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In this paper, the giant magnetoresistance (GMR) multilayer sensor is fabricated with a Wheatstone bridge, and it
exhibits excellent performance with a sensitivity of 2.8349 mV/(V/Oe) (1 Oe=79.5775 A-m~!) and a saturation field of
26 Oe along the sensitive axis. The GMR sensor is also characterized in a high magnetic field. The sensitivity decreases
from 2.8349 mV/(V/QOe) at an angle of 0° to 0.0175 mV/(V/Oe) at an angle of 90°. Then, the sensor is placed in a series
of rotating magnetic fields. We propose a model to express the output characteristics of the GMR multilayer sensor. The
transfer curves of the sensor can be shown as two exactly symmetrical circles with an increasing radius when the magnetic
field increases. The experimental results are consistent with the simulation results of the model. The advantage of this

model is that it is simpler and more intuitive.

Keywords: giant magnetoresistance, sensor phenomena and characterization, angular dependence

PACS: 75.47.De, 75.60.Ej, 75.70.Cn, 72.15.Gd

1. Introduction

Since its discovery in 1988, the giant magnetoresistance
(GMR) effect has been widely studied from both academic and
technological viewpoint!!'=13! because of its advantages such
as high sensitivity, large magnetoresistance ratio, and good
compatibility with standard integrated circuit processes. The
GMR sensor was first industrialized by NVE in 1994 and has
been well used in medical and industrial circles, automotive
electronics, erc.!'"*1°1 As a type of magnetic sensing device,
the GMR sensor can be used as an angular transducer in the
electronic compass, a pedal position detector in vehicles, and

an angle encoder in industrial controls?0-2>]

to replace the
Hall-effect device and anisotropic magnetoresistance (AMR)
sensor.?%?71 The angular dependence of Hall-effect device,
AMR sensor and GMR spin-valve sensor have been thor-

7.28-32] The angular de-

oughly investigated in recent years.|
pendence of the GMR multilayer film has been reported.33-38
This dependence was introduced via the angular variation of
transmission and reflection coefficient in Fuchs—Sondheimer
boundary conditions.[**3°! The angular dependence of the
GMR multilayer film has been systematically and theoreti-
cally studied in depth by Vedyayev et al..[>! They presented
an analytical quantum-statistical theory of the angular vari-
ation of the GMR in magnetic multilayers, in which both
the spin-dependent scattering of conduction electrons and the
spin-dependent potential barriers between successive layers
are taken into account.’?”) However, the angular dependence

DOI: 10.1088/1674-1056/28/8/087501

of the GMR sensor based on the GMR multilayer film was
rarely reported.*%#!1 Tt is found that the GMR sensor is sen-
sitive to angular variation and can be described with a cosine
function.

In this paper, the output characteristics of the sensor are
further analyzed, and the angular dependence of the GMR
multilayer sensor is studied. First, the magnetic field direc-
tion, which is at an angle with respect to the sensitivity axis, is
changed. The sensitivity of the GMR multilayer sensor is stud-
ied. Second, a series of rotating magnetic fixed fields is ap-
plied at different directions from 0° to 360°. Most importantly,
a model is proposed to further describe the output characteris-
tics of the GMR multilayer sensor. This model has not been
reported in other papers. It differs from that in the work by
Zhu,'“1 where only a series of rotating magnetic fixed fields
is used, and a simple modified model is proposed to describe
the output characteristics of the GMR multilayer sensor.

2. Experiment

In this work, the GMR multilayer films were deposited
on Si/SiO; (1 um) substrates by a Nordiko 9606 sput-
tering system with a base pressure of ~ 7 x 1078 Torr
(1 Torr=1.33322x10? Pa), and the GMR multilayer film
sensor was subsequently fabricated with a series of device
processes including resistor patterning, NiFe plating, passi-
vation and pad opening. The GMR multilayer film had a
structure of (NiFeCr (4.5 nm)/NiFe (4 nm)/[ NiFe (5 nm)/Cu
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(0.9 nm)/NiFe (3.5 nm)]3/NiFeCr(5 nm)) with a matrix of 4.5-
nm-thick NiFeCr layer and 5-nm-thick NiFeCr layer as the
buffer and cap layer. In the NiFe/Cu/NiFe layer structure with
NiFeCr layer as a buffer layer, the antiferromagnetic coupling
could be well established, so that a good GMR effect was ob-
tained. It also exhibited good thermal stability, making it suit-
able for practical use in sensor devices.

Figure 1(a) shows the schematic of the GMR sensor with
a structure of Wheatstone bridge, which consists of four pat-
terned serpentine GMR multilayer resistors: Ry, Ry, R3, and
R4, in which R, and R4 were shielded by NiFe thick films,
which make the resistors immune to an external field, whereas
R and R3 were placed in the gap of the shielding layers and
exposed to a magnetic field. When an external magnetic field
was applied, the Wheatstone bridge of the sensor became un-
balanced and produced a differential output voltage signal. In
this structure, the shielding layers were also used as a flux con-
centrator, which amplifies the magnetic field in the gap. Al-
though the Wheatstone bridge had a favorable compensation
for those effects, the saturation magnetic field and sensitivity
of the sensors were still affected by the temperature, which
cannot be neglected in practical tests. Thus, the experimental
temperature was maintained at 27 °C. The topology structure
of the processed sensor is shown in Fig. 1(b). Then, the sensor
die was packaged as SOP8 before being tested and analyzed.

pinl,

Vbp (supply) (a)

pin 4, out—

pin 3, out+
‘ pin 2,
GND
resistors resistors (b)

under shields in shields gap

shields

Fig. 1. (a) Wheatstone bridge configuration, and (b) topology structure
of the sensor.

Two test systems were employed in this work. In the mea-
surement of the low magnetic field range, a Helmholtz coil was
used to produce the magnetic fields in a range from —50 Oe
to +50 Oe. The Helmholtz coil system consists of a two-
dimensional (2D) Helmholtz coil and a device fixture. In the
measurement, the sensor under test was fixed on the device fix-
ture, and the sensor transfer curve was obtained by sweeping
the magnetic fields by changing the current in the Helmholtz
coil. The current source for the Helmholtz coil is controlled by
a computer, which adjusts the sweeping range and controls the
direction of the magnetic fields. The angle between the direc-
tion of the magnetic field and the sensitive axis of the sensor
is denoted as 6, as shown in Fig. 2. Figure 2 is combined with
Fig. 1(b), where the sensitive axis is along the long side of the
GMR sensor. The supply voltage was 3.0 V, and the system
could capture the output of the sensor and store it. In the mea-
surement of a high magnetic field range, the high-magnetic-
field probe was used to measure the magnetic fields in a range
from —2000 Oe to +2000 Oe. The high-magnetic-field probe
consisted of a pair of horizontally opposed electromagnets, a
device fixture, and a Gaussmeter. The magnetic fields gener-
ated by electromagnets were calibrated by the Gaussmeter in
advance. The measurement procedure was similar to that for
the Helmbholtz coil test.
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Fig. 2. Definition of angle 6.

In this work, first, the transfer curves of the GMR sensor
were acquired by sweeping the external magnetic field from
—50 Oe to +50 Oe in steps of 0.25 Oe along the sensitive axis.
Second, the transfer curves of the GMR sensor were recorded
by sweeping the external magnetic field from —2000 Oe to
42000 Oe in steps of 50 Oe along the sensitive axis. Third, the
transfer curves of the GMR sensor were acquired by sweeping
the external magnetic field with different angles with respect
to the sensitive axis, from —50 Oe to +50 Oe. Finally, the
rotation transfer curves of the GMR multilayer sensor were
acquired by a rotating field. The magnitudes of the fields were
6.0 Oe, 10.0 Oe, 14.0 Oe, and 26.0 Oe.
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3. Results and discussion

3.1. Transfer curves and characteristics

The transfer curves of the GMR sensor is shown in Fig. 3.
The enlarged partial drawing of Fig. 3 is acquired by sweep-
ing the external magnetic field from —50 Oe to +50 Oe. The
GMR sensor exhibits a sensitivity of 2.8349 mV/(V/Oe) in the
linear range, and the hysteresis and nonlinear error of the sen-
sor are 0.2869% and 0.1436%, respectively. The bridge offset
of the sensor is 0.02 mV/V. The output of the sensor linearly
increases as magnetic field increases from 0 Oe to 26 Oe be-
cause R; and R4 are shielded by thick NiFe films, R and R3 are
exposed to the magnetic field, and their resistances increase
with increasing magnetic field. When the magnetic field in-
creases from 26 Oe to 50 Oe, the output voltage of the sensor
begins to be saturated and remains unchanged.

300
| —s—forward 300
> 250 . —e—Treverse 200 y 8
g fitting 00 ’/,’:"/
& 200_‘ 0 4 126
pi i 50 —25 0 25 5
S
> L $=2.8349 mV/(V/Qe)
= 100} 3,=0.2869%
g . 510 =0.1436%
o 50
O J

—2000 —1000 0 1000 2000

Magnetic field/Oe

3000

Fig. 3. Transfer curves of the sensor in measurement of low magnetic field.

The output voltage of the sensor remains steady in a range
from 50 Oe to 750 Oe. When the magnetic field changes from
750 Oe to 1250 Oe, the output voltage decreases with external
increasing magnetic field. Then, the output voltage maintains
a steady value, which is identical to the field at 0 Oe, when the
field is larger than 1250 Oe.

In the range of 26 Oe-750 Oe, a platform is shown in
the transfer curve. The MR ratio of R; to R3 is saturated,
and R, and R4 are shielded. Thus, in the range of 750 Oe-
1250 QOe, the imbalance of the Wheatstone bridge output is
inversely proportional to the magnetic field because R; and
R3 maintain the steady minimum values, and the effect of the
shielding layer on R, and R4 gradually disappears. After the
final phase, the output voltage remains at the steady minimum
values with the increase in magnetic field because R, and R4
decrease to a minimum value, and the MR ratio of R| to R3

remains saturated.

3.2. Angular dependence

The transfer curves of the GMR sensor are shown in
Fig. 4, where angle 6 changes to 0°, 30°, 50°, and 70° in

sequence. The transfer curve of the sensitivity versus angle
is shown in Fig. 5. The rotation transfer curves of the GMR
sensor are shown in Fig. 6, which are obtained at fixed applied
fields of 6.0 Oe, 10.0 Oe, 14.0 Oe, and 26.0 Oe, respectively.
As shown in Fig. 4, the saturation field of the sensor in-
creases with increasing 6 because the magnetic field compo-
nent along the direction of the sensitive axis decreases with
increasing angle 8. The magnified part for each of the curves
in Fig. 4 shows that there is a deviation between the forward
curve and the reverse curve due to the hysteresis effect (see the
inset in Fig. 4). The hysteresis remains relatively stable except
at 70°. When the magnetic field is low, the error of the mag-
netic field cannot be ignored due to the inaccurate calibration
of the test equipment when the magnetic field is settled. Be-
cause the magnetic field component perpendicular to the sen-
sitive axis of the sensor gradually increases with increasing

angle 8, the error is magnified.

300 T T T T T
> 250 1
g
> 200F .
20 J
£ 150
S 50 5 ’
S 100 .
o 50r —e—30°
50°
or ——70° 1
—40  —20 0 20 40

Magnetic field/Oe

Fig. 4. Transfer curves of the tested sensor at different values of angle 6.

The theoretical angular characteristic of the GMR sensor

with the Wheatstone bridge structure is described as
Vout = Vbp X S|H cos 6. €))

Here, Vpp is the power voltage, which is set to be 3.0 V in
this experiment, S is the typical sensitivity along the sensi-
tive axis, and H is the magnitude of the magnetic field. As
shown in Eq. (1), the typical sensitivity is proportional to the
slope of the linear range when the power voltage is set to be a
fixed voltage. The sensitivity is changed with angle 6 because
the magnetic field component along the direction of the sen-
sitive axis depends on angle 8. The actual sensitivity can be
defined by the typical sensitivity multiplied with cos 8. Com-
pared with the results obtained by Cubells—Beltran!*?! from
a spin-valve GMR sensor in 2016, the sensitivity can be im-
proved by reducing the linear range of the GMR sensor. The-
oretically, the sensitivity is 0 mV/(V/Oe) at an angle of 90°.
However, the sensitivity decreases from 2.8349 mV/(V/Oe) at

087501-3
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0° to 0.0175 mV/(V/Oe) at 90° as shown in Fig. 5. In appli-
cation, the error of the bridge offset Ve and nonlinear error
Vsy cannot be ignored because of the resistance differences
among the resistors in Wheatstone bridge. Thus, in this case,
this simple equation (1) is not accurate considering the non-
negligible effects in application.

3.0 ;—l T T T T T T T T
o i J
o)
~
> 2.0} .
~
> L ]
)
> 1.0f .
pe
R .
=1
2 of .
Q
m 1 1 1 1 1 1 1 1 1 1

0 20 40 60 80 100
Angle/()

Fig. 5. Sensitivity versus angle of sensor in a range of 0°-90° in steps
of of 5°.
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Fig. 6. Rotation transfer curves of sensor at different rotating fields:
6 Oe, 10 Oe, 14 Oe, and 26 Oe.

As shown in Fig. 6, in the saturation region of 26 Oe, the
angular transfer curve of the GMR sensor can be shown as
a cosine function in a region from 0° to 360°, and the linear
region for sensor applications is 59°. The effect disappears
at a higher field after the saturation region of 26 Oe because
the shielded resistors R, and R4 are not well shielded after the
shield layer has been saturated. Simultaneously, the effect of
the shield layer as a flux concentrator decreases with increas-
ing magnetic field. The saturation should be avoided in prac-
tical applications. Therefore, in this paper, the model is only
considered in the linear region because no suitable models are

applicable for the saturation region.

3.3. Model establishment and analysis

Considering the bridge offset Vs and nonlinear error
Vs, the simple model in Eq. (1) can be modified by

Vout = VbD X (S|H cos 9‘) — Vottset — Von- ()

The performance parameters of the sensor are as follows:
Vottset = 0.02 mV, Vg = 1.7232 mV, S = 2.8349 mV/(V/Oe),
and Vpp = 3.0 V.

To analyze the output characteristics of the GMR sensor,
a simple model (1) was proposed in the last century and has

2940431 We propose a model to analyze

been widely studied. !
the angular dependence of the GMR multilayer sensor.
Let X = Vyyecos0, and Y = V¢ sin O, then the relation-

ship between X and Y will be
X2 4+Y? = (Voucos 0)% + (Voursin0)?

= (Vout)2
= [VDD X (S|HCOS 9‘) — Voffset - VSH} X Vout- (3)

Let Vi, = Vpp X (SH) — Voffset — V5H,(C059 = :tl), C =
Vottset + Vsi» C << Vi, then we will have

X2+ Y% = [(Vin +C)Vpp|cos 8] — C] x Vour,
X2 4+ Y2 % [(Vin +C)Vop|cos ]] X Vour. 4)

When /2 < 6 <3m/2,

X2+Y2+(Vm+C)X+%(Vm+C)2:%(Vm-kc)z
1 2 1 2
[X+2(Vm+C)} +Y?= [Z(Vm+C)] , 5)

2 2
[X + %(7.2882 X H)} +Y%= [;(7.2882 X H)] . (6)

When 0 < 6 < 7/2,37/2 < 6 <2m,

[x_;<vm+c)r+yz - [;(Vmw)r, @)

2 2
[ — %(7.2882 X H)} +Y2= {;(7.2882 X H)] E)

Equations (6) and (8) show that when the applied field H
is not saturated (< 26 Oe), the relational curve of X and Y is
extremely close to two exactly symmetrical circle-like shapes,
as evidenced by the experimental results in Fig. 7. The ra-
dius is determined by half the sum of the maximum output
voltage, the bridge offset Vigrser and the nonlinear error Vgy
of the corresponding magnetic field, and the two origins are
(& (Vin + Vottset + Vsn))-

The relationship between X and Y is simulated using
MATLAB. The magnitudes of the rotating magnetic field are
assumed to be 6.0 Oe, 10.0 Oe, 14.0 Oe, and 26.0 Oe. Fig-
ure 8 shows the simulation results of the relationship between
X and Y at different magnitudes of the rotating field, showing
that the experimental results can fit the model prediction well.
The simulation results show that the increase of the magnitude
of the rotating magnetic field constantly changes the radius of
the relationship between circles of X and Y, and the radius
increases with increasing rotating field intensity.

087501-4
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Fig. 7. Transfer curves of the sensor at different magnitudes of the ro-
tating field: 6.0 Oe, 10.0 Oe, 14.0 Oe, and 26.0 Oe.
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Fig. 8. Simulation results of relationship of X and Y at different magni-
tudes of rotating field: 6.0 Oe, 10.0 Oe, 14.0 Oe, and 26.0 Oe.
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Fig. 9. Experimental results versus simulation results, for applied mag-
netic fields of 6.0 Oe, 10.0 Oe, 14 Oe, and 26 Oe.

Figure 9 shows the comparison between the experimental

results and the simulation results. The experimental results are

plotted with the solid line, and the dash dotted line is for the
simulation results. The differences between the experimental
results and the model prediction are not small for the saturation
field of 26 Oe. The advantage of this model is that it is simpler
and more intuitive. In this model, although the angle is not ex-
plicitly expressed, the output characteristics of the sensor can
be clearly displayed with the changes of the angle in different
magnetic fields through data pictures. As shown in Fig. 7, the
distance from any point on the curve to the origin represents
the output voltage. The abscissa and ordinate of any point on
the curve are indicated by the output voltage of the sensor in
two directions: parallel (X = VH) and perpendicular (Y =V)

to the sensitive axis at a certain magnetic field with any angle.

4. Conclusions

In this paper, the properties of the GMR multilayer sensor
are analyzed and the angular dependence of the GMR sensor
is characterized. The sensor exhibits excellent performance
with a sensitivity of 2.8349 mV/(V/Oe) and a saturation field
of 26 Oe along the sensitive axis. The GMR sensor in a high
magnetic field is also characterized. The sensitivity decreases
from 2.8349 mV/(V/Oe) at 0° to 0.0175 mV/(V/Oe) at 90°.
Then, a model is proposed to describe the output characteris-
tics of the GMR sensor. The equation consists of two exactly
symmetrical circles in the saturation field of 26 Oe, and the
experimental results are consistent with the simulation results.
The advantage of this model is that it is simpler and more intu-
itive, and it can be applied to the research of two-dimensional

SENSors.
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