the NiFe layer during the deposlt10n･ Magnetization

curves of the samples were measured
by a VSM･ The Cope

layer exhibited an isotroplC magnedzation along the in-plane

direction. A coercive fわrceof the Cope layer was
50 0e･ Fig･ 6

shows minor loops of the magnetization
curves measured by

switching the magneti乙ation of the NiFe
layer under a constant

magnetiz･ation of the Cope
layer･ The magnetic helds of Hp and

Hap indicated in the figure were applied in order to switch the

magnetization of NiFe par4P.alle]and antiparallel to that of
Cope,

respectively･
Bold and thin lines indicate (heminor

loopsalong

the easy and hard axis of magnetic anisotropy of the NiFe layer,

respectively･ Details of the magneti乙ation curves
have been

discussed in [8].When the magnetiza(ion of NiFe was reversed

to the parallel alignment by app】ylng the magnetic field of

Hp, the magnetization curve exhibited a steep switching owlng

to the large Barkhausen effect･ This fast switching induces

the pulsed voltage in the pickup coil･Asindicated in Fig･ 6,

the magnetization switching to the antlParalle)alignment by

applyingthe鮎1d of HAD is gradual, which results in a smaller

induced voltage.

When the asymmetric alternatlng magnelic触1ds of lfp -

15 0e and H8P - 5 0e were applied to (he丘Im, positive and

negative output signals of Vp and Yap Were Observed, which

were associatedwith parallel and antlParallel magnetization

reversals of NiFe, respectively. The amplitude of the output

slgnals is plotted as a function of frequency of the applied

magnetic鮎1d in Fig. 7. The amplitude of Vp was constant

at around 12 mV (1.2 pVper turn of the pickup coil)at the

&equency range from
1 to 30 Hz, which suggestedthat the

magnetization reversal of NiFe tothe parallel alignment was

attributed to a large Barkhausen effect･ vip was not stab)y mea-

sured at afrequency lower than 20 Hz･ Vp was larger than yap

at any frequency･ Both Vp and map increasedwith an incTeaSlng

frequency because of the electromotive force induced in the

coil by the altemating magnetic丘eld･ The output properties of
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Fig･ 7･ Frequcnq dependence of amplitude of outpu- pulse voltage generated

from NiFc/A1203/CoFe負1m.

the sensor usingthis multilayer thin丘Im in detectlng rotated

permanent magnets have been reported in [8]･

ⅠV CoNCLUSION

A Wiegand sensors consistlng Ofwire and thin一別m materials

were evaluated. The advantages and disadvantages of using a

wire and thin丘1ms are described. Although a twisted FeCoV

wire has been studied as an optimum material for yielding

the Wlegand effect, it has the disadvantage of the asymmetric

output voltages generated by positive/Jlegative magnetic-field

directions. This asymmetric output is caused by the demagne-

tizing名e)d and magnetostatic coupling atthe edge (both ends)

of the wire. It was foundthat this edge effect could
be reduced

by etching the soft layer at bothends･ The etchedwire achieved

a symmetric output of positive and negative output voltages･

A NiFeJCoFe multilayer thin丘1m deposited on thermally ox-

idized Si substrate was also studied. A constant output voltage

was obtained by using a magnetic excitatiorLfield down to a

low frequency･ The thin-Blm-based sensor has an advantage of

small switching丘eld due to the low coercive force of NiFe･

It isalso preferable for fabricatlngwith integrated circuits･
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