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A B S T R A C T

The geometry of magnetoresistive sensors based on thin magnetic films plays a crucial role in shaping their 
magnetization behavior and overall performance. This study investigates Wheatstone bridge sensors made with 
NiFe single-layer films (thickness: 10–40 nm; width: 20–60 μm; length: 500 μm) to analyze the impact of shape 
anisotropy on magnetization distribution. We observed domain images and sensor signals by applying a magnetic 
field with a constant direction and strength while varying the strength of a second magnetic field applied 
perpendicularly to the first. Wide-field Kerr microscopy revealed that magnetization reversal occurs locally and 
incoherently, with the degree of incoherence increasing in geometries with stronger demagnetizing fields. The 
demagnetizing field in rectangular-shaped thin films was calculated, revealing a sharp increase in field strength 
3–4 μm from the bridge element edge when magnetized in the short-length direction, which results in localized 
magnetization behavior. The sensor signals were calculated and measured for various width-to-length ratios of 
the bridge elements and external magnetic field strengths. Results show that variations in sensor geometry and 
external magnetic fields can influence peak-to-peak voltage by up to 41 % and make significant hysteresis in the 
sensor signal. These findings provide valuable insights into optimizing the design and performance of magne
toresistive sensors for advanced applications.

1. Introduction

In today’s era of rapid technological advancement, the demand for 
sensors with enhanced sensitivity and reliability has grown significantly. 
Magnetic sensors, in particular, play a crucial role across various disci
plines, including magnetic field detection, current sensing, biochips, 
automotive technology, drone technology, monitoring systems, and 
other applications [1–3]. The sensor detects variations in magnetic fields 
and converts them into corresponding electrical signals to precisely 
identify or record specific actions or conditions. Such a conversion can 
be based on the dependence of the resistance on the direction and 
strength of the applied magnetic field, a phenomenon known as 
magnetoresistance. Depending on the geometry and the stack of the 
sensor, one of the following effects can be observed: Anisotropic 
Magnetoresistance (AMR), Giant Magnetoresistance (GMR), and Tunnel 
Magnetoresistance (TMR) [4–8].

Magnetic sensors utilizing the AMR effect can employ two primary 
electrode configurations: (a) applied current and measured voltage 
parallel to each other and (b) both applied current and measured voltage 
are perpendicular to each other, which is known as Planar Hall 
Magnetoresistance (PHMR) [9,10]. PHMR sensor generally offers better 
resolution compared to GMR and TMR sensors due to its high linearity, 
thermal stability, simple structure that enables an easy fabrication 
process, and approximately 100 times lower 1/f noise [11–13]. Due to 
these advantages, PHMR sensors are gaining attention as a key candi
date technology for precision magnetic field measurement and 
high-resolution sensor applications.

Various studies have been conducted to improve the performance of 
PHMR sensors, with a representative approach being the hysteresis 
reduction technique using ferromagnetic (FM)/antiferromagnetic 
(AFM) exchange bias systems [14–16]. Research has been conducted to 
enhance sensitivity by optimizing the exchange bias through 
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adjustments to the thickness of the FM layer and the spacer at the 
FM/AFM interface. However, these studies have primarily focused on 
material-based approaches, and there is a lack of direct analysis of the 
impact of domain and magnetization distribution changes, which are the 
fundamental causes of sensor signal generation, on the signal itself.

In PHMR sensors, the signal is determined by the magnetization. In a 
sufficiently strong magnetic field, magnetization aligns itself in the di
rection of the magnetic field. In moderate fields, due to the specimen 
shape, thermal motion, or impurities and defects, the magnetization can 
locally deviate from the field direction [17–19]. Since the output signal 
of a PHMR sensor is formed by the superposition of individual domain 
signals in the active sensing region of the ferromagnetic layer, this 
incoherence might distort the sensor’s output signal and impair its 
linearity, thus influencing the sensitivity. While these effects are often 
ignored when the sensor is sufficiently large, it is a critical factor that 
must be considered when aiming for miniaturization and performance 
enhancement [20–22].

No studies have directly observed and analyzed the impact of domain 
changes on the signal of PHMR sensors. Therefore, in this study, we 
designed a rectangular-shaped element in a Wheatstone bridge config
uration to systematically analyze the effects of shape on the magnetic 
domain and magnetization distribution of ferromagnetic thin films. 
Rectangular-shaped elements induce a preferred magnetization along 
their length due to shape anisotropy. Different-sized rectangular-shaped 
elements were fabricated from a single-layer ferromagnetic thin film. 
The Wheatstone bridge structure, consisting of a single-layer ferro
magnetic thin film, is particularly effective for studying the intrinsic 
magnetic properties of the ferromagnetic layer without the interference 
effects commonly found in multilayer structures. Based on this, the 
study aims to investigate the impact of shape anisotropy on the sensor’s 
magnetization distribution and output signal, providing foundational 
data for the design and optimization of magnetoresistive sensors.

2. Material and methods

2.1. Materials and fabrication of magnetoresistive sensor

The sensor fabrication process employing DC magnetron sputtering 
commenced after the Si/SiO2 (500 nm) substrate was cleaned using 
acetone, methanol, and deionized water. A Wheatstone bridge archi
tecture was utilized, incorporating bridge elements with dimensions of 
width (20 μm–60 μm) × length (500 μm) and comprising a single-layer 
of NiFe with thicknesses of 10 nm–40 nm (Fig. 1). Patterning of the thin 
films was carried out via photolithography, utilizing AZ 5214 E photo
resist in conjunction with AZ 300 MIF developer. During the DC 
magnetron sputtering deposition process, an external field of 400 Oe 
was applied via a magnetic holder to generate magnetization-induced 
anisotropy in the films. The deposition field was applied along the di
rection of the current-applying electrodes in the sensor, resulting in an 

induced anisotropy axis oriented at 45◦ with respect to the length of 
each bridge element. After the deposition, the photoresist was removed 
using acetone. After forming the sensor’s layer, electrode patterns were 
delineated employing an identical lithographic procedure, followed by 
sputtering in the absence of an applied field. The electrode thin films 
comprised a bilayer of Ta (5 nm)/Au (100 nm).

2.2. Magnetic domain observation and characterization of 
magnetoresistive sensor

The sensor was placed at the center of a two-axis coil system, where 
two mutually perpendicular magnetic fields were applied during the 
measurement. The driving field, aligned parallel to the voltage-sensing 
electrodes, was swept in strength during the measurement. The bias 
field, oriented parallel to the current-applying electrodes, was main
tained at a constant strength throughout the measurement. The 
strengths of both magnetic fields were controlled by adjusting the cur
rent supplied to each coil, with a constant current source used for the 
bias field coil to ensure field stability. Magnetic domain images in both 
longitudinal (vertical within the image plane) and transverse (horizontal 
within the image plane) sensitivity directions were acquired simulta
neously using a wide-field magneto-optical Kerr effect (MOKE) micro
scope with polarized light (457 nm) [23]. The local magnetization angle 
of the sensor bridge was derived using quantitative Kerr microscopy 
based on the combination of images with complementary, orthogonal 
in-plane sensitivity axes and a contrast calibration that was performed in 
advance by measuring sensitivity functions in a rotating in-plane mag
netic saturation field [24]. The sensor characteristics were determined 
by applying a constant current to the sensor and measuring the output 
voltage transverse to the current direction. The signals were recorded 
using a conventional transport measurement setup, which includes a 
Keithley 2400 sourcemeter and a Keithley 34401 A multimeter, inter
faced with LabVIEW software.

3. Results and discussion

3.1. Local incoherent magnetization in Wheatstone bridge sensor

The local incoherent magnetization of a sensor bridge with a film 
thickness of 40 nm, element width of 40 μm, and length of 500 μm was 
analyzed using a Kerr microscope. The external field was swept in the 
horizontal direction (driving field), while the additional constant bias 
field of 10 Oe was applied along the vertical direction. Upon the sweep 
in a positive direction (Fig. 2(a)), when the driving field of − 20 Oe was 
applied (total field of 22 Oe at 153◦), the single magnetic domain in all 
bridge elements was observed, implying the magnetization to be 
coherent within the whole element area as shown for R1 and R2 bridge 
elements in Fig. 2(a) (1) and (1’). When the driving field changed to 
− 10 Oe (total field of 135◦ at 14 Oe), the R2 bridge element maintained 
a single-domain state in Fig. 2(a) (2′), whereas the R1 bridge element in 
Fig. 2(a) (2) exhibited incoherent magnetization in which the central 
domain rotated first and then separate domains were formed at both 
edges with delayed rotation. When the driving field was 0 Oe (total field 
of 90◦ at 10 Oe), the magnetization of the R1 bridge element in Fig. 2(a) 
(3) was generally aligned along the longitudinal direction of the bridge, 
but irregular domain wall modulation was observed at the edges. In 
contrast, the magnetization of the R2 bridge element in Fig. 2(a) (3′) 
maintained an overall coherent state (Fig. S1). As shown in Fig. 2(a) (4) 
and (4′), when the driving field changes to +10 Oe (total field of 14 Oe at 
45◦), the magnetization of the R1 bridge element rotates coherently, 
whereas in the R2 bridge element, new magnetic domains are formed at 
the periphery, causing incoherent magnetization, and the generated 
magnetic domains also show a rotational delay phenomenon. Finally, 
when the driving field is further increased to +20 Oe (total field of 22 Oe 
at 27◦), both bridge elements show coherent magnetization states again 
in Fig. 2(a) (5) and (5′).

Fig. 1. Schematics of external field configuration with Wheatstone 
bridge sensor.
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When the driving field was swept in reversed direction (from positive 
to negative field), the corresponding magnetic domains were recorded, 
as shown in Fig. 2(b). In the driving field of − 10 Oe within the R1 bridge 
element and driving field +10 Oe within the R2 bridge element, the local 
magnetization angles at the outer edges differ from those in the element 

center, and opposite to that in Fig. 2(a). So, when the direction of the 
driving field sweep is reversed, the magnetization angle at the center of 
the bridge follows the field and points in the same direction as for the 
initial sweep (Fig. 2(a)), while the magnetization at the edge lags in 
opposite as can be seen from Fig. 2(c). In the driving field of 0 Oe, 

Fig. 2. The magnetic domain images in different driving fields applied to the bridge elements (BE): thickness 40 nm, width 40 μm, length 500 μm, and with a 
constant 10 Oe bias field. (a) The domains were observed during increasing and (b) decreasing driving fields. The angle and strength of the driving field are indicated 
in each image. (c) Zoom-in magnetic domain images at the edges show local incoherent magnetization according to the direction of driving field change. (d) The 
average magnetization angle across the element area as a function of the driving field.
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irregular domain wall modulation was observed in the R2 bridge 
element in Fig. 2(b)(C′) during the field sweep from positive to negative, 
unlike the case of the sweep from negative to positive with Fig. S1. This 
indicates the difference that arises depending on whether the external 
field is swept from the width to the length of the element or from the 
length to the width of the element.

From these results, it can be observed that the incoherent magneti
zation regions typically occur at the edges. The changes in the domain 
can be classified into two cases: when the field sweeps from the width 
direction to the length direction and when the field sweeps from the 
length direction to the width direction. The difference between these 
two cases can be seen in the enlarged rectangular area (highlighted in 
Fig. 2(a) and (b)) shown in Fig. 2(c)). When the field sweeps from the 
width direction to the length direction, the domain at the edges sepa
rates from the center and aligns with the previous magnetization before 
splitting into smaller regions and transitioning to a homogeneous 
magnetization. In contrast, when the field sweeps from the length di
rection to the width direction, a homogeneous magnetization is main
tained, but new smaller domains are formed at the boundaries, with 
delayed rotation, eventually leading to a coherent magnetization. This 
rotational delay effect induces a hysteresis effect, as seen in the average 
magnetization angle of each bridge element in Fig. 2(d). Therefore, 
when applied to the same external field, the magnetization angle in one 
case remains uniform across the structure, while in another case, hys
teresis caused by rotation delay at the edges is observed.

The magnetization of the bridge elements was observed for various 
widths under different bias fields (Fig. 3 and Fig. S2–S3). In the case of 
the R1 bridge element, when the field sweeps from the width direction to 
the length direction, the edge domains with rotational delay at 135◦ split 
into smaller domains when they reach 90◦ and then transition into a 
uniform domain in the bridge elements with widths of 40 μm and 60 μm. 
However, in the width 20 μm, the domain splitting, initially confined to 
the edges, extends across the entire width of the bridge element before 
transitioning into a uniform domain. On the other hand, when the 
thickness 20 nm, or bias field strength increases to 25 Oe and 50 Oe, the 

bridge elements exhibit coherent magnetization regardless of the field 
change.

Under the condition where the driving field increases from the 
negative to the positive direction when the external magnetic field is 
applied along the width direction of the R1 bridge element, the domain 
angle remains relatively constant near the center but exhibits a sharp 
change at a specific area near the edges. As shown in Fig. S4(a), abrupt 
changes occur within approximately 5 μm from the lateral sides of the 
rectangular element. These regions are defined as the domain edges of 
the rectangular structure. In the case of the R2 bridge element, when the 
external magnetic field is applied along the width direction, the domain 
angle also increases toward the edges, but unlike R1 bridge element, it 
changes in a relatively gradual parabolic manner (Fig. S4(b)). Notably, 
under a bias field of 10 Oe, no distinct boundary of the incoherent region 
was observed. The proportion of the incoherent region relative to the 
entire bridge element was calculated under various width and bias field 
conditions, and it was found to decrease as the width and bias field 
strength increased (Fig. S4(c–d)). In conclusion, incoherent regions are 
more prominent when the bridge element has a smaller width and is 
subjected to a weaker bias field.

The magnetization reversal curve can be derived by plotting the 
normalized values of the average element image intensity, similar to 
that typically obtained by magnetometry (M − H loops). Magnetization 
curves, derived from Kerr data during field sweeps, are shown in Fig. 4
and were obtained for various bias fields and film widths. As the bias 
field strength increases, stronger driving fields are required to align the 
magnetization in the driving field’s direction. The magnetization curves 
of the R1 and R2 bridge elements exhibit asymmetry with respect to the 
M/MS axis under the applied field while simultaneously showing rota
tionally symmetric responses to each other. Additionally, all magneti
zation curves demonstrate an offset when the driving field was zero. 
Compared to Fig. S5, these characteristics become more pronounced in 
thin films with narrower widths or greater thicknesses, and the asym
metry decreases when a strong bias field is applied.

Fig. 3. The magnetic domain images within the bridge elements: thickness 40 nm, width 20 μm–60 μm, and length 500 μm for different driving fields with a constant 
10 Oe bias field.
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3.2. Demagnetizing field across shape anisotropy

The shape of a magnetic specimen influences its magnetic charac
teristics, a phenomenon known as shape anisotropy. Shape anisotropy 
arises from variations in the demagnetizing field caused by the geometry 
of the magnetic material. It is described by demagnetizing field Hd, an 
internal field in the direction opposite to the magnetization written as 
[25]: 

Hd = − NM (Eq.1) 

where N is demagnetization factor, and M is magnetization, calculated 
as the average of the magnetization distribution across the entire bridge 
element. Since the value of N varies depending on the shape and di
rection, the internal field of the magnetic specimen also changes with 
direction, which becomes a key factor in determining the preferred di
rection of magnetization.

Shape anisotropy significantly influences the hysteresis and asym
metry characteristics of the magnetization. To understand shape 
anisotropy, if the magnetization M is assumed to be the average value of 
the overall magnetization distribution of the bridge element and the 
shape factor N is considered a constant, a uniform demagnetizing field is 
formed within the magnetic material, opposing the average magneti
zation. This approach is not a significant issue in bulk magnetic mate
rials because the demagnetizing field strength is weak due to the small 
value of N. However, N and M cannot be assumed constant in micro- 
scale thin-film patterns such as PHMR sensors. This is because, even if 
M remains uniform throughout the magnetic material, the demagnet
izing field Hd can vary significantly depending on the position.

Fig. 4. Magnetization curve of the R1 and R2 bridge elements (BE). Bridges 
with a thickness 40 nm, length 500 μm and width (a) 20 μm, (b) 40 μm, and (c) 
60 μm for different bias fields. Different magnetization curves are revealed for 
the R1 and R2 bridges during the cycling of the driving field.

Fig. 5. The simulated demagnetizing field of a bridge element with a thickness 
(a) 20 nm and (b) 40 nm. The solid line represents the state of saturation along 
the width direction of the bridge element, while the dashed line represents 
saturation along the length direction. The field strength increases sharply from 
the center to the element’s edges.
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Fig. 5 presents the calculated strength of the demagnetizing field 
when the bridge element is magnetized to saturation along the width 
and length. According to the simulation results, the demagnetizing field 
is weakest at the element’s center and increases sharply toward the 
edges. Notably, the minimum value of the demagnetizing field at the 
center tends to increase as the width decreases, whereas, in the outer 
regions, the demagnetizing field remains nearly constant regardless of 
the width.

Since the demagnetizing field acts opposite the magnetization, a field 
stronger than the demagnetizing field is required to align the magneti
zation with the external field. In the experiment, magnetization align
ment became difficult when a total field of 14 Oe was applied in the 
width direction (45◦ or 135◦) in regions where the demagnetizing field 
exceeded this value. Consequently, as Figs. 2 and 3 observed, domains 
exhibiting rotational lag appeared in the outer regions where the 
demagnetizing field was stronger than the total field.

In particular, for a thickness of 40 nm, the region where the 
demagnetizing field exceeded the total field developed more rapidly 
when the element was magnetized along the width direction. Specif
ically, for a thickness of 20 nm, the demagnetizing field exceeded 14 Oe 
within approximately 1.6 μm from the edges, whereas for a thickness of 
40 nm, this occurred within a 3–4 μm range. This suggests that the 
demagnetizing field distribution changes as the thickness increases, 
making magnetization alignment more difficult in the outer regions.

When bias fields of 25 Oe or 50 Oe were applied, the total field along 
the width or length direction of the bridge elements became 35 Oe or 71 
Oe, respectively. In these cases, the regions where the total field 
exceeded the calculated demagnetizing field were broader compared to 
the case of a 10 Oe bias field, leading to a wider uniform magnetization 
region at the center of the element. However, since the demagnetizing 
field in the outer regions remained larger than the total field applied, 
local magnetization effects still appeared at the edges.

When the external field was applied along the length direction of 
each bridge element, the simulated longitudinal demagnetizing field 
was significantly lower than the transverse demagnetizing field 
observed when the magnetization was aligned along the width direction 
(Fig. S6). In contrast to the width-aligned case, the strength of the lon
gitudinal demagnetizing field increased with the bridge width, and it 
was higher for the 40 nm thick films than for the 20 nm ones. In all cases, 
the external field was strong enough to magnetize the bridge element 
along the length direction. The simulation results effectively explain the 
observed domain images.

3.3. Analysis of magnetoresistive sensor characteristics with Wheatstone 
bridge

Using the known equations of the magnetoresistance effect, the 
magnetoresistance can be calculated based on the magnetic material’s 
current and magnetization. However, as observed in the experimental 
results of this study, when the magnetization of the magnetic material is 
not uniform across all regions, assuming a constant magnetization for 
calculations is not appropriate. This is because the actual magnetization 
distribution varies depending on the position, meaning an averaged 
magnetization value cannot accurately reflect the experimental results. 
Therefore, an approach that considers the local magnetization distri
bution is required.

In terms of resistivities, ρ⊥ and ρ‖ represent the resistivity at satu
ration field, transverse and longitudinal to the current direction, 
respectively, with Δρ being ρ⊥ − ρ‖. The resistance Rrect of a rectangular 
object made of ferromagnetic material is denoted as [26]: 

Rrect =
l

wt

(
ρ⊥ +Δρ

(
cos2 θ cos2 γ+ sin2 θ sin2 γ

)
+

Δρ
2

sin 2θ sin 2 γ
)

(Eq.2) 

where θ and γ are the magnetization angle and the current angle with 

respect to the direction of the applied driving field. Wheatstone bridge is 
a circuit consisting of four resistors, and the resistance of each bridge 
Rbridge is 

R1 = R4 =
l

wt

(
ρ⊥ +

Δρ
2

(1 + sin(2θ))
)

(Eq.3) 

R2 = R3 =
l

wt

(
ρ⊥ +

Δρ
2

(1 − sin(2θ))
)

(Eq.4) 

This equation assumes that opposite bridge elements have the same 
resistivity. However, in the case of anisotropic magnetoresistance ma
terials, which do not ensure a coherent magnetization throughout each 
element, the resistivity may not be uniform across all areas of the object. 
When the area of the bridge element is divided into n × m regions, the 
width of the cell is w/m, and the length of the cell is l/n. The resistance 
of any single cell in a Wheatstone bridge sensor should be addressed 
independently as 

Rcell =
m
n

l
wt

(
ρ⊥ +

Δρ
2

(1 ± sin(2θ))
)

(Eq.5) 

where i and j represent the indices of the cells. Consequently, the sum of 
the resistances of all cells yields the output signal of one bridge element. 

Rlength =

[
∑n

i=1
Rcell(i,1),

∑n

i=1
Rcell(i,2),⋯,

∑n

i=1
Rcell(i,m)

]

(Eq.6) 

Rbridge =

(
∑m

j=1

(
Rlength (j)

)− 1

)− 1

(Eq.7) 

where Rlength is the sum of the resistances arranged in the specific col
umn in divided regions. The output voltage of the Wheatstone bridge 
Vtotal is given by the potential difference between nodes V1 and V2, and 
can therefore be expressed as follows: 

Vtotal =
I
2
(R1 − R2) (Eq.8) 

where I represents the current supplied to the Wheatstone bridge.
Fig. 6 shows the results of two different methods for calculating the 

output voltage in the Wheatstone bridge sensor. The normalization of 
the calculated signal was performed using the greater of the two abso
lute peak voltages obtained under a bias field of 50 Oe. Accordingly, the 
normalized voltage was defined as: 

V
⃒
⃒Vpeak (bias field)

⃒
⃒
,where

⃒
⃒Vpeak (bias field)

⃒
⃒=max(|Vmax|, |Vmin|) (Eq.9) 

The whole signal is the sum of the signals from each bridge element. 
For the R1&R4 bridge elements, a positive offset is observed, while for 
the R2&R3 bridge elements, a negative offset is observed. The total 
output voltage of the sensor, which was calculated, and the R1 and R4 
bridge elements are symmetric about the origin of the R2 and R3 bridge 
elements. The sum of the signals from four bridge elements, and the 
signal is close to linear and passes zero in zero field due to offset 
compensation based on the symmetry relationship between the bridge 
elements.

Fig. 6(a) shows the output voltage calculated for a single bridge 
element based on the average magnetization angle distribution, 
assuming uniform magnetization rotation. This calculation follows Eq. 
(3) and Eq. (4). In contrast, Fig. 6(b) presents the sensor’s output voltage 
estimated using Eq. (7), which accounts for the non-uniform distribution 
of the measured magnetization angles.

The output voltage calculated considering the non-uniform distri
bution consistently exhibited a lower peak-to-peak voltage than the one 
based on the average magnetization angle distribution. This indicates 
that even if the net magnetization direction remains the same, differ
ences in sensor output signals can arise between coherent and 
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incoherent magnetization cases. Furthermore, it suggests that variations 
in magnetization non-uniformity can lead to differences in the sensor’s 
output signal.

The calculated results were compared with the actual sensor signals. 
As shown in Fig. 7 and Fig. S7, the sensor signals were computed using 
Eq .(7) based on domain images and then compared with the measured 
signals. The sensor signals varied depending on the strength of the bias 
field and the shape of the thin film, with some curves exhibiting hys
teresis. Signal calculations were performed for thin films with thick
nesses of 20 nm and 40 nm. The results showed that for the 20 nm thick 
film, the calculated and measured signals matched closely. In contrast, 
for the 40 nm thick film, the discrepancy between the two signals 
increased as the bias field decreased.

Additionally, a decrease in peak-to-peak voltage was observed as the 
bias field strength decreased (Fig. S8), with the peak-to-peak voltage 
decreasing by up to 41 %, depending on the sensor size and bias field 
strength. This discrepancy is attributed and the possibility that, as the 
film thickness increases and the applied field weakens, the internal 
magnetization differs from the surface magnetization or exhibits a more 
complex distribution. This interpretation aligns with the hysteresis 
analysis of the sensor in response to changes in thickness and driving 

field direction (Table S1), where thinner films and wider lines showed 
minimal differences between sensor signals, which effectively supports 
the previous findings.

4. Conclusion

This study investigated the effects of sensor shape and bias field on 
magnetization distribution and sensor signals. Using Kerr effect micro
scopy, magnetic domain analysis revealed that rotational lag occurs at 
the sensor boundaries due to the demagnetizing field, forming multi- 
domains. These domain structures were identified as key factors deter
mining the sensor characteristics. The sensor signal exhibited a 
decreasing trend with increasing film thickness and decreasing width 
while asymmetry and hysteresis increased. Notably, the sensor output 
voltage was lower in a multi-domain state than in a single-domain state, 
even when the net magnetization points in the same direction. Addi
tionally, the bias field significantly influenced sensor characteristics, 
with stronger bias fields reducing asymmetry and hysteresis. The bias 
field cannot produce the same results as the exchange bias field; how
ever, this result implies that exchange bias is a crucial factor in the 
sensor design and fabrication process. This study precisely analyzes 
shape anisotropy and local incoherent magnetization, contributing to a 
deeper understanding of sensor operation principles. These findings are 

Fig. 6. The magnetoresistive sensor signal is calculated for each bridge using 
(a) a coherent magnetization angle and (b) an incoherent magnetization angle. 
Different sensor signals are revealed for the R1 and R2 bridge elements (BE) 
during a cyclic driving field.

Fig. 7. Measured and calculated planar Hall voltage signals on the sensor’s 
driving field. Bridges with (a) thickness 20 nm width 40 μm and (b) thickness 
40 nm, width 40 μm for different bias fields. The black solid line represents the 
calculated sensor signal depending on the observed magnetic domain.
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expected to serve as fundamental data for the practical advancement of 
magnetic sensor technology.
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