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Abstract

This study investigates the influence of multi-layered ferromagnetic core structures on the
performance of fluxgate magnetic sensors. Utilizing ultra-soft Metglas amorphous ribbons,
core configurations ranging from one to five layers were fabricated and analyzed through a
combined approach of finite element numerical simulation and experimental
characterization. Simulation results reveal that increasing the number of core layers
significantly enhances the average demagnetizing factor (nearly doubling for the 5L
structure compared to the 1L), leading to a 12% reduction in effective magnetic induction.
Experimental data demonstrate that the single-layer configuration achieves an optimal
sensitivity of approximately 1200 V/T with a resolution of 300 nT. Conversely, increasing
the number of magnetic layers extends the linear dynamic range from £0.25 mT to over
+0.9 mT, albeit at the cost of reduced sensitivity 54 /T for the 5L structure. This research
confirms the trade-off between sensitivity and operating range modulated by multi-layer
architectures, providing a critical foundation for optimizing fluxgate sensors for specific
application requirements.
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1. Introduction

Fluxgate sensors are pivotal instruments for detecting the magnitude and direction
of both DC and AC magnetic fields in the low-field range, typically from 10°° to 10 T.
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Compared to alternative magnetic sensing technologies, fluxgates offer a superior
combination of high sensitivity, excellent resolution, low noise floor, and cost-effective
fabrication. Notably, their sensitivity outperforms semiconductor-based sensors, such as
Hall-effect or magnetoresistive sensors, by approximately five orders of magnitude.
While SQUID sensors provide higher sensitivity, fluxgates remain more advantageous
for practical applications due to their ability to operate at room temperature without the
need for liquid helium cooling [1]. These attributes have led to the widespread adoption
of fluxgate sensors in fields ranging from space exploration to military defense.
Historically, high-sensitivity fluxgates were utilized for submarine detection during
World War Il [2]. By the 1980s, they had largely superseded conventional mechanical
instruments for monitoring Earth’s magnetic field variations [3]. Furthermore, the
introduction of fluxgate principles to the non-destructive testing of ferromagnetic
materials [4] marked a significant advancement over classical mechanical methods.
Today, compact fluxgate magnetometers are standard in geophysical surveys, mineral
exploration, and the detection of buried metallic objects.

The fundamental operation of a fluxgate sensor relies on the periodic variation of
the magnetic permeability of a ferromagnetic core, driven by an AC excitation current.
In the presence of an external magnetic field, the resulting magnetic asymmetry induces
an output voltage proportional to the ambient field strength [5]. Current research
typically categorizes these devices into parallel and orthogonal fluxgate configurations,
distinguished by the alignment between the excitation field and the sensing direction.

Since their inception in the 1930s, fluxgate technology has evolved through
continuous refinements in core materials, signal processing circuits, and geometric
architectures [6]. Early generations were characterized by bulky configurations with
bulk cores and multi-turn copper windings, leading to significant power consumption
[7]-[10]. Over the past two decades, the research focus has shifted toward
miniaturization and integration [11], aiming to reduce dimensions and power
requirements while maintaining high sensitivity and a wide linear range.

This miniaturization process presents two primary challenges: (i) the downscaling
of excitation and pick-up coils, and (ii) the seamless integration of the magnetic core
into the device structure. Common strategies include the use of multi-layer planar coils
or solenoidal structures wrapped around ferromagnetic thin films [12]. Although
tailoring the soft magnetic properties via thermal treatment or geometric optimization
can enhance performance, these processes are often complex and costly. Theoretical
models suggest that the demagnetizing field of the core is strongly dependent on the
sensor’s geometry and the spatial arrangement of the magnetic material. However, a
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comprehensive evaluation of how multi-layered core structures influence sensor
performance via the demagnetizing field remains insufficient. Consequently, this study
systematically investigates the influence of multi-layered ferromagnetic cores (ranging
from one to five layers) on the demagnetizing field and the overall sensing
characteristics of fluxgate sensors.

2. Experimental details
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Fig. 1. Optical images of (a) a ferromagnetic core cut from a Metglas ribbon with the desired
dimensions, (b) the assembled core configurations used in this study, (c) the fabricated
multilayer fluxgate sensor, and (d) the experimental setup showing the sensor connected
to a lock-in amplifier and positioned within a Helmholtz coil driven by a Keithley 2400
for active magnetic field control.

In this study, we utilized the Metglas 2605SA1 amorphous ribbon, manufactured
by Metglas Inc. (USA), which features a specialized thickness of 18 um. This iron-
based alloy is engineered for exceptionally low magnetic loss. Specifically, it is
classified as an M3 grade material, exhibiting only 35% of the core loss typically found
in standard electrical steel. Furthermore, its core loss at a frequency of 50 Hz is
approximately 80% of that measured at 60 Hz. Characterized by its amorphous
structure, the material demonstrates a very low coercive force, approximately 40 A/m
(or 0.5 Oe) at 100 Hz based on the hysteresis loop, and approaches 0 A/m when
considering the anhysteretic curve. Consequently, the material maintains a high relative
permeability of around 10000 within low magnetic fields (under 10 A/m), followed by a
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rapid decline as the external magnetic field intensity increases. Therefore, the Metglas
ribbon is ideal for high-sensitivity, narrow-range magnetic field sensors. The ribbons were
patterned into rectangular strips with dimensions of 25 mm x 2 mm x 18 um using a high-
precision cutting system with a tolerance of 0.1 mm. The morphologies of the individual
core and the multi-layered core system are displayed in Fig. 1(a) and (b), respectively. To
investigate the multi-layer configuration, the magnetic ribbons were stacked sequentially
without fixed bonding to maintain structural consistency across samples.

The magnetic core was positioned coaxially within two cylindrical coils of
identical winding density, serving as the excitation and pick-up coils. The sensor signal
was processed using a Lock-in Amplifier operating in the second harmonic mode (2w).
The magnetic field environment for this study was established using a Model MH-2.5
Helmbholtz coil system manufactured by Lake Shore Cryotronics, driven by a a Keithley
2400 source meter. This high-precision apparatus is capable of generating a magnetic
flux density of 30 G per 1 A of current, with a maximum allowable current capacity of
2 A. A critical feature of this model is its exceptional field uniformity, reaching 99.5%
within a specific cylindrical volume at the center of the coil (measuring 0.75 inches in
both length and diameter). Regarding its electrical characteristics, the coil exhibits a DC
resistance of approximately 3 Q and an inductance of 6.3 mH. The entire experimental
apparatus was integrated and automated using a custom-developed LabVIEW program.

Under a dc applied magnetic field Hqc, the fundamental relationship between the
internal magnetic field within the material Hre and the resulting magnetic induction B is
defined as follows [13]-[15]:

H
B=w (H.+xH_ )= — 1
“0( re Z re) I'lol“lr 1+N(ur _1) ( )
where [y and D are relative permeability and demagnetizing factor, respectively.
Building upon this relationship, the correlation between the sensor's output signal,

the external magnetic field Hqc, and the relative permeability r can be mathematically
expressed by the following equation [13]-[15]:
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where Nwm, A are the number of turn of pick-up coil and cross-sectional area of the
pick-up coil, respectively.

To further elucidate the influence of the core architecture on the magnetic
characteristics and sensor performance, numerical simulations based on the finite
element method (FEM) were performed using Ansys Maxwell 3D. The electromagnetic
field distribution was determined by solving the system of Maxwell’s differential
equations. The simulation model employed a fine mesh of up to 100,000 elements with
a convergence error limit of 0.1%. The simulations were conducted in an air
environment (relative permeability pir = 1) to replicate experimental conditions. The input
B(H) characteristics of the Metglas material were extrapolated from experimental M(H)
loops obtained via Vibrating Sample Magnetometry on a 10 mm x 10 mm x 18 um
specimen. The model evaluated the magnetization behavior and the demagnetizing
effects as a function of the number of layers under a uniform external magnetic field.

3. Results and discussion

To provide a theoretical framework for experimental fabrication, numerical
simulations for core structures ranging from a single layer (1L) to five layers (5L) were
initially conducted using Ansys Maxwell 3D. The material parameters and excitation
conditions were maintained consistent with the experimental setup.

Figure 2(a) illustrates the finite element mesh generated for the simulation. The
mesh exhibits curved triangular elements, a characteristic feature of the TAU meshing
technique employed by Ansys Maxwell. The refined and uniform mesh distribution
across the entire core volume ensures that the results satisfy the predefined convergence
criteria and error tolerances. The investigation focused on the dependence of the internal
magnetic induction on the external applied field Happ Within the range of 0-20 KA/m. To
characterize the collective magnetic response of different multi-layered architectures,
the effective magnetic induction Befr was introduced, defined as:

1
By = [Bav ©)

where V represents the total volume of the magnetic core. Consequently, a 3L structure
occupies three times the volume of a 1L structure.

As shown in Fig. 2(b), Besr increases rapidly for all configurations in the low-field
region (0-5 kA/m). Notably, the 1L structure exhibits the steepest Besf(H) slope,
whereas the 5L sample displays the lowest. This divergence is clearly visible in the low-
field magnification (Fig. 2(c)), with the curves gradually converging at higher fields
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(Happ > 15 kA/m). This behavior is consistent with the fundamental relationship between
magnetic induction and the internal magnetic field Hint:
B = Ho(M + Hiny) (4)
Hint = Happ — NM (5)
where Wo is the vacuum permeability, M is the magnetization, and N denotes the

demagnetizing factor. It is well-established that N is a geometry-dependent parameter,
typically analytically solvable only for specific shapes such as ellipsoids [16]-[20].

—_
=3
~

()

————— e e — ]
Berr (T)

—| 08
2L
aL

— 4L

—— 5L

04

00 L1 —

—>5L

(a) 0 5 10 15 20 04 " o
H (kA/m) H (kA/m)
(d)
1.20
116}
=
5
[24)]
112
1.08
—=— B @4 .5kA/m
1 1 1 1 1
1L 2L 3L 4L 5L

Fig. 2. (a) Screenshot of the TAU meshing scheme implemented in Ansys Maxwell 3D.
Dependence of the magnetic induction within the ferromagnetic core on the applied magnetic
field in (b) a wide field range and (c) a low field range. (d) Effective magnetic induction Be
as a function of multilayer core configurations at an applied field of 4.5 kA/m.

Figure 2(d) depicts the dependence of Best on the number of layers at an applied
field of 4.5 kA/m. Befr decreases almost linearly as the number of layers increases.
Specifically, Best drops from 1.21 T for the 1L core to 1.07 T for the 5L core,
representing a 12% reduction. These results indicate that the number of core layers
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directly modulates the magnetic properties of the sensor. An increase in the number of
layers reduces the effective magnetic induction within the core.
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Fig. 3. (a) Spatial distribution of magnetic induction within the ferromagnetic core for different
numbers of layers. Distribution of magnetic induction along the longitudinal axis through the
center of the core over (b) the full length and (c) a selected region. The data are obtained at an

applied magnetic field of 1 kA/m.

To further elucidate the impact of the number of layers on the overall magnetic
properties, the spatial distribution of the magnetic induction across the core is presented
in Fig. 3(a). The color mapping represents the induction intensity, where red indicates
maximum values (> 0.5 T) and blue denotes minimum values (around 0.02 T). In the
single-layer 1L configuration, the high-induction region (red) dominates the core
volume, particularly at the center, while the low-induction regions (blue) are confined to
the extremities. As the number of layers increases, the high-induction zone
progressively contracts, reaching its minimum in the 5L structure. Simultaneously, the
low-induction regions (blue and green) expand from the ends toward the center.

This distribution is more quantitatively illustrated by the profiles extracted along
the central axis (Fig. 3(b) and (c)). The magnetic induction of the 1L structure
consistently exceeds that of the multi-layered counterparts, with the most pronounced
difference observed 2-5 mm from the core ends.
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Fig. 4. (a) Demagnetizing factor distribution along the longitudinal centerline of the core
for different multilayer configurations obtained from numerical simulations; (b) Average
demagnetizing factor estimated using the analytical approximation proposed by Aharoni.

The degradation of magnetic induction with increasing the number of layers or
proximity to the core ends is attributed to the demagnetizing factor N, as defined in
Eqg. (5) [16], [18], [21]. The simulated demagnetizing factor profiles are shown in
Fig. 4(a). Near the core tips, N is enhanced by approximately 20 times compared to the
center. While the local demagnetizing factor at the geometric center remains relatively
insensitive to the number of layers, the effective N for the entire volume increases
significantly. Figure 4(b) compares the average demagnetizing factor with Aharoni’s
analytical approximation [16], treating the multi-layer stack as a single body with
equivalent total thickness. The results show that the average demagnetizing factor for
the 5L structure is nearly double that of the 1L structure, following a quasi-linear
relationship with the number of layers.

The influence of the demagnetizing factor on the magnetic properties of the
ferromagnetic core used in sensing applications is significant, as evidenced by the
reduction in magnetic induction with increasing number of core layers. In magnetic
sensing applications, this reduction is generally detrimental, leading to degraded sensor
performance, particularly in terms of sensitivity and the ability to detect weak magnetic
fields. To further elucidate this effect on both the magnetic characteristics and overall
performance of fluxgate sensors, multilayer core-based fluxgate sensor structures were
fabricated and systematically investigated.

The transfer characteristics of the fabricated fluxgate sensors, representing the
output voltage as a function of the external applied magnetic field Happ, are illustrated in
Fig. 5(a). Within the low-field regime, all sensor configurations exhibit a highly linear
response characterized by a negligible magnetic hysteresis, which is a prerequisite for
high-precision magnetometry. For the 1L, 2L, and 3L configurations, the output signal
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increases monotonically until reaching a saturation peak, followed by a subsequent
decline at elevated field strengths. Specifically, this signal roll-off occurs at Happ > 0.3 mT
for the 1L structure and Happ > 0.6 mT for the 3L sensor. This non-monotonic behavior is
fundamentally attributed to the magnetic saturation of the Metglas core, which
precipitates a drastic reduction in the differential permeability. Therefore, it is suppressing
the inductive coupling between the excitation and pick-up windings [5], [15].

In contrast, the 4L and 5L sensor architectures maintain good linearity throughout
the entire measured interval. This extended linear regime is a direct consequence of the
intensified demagnetizing effect associated with the increased core thickness. The
elevated demagnetizing field acts as an internal feedback mechanism that opposes the
external field, effectively delaying the onset of magnetic saturation. Consequently, a
significant enhancement in the dynamic operating range is observed, expanding from
+0.25 mT for the 1L structure to over £0.9 mT for the 5L configuration.

The sensor sensitivity, extracted from the slope of the linear response region in
Fig. 5(b), achieves a maximum of approximately 1200 V/T for the single-layer 1L
architecture. However, a pronounced attenuation in sensitivity is recorded as the number
of ferromagnetic layers increases. The sensitivity values drop to 422 V/T for the 2L,
93 VIT for the 4L, and finally 54 V/T for the 5L configuration representing a nearly
23-fold total decrease. This quasi-linear degradation in sensitivity is in good agreement
with the previously discussed numerical simulations of the effective magnetic induction
Befr, confirming that the volumetric demagnetizing factor is the primary governor of the
sensor’s transduction efficiency. This phenomenon is primarily explained by the large
number of turns in the pickup coil, which serves as a scaling factor that exacerbates the
reduction in the total induced voltage.

To evaluate the metrological quality of the sensors, resolution and long-term
stability analyses were conducted via time-domain scanning measurements, as shown in
Fig. 5(c) and (d). The magnetic resolution, defined by the minimum detectable field
above the noise floor, was determined to be approximately 300 nT for the 1L sensor,
whereas the 5L sensor exhibited a coarser resolution of 3 uT. Furthermore, a statistical
assessment of the output voltage stability was performed at a constant bias field of
15 pT (Fig. 5(e)). The resulting histogram follows a Gaussian distribution with a
standard deviation of 1.156, signifying robust signal reproducibility and excellent
reliability. These empirical findings provide strong validation for the numerical models,
confirming that while multi-layering extends the sensing range, the sensitivity and
resolution limits of fluxgate magnetometers are significantly optimized by minimizing
the number of ferromagnetic core layers.
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Fig. 5. (a) Output voltage of fluxgate sensors with different core configurations as a function of
the applied magnetic field in the range of -9 mT to +9 mT; (b) Extracted sensitivity in the low-
field region (-0.15 mT to 0.15 mT); Time-domain scanning measurements used to evaluate
sensor resolution under step-wise magnetic field variations for (c) single-layer and (d) five-
layer configurations; (e) Statistical distribution of the output voltage fitted with a Gaussian

function at an applied field of 15 uT.
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4. Conclusions

This article presents a comprehensive analysis of the influence of multi-layered
ferromagnetic core architectures on the performance of fluxgate magnetic sensors based
on ultra-soft Metglas amorphous ribbons. By integrating FEM simulations via Ansys
Maxwell 3D with systematic experimental characterization, core configurations ranging
from single-layer 1L to five-layer 5L were investigated. Numerical results reveal that
increasing the cumulative core thickness scales proportionally with the average
demagnetizing factor N, causing a 12% reduction in effective magnetic induction Bes
from 1L to 5L structures. Experimentally, the 1L sensor demonstrated a superior
sensitivity of 1200 V/T and a resolution of 300 nT within the low-field regime. In
contrast, the 5L configuration, while reducing sensitivity to 54 VI/T, effectively
extended the linear dynamic range from +0.25 mT to over +0.9 mT due to the
demagnetization-induced resistance against magnetic saturation. Statistical analysis and
time-drift measurements confirmed high device stability with a standard deviation of
1.156. This work provides critical insights into optimizing magnetic core geometries to
achieve a tailored balance between sensitivity and sensing range for precision
magnetometry applications.
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ANH HUONG CUA CAU TRUC DA LOP LEN TINH CHAT
VA PO NHAY CUA CAM BIEN TU FLUXGATE

Hd Anh Tam?, Vii Nguyén Thirc!, Nguyén Thi Ngoc?, Pham Minh Vuong?,

D0 Huy Hoang?, Vii Binh Lam®, Tran Linh Khuong®, Doan Tung Anh®, Lé Pinh Vi°
'Khoa Vit Iy Ky thudt va Céng nghé Nano, Truwong Pai hoc Céng nghé, Pai hoc Quoc Qia Ha Nji
2Khoa Khoa hoc Vit liéu tién tién va Cong nghé Nano,

Truong Dai hoc Khoa hoc va Cong nghé Ha Noi

3Hoc vién Khoa hoc va Cong nghé, Vién Han lam Khoa hoc va Cong nghé Viét Nam

*Phong Héu can - Ky thudt, Truong Bai hoc Ky thudt Lé Quy Pon

SKhoa Hoa - Ly kj thudt, Truong Pai hoc Ky thudt Lé Quy Pén

Tém tat: Nghién ctru nay khao sat anh hudng cta ciu tric 18i st tir da 16p dén hiéu suat
clia cam bién tir trudng fluxgate. Str dung bang tir vo dinh hinh Metglas siéu mém, cac ciu trac
15i tir 1 dén 5 16p da duoc ché tao va phén tich thong qua su két hop giita mo phong sé phan tur
hitu han va do dac thuc nghiém. Két qua md phong chi ra rang viéc ting sd luong 16p 15i dan
dén su gia ting déng ké ctia hé s truong khir tir trung binh (ting gan gip d6i ¢ cau trac 5 10p so
v6i don 16p), gy ra su sut giam 12% cam Gng tir hidu dung. Thuc nghiém cho thiy ciu trac don
16p dat d6 nhay t6i wu x4p xi 1200 V/T v6i d6 phan giai 300 nT. Nguoc lai, viée ting sb 16p
gitip mé rong dai do tuyén tinh tir £0.25 mT 1én hon £0.9 mT nhung lam giam d¢ nhay xuéng
con 54 V/T & céu trac 5 10p. Nghién ctru khang dinh sy danh doi giita d6 nhay va dai hoat dong
thong qua viéc diéu chinh cau tric da 16p, cung cip co s& quan trong dé thiét ké cac cam bién
fluxgate t6i uru cho timg (g dung cu thé.

Tir khéa: Cam bién tir truong; fluxgate; mé phong so; tir truong thap.
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