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Magnetoresistive Sensors with Rapidly Solidified 
Permallov Fibers 

J 
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Abstract-The microstructure of Permalloy fibers shows col- 
umns growing perpendicular to the contact line between the 
melt and the extraction wheel. Strong tensile stresses are be- 
lieved to develop along the columns and are incorporated in the 
fiber during solidification. As a result, the easy axis of magne- 
tization of fibers is perpendicular to their length. Both trans- 
verse and longitudinal extraordinary magnetoresistive effects 
have a positive initial slope due to stress-related rotation of mo- 
ments in the closure domains and to the coherent rotation of 
moments in the columns. Fiber response was also investigated 
as a function of the field direction and angle of incidence, fiber 
twisting and for strong transverse fields. The results are dis- 
cussed in terms of the existing models. The longitudinal effect 
is analyzed in terms of the Jones-Soohoo model, whereas a new 
model is proposed to explain the transverse effect. Both effects 
are useful for sensing purposes, but we have been used only the 
longitudinal effect for our sensors. The structures and operat- 
ing principles of single- and dual-fiber biased sensors are pre- 
sented in detail. Distortions due to overbiasing are accounted 
for the pinning and expansion of large-area closure domains 
with moments tilted by the casting stress. The sensitivity-lin- 
earity range product is the same for several bias levels and a 
family of sensors was obtained using the same fiber. The per- 
formances of the fiber sensors are compared to those of thin- 
film sensors. Noise, self-heating, encasing and manufacturing 
are also discussed and optimistic conclusions are found for fiber 
sensors. 

I.  INTRODUCTION 
OFT magnetic materials are widely used in sensors S which measure or detect magnetic fields. The sensing 

element is usually a thin-film magnetoresistor made of a 
zero-magnetostriction ferromagnetic alloy (NiFe or Ni- 
FeCo). Recently, such materials have been produced in a 
fiber form by using a rapid solidification method. Inves- 
tigation of these fibers have shown them to be very suit- 
able as magnetoresistive sensors. In fact, the sensitivity 
of NiFe fibers was found to be similar to that of thin NiFe 
films. These fibers have also a small enough diameter in 
order to exhibit quite high resistance and output signal. 

11. CASTING A N D  STRUCTURE OF FIBERS 
The casting method has been described in greater detail 

earlier [l],  [ 2 ] .  A ferromagnetic rod made of an 81 % wt 
Ni 19% wt Fe alloy is melted at the tip and the fibers were 
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Fig. 1 .  SEM micrograph of a NiFe fiber showing the contact line. 

extracted from the melt by a rapidly rotating sharpened 
molybdenum wheel. The process took place under helium 
gas to inhibit oxidation. The average diameter of fibers 
was about 15 pm [3] and the resistivity of the material 40 
pOcm, larger than the resistivities of both bulk 81Ni19Fe 
alloy (1 5 pOcm) and thin 8 1 Ni 19Fe films (25 pOcm). The 
average cross-sectional area of the fiber is about 200 pm2 
and is much larger than the typical value of thin film mag- 
netoresistors ( 5  pm’). 

Fiber samples were examined by scanning electron mi- 
croscopy (JEOL T300). The surface of the fiber was ini- 
tially etched using a 1 : 1 mixture of nitric acid and glacial 
acetic acid in  order to reveal the columns which grow 
away from the contact line between the melt and the ro- 
tating wheel (see Fig. 1). The columns are clearly per- 
pendicular to the contact line of the fiber. The transverse 
cross-section of the fibers is quasi-circular in shape and 
the directions of columns growth converge to a point at 
the contact line. The temperature gradients during so- 
lidification are directed from the contact point towards the 
fiber surface, which is the last to solidify. We assume that 
strong tensile stresses, showed by double arrows in Fig. 
2 ,  develop along the columns. In fact, the material is re- 
moved from the liquid phase and expands away from the 
edge of the rotating wheel in a radial direction. The rapid 
solidification prevents any elastic counteraction which can 
relax the strain, leading to strong quenched-in tensile 
stresses. 
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Fig. 2. StNCtlIre of the NiFe fiber showing three column directions (y = 
0 and f r / 4 )  and the corresponding longitudinal cross-sectional planes. 
AB is the contact line and AC is the main column direction (y = 0). 

A model of the magnetic structure of the fiber is pro- 
posed in Fig. 2. The melt extraction determines uniaxial 
anisotropies in all planes which contain the contact line 
and the direction of a column, with easy axes of magne- 
tization parallel to the stress direction [4]. The casting 
anisotropy seems to be much stronger than the shape an- 
isotropy and so the easy axis remains perpendicular to the 
fiber length. The fiber may be viewed in our model as an 
assembly of thin films with in-plane uniaxial anisotropy, 
fanning around the contact line (Fig. 2). The magnetore- 
sistive response of the fiber is then the superposition of 
the responses of all these planes. This model is consistent 
with the results to be presented below. 

111. MAGNETORESISTIVE RESPONSES 
As-cast NiFe fibers were placed in the center of a pair 

of Helmholtz coils and quadratic extraordinary magneto- 
resistive effects were found to develop in the presence of 
a magnetic field. The fiber was supplied with a 20 mA 
constant current and the voltage drop across the fiber 
ranged between 200 and 800 mV, depending on the fiber 
length and diameter. The variations in the voltage drop 
were measured by a differential microvoltmeter (John 
Fluke 887A) after the fiber reached thermal equilibrium. 
In fact, Permalloy fibers are very sensitive to temperature 
changes. For this purpose, the fiber was kept during mea- 
surements inside a hermetically closed plexiglass box or 
was embedded in an epoxy resin. About 10 min of self- 
heating were found to be enough to reach a thermal equi- 
librium at a 20 mA sensing current. We estimate the tem- 
perature increases by less than ten degrees above the room 
temperature (Joule self-heating data will be provided in 
Section VIII). The testing set is shown in the inset in Fig. 
4. The magnetoresistive response is defined as the ratio 
of the difference between the fiber resistivity, resistance 
or voltage drop at a given magnetic field and in zero field 
to the same values in zero field, Le.: A U / U  = [ U ( H )  - 
U ( H  = O ) ] / U ( H  = 0). The longitudinal magnetoresis- 
tive response AU,/ U was measured with the field applied 
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Fig. 3 .  Longitudinal and transverse magnetoresistive responses of NiFe 
fibers. 

parallel to the fiber, whereas the transverse response 
AU,/ U was measured with the field perpendicular to the 
fiber. The longitudinal effect was stronger (up to 3 %) than 
the transverse one (about 1%) and the slope of the re- 
sponse in the small-field domain was much larger for the 
longitudinal effect (see Fig. 3). Both effects are positive, 
in contrast to the behavior in thin NiFe films [ 5 ] .  How- 
ever, a similar behavior was observed in FeSiB amor- 
phous wires, where both effects showed initially a nega- 
tive slope [ 6 ] .  

The magnetoresistive response of NiFe fibers was also 
plotted as a function of the magnetic field direction. A 7.5 
kAm-’-strong field was applied by the Helmholtz coils 
and the fiber was rotated horizontally by an angle a be- 
tween the coils (see Fig. 4). The data in Figs. 3 and 4 are 
in good agreement and the 1 % minimum and 3 % maxi- 
mum positive effects are found again when the fiber is 
perpendicular and, respectively, parallel to the field di- 
rection. 

The transverse response of the fiber was further inves- 
tigated as a function of the angle of incidence of the ap- 
plied field. The fiber was placed perpendicular to the 7.5 
kAm-’ field direction and then rotated around its axis by 
an angle p. A periodic function was obtained, with max- 
ima at 0 and 180 degrees and minima at = 90 degrees 
(see Figure 5). This behavior can be explained by taking 
into account the “palmar” structure of the fiber in trans- 
verse cross-section. Actually, the fiber was placed onto 
the substrate with the contact line lying in the left hori- 
zontal side, which corresponds to p = 0. The transverse 
effect should be proportional to the field strength and the 
amount of material involved in the magnetization process. 

As we shall see in the next section, the transverse 
variation in resistivity may be explained by the rotation 
of moments in the closure domains towards the current 
path. The higher the components of the transverse field 
along columns are, the larger the effect is. So, for P = 0 
the interaction between the applied field and the moments 
in the closure domains reaches a maximum. This inter- 
action drops to a minimum for = 90 degrees when the 
field becomes perpendicular to the main column and does 
not rotate its moments with respect to the current path. 
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Fig. 4. Magnetoresistive response of NiFe fibers versus field direction. 
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Fig. 5 .  Transverse magnetoresistive response of NiFe fibers versus angle 

of incidence of the applied field. 

The contribution of the other columns decreases propor- 
tionally to their length due to the smaller area occupied 
by the closure domains and then the smaller amount of 
material interacting with the transverse field. From simple 
geometric considerations and superposition theorem, the 
transverse response for a given p may be written as 

T/4 

y = -s/4 
A U , / U  - C COS y \COS ( p  - r)\ (1) 

where is the angle defined in Fig. 5 and y the angle 
defined in Fig. 2.  The modulus in (1) stands for the sym- 
metry in the transverse magnetization of fibers, as we shall 
see below. Only five columns have been considered (y = 
0, +22.5 and k45 degrees). The relative length of each 
column was multiplied by the relative strength of the field 
along that column and the results for a given angle of in- 
cidence have been added. The theoretical response was 
first normalized to its maximum value and then plotted in 
Fig. 5 .  A good agreement between theory and experiment 
was obtained, which strongly endorses our model of the 
magnetic structure of the fiber. 

IV. THE TRANSVERSE MAGNETIZATION OF FIBERS 
The initial positive slope of the transverse effect of NiFe 

fibers can be explained only by taking into account the 
tensile stresses directed along the columns and incorpo- 
rated during fiber solidification. It is known that the mag- 
netic moments can also be rotated by applying a stress, 
rather than a magnetic field. This anisotropic change in 
resistivity was called "elasto-magnetoresistance" by 
RestorlT et al. [7]. Any of the planes depicted in Fig. 2 
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Fig. 6 .  The transverse magnetization process of NiFe fibers: (a) as-cast 
specimen; (b) fiber twisted by T; (c) twisted fiber in small transverse 
field. 

will show the moments in the closure domains slightly 
rotated towards the stress directions (see Fig. 6(a) where 
the thin arrows are the magnetic moments, ts are the ten- 
sile stress directions and ea is the easy axis). If a trans- 
verse field of up to 7.5 kAm-' is applied to the fiber, an 
increase in resistivity will occur when the moments in the 
closure domains will rotate towards the current path (the 
length of the fiber). Several assumptions are made to ex- 
plain this behavior. 

1) The tensile stresses incorporated in the fiber during 
solidification slightly rotate the moments in the closure 
domains away from the current path. 

2) The tensile stress can be released by twisting the 
fiber. 

3) A 7.5 kAm-' transverse field can rotate the mo- 
ments in the closure domains only by very small angles. 
Higher field is necessary to align the moments to the cur- 
rent path and a much higher field is required to rotate these 
moments perpendicular to the current path. 

The first assumption was derived from known phenom- 
ena in ferromagnetic bodies. The second assumption was 
verified experimentally by placing the fiber in a 7.5 
kAm-' transverse field and by twisting one end or both 
ends in opposite directions. The transverse effect versus 
the number of twists was found to be a periodic function 
with monotonic decrease in the average value. The period 
was one rotation for single twisting (see Fig. 7) and half 
rotation for double twisting, and maxima and minima of 
the functions succeeded in both cases after an ?r relative 
rotation between the fiber's ends. The transverse effect 
progressively disappeared as the incorporated stress was 
released due to the twisting. On the other hand, the lon- 
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gitudinal effect remained unchanged after the fiber twist- 
ing. 

The third assumption was verified also by a simple ex- 
periment. An electromagnet provided the fiber with a 
transverse field of up to 800 kAm-' . A positive maximum 
in the transverse effect occurred around 50 kAm- ' and 
was followed by a zero-crossing at 150 kAm-' and then 
by a negative saturation at about 500 kAm-' (see Fig. 8). 
The maximum negative effect ranged between the positive 
maximum effect and twice this value. The transverse ef- 
fect of twisted fibers was smaller than that of untwisted 
ones and the position of maxima was preserved. So, very 
high fields are required to counteract the strong edge de- 
magnetization of the fiber. 

Using these assumptions, a new model to explain the 
transverse magnetoresistive effect of NiFe fibers is pro- 
posed (see Fig. 6(a)). We attribute the increase in the fiber 
resistivity for small upwards transverse fields to the slight 
rotation of moments in the bottom closure domains to- 
wards the current path. On the other hand, the moments 
in the top closure domains cannot be further rotated away 
from the current path, according to assumption no. 3.  For 
downwards fields, only the moments in the top closure 
domains are allowed to rotate towards the current path. 
Twisting the fiber was found to annihilate the transverse 
effect. This can be explained by considering a torsion mo- 
ment T which twists by a the right half of the fiber seg- 
ment in Fig. 6(b). A torsion stress appears in the trans- 
verse cross-section which separates the two halves of the 
segment, so that the local stress is released over the region 
D. The moments in the closure domains become parallel 
to the edges of the fiber in this stress-free region. When 
a small upwards field H is applied, these moments will 
rotate slightly away from the current path and the resis- 
tivity of the fiber will decrease. The resisitivity still in- 
creases in all the other regions due to the small rotation 
of moments towards the current path in the bottom do- 
mains (see Fig. 6(c) where < 0 and > 0 denote the signs 
of the transverse effect). With further twisting, the stress- 
free regions will expand at the expense of initially stressed 
regions and the transverse effect of the fiber will cancel 
out. 

The transverse magnetization of the fiber takes place 
along the easy axis direction and the magnetization pro- 
cess consists of the wall displacement of main domains, 
which does not affect the resistivity, accompanied by a 
small-angle rotation of moments in the closure domains, 

which affects the resistivity. A quite large transverse ef- 
fect was found (about 1/3 of the longitudinal one); this 
is due to the large amount of material occupied by the 
closure domains, whose moments interact with the ap- 
plied field. The transverse effect is positive at low fields 
and can be annihilated or reversed by twisting the fiber or 
by subjecting it to a very strong field. 

v. THE LONGITUDINAL MAGNETIZATION OF FIBERS 
The longitudinal magnetoresistive effect in Permalloy 

fibers can be quite accurately explained by the Jones-Soo- 
hoo model of magnetization of a long NiFe strip with the 
easy axis perpendicular to the strip's length [8], 191, [lo]. 
The domain pattern in any of the longitudinal planes which 
form the fiber is similar to that of a hard-axis driven thin 
film. The longitudinal magnetization of the fiber should 
then occur through coherent rotation of moments in the 
main domains generated in the columns, accompanied by 
the wall displacement of the closure domains pinned at 
the fiber's edges. The longitudinal effect is positive and 
causes an increase in the fiber resistivity when the mo- 
ments in the main domains rotate towards the current path 
(the length of the fiber). 

A modified Jones-Soohoo model should be considered 
for NiFe fibers, where the closure domains also account 
for the longitudinal magnetoresistive response of fibers. 
In fact, the moments in these domains are slightly rotated 
away from the current path by the tensile stresses (see 
Fig. 9(a)). When an up to 7.5 kAm-' longitudinal field is 
applied, the 90 degrees walls of closure domains begin to 
move forming new angles, as shown in Fig. 9(b), where 
0 is the rotation angle in the main domains, denoted by 1, 
3 ,  5, and 7. Closure domains no. 2, 4, and 6 with the 
moments directed towards the field H strongly expand and 
their moments slightly rotate, whereas closure domains 
with opposite orientation disappear. For a H, = 7.5 
kAm- ' saturating longitudinal field, at which the mo- 
ments in the main domains align to the field direction, the 
moments in the closure domains are still tilted, accord- 
ingly to assumption no. 3 in Section IV (see Fig. s ( ~ ) ) .  
This fact has as a consequence the distortion of the lon- 
gitudinal response of the biased fiber sensor at high bias- 
ing levels, as we will see soon. This distortion always 
occurs for sensing fields which have the same polarity as 
the bias field has. Pinning and expansion of large-area 
closure domains, which occupy much of the fiber and in- 
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Fig. 9. The longitudinal magnetization process of NiFe fibers: (a) as-cast specimen; (b) fiber in small longitudinal field; (c) 
fiber in saturating longitudinal field. 

teract with the applied field, could explain the distorted 
behavior of these sensors. 

The longitudinal magnetization of the fiber takes place 
along the hard axis direction and the magnetization pro- 
cess consists of the coherent rotation of moments in the 
main domains, accompanied by a small angle rotation of 
moments in the closure domains, which both affect the 
resistivity, and by the wall displacement of the closure 
domains, which does not affect the resistivity. The lon- 
gitudinal magnetoresistive effect is the useful effect for 
sensing purposes due to its large magnitude and the ease 
of fiber biasing. Pinning of large closure domains with 
tilted moments by high bias fields produce response dis- 
tortion for sensing fields with the same polarity as the 
biasing ones. 

VI. THE SINGLE-FIBER BIASED SENSOR 
As-cast NiFe fibers 15 pm in diameter (average cross- 

sectional area of 200 pm2) and I cm-long have a resis- 
tance in zero magnetic field of about 20 52 and represent 
sensitive unbiased sensors, very suitable for position de- 
tection or contactless control purposes. To detect the po- 
larity of the sensing field, the sensor must be linearized 
by applying a bias field parallel to the length of the fiber. 
The single-fiber based sensor consists of a Permalloy fiber 
passing through a ceramic tube 1 cm-long and 1 mm in 
external diameter. The ends of the fiber are connected to 
a 20 mA-constant current source, on one hand, and to a 
differential microvoltmeter, on the other hand (see Fig. 
10). The sensing field H must be applied along the fiber. 
An 150-200-turn coil, made of copper insulated wire 0.15 
mm in diameter, is wound around the tube. A constant 
current flows through the coil and provides the fiber with 
a Hb bias field. This field superposes with the sensing field 
and shifts the operating point H = 0 of the sensor from 
the peak to the linear region of the response (see Figure 
11). 

The magnitude of the biasing is given by the MMF of 
the coil (amps.turns or AT). By reversing the direction of 
Hb the response symmetrically shifts towards positive 
fields. The negative biased characteristics in Fig. 11 show 
that at low bias levels (around 2.5 AT), linear responses 
through the origin are obtained. The sensor sensitivity is 
defined as the ratio of the voltage drop change to the lin- 
earity range of the sensor ( A U I A H )  and represents the 
slope of the linear region of the response which passes 
through the origin. A sensitivity of about 8pV A-lm was 
obtained for a 20 mA sensing current and a fiber resis- 

1 

Fig. 10. The single-fiber biased sensor: 1) NiFe fiber. 2) Sensing current 
source. 3) biasing current source. 4) Differential microvoltmeter. 
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Fig. 11. Magnetoresistive responses of the single-fiber sensor for three bias 
levels. 

tance of 2052. At higher bias levels (5 AT) the sensitivity 
drops to 4 pV A-lm, but the range of linearity in detecting 
magnetic fields increases from +250 Am-'to +500 
Am-'. The sensitivity-linearity range product is the same 
in the two cases, which reflects the response distortion 
occurring at higher bias. In fact, the response at 2.5 AT 
bias has smaller amplitude and larger negative pulse width 
than the response of unbiased sensor. This behavior is 
more evident at 5 AT bias, where a slight nonlinearity of 
the response may be also noticed. Over 12 AT bias, the 
sensor operates in a highly nonlinear regime. 

When dc measurement was used to plot the sensor re- 
sponse, thermal drift due to the sensor and electronics was 
added to the response and frequent zero adjustment was 
necessary during the measurement. The thermal drift due 
to electronics was cancelled out by using a four-wire ac 
resistance bridge (Linear Research LR-400) to plot the 
responses in Fig. I 1. The sensing current was 1 mA in 
amplitude and 15.9 Hz in frequency. The difference be- 
tween the fiber resistance and a pre-set resistance (the fi- 
ber resistance in zero magnetic field) was available at the 
output of a tuned amplifier. The ac response was found to 
be identical to the dc response, after the fiber reached 
thermal equilibrium. The thermal drift due to the sensor 



22.56 IEEE TRANSACTIONS ON MAGNETICS, VOL. 29, NO. 5, SEPTEMBER 1993 

2 AU 

Fig. 12. The dual-fiber biased sensor: 1-potentiometer; 2-sensing current 
source; 3-biasing current source; 4-differential microvoltmeter. 
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Fig. 13. Magnetoresistive responses of the dual-fiber sensor for two bias 
levels. 

VIII. COMPARISON WITH EXISTING DEVICES 
The only existing devices on the market are thin-film 

magnetoresistors, classified in Table I according to their 
biasing method. This table lists the main performances of 

can be cancelled out only for dual-fiber sensors arranged 
in a Wheatstone bridge circuit. 

VII. THE DUAL-FIBER BIASED SENSOR 
This sensor consists of two single-fiber biased sensors, 

arranged so as to form two active arms of a Wheatstone 
bridge (see Fig. 12). The passive arms of the bridge are 
formed by the two halves of a 50Q potentiometer. The 
sensing currents are provided by a 40 mA constant current 
source and run in parallel through the fibers. Separate bias 
current sources are used in such a way that equal in mag- 
nitude but opposite in direction bias fields are provided to 
the fibers. The output signal is picked-up from the diag- 
onal of the bridge and +2 AU is measured by the differ- 
ential microvoltmeter. Actually, for a given sensing field, 
the resistivity of one fiber increases whereas that of the 
other one decreases due to the antisymmetric bias. The 
dual sensor sensitivity is then twice the sensitivity of the 
single sensor. The thermal drift is also cancelled out when 
the temperature in the sensor area changes. In fact, the 
operating points of the two fibers are shifted in the same 
direction on to the individual responses, giving a zero drift 
in the differential output. 

Fig. 13 shows the magnetoresistive responses of the 
dual sensor for two bias levels. The dc measurement was 
used again and the differential microvoltmeter was used 
as a null instrument. The bridge was balanced before plot- 
ting each curve by readjusting the potentiometer. No zero 
drift was observed and the increase in sensitivity was ob- 
vious (16 pV A-’m at 2.5 AT bias and 8 pV A-‘m at 5 
AT bias). 

The output signal of the dual sensor was observed using 
an oscilloscope which replaced the microvoltmeter in the 
bridge. The sensor was placed between the Helmholtz 
coils which were driven by an 1 0 0  Hz sinewave current. 
A multimeter was used to monitor the strength of the cur- 
rent through these coils. An 8 mV,, sinusoidal voltage 
was observed on the screen for bias levels up to 8 AT and 
maximum fields at which the sinusoid was undistorted. 
Linear field ranges of about +800, +500 and +250 Am-’ 
were observed for bias levels of 8, 5 and, respectively, 
2.5 AT. If the bias current is larger than its optimum 
strength, a decrease in output amplitude will occur. On 
the contrary, peak distortion appears in the sinusoid when 
the bias level is lower than its optimum value. 

thin-film sensors, compared with those of fiber sensors. It 
is obvious that, for the same magnetoresistive effect of 
the material, the output signal and then the sensitivity are 
larger for higher resistance sensors. However, the 4 mV,, 
output signal of the single fiber sensor is well above the 
noise induced by the fiber and the measuring circuit. An 
important feature of the fiber sensor is that a family of 
devices, with different sensitivities and linearity ranges, 
can be obtained with the same fiber by varying the biasing 
level. This is more convenient than for thin-film magne- 
toresistors, where the shape of the layer must be changed 
in order to modify their performances. 

The noise of the dual fiber sensor was measured by re- 
placing the sensing current generator in the Wheatstone 
bridge with a 1.5 V battery. The sensing current through 
the fibers increased to 33 mA and was totally noise-free. 
A 13 mV,, sinewave signal was then picked-up from the 
bridge and displayed on the oscilloscope. The Helmholtz 
coils were supplied with a 1 0 0  Hz sinewave current and 
the amplitude of the measured magnetic field was of about 
1 kAm,’ for a 5 AT bias level of the sensor. No distortion 
of the output sinusoid was observed. Then the sensing 
field was cut-off and a noise of about 100 pVpp was ob- 
served on the screen. The oscilloscope filter was set to 
HF = 3 MHz for this measurement. An 40 dB signal-to- 
noise ratio was found for our dual fiber sensor, a typical 
value for thin-film magnetoresistors [ 111. 

The size of the sensor is very important in this minia- 
turization era. The canted easy axis magnetometer in Ta- 
ble I, for example, is a large-area sensor with a very long 
sensing path [12], which explains the high values of both 
sensitivity and output signal. Barber-pole magnetometers 
[13] are miniature sensors with an active sensing area of 
1.6 x 1.6 mm2. The “insulated” shunt dual sensor [14] 
had an active area of 1 X 0.05 mm2. But the size of a 
solid-state device is mainly determined by the area of the 
connecting pads. So, the volume occupied by a thin-film 
magnetoresistor can easily reach 2 X 5 x 5 mm3. Our 
dual fiber sensor was encased in a cylinder 5 mm in di- 
ameter and 1 cm long. The single sensor is even slimmer 
and the unbiased sensor may be viewed as a microsensor. 
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Linear field Sensor Max. output 
Sensitivity range resistance signal 

( p V  A - ’  m) (kAM-’) (n) (mV) Reference Sensor 

Canted-easy -axis 
magnetometer 

KMZlOA barber-pole 
magnetometer 

“Insulated”-shunt 
dual sensor 

Single-fiber 
biased sensor 
Dual-fiber 
biased sensor 

100 

20 

8 
4 
8 
8 

16 

f 0 . 2  4300 f 20 [I21 

*1 250 f 20 1131 

f l  160 f 8  1141 
- k0.5 20 f 2  

*0.25 
f0.5 20 f 4  
*0.25 

- 

No noticeable self-heating of the fibers was observed 
during the measurements. The current density in the fiber 
was about 0.1 mA (pm)-’, ten times lower than the usual 
current density in thin NiFe film magnetoresistors. The 
Joule self-heating of the fiber is about 10 mW. On the 
other side, fiber sensors do not have a substrate to act as 
a heat sink, as thin film sensors do, and the resistivity of 
the material is somewhat higher in fibers. Self-heating of 
the coils is also negligible due to the small bias current 
required for an efficient bias mA (pm)-’), in strong 
contrast with “insulated”-shunt biased sensors which re- 
quire a bias current density as high as 1 mA (pm)-’. 
However, the rise in temperature of latter sensors was only 
about 10°C above room temperature [5]. We may con- 
clude that the thermal regime of fiber sensors encased in 
epoxy resine is better than that of a multi-layered thin film 
sensor. The residual thermal drift of dual sensors can be 
compensated by thermistors included in the bridge or by 
electronic means. 

The Permalloy fibers are produced in one manufactur- 
ing step only, which does not require sophisticated and 
costly sputtering plants, aligning machines or clean 
rooms, as thin-film sensors do. The fiber sensor does not 
need any substrate or special connecting pads. The mea- 
suring circuitry is the same as for conventional magneto- 
resistors and the applications of the fiber sensors are 
mainly the same as those of thin-film sensors. But the fab- 
rication technology seems to be easier to implement and 
the price/performance ratio should be much lower. 

IX. CONCLUSIONS 
Permalloy fibers have been proved to be very suitable 

as sensing elements for magnetoresistive devices. The fi- 
ber sensitivity is of the same order of magnitude as the 
sensitivity of thin-film magnetoresistors. A simple biasing 
technique was used to linearize the sensor operation. The 
stress incorporated in the fiber during solidification 
strongly influences the magnetization process and the 
slope of the linearized response changes as a function of 
the bias level. A versatile sensor was then obtained using 
the same fiber, but a compromise between sensitivity and 
linearity range should be reached for any particular ap- 
plication. 
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