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Abstract

This review analyzes recent advances in fluxgate magnetometers. It introduces an inno-
vative concept of using magnetically ordered composite and crystalline structures made
of ferrites or conducting ferromagnetic materials as fluxgate cores. These active phys-
ical media enable new multifactor excitation methods, qualitatively improving output
parameters. Unlike conventional approaches restricted to magnetic permeability modu-
lation, the authors theoretically justify processes based on the interplay of five physical
factors: indirect exchange, magnetostriction, dynamic inhomogeneities, magnetoelectric
interaction, and chirality. This paper systematizes original patented modulator designs.
These include electrodynamic modulators implemented as compact resonant C antennas
and devices utilizing the acoustic magnetoelastic effect, local magnetic inhomogeneities,
or electromagnetic-acoustic excitation. Furthermore, the hardware implementation of a
specialized two-component fluxgate magnetometer is considered. This device provides
high-precision measurements of geomagnetic field parameters for shallow geophysical
exploration and navigation systems. Experimental data confirm a significant increase
in sensitivity, interference immunity, and transformation precision under extremely low
power consumption. This review establishes a solid foundation for a promising applied
direction at the intersection of metrology and spintronics.

Keywords: fluxgate; magnetometer; modulator; ferrite magnetic core; magnetic permeability
modulation; indirect exchange; magnetostriction; dynamic inhomogeneities; magnetoelectric
interaction; chirality; acoustic waves

1. Introduction

Magnetic field control and parameter measurement are critical and multi-level prob-
lems. This control can be implemented using magnetometers (MMs) of various types
depending on the physical principles of their operation, e.g., magnetostatic, induction,
quantum, etc. The MM type can be determined by the physical phenomena used to control
magnetic field parameters, e.g., electromagnetic induction, as well as the Gauss, Hall,
Zeeman, and Overhauser effects, etc. [1-3].
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Various types of MMs can be used to solve a number of applied and research problems:
(1) measuring the parameters of the Earth’s magnetic field and searching for magnetic
anomalies in various environments; (2) shallow magnetic surveys (seismic exploration,
geomagnetic survey, searching and identifying unknown metal-bearing underground ob-
jects); (3) magnetic defectoscopy and non-destructive testing of technical facility conditions;
(4) navigation and orientation systems; (5) medical diagnostics (e.g., magnetic tomogra-
phy); (6) solving special technical problems (e.g., non-contact measurement of large and
ultra-large currents by converting their electromagnetic fields) [1,4-9]. It is obvious that the
successful accomplishment of such a wide range of different tasks requires a large number
of various MM types and modifications, which differ in design, excitation methods, and
operating modes, magnetosensitive element operating principle, active part materials used,
signal processing methods, etc.

Note that any MM contains four functional blocks (Figure 1):

Excitation
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Figure 1. Functional diagram of the magnetometer.

1. The primary measuring converter (PMC) based on a magnetic field probe to register
magnetic field parameters and convert them into an electrical data signal;

2. The excitation generator that activates the operating mode of the magnetic field probe;

3. The secondary measuring converter (SMC), which is a digital block for processing the
data signal, calculating magnetic-field parameters such as magnetic flux density B and
magnetic field strength H, and generating the corresponding output measurement signal;

4. The indication block for the output of the relevant information in a user-friendly form
over an external interface.

The functional capabilities and specifications of MMs are determined by the param-
eters of the measuring converters and, primarily, the magnetic field probe. Covering the
entire range of existing MMs and ways of their improvement within one paper appears
unfeasible. Therefore, the authors focused on the MM group, referred to as fluxgate magne-
tometers (FM), which use a fluxgate (FG) as the magnetic field probe. Compared to other
magnetic field converter types, the FMs can facilitate simultaneous measurement of several
magnetic field components over a wide range of operating temperatures. They have high
sensitivity and low power consumption, as well as high reliability and resilience to external
impacts, and lower costs.

An FG is a device sensitive to an external magnetic field, both constant and slowly
changing. As a rule, it has a ferromagnetic core, an excitation system (excitation winding),
and a measuring winding. Its operation is based on the non-linear properties of core
materials and the interplay of the external measured field and the auxiliary alternating
field generated by the excitation system in the core. As a result of this interaction, an elec-
tromotive force (EMF) proportional to the measured magnetic field arises in the measuring
winding at the output. The value of this EMF is a data signal used for the assessment of the
external magnetic field parameters. However, there is almost no FG operating property
improvement potential left within the conventional approach to FG operation based on the
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magnetic modulation conversion of the magnetic permeability of the ferromagnetic core
due to the alternating magnetic field generated by the excitation winding current.

This research analyzes a new approach to the FG design based on the use of magneti-
cally ordered physical structures made of ferrimagnetic materials (ferrites) as FG cores. The
use of ferrite materials as an active physical medium provides an opportunity to convert
external physical fields (e.g., alternating electric field) into fields of other physical origins
(e.g., perform the mutual transformation of elastic, mechanical, and electromagnetic fields).
This will help not only change process parameters for the magnetic modulation of their
magnetic permeability due to the intrinsic magnetic properties of ferrite, but also provide
an opportunity to simultaneously initiate additional physical effects during the resonant
impact of respective physical fields. As we will see, the use of ferrites can help excite, for
instance, an acoustic field with radial primary waves that undergo additional acoustic
modulation of the magnetic core’s magnetic permeability within their structure.

Thus, the use of ferrites, including conducting ferrites, will help implement additional
new FG excitation methods. This article analyzed a number of FG options that imple-
ment different multifactor excitation methods based on the fact that ferrites are active
magnetically structured physical structures that may feature complex self-organization
forms. Additionally, we studied the FG excitation methods and systems and described the
transition from multiturn excitation windings to small resonant capacitive-type radiating
antennas (C antennas) that operate as an electrodynamic modulator. Radiating C antennas
may not only significantly improve the thermal stability of FG operation but also help
reduce their size through the use of high-tech solutions.

Thus, the main purpose of the paper is not just to review the known FM and FG but also
to describe and analyze the new excitation methods and designs in which the modulation of
the magnetic permeability of the magnetic circuit is carried out simultaneously through the
use of various physical effects, which ensures an increase in the sensitivity and accuracy of
FGs. This work presents various FG design options with improved metrological properties
and analyzes the physical processes occurring inside FGs.

2. Analysis of Magnetic Field Probe Parameters
2.1. Key Types of Ferromagnetic Elements

A ferromagnetic element is a key component of any ferromagnetic converter. Accord-
ing to their operating principles or the ferromagnetic core property used, all ferromagnetic
elements or devices can be divided into the following three groups [1,3,10,11]:

e  Parametric ferromagnetic elements;
e  Magnetic modulation elements;
e  Hysteresis elements.

Uncontrolled ferromagnetic elements are parametric if their operation is based on
the use of the non-linear nature of the core magnetizing curve. These elements use the
dependence between the electrical circuit parameters containing a ferromagnetic core
winding and the value of the form and frequency of the winding voltage and current.

As a rule, only an alternating magnetic field operates inside parametric element cores.
But in some specific cases, there is also a permanent field that is normally used to set the
initial magnetic condition of the core.

The cores of magnetic modulation elements are typically subjected to at least
two magnetic fields with varying frequencies, one of which is commonly generated by the
AC power source and the other by input (control) signals. These elements are controlled
ferromagnetic devices whose operation is based on the fact that one of the magnetic fields
changes (modulates) the magnetic condition of the other field’s core.
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Hysteresis elements use the hysteresis of ferromagnetic materials during operation.
These elements may not operate normally when there is no hysteresis.

Of the ferromagnetic element groups listed above, magnetic modulation devices are of
the greatest interest for FM. Their operation is based on the following: a ferromagnetic core can
be used to provide a special type of connection between two electric circuits, where the amount
and type of current change in one of the circuits controls (modulates) the electric processes in
another circuit. The fundamental nature of this ferromagnetic link can be illustrated by the
simplest magnetic modulation element, whose schematic is shown in Figure 2.

R, R,
—
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I

ferromagnetic Uy
core
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Figure 2. The schematic of a magnetic modulation element with decoupled winding circuits.

In this circuit, windings w; and w, are positioned perpendicularly so that the currents
passing through them produce perpendicular magnetic fields in space (spatial field separa-
tion). This winding positioning on the core can be implemented by using a toroidal core
with an internal circular slot for the installation of one of the windings (w1), while the other
winding (w) can be installed over the core and perpendicular to the first winding.

One of the windings (w) is series-connected to the AC voltage source U; with fre-
quency f, and the other winding (w3) is connected to the DC control voltage source Uy. AC
voltage Uj is registered on the terminals of winding w, through the decoupling capacitor
C.If Uy =0, AC voltage Uy, connected to winding wy, is not transformed to winding wy,
because windings w1 and w are positioned perpendicularly, and there is no transformer
coupling between them.

If Uy # 0, AC voltage U # 0 with double frequency 2f is registered on the terminals
of winding w, whose value is directly proportional to the control signal Uy, which implies
a ferromagnetic coupling between windings w and w; (magnetic modulation effect).

Summing up, the magnetic modulation element with the same design as shown
in Figure 2 includes two different but closely related ferromagnetic coupling phenomena.
The first phenomenon suggests that the AC i; in winding wy causes frequent changes in the
differentiated magnetic permeability y4 of the core. Therefore, if winding wy has DC creating
a permanent magnetic field with intensity Hy, the magnetic flux @ caused by it will change
along with the magnetic permeability y1q. Magnetic flux changes induce an EMF in winding
wy whose value is directly proportional to the intensity of the permanent field Hy. Another
phenomenon is that the permanent (or slowly alternating) current in winding wy, in turn,
has a significant impact on the inductance value of winding w and therefore on the average
value of current I, passing through the winding and resistance R;.

2.2. Ferroinductive Converters

Ferroinductive converters (FICs) are widely used to solve a wide range of scientific
and applied problems. These converters are devices sensitive to external constant and
slowly changing magnetic fields, containing ferromagnetic cores and windings distributed
along their length.
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A ferromagnetic core made of a soft magnetic material is the sensitive element of the
FG sensor. Its magnetic permeability pu changes under the combined action of two fields:
the excitation field generated by the excitation winding and the external measured field.
The change in p, proportional to the value of the measured field, is recorded as an EMF in
the measuring winding.

Three basic methods of exciting the ferromagnetic core of an FG sensor are known:
mechanical, thermal, and magnetic excitation (Figure 3).
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Figure 3. Ferroinductive converters with mechanical (a), thermal (b), and magnetic (c) excitation.

In mechanical excitation of an FG sensor, a quartz plate with a thin ferromagnetic film
deposited on it, for example, a permalloy film, is used as the excitation element (Figure 3a).
When an electric voltage at the resonant frequency is applied to the quartz plate, it begins to
periodically change its dimensions due to the converse piezoelectric effect, which, in turn,
causes a periodic change in its magnetic permeability. Since the measured magnetic field
also acts on the core, an EMF ¢(Bi) proportional to the induction of this field is induced in the
measuring coil. However, FG sensors with mechanical excitation of the ferromagnetic core
have relatively low sensitivity because of the small range of variation in magnetic permeability.

In thermal excitation of an FG sensor, a low-inertia thermal injector is used as the
excitation element. It is in direct contact with a thin ferromagnetic plate made of a material
with a low Curie point (Figure 3b). If direct and alternating currents are simultaneously
passed through such an injector, the temperature of the plate will pulsate near the Curie
point, which will lead to pulsation of magnetic permeability. Under the additional action
of an external magnetic field, the EMF induced in the measuring coil will be proportional
to this field. FG sensors with this excitation method provide higher sensitivity than sensors
with mechanical excitation, which makes it possible to measure weak magnetic fields.
However, their manufacture requires materials with specific properties, which complicates
FG sensor fabrication and increases the dependence of accuracy on external conditions.

FG sensors with magnetic excitation are called fluxgates. They use the non-linear
properties of ferromagnetic materials (Figure 3c). To excite such FG sensors, a signal, usually
sinusoidal, is applied to the excitation winding wound around the ferromagnetic core. The
alternating current in the coil creates an alternating magnetic field that periodically changes
the magnetic permeability of the core. The varying magnetic flux induces an EMF in the
measuring coil, which, in the absence of an external measured field, varies according to a
harmonic law. When an external field appears, the harmonic composition and parameters
of this EMF change in direct proportion to the intensity of the measured field, generating a
corresponding signal in the measuring coil. This signal makes it possible to monitor the
amplitude, frequency, and direction of the intensity vector of the measured magnetic field.
These properties are the advantages of fluxgate transducers compared with FG sensors
using other excitation methods.
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For all types of FG sensors, the equation for the EMF induced in the measuring
winding has the following form [1]:

0 S (0-Hg), )

where i), is the unit vector coinciding with the winding turn plane; w is the measuring

d
e= —w-si-ia,-aBo(t) = —w-s;i

winding turn number; s; is the cross-sectional area of the core in the direction; i*(¢) is the
relative permeability tensor of the core material; and By and Hj are the measured magnetic
flux density vector By and magnetic field strength vector Hy.

At the same time, due to a number of positive qualities, the most widely used FICs are
those containing a fluxgate sensor.

2.3. Fluxgate Structure

In the general case, the FG consists of an excitation winding and a measuring wind-
ing on a ferromagnetic core (Figure 3c). Sometimes, both functions are performed by the
same winding.

The excitation winding is connected to an alternating voltage U(t) that provides the
alternating current saturating the core. On the measuring winding, alternating voltage
e(B) is measured for the analysis and measurement of the external magnetic field B;. Thus,
the operation of a fluxgate is based on the following: one of the magnetic field modules
measures the magnetic state of the ferromagnetic core for the other field.

FGs are active devices, and processes in them are always associated with the existence
of two fields: the measured external field and the auxiliary excitation field generated by
the current passing through one of the windings. The interplay of these fields in the cores
causes an EMF to emerge in the other winding. Since the core parameters are non-linear,
this EMF value depends significantly on the intensity of the external magnetic field. This
allows using the EMF magnitude to evaluate the intensity of the external field. Modern
FMs support magnetic induction measurement within a range of 100 pT to 1 mT, and their
conversion function non-linearity reaches up to 0.001%. The operating temperature range
may range from -180 °C to + 220 °C [12].

Figure 4 shows a standard structural flowchart for an FM using an FG.

B selective amplifier low-pass

=——=>>{ fluxgate | amplifier | || recording

(synchronous detector) > filter device
A A

current
generator

Figure 4. Standard FM structural flowchart.

The excitation winding of the FG receives, for example, a high-frequency sinusoidal
signal from the current generator. The signal on the FG measuring winding output contains
information about the measured magnetic field B;, and it is amplified and sent to the
selective amplifier or synchronized detector set for the second harmonic frequency of the
excitation signal. The identified signal is filtered by the low-pass filter and sent to the
registration device, measuring the direct voltage, which is calibrated in units of magnetic
flux density.

Based on the waveform, two main types of excitation signals are distinguished: sinu-
soidal and pulsed [13-15]. Pulsed excitation involves applying short pulses to the winding:
either bipolar pulses that cyclically alternate in polarity (rectangular, sawtooth, or trian-
gular in shape) or unipolar pulses that maintain a single polarity. Each excitation type
has its own specific characteristics, advantages, and application areas, as the excitation
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waveform determines the nature of the core’s magnetization reversal and the output signal
spectrum, thereby defining key magnetometer characteristics: sensitivity, linearity, power
consumption, and circuit complexity [16]. Sinusoidal excitation is commonly used in classic
circuit designs employing synchronous detection of the second harmonic, which ensures
maximum sensitivity and low noise levels. Pulsed excitation, offering reduced power
consumption, is utilized in portable and autonomous devices. Accordingly, sinusoidal
excitation is selected for precision laboratory and scientific applications where sensitivity
and stability take precedence over size and power consumption, whereas pulsed excitation
is chosen for portable, industrial, and autonomous applications where efficiency, com-
pactness, and noise immunity are the critical factors. Rectangular excitation is used for
high-frequency operation (where thorough filtering is also required); sawtooth excitation is
employed when zero-level stability and linearity are critical; and triangular excitation is
used for precision measurements where minimizing error is paramount.

Several FG designs use the rod and toroidal core geometries (Figure 5): single-element rods
(Figure 5a,b); open-core differential (Figure 5c); closed (toroidal) core differential (Figure 5d) [1,3].

Core Hg Core

i( i)
(b) (c) (d)

Figure 5. Main fluxgate types: (a,b) single-element rods; (c) open-core differential; (d) closed (toroidal)
core differential.

Rod-type: single-element fluxgates may have either one winding that combines the
functions of the excitation winding and the measuring winding, from which the informa-
tion signal e,(t) is taken, for example, in the form of the second harmonic (see Figure 5a), or
two independent windings (Figure 5b). A rod-type differential fluxgate has two identical
rod cores, each of which has its own excitation winding, while the measuring winding
usually encloses both cores (Figure 5c) [17-20]. Obviously, differential fluxgates are struc-
turally more complex than single-element ones; however, they have higher sensitivity and
reduce the influence of interference due to the series-opposing connection of the excitation
windings, which creates fields of opposite directions in the cores [21].

Ring-core fluxgates have a toroidal ferromagnetic core on which the excitation wind-
ing and the measuring winding are placed (Figure 5d) [22-24]. To enable simultaneous
measurement of two magnetic field components, two measuring windings are placed on
the core, with their axes arranged mutually perpendicular to each other.

Rod-type fluxgates are simple to implement and provide minimal demagnetization of
the rods, since the measured field Hj is directed along the rod axis. However, ring-core
fluxgates provide a lower noise level due to the uniform distribution of mechanical stresses
in the ring core, as well as the possibility of balancing the output signal by rotating the core
inside the measuring winding. In addition, differential two-rod fluxgates are difficult to
tune, since they require a high degree of identity between the two rod cores.
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Depending on the relative orientation of the external magnetic field strength vectors
and the excitation magnetic field, FGs are classified as having longitudinal (parallel) and
transverse (orthogonal) excitation [25,26]. In Figure 5a, the exciting magnetic field H.,
generated by the excitation current i;(t), is orthogonal to the probed magnetic field H
(transverse excitation), while in Figure 5b,c, the exciting magnetic field H.. is directed along
the core axis parallel to the probed magnetic field Hy (longitudinal excitation). In turn, in
Figure 5d, closed, counter-directed exciting magnetic fields H.. are generated in the ring
core, lying in a plane parallel to the probed magnetic field H.

It should be noted that any of the FG types shown in Figure 5 use the two-module
functional structure: (1) modulator consisting of the structured ferromagnetic system (core)
and emitting (exciting) element (excitation coil) wy,; (2) recorder consisting of the receiving
(measuring) inductance coil wj. In the FG, the measured external field with intensity Hy
directly impacts the ferromagnetic cores of the modulator. The same cores are affected by
the alternating field H., generated by the current 7;(t) of the modulator’s excitation coil wy,.
Intensities Hy and H. can be converted to the alternating magnetic flux density B(t) = B
[H-, Hp] and then to e (t) = e; [B(t)], emerging in the measuring coil w;, using the same
techniques as for the magnetic amplifier.

Of particular interest are the design solutions for FGs with closed cores and with
spatially combined measuring and exciting coils, i.e., when the exciting coils are located
inside the measuring coil (Figure 6) [27]. Figure 6a shows a longitudinal-type excita-
tion FG, in which the exciting magnetic field Hex is parallel to the probed magnetic
field Hy, (the excitation current I.x propagates in a plane orthogonal to the core axis).
Figure 6b shows a transverse-type excitation FG, in which the exciting magnetic field Hex
is located circumferentially and orthogonally to the probed field Hy, (the excitation current
Iex is directed along the core axis).

Magnetizing winding

Sensi indi
/en%lng winding

NN
AN

)OO C

Has

)
5

Has

)O.0(

(o)---

~
\

(b)

Figure 6. FGs with closed cores and with spatial combination of coils: longitudinal (a) and transverse

(b) types.

In FGs with longitudinal excitation, the exciting field Hey is parallel to the measured
field Hy.. These FGs have the following structural features:

e  The presence of a ferromagnetic core in the form of an elongated ring with primary
windings distributed along its length, located inside a common secondary winding;

e  They have the inverse connection of primary windings, which facilitates an almost-
zero EMF in the secondary winding when there is no measured field Hy.. When the
measured field exists and therefore disrupts the balance between the fluxes in the first
and the second cores, the secondary winding achieves an EMF proportional to the
longitudinal component of the external field, which is used to generate the output
information signal Vout.
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In FGs with transverse excitation, the exciting magnetic field Hey is orthogonal to the
measured field Hg.. The specific design features of these FGs are as follows:

e A permalloy tube is used as the core, in which the alternating current of the primary
winding creates a circular magnetic field (transverse to the longitudinal axis of the
tube) that periodically magnetizes it;

e  The measuring winding is aligned with the longitudinal axis of the tube. When there
is an external field, an EMF is induced in it, and an output signal Vo is generated.

2.4. Operating Modes of Fluxgates

As mentioned above, FGs differ by the operating mode, auxiliary field induction
method, and design [1,28].

For instance, we can study a differential fluxgate with parallel fields, which uses the
sum of two fields from two independent sources as the auxiliary alternating field.

Hl (t) = Hp,-sinwt + Hz, (2)

where Hj is the intensity of the permanent (non-measured) magnetic field; Hy, is the
amplitude intensity value of the exciting alternating magnetic field.

When calculating the output EMF of a fluxgate sensor, the non-linear magnetization
curve of the core is typically approximated by a truncated third-degree polynomial [1,28]. In
this case, we can write the following for a fluxgate with parallel fields (measured permanent
magnetic field Hy = const # 0):

e(t) = 6:b-s-w-Hy-(2-Hp-Hp, -coswt + H2,-sin2wt), 3)

where s and w are the total cross-sectional area of the fluxgate core and the number of turns
in the measuring winding, respectively; b is the approximation factor that depends on the
magnetic properties of the core and is determined experimentally for each specific type of
ferromagnetic material.

It can be seen that in this type of differential FG, it is possible to implement two basic
operating modes.

In the first mode, the excitation circuit of the fluxgate passes weak alternating and
relatively strong direct currents. The alternating current generates the field H;, which is
so small that it almost does not affect the differential permeability of the cores p*q. The
direct current, on the contrary, generates the field Hy, which modulates the u*43. Normally,
the Hj field is selected so that the working points of the cores are on the steepest slopes
of the p*y (H) function. Figure 7a shows the working point in A. The measured field Hj
is algebraically summed with Hy, moving the working point in section DE, reducing the
differential permeability in one of the cores and increasing it in the other one.

p'%

(@) (b)

Figure 7. Dependencies of 1q (H) and 1 (wt) in the first (a) and second (b) fluxgate operating modes.
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Due to the different permeabilities of the cores, the balance of inductances is disrupted,
which causes the induction of EMF in the secondary winding of the fluxgate, which is
proportional to the imbalance value and, consequently, to the measured field value:

e(Hp) = 12-b-s-w-Hy-Hy-Hyy,-coswt. 4)

In the second mode, the fluxgate excitation circuit only passes the alternating current.
The amplitude of this current is such that its generated field Hy = Hy,-sinwt, and it periodi-
cally saturates the core magnetically. The measured field Hj is so small that its presence
has no significant effect on core magnetization. The schematic fluxgate operation in this
mode is shown in Figure 7b.

If Hy > Hs, where H; is the core saturation field, then p4* fluctuates periodically from
the maximum (when H; = 0) to the minimum (when H; = Hp). The frequency of these
changes doubles because ng*(H) = ng*(—H), and they induce a double frequency EMF
e(Hp) in the secondary winding of the fluxgate:

e(Hp) = 6:b-s-w-Hy-H?1, -sin2wt. (5)

The second mode has a number of advantages over the first one. The key advantage
is an even-harmonic output signal, which can improve the signal/noise ratio because
the noise caused by the fluxgate imbalance in the second mode is characterized by the
odd-harmonic spectrum of EMF. Another advantage of this mode is the stability of the
fluxgate zero. In addition, note that the main advantage of magnetometers employing the
double-frequency method is that no fluctuations of power source voltage, differences in
core size or parameters, temperature changes, etc., may cause double-frequency voltage on
the fluxgate output when there is no measured magnetizing field.

Depending on the winding coupling method and the functional purpose, there can
be two fluxgate types: fieldmeters and gradiometers. The schematics of the gradiometer
fluxgate and fieldmeter fluxgate only differ by the connection direction of both windings in
one of the coils (Figure 8).

o

2

(@) (b)

Figure 8. The schematics of a fieldmeter fluxgate (a) and a gradiometer fluxgate (b).

These schematics use the inductive method with longitudinal excitation. The fieldmeter
FG can be used to test the presence and intensity of the magnetic field, while the gradiometer
FG can measure the intensity gradient of the magnetic field between different points.

The exciting windings of the fieldmeter FG feature the series-inverse connection, and
the measuring windings use the series-consistent connection. When there is a perma-
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nent magnetic field, harmonics are induced in the sensing circuit whose amplitude is
proportional to the intensity of the measured permanent field.

In a gradiometer FG, primary windings are connected in series and form an excitation
circuit, while the secondary windings are connected inversely and form a sensing circuit. If
the coils are affected by the same alternating fields and the same permanent magnetizing
fields, the indicator circuit output EMF will be equal to zero. If the constant component of
the magnetic field is different in both coils, this will induce EMF in the secondary winding.

Since FGs measure magnetic field strength, which is a vector value, their operation is
characterized by a directional diagram. When the directions of the intensity vectors of the
external magnetic field and the FG field are aligned, the output signal of the FG is at its
maximum. When the vector directions are perpendicular, the signal is at a minimum. The FG
directional diagram in the geomagnetic field in two different planes is shown in Figure 9 [29].

Figure 9. Fluxgate directional diagram: Hr, Hy, and H are the full vector and the horizontal and
vertical geomagnetic field components, respectively.

The directional diagram allows using FG to measure the magnetic field strength
components and the magnitude of the total magnetic field vector (when the fluxgate core
axis is aligned with the magnetic field).

3. Specific Aspects of Ferrite Core Use

The sensitivity of FGs depends heavily on the magnetic properties of their cores [30]. The
sensitivity (conversion factor) of FGs can be improved by increasing the core excitation fre-
quency. The operating FG core excitation frequency is determined by the magnetic properties
of the material they are made of. Generally, FG cores are made of soft magnetic materials.
Conventionally, permalloys are used for this purpose. These are alloys of iron and nickel with
high magnetic permeability and low coercive force [1,2,24,28]. This material provides FGs
with a number of advantages: high sensitivity, heat stability, resistance to radiation, reliable op-
eration, and low cost. Low coercive force facilitates easy magnetization and demagnetization
of permalloys. However, in this case, FGs require thorough calibration.

Currently, permalloys are being supplanted by amorphous magnetic alloys [31-34],
providing FGs with improved metrological and operational characteristics. This is achieved
due to the high magnetic permeability of cores made of such materials, low remagnetization
losses, and stability of magnetic properties after mechanical shocks and deformation; in
this case, the cores may be manufactured in the form of ribbons [35] or wires [36]. However,
FGs made of these materials have high magnetic noise levels, which can be attributed to
magnetoelastic interaction: mechanical oscillation resonances are excited in the core, and
the strong magnetomechanical coupling generates acoustic noise, which is added to the
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natural magnetic noise [37,38]. Also, such FGs have an unstable zero, causing unpredictable
changes in the output signal level [39].

In addition to the aforementioned materials, single-crystal epitaxial films of
yttrium—iron garnet and substituted garnets can be used to fabricate fluxgate cores [40].
Their fundamental difference from Permalloy and amorphous metals—where magnetiza-
tion reversal occurs via the nucleation and motion of domain walls (a stochastic process
accompanied by Barkhausen jumps)—lies in the fact that magnetization reversal is achieved
through the coherent (uniform) rotation of the magnetization vector within the film plane
driven by a rotating magnetic field, rather than by domain wall motion. In garnet cores, due
to uniform and stable magnetic anisotropy throughout the material volume, the magnetiza-
tion vector rotates coherently without local “pinning” at defects, thereby enhancing fluxgate
sensitivity. These materials possess a very low damping parameter, a factor that directly
determines the minimum detectable field level. However, their fabrication technology
(particularly that of epitaxial films) is significantly more complex and costly. Furthermore,
garnet cores can be brittle; substantial mechanical stress (such as impact, vibration, or
excessive clamping) may cause cracking or chipping, which degrades fluxgate performance
and limits their range of applications.

In summary, fluxgates with cores made of Permalloy or amorphous alloys represent
the standard choice for applications requiring high magnetic permeability and soft magnetic
properties. Such FGs are used in magnetometry (for measuring the geomagnetic field in
geological exploration, studying space magnetic fields, and in navigation and industrial
automation systems, etc.), in flaw detection (for locating surface and subsurface defects),
and in thickness measurement (for measuring the thickness of non-magnetic coatings).
Garnets are selected when ultra-high sensitivity and low noise levels are paramount, for
instance, in precision magnetometers for medical research [41]. Fluxgate sensors with
such cores represent an emerging field that could potentially replace SQUID sensors in
applications requiring ultra-high sensitivity without cryogenic cooling. However, to date,
traditional ferromagnetic cores remain the only viable option for the mass production of
FGs requiring proven reliability and established manufacturing technology.

As shown before, the operation of available FGs with the aforementioned types of
cores is based on the modulation of the dynamic magnetic permeability of the magnetic
core due to the auxiliary alternating magnetic field, which helps convert the zero-frequency
signal carrying information on the measured permanent field into the domain of higher
frequency, particularly into the domain of the second harmonic spectral line. However, the
possibilities of improving the metrological properties of FGs by any optimization of the
magnetic modulation transformation of magnetic permeability have objective limitations.

A qualitative leap in the performance of fluxgates is possible based on new physical
principles of their operation through the use of ferrimagnetic materials (ferrites) for their
cores, with a corresponding design change to the excitation system. This is based on the
fact that ferrite cores are actually active physical systems that can be represented as a
set of several subsystems that interact with each other and in which complex forms of
self-organization can arise:

e  Bistable subsystem (where transition from one stationary state to another is imple-
mented as a response to the external impact of a certain intensity);

e  Excitable subsystem (where active transition to another state and subsequent return to
the balanced state occur when an external impact exceeds a certain threshold);

e  Self-oscillation system (which performs constant cyclic transitions over a set of states
where external impact may only slow down or accelerate this motion, but not stop it).

Such active media feature various autowaves, i.e., unattenuated wave processes
supported by the energy from external sources. Furthermore, active media with periodic
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boundary conditions may have traveling waves and respective multistability manifested in
the presence of several stable balanced states (attractors) for the same set of parameters.

Ferrites can be represented as a model with two subsystems: (1) a dynamic subsystem
that models the reception of the impact from the external alternating electric field and
activation energy feed; (2) a dissipation subsystem that models the conversion capacities of
the active physical medium. In this case, the dissipation subsystem is assumed to be two-
level, where the energy dissipation is studied separately in the main active and structural
elements of the ferrite workpiece. The dynamic subsystem, in turn, has a finite number
of degrees of freedom and discrete energy levels. The dissipation subsystem features an
infinite number of degrees of freedom and a continuous energy spectrum.

When developing FG using new physical principles, various physical factors can be
used that can be activated in their ferrite cores: indirect exchange interaction; magnetostric-
tion; dynamic inhomogeneities; magnetoelectric interaction; chirality.

3.1. Indirect Exchange Factor

Atomic electrons participate in the generation of the atom’s magnetic field in two ways:
firstly, electrons themselves have some magnetic properties, i.e., they have a magnetic spin
moment, and secondly, electrons form a cloud around the atom’s core, which generates
a magnetic orbital moment. Spin and orbital moments are summed (vector addition) to
generate the magnetic moment M; of the atom or ion [42,43].

In the development of FG, special attention is paid to the indirect exchange via con-
duction electrons. The mechanism of this exchange relies heavily on the assumption about
the exchange interaction s—d(f), which implies there are two groups of electrons in magnetic
materials: 1—localized electrons of uncompensated d- or f-shells of atoms; 2—collective
electrons of valence (s, p, ...) energy bands responsible for electric properties and con-
tributing the most to magnetism. Due to the s—d(f) exchange, conduction electron spins are
magnetized (polarized) by localized d- and f-electrons. Since s—d(f) interaction depends
on the direction of spins, conduction electrons with different spin directions react differ-
ently to s—d(f) exchange. Conduction electron polarization caused by the spin of one 4f
atom located at point R, affects the spin of another 4f atom at point R, i.e., they imple-
ment an indirect exchange link between the 4f atoms [43,44]. Thus, the s—d(f) exchange
interaction can cause oscillatory spin polarization of conduction electrons. Therefore, the
alternating electric field has an impact on the oscillatory nature of the spin polarization of
conduction electrons.

3.2. Magnetostriction Factor

There is also another related magnetoelastic effect: changing the parameters of a mag-
netically ordered substance due to a magnetic field, i.e., the magnetostriction effect. The
magnitude of this magnetoelastic interaction is determined by the dependence of atomic
spacing on exchange interactions and the interactions of electronic magnetic layers of ions
with local electric fields. Real-life ferro- and antiferromagnets have a multi-domain struc-
ture with an anisotropic magnetostrictive deformation (i.e., spontaneous magnetostriction)
in each domain [45].

Thus, the impact of magnetic ordering on elastic properties is manifested in mag-
netoelastic effects that contain key information on magnetoelastic interactions in solid
bodies, dependence on the atomic spacing of the electron structure, and exchange and
magnetocrystalline interactions.

Many magnetoelastic effects are promising in terms of their use in various areas
of technology, and some of them, e.g., magnetostriction, have already been extensively
used [38,46-50].
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3.3. Dynamic Inhomogeneities Factor

Apart from the considered magnetoelastic properties, magnetically ordered media
have other effects attributed to dynamic inhomogeneities [51-53]. Functional magnetoelec-
tronics may be cited as an example; it studies magnetoelectronic effects and phenomena
in magnetically ordered continuous media, with considerable attention given to the phe-
nomenon of static inhomogeneity. A static inhomogeneity is a localized region on the
surface of a medium or within its volume that differs in its properties from the host
medium. Owing to the unique characteristics of static inhomogeneities, which make it
possible not only to generate various electromagnetic processes but also to control them, cor-
responding sensor devices can be developed. Particular attention is attracted by so-called
dynamic inhomogeneities of magnetoelectronic nature, which are indirectly associated
with electrons. In fact, a dynamic inhomogeneity is a localized volume without static
inhomogeneities inside it, formed as a result of certain physicochemical processes. Such a
region may be either fixed or mobile within the working space of the continuous medium,
changing its position under the influence of various physical fields or interacting with
other dynamic inhomogeneities of similar or different nature. The motion of a dynamic
inhomogeneity is accompanied by active field interaction with the sensitive elements of
sensors, which opens up opportunities for their practical application.

At the same time, dynamic inhomogeneities of different physical nature may be con-
ventionally divided into three main types. First, these are wave dynamic inhomogeneities,
such as surface acoustic waves, magnetostatic waves, space-charge waves, and charge-
density waves. Second, these include ensembles of charged particles and quasiparticles,
including charge packets of electrons and fluxons. Third, this group may include domains
of different physical nature, such as ferroelectric domains, Gunn domains, and cylindrical
magnetic domains. Such types of dynamic inhomogeneities are of considerable inter-
est for the development of sensor solutions and for improving the efficiency of modern
electronic devices.

Based on this, we suggest forming a periodic domain structure (PDS) in a magnetically
ordered structure by exposing it to an alternating electric field with a specific configuration,
i.e., the potential formation of a spin-wave acoustic oscillator initiating s—d(f) interaction
processes due to exposure to an alternating electric field affecting the structural elements of
the magnetically ordered substance. In this case, we can use a permanent magnet made of
rare-Earth material Sm-Co as a magnetically ordered workpiece with a sufficient number
of transition-element atoms, as it has a spatially stable magnetizing vector. Basically, this
involves the development of a spin-wave acoustic generator operating on the basis of the
oscillating magnetoelectric polarization signal, caused by the shift in spin charges due to
the alternating electric field. This spin-wave acoustic generator can be developed through
the following sequence of operations:

1. Building up a magnetically ordered structure in the ferromagnetic element by
exposing it to a permanent magnetic field of a magnet.

2. Initiating cyclic formation of dynamic inhomogeneities as PDS in the magnet-
ically ordered structure of the ferromagnetic element by exposing this structure to an
inhomogeneous alternating electric field with a specific spatial configuration.

3. Forming domains of stable acoustic wave generation through the implementation
of spin-wave dynamic processes.

The induced domains effect is of special interest. It is the possibility of using exter-
nal impacts to create domains with required configurations and form a domain-shifting
structure (DSS) out of them. These induced domains and DSS may be dynamic, i.e., have
a capacity for spatial or temporal restructuring depending on the intensity or nature of
external impacts. Another external impact may involve acoustic waves that can induce
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dynamic DSS in homogeneously ordered magnetics. When a traveling acoustic wave
propagates in the magnetic material, the induced domain structure will shift along the
workpiece at the same speed as the wave, and when the standing wave is excited, the
DSS will have a stable spatial distribution determined by the period of this standing wave.
When the requirement that the anisotropic energy should significantly exceed the exchange
energy is satisfied, a previously magnetically ordered homogeneous workpiece will be
broken into specific domains with alternating magnetization directions (along or across the
acoustic wave propagation direction).

3.4. Magnetoelectric (ME) Interaction Factor

Among magnetic materials, ferrites occupy a special place. They are produced using
ceramic technology and, in fact, belong to one class of piezomagnetic ceramic materials.
Therefore, ferrites can be considered composite materials that consist of mechanically
interacting mixes of magnetostrictive and piezoelectric components (subsystems). Based
on their properties, they can be classified as magnetoelectric materials, whose main effect
is the ME, i.e., the induction of electrical polarization in the material due to an external
magnetic field or the magnetization due to an external magnetic field. In addition, ferrite
workpieces are polycrystalline domain structures, correlated systems where the orientation
of the magnetic moments of the domains in one part of the crystalline structure affects the
orientation of the magnetic moments of the domains in adjacent regions of the crystalline
structure, thus turning the entire workpiece into a self-organized system. Since the ME
effect in composites is associated with the mechanical interactions of the piezoelectric and
magnetostrictive systems, the amplitude of the ME effect increases dramatically in the
electromechanical resonance domain.

Note that the physical properties of composite structures consisting of two or more
phases are determined by the properties of each phase and their interactions, i.e., the
composite may have properties that are absent from its component materials.

The qualitative direct and converse ME effects (DME and CME) in these composites
can be described by the following expressions:

Electrical properties Mechanical properties
DME effect = X

Mechanical properties Magnetic properties

Magnetic properties Mechanical properties
RME effect = 8 prop X prop

Mechanical properties Electrical properties

To sum up, the interaction between the magnetic (spin) and elastic subsystems may
result in the emergence of linked magnetoelastic oscillations in the magnetic subsystem.
In this case, the mechanical interaction of subsystems produces a ME in the ferrite rods
of fluxgates (composite ferrite-piezoelectric materials), which may reach values that ex-
ceed their low-frequency value by several orders of magnitude in the electromechanical
resonance domain. This provides new opportunities for its practical use. Note that the
problems of designing ME probes made of composite materials have received significant
attention [54-57].

3.5. Chirality Factor

A ferrite core is a composite medium understood as a macroscopic inhomogeneous
system consisting of components that typically have clear interfaces. Such components
may differ in their structure, geometry, and physical parameters, including electrodynamic
properties: o—conductivity, e—dielectric permeability, and p—magnetic permeability.
Because of this, the material of the FG ferromagnetic core can be considered an artificial
chiral medium consisting of two inset cubic symmetry lattices, where the nodes of one
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lattice contain ferrite spheres and the nodes of the other one contain electric dipoles with
lumped inductance.

During the interaction of the electromagnetic field and a chiral medium, in addition
to parameters ¢, y, and o, we can also study the material parameter x, which stands for
chirality. Its physical meaning is that it determines the degree of interconnectedness of
electrical and magnetic polarization processes in a chiral medium [58]. Unlike ordinary
magnetic materials or dielectrics, chiral media contain elements with mirror asymmetry,
meaning that they cannot be superimposed on their mirror image. The chiral parameter x
characterizes the degree to which this mirror asymmetry is manifested in the medium, and
its value depends on the concentration of chiral elements in the medium, their geometric
dimensions, and other factors. Numerically, the chiral parameter x is proportional to the
ratio of a/A, where a is the linear size of an electromagnetic particle of the medium and A
is the wavelength. When a/A — 0, the chiral properties of the medium disappear. For the
chiral medium in question that contains the simplest structural electromagnetic particles of
elements, material equations look as follows (Lindell-Sivola equation [59]):

—

— - = — —
D=¢E—ixH, B=wH+ixE, (6)

— —
where D and B are the electric and magnetic induction vectors.
- =

Since there is a component proportional to H in D, it means that the current induced
by the alternating magnetic field in chiral elements induces not only a magnetic dipole
moment but also an electric dipole moment. The properties of these chiral media are
described in detail in [60], which demonstrates that the implementation of the normal
operation of FG requires an excitation option in the ferromagnetic core of a standing H
wave involving the exposure of its chiral structure to an alternating electric field. In this
case, the interaction between the alternating electric field and the chiral medium initiates
three linked electrodynamic processes:

5
1. The emergence of chiral magnetization due to an external electric field E;

2. The formation of chiral polarization due to a magnetic field I_->I, induced by chi-
ral magnetization;

3. The formation of a magnetic-type standing wave (H wave) through the evolving
process of electrodynamic interaction of chiral magnetization and chiral polarization.

Therefore, magnetic waves are excited in the ferromagnetic core with chiral properties,
whose magnetic field has a longitudinal component, and the electric field is oriented per-
pendicularly to the propagation direction. Thus, when the structure of a solid chiral ferrite
waveguide is exposed to a lateral alternating electric field, a corresponding modulating
standing magnetic wave will be excited in it:

H, = 2Hy, sin(27z/Ag) sin wot. (7)

The presence of this standing magnetic wave, in turn, will result in the respective

modulation of magnetic permeability p of the chiral medium of the waveguide:

n=po(1+mycoskyz), (8)
where p is the permeability of the medium without the modulation wave; i, is the small
modulation index; k,, is the wavenumber of modulation.

The polycrystalline ferrite composite structure possesses a latent chirality, which acts
as an intrinsic, emergent property. Even if individual grains and their crystal lattices
are achiral, an effective chiral medium arises from the collective organization of grain
boundaries, defects, domain structures, and statistically non-equivalent spatial distribution
of residual stresses.

Resonant excitation of this polycrystalline structure by an external alternating electric
field activates the collective dynamics of its structural and magnetic inhomogeneities. This
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transforms the latent chirality into an observable state, triggering a cascade of interrelated
multiphysics effects (magnetoelastic, magnetoelectric, and electromagnetic-acoustic) that
manifest in the material’s magnetodynamic response.

Based on the analysis of the properties of a ferromagnetic FG core, we can conclude
that it is a complex hierarchical system characterized by several structural elements and
links between them. In this case, the functioning of this system will be based on a multitude
of interrelated physical effects (PE) determined by the presence of the five previously
reviewed physical factors. The PE themselves are typically manifested when the physical
system in question or its structural elements transit from one stable state to another.

Thus, the presence of five physical factors indicates an opportunity to expose the
structural elements of a ferromagnetic core to specific physical fields that, in turn, may
react to this exposure by inducing specific PEs that can be grouped as follows: conductors,
modifiers, energy converters, and physical object converters. By initiating specific groups
of PE manifestations, we can form FGs based on new operational principles to provide
higher operational quality indicators.

4. Fluxgate Excitation Methods
4.1. Conventional Fluxgate Excitation Methods

Any fluxgate contains a modulator as its main functional unit, which excites and
modulates the external magnetic field being measured. It consists of a structured magnetic
core and an excitation element. When there is no external magnetic field being measured,
the core is remagnetized under the action of the modulator in a symmetrical cycle, inducing
in the measuring winding an EMF that varies harmonically. If the core is exposed to a
measured magnetic field (permanent or slowly changing), the core remagnetization curve
becomes asymmetrical. Because of this, the value and harmonic composition of the EMF
change, and even harmonic components appear in it, whose magnitude is proportional to
the intensity of the measured field.

To change the magnetic state of the magnetic core of a fluxgate modulator, various
methods of exciting fluxgates with different orientations of the measured and auxiliary
alternating magnetic fields are used. Fluxgates use galvanic and inductive excitation
methods for the alternating magnetic field. These methods differ by the field source type
and electromagnetic field generation peculiarities [28].

The galvanic FG excitation method requires changing the magnetic state of the mag-
netic core by the modulator. In this process, the core is exposed to a circular alternating
magnetic field perpendicular to its longitudinal symmetry axis. The source of this field
is the alternating electric current passing over the entire length of the ferromagnetic core.
Thus, this method uses mutually perpendicular magnetic fields (measured permanent
magnetic field and alternating auxiliary magnetic field), which provide the decoupling of
the power circuits and the FG output.

The drawback of this method is the occurrence of two disturbing factors: significant
temperature instability of the physical and design parameters of the FG and dynamic
degradation processes in the ferromagnetic core materials. The simultaneous impacts of
these factors on the fluxgate have a cumulative effect on the overall fluxgate time instability,
which ultimately reduces the measurement precision. The requirement of direct electrical
contact with the ferromagnetic FG core creates specific design and technological problems
for the implementation of the galvanic excitation method.

The inductive FG excitation method requires changing the magnetic state of the
magnetic core by the modulator. In this process, the magnetic core is exposed to an
alternating magnetic field aligned with its longitudinal symmetry axis. The source of this

https:/ /doi.org/10.3390/ electronicmat7040027


https://doi.org/10.3390/electronicmat7040027

Electron. Mater. 2026, 7,27

18 of 51

field is the alternating electric current bypassing the emitting dipole element implemented
as a multiturn coil and covering some of the ferromagnetic core length.

The drawback of this excitation method is that it cannot provide the required mea-
surement precision due to the destabilizing temperature factor caused by the passing of the
excitation current via the multiturn coil. The presence of a multiturn excitation coil in the
modulator is a source of additional interference, which significantly complicates the design
and performance of fluxgate production. Additionally, FGs with a multiturn excitation
coil are oriented to implement the set-conductivity current mode, i.e., the set excitation
field intensity mode, where significant energy losses and instability of both component
parameters and zero readings of the device are inevitable. Note that to achieve high FG
sensitivity, the excitation coil is generally made with a greater number of turns, which helps
improve the magnetic flux value of the auxiliary field, which is involved in the inductance
of the EMF in the measuring winding. This, however, complicates the device structure.
Even the transition to single-layer coils suggested in [61] or the use of the same coil for
excitation and measurement [62] cannot eliminate the mentioned drawbacks.

The analysis of the research and technical literature shows that works aimed at improv-
ing fluxgate parameters mainly consider improving the properties of their ferromagnetic
cores [30,63,64], as well as enhancing the quality of information signal processing [65,66].
Apart from this crucial problem, however, the developers of such devices face the problems
of improving the operational properties of the excitation element (excitation magnetic field
source) and upgrading the structural design.

4.2. New Fluxgate Excitation Method

The analysis of research, technical, and patent documentation showed that the popular
FG types mainly use the inductive excitation method for the alternating magnetic field,
which features a number of critical drawbacks.

To improve the efficiency of operation and technical specifications of FG, the authors
considered a new FG excitation method with a new type of modulator that creates an
auxiliary alternating electric field required for the initiation of magnetic permeability
modulation for the ferromagnetic FG core. They suggest using an emitting C antenna as
this modulator.

The presence of the displacement current jo¢s = eadE/dt is one of the features of
the system generating electromagnetic emission whose intensity is characterized by the

intensity of the electric field E in an environment with absolute dielectric permeability
€a [67]. In this case, the example concentrator of the flux lines for the displacement current
joff is @ common capacitor with lumped capacitance C, excited with a long line. The
antenna based on this condenser can be considered a capacitor-type antenna (C antenna).
In terms of the operating principle, the C antenna is close to the EH antenna, where the
formation processes for the electric E component and the magnetic H component of the
electromagnetic emission are separated. The respective changes in the power circuit of the
C antenna allow for its conversion into an EH antenna, where the current phase delay of 90°
between the current and the voltage from the power source can ensure the required phase
synchronism of the generated fields E and H. This property of the EH antenna allowed for
the development of a new antenna type with new properties where the H field is formed
by the offset currents through the antenna capacity.

As a rule, the EH antenna is designed to significantly narrow its directional diagram
in the E field plane. To do this, long hollow cylinders are used to form a dipole EH antenna
configuration. The fields of the EH antenna are limited by the physical volume of the
structure. The EH antenna is not a resonant structure, so all of its frequency properties
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are determined by the external phase network. A typical phase network has a narrow
frequency range, so the EH antenna has virtually no emission on the harmonics.

To adapt the EH antenna to problems solved by the FG excitation element (electro-
modulator), we proposed a modified C antenna option formed by two semi-cylindrical
metal electrodes and containing a ferrimagnetic body as the working medium featuring
chiral properties and shaped as a cylindrical rod of finite length (Figure 10). The properties
of the EH antenna, along with the chiral properties of the ferrimagnetic material in this
case, are the basis for the new physical effect [68].

Ferromagnetic

Metal
electrodes

Metal electrodes

Figure 10. Modulator excitation element.

For this electromodulator (EM) option, the excitation element can be represented as an
electrical dipole with lumped parameters. It is formed by a set of two charges of the same
iwt

magnitude and opposite polarities that change under the law g = gpe™***, and a rectilinear

elementary current [ = —9q/dt = iwqoe ! passing between these charges. The electric
dipole moment for an elementary distance d/ between the dipole poles (the dipole arm) is
equal to g-dl.

When adjusting the EM for resonance, high-amplitude voltages occur between the
semi-cylinders that generate a high-intensity field E, inducing a displacement current
between them, which, in turn, generates field H in the chiral medium of the ferrite core
in phase with the voltage supplied to the semi-cylinders and, consequently, the field
E. In this case, magnetic waves are generated in the operating medium of the EM that
induce transformer EMF in the measuring coils of the fluxgate magnetometer and, when a
permanent magnetic field is present, form an auxiliary modulation EMF [69].

Thus, in this C antenna modification, fields E and H are virtually confined to the phys-
ical volume of the ferrimagnetic medium, and the high efficiency of their interaction within
this physical volume, where they are generated simultaneously, provides the minimum
dimensions of the C antenna and its spatial compactness. The design of the modified C
antenna satisfies the requirements for the excitation of standing longitudinal magnetic
waves, which ensures high overall efficiency of EM operation while keeping it relatively
small. By changing the parameters of the phase network, we can expand the frequency
band where the desired phase ratio can be achieved.

The described design solution for the electrodynamic modulator can relatively easily solve
two key problems with maintaining the required C antenna operating mode: 1—electrical:
aligning the generator and the antenna; 2—electrodynamic: aligning the antenna and the
working space of the medium. The EM based on a C antenna is protected against external
disturbances, has exceptional interference immunity, and features a very high signal /noise ratio
during industrial or atmospheric interference.

5. Chiral Factor-Based Fluxgate
5.1. Specific Aspects of the New Fluxgate Excitation Method

Since the spatial modulation of magnetization may occur in any magnetic substance
that can split into domains with various magnetization directions (magnetic domains),

https:/ /doi.org/10.3390/ electronicmat7040027


https://doi.org/10.3390/electronicmat7040027

Electron. Mater. 2026, 7,27

20 of 51

we suggested and theoretically justified a FG excitation method that involves supplying
electric voltage to the modulator elements rather than electric current, which does not
require significant power inputs for the operation of the FG itself [70].

When using the C antenna described above, the alternating electric field causes the
chiral structure of the ferromagnetic FG core to accumulate synchronized spin-polarized
electrons, which ultimately results in the excitation of the standing transverse-electric (TE)
wave (magnetic type H wave) in the core. The electric field of this wave is perpendicular to
the propagation direction (E, = 0), and the magnetic field features a longitudinal component
(Hz # 0) [71]. In this case, the manifestation of the physical effect in question when the
electromechanical and magnetic resonances align can result in the significant amplification
of alternating magnetization inductance and, therefore, in the increased sensitivity of the
fluxgate magnetometer.

In accordance with the proposed C antenna concept, we developed a new fluxgate
excitation method, which consists of subjecting the chiral structure of the ferromagnetic
core to an alternating electric field perpendicular to its longitudinal symmetry axis, using
the aligned electromechanical and magnetic resonance modulator frequencies to excite a
standing transverse electric (TE) wave in the chiral structure of the ferromagnetic FG core,
modulating its magnetic permeability [72,73].

The idea behind the suggested FG excitation method is as follows [70,74]:

1. The ferromagnetic core 1 is exposed to an alternating electric field E, directed
perpendicular to the longitudinal symmetry axis of the ferromagnetic core;

2. A standing transverse electric (TE) wave (magnetic type H wave) is excited on the
generalized resonance frequency of the modulator;

3. Depending on the problems solved, one of two potential fluxgate excitation op-
erating modes is implemented, with the resonant mode of modulator operation realized
for each mode under the specified conditions of the position of the excited standing wave
relative to the ferromagnetic core:

For the gradiometer fluxgate modes:

e  Two-thirds of the length A of the magnetic type H standing wave is placed over the
entire length of the core;

e The average loop of the magnetic type H standing wave is set on the transverse
symmetry axis of the core.

e  For the fieldmeter fluxgate modes:

e  One length A of magnetic type H standing wave must be placed over the entire length
of the ferromagnetic core;

e  The average wave node of the magnetic type H standing wave is set on the transverse
symmetry axis of the ferromagnetic core.

The simultaneous use of a ferrite core as the C antenna operating mode adjustment
element and the excitation system element creates the excitation conditions for the respec-
tive magnetic fluxes. In this case, auxiliary fields E and H generated simultaneously using
the working phase chiral medium facilitate electromagnetic emission in accordance with
Poynting’s theorem at the frequency where the reactive impedance of the lumped chiral
medium inductance adjusts the current phase via the design capacity of the C antenna of
the EM. This frequency is close to the resonance frequency of the circuit formed by the
internal lumped inductance of the chiral medium and the design capacity of the EM. When
setting the EM for resonance, high-amplitude voltages occur between the semi-cylinders
that generate a high-intensity field E, inducing a displacement current between them,
which, in turn, generates field H in the ferrite core in phase with the voltage supplied to the
semi-cylinders and, consequently, the field E. In this case, magnetic waves are generated
in the operating medium of the EM that induce transformer EMF in the measuring coils
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of the fluxgate magnetometer and, when a permanent magnetic field is present, form an
auxiliary modulation EMF.

5.2. Fluxgate Modulator Design for the Implementation of the Suggested Method

To implement the fluxgate excitation method in the gradiometer and fieldmeter modes,
we suggest using the modulator (MOD) design containing a cylindrical ferromagnetic core
of a finite length and an emitting dipole element covering some of the ferromagnetic core
length. The dipole element is implemented as a C-antenna comprising two separate con-
ducting elements implemented as the side surfaces of thin-wall semi-cylinders attached
symmetrically to the external surface of a thin-wall dielectric cylindrical plug. The ferri-
magnetic core of a finite length simultaneously performs the functions of the adjustment
element for operating modes of the C-antenna and the modulation element of the measured
permanent magnetic field.

MOD:s for the excitations of a gradiometer fluxgate and fieldmeter fluxgate are shown
schematically in Figures 11a and 11b, respectively.

3A/2 A

A'. 4

(a) (b)

Figure 11. MOD design options: (a) gradiometer fluxgate and (b) fieldmeter fluxgate; 1—ferromagnetic
core; 2—standing waves; 3—transverse symmetry axis; 4—average loop 4 of the standing wave; 5 and
6—conducting electrodes; 7—dielectric cylindrical plug.

The conducting electrodes 5 and 6 are powered by high voltage. In this case, an
alternating electric field E is induced between the electrodes 5 and 6, which, in the special
resonant mode, becomes the startup mechanism for the MOD operation and the electrody-
namic physical effects (PE), essentially.

Based on the above and considering the specific operation of the MOD, we proposed a
variant structural chart of the physical effects of the FG that allows for the comparison of
PE and visually represents the number, types, and results of interactions (Figure 12).
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Figure 12. Physical effects structural chart.
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The schematics of individual PEs provide an opportunity for the graphic represen-
tation of the object in question and the demonstration of the functional links between its
structural elements: conductivity electrons (EPR); chiral structures (CS); domain structures
(DS); and the measuring coil (MC).

The EPR are affected by the external alternating electric field (EAEF), changing their
concentration ng and mobility pg, which results in the PE of generating an internal electro-
magnetic field (EF). The combined impact of the internal EF and EAEF in the activation
zone of the CS, in turn, results in a PE of stable internal magnetic field (MF) generation,
formed as a wave and evolving as a specific wave over the entire volume of the ferromag-
netic FG medium. In addition, the internal EF, according to the electromagnetic induction
law, induces a corresponding transformer electromotive force (EMFrR) in the measuring
coil winding turns.

The DS are affected by the combined external measured magnetic field (MMF) and in-
ternal MF, which ultimately results in synchronized DC remagnetization and, consequently,
the emergence of a PE of internal modulated magnetic field (MMF) induction. The inter-
action of MMF and MC winding turns results in the magnetic modulation electromotive
force (EMFyp) induction.

5.3. Design of the Fluxgate with the New Excitation Method

The FG design option with the new excitation method implemented with the respective
modulator is shown in Figure 13.

12\ 10 9 5 A 9" 10" /1_2
19 i 13"

A 6 A 8~7

Figure 13. A fluxgate design option with the new excitation method: 1—round rod ferrite core; 5 and
6—semi-cylindrical metal electrodes of the C antenna; 7 and 8—coaxially aligned dielectric cylindrical
plugs; 9" and 9”—multilayer receiver coils implemented as solenoids; 10’ and 10”—cylindrical
dielectric frames; 11—dielectric tube housing; 12’ and 12”—locator rings; 13’ and 13" —adjustment
rods with micrometric thread.

The receiver coils 9" and 9" of the FG are located on the respective dielectric cylindrical
frames 10’ and 10” that have open-ended threaded holes connected with the micrometric
threaded parts of the adjustment rods 13" and 13”. Dielectric locator rings 12’ and 12" help
fix the spatial positioning of the ferromagnetic core 1 in the housing 11 and facilitate the
rotation of rods 13" and 13” while limiting their linear movement, which, in turn, helps
implement the longitudinal movement of receiver coils 9’ and 9” along the ferromagnetic
core 1. The FG design option in question uses a C-antenna made of coaxially aligned
dielectric cylindrical plugs 7 and 8 with semi-cylindrical metal electrodes 5 and 6 located
between them as the excitation element. Using the external plug 8, the C antenna is
connected to housing 11, and the internal plug is used to fix it to the core 1. Initially, the FG
zero is balanced in the homogeneous geomagnetic field by the respective movement of coils
9" and 9” along the core 1. In this case, the homogeneous background geomagnetic field
affects the ferromagnetic core 1 simultaneously, while the change in the spatial positioning
of the fluxgate does not result in a change in the initial balance state level.

When there are local background magnetic field inhomogeneities located asymmetri-
cally relative to the geometric axes of the FG, an unbalanced signal occurs on the metering
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circuit output formed by the series-connected windings of coils 9" and 9. The parameters of
this signal reflect the structure of the background magnetic field.

The flowchart for the MOD inclusion in the FG (fieldmeter mode) is shown in Figure 14.
The windings of the receiver coils 9" and 9” feature series connection and consistent connection.
The MOD, powered by an alternating sinusoidal voltage from the generator 14, generates
modulating standing magnetic waves in the working medium of the ferromagnetic core
1 that induce a transformer EMF in measuring coils 9" and 9 of the fluxgates, and, when
there is a permanent magnetic field Hy, they also form a modulating EMF. The transformer
and modulating EMF are transferred to the electronic module 15 of the FG for subsequent
processing as respective electric signals.

o 14
EM
L
T — : +— Ho
[ 9’ ] !__ A1 _6J 9"
]
15

Figure 14. The flowchart for the MOD inclusion in the FG.

When the FG operates in the fieldmeter mode, the input of the electronic module 15
will register the total electric signal that can be represented as follows:

ey = 12-b-s-w-x-Hy-Ep,-sin2wt, 9)

where  is the chirality parameter determining the degree of interconnections between the
electrical and magnetic polarizations in the chiral medium.

In the gradiometer mode, the input of the electronic module 15 will register a differen-
tial electric signal described by the following expression:

Ae =6-b-s-w-x-(Hy — H")-Ep-sin2wpt, (10)

where H'y and H" are the intensity values of local measured fields affecting different parts
of the ferrite FG core in the respective working areas of the receiver coils 9’ and 9”.

The MOD, based on a C antenna implementing the proposed FG excitation method, is
protected against external disturbances, has exceptional interference immunity, and features
a very high signal/noise ratio during industrial or atmospheric interference. The use of this
MOD in fluxgates facilitates an almost maximum conversion of fields E and H into the EMW
emission, high measurement precision, and significant improvement of FG production
efficiency in general. The design and technological specifics of the proposed MOD allow
for its easy use in existing fluxgates, thus significantly improving their precision.

According to [66], the experimental tests of the FG with the described MOD exci-
tation method showed a double increase in precision and a significant improvement in
production efficiency.
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6. Fluxgate Based on the Acoustic Magnetoelastic Effect
6.1. Interaction Between Elastic Waves and Magnetically Ordered Media

When acoustic waves propagate in piezomagnetic materials, they cause recurrent
oscillations of the crystalline lattice, accompanied by specific physical effects: changes
in the elastic modulus, electrostriction, piezoelectric and magnetoelastic moduli, etc. In
addition, these waves may also induce dynamic domain structures (DS) in homogeneously
ordered magnetics, where the width of domains and domain walls is determined by the
length and amplitude of the acoustic wave.

When elastic waves interact with magnetically ordered media, the connection between
elastic and spin waves results in the formation of linked magnetoelastic waves. We also
know about the impact of a stationary (fixed) domain structure of ferrite on acoustic
pumping. In this case, the moving DG can be viewed as a disturbance wave (parameter
wave) traveling in a stationary medium. Unlike most cases of relaxation phenomena in
acoustics, in FGs, it becomes possible to control the characteristics (relaxation time, etc.)
using external magnetic fields. The induction of alternating-sign magnetic poles on the
domain wall causes the effective resonance response of the magnetic subsystem through
accompanying magnetostatic oscillations. The interaction between elastic oscillation and
homogeneous magnetization precision determined by the magnetoelastic interaction results
in the anomalous amplification of the described physical effects (the MAR range), while the
maximum value of the factor M for the conversion of acoustic energy into electric power is
observed where the acoustic and ferrimagnetic resonance values are aligned.

Magnetostatic waves in the composite structures of magnetic materials are localized by
the media interfaces and the capacity to effectively keep the DG of magnetic crystals. In this
case, the establishment of the steady DG movement mode and the nature of disturbances
that develop within the internal (structural) domain wall degrees of freedom is illustrative.
Unlike normal media interfaces, DG may move within ferrimagnetic media due to external
controls with not only magnetic but also acoustic fields.

6.2. Structure of the Modulator Using the Acoustoelectromagnetic Excitation Effect

Based on the described interactions of elastic waves and magnetically ordered ferrite
media, the authors of [75] proposed and theoretically substantiated an FG using the acoustic
magnetoelastic effect. The MOD for the excitation of this FG is schematically shown
in Figure 15.

3A/2

Figure 15. The MOD using acoustic force fields: 1’ and 1” are the ferrite rods of the modulator; 2 are
the stationary acoustic waves; 3 and 4 are the node and loop of the acoustic wave, respectively; 5 and
6 are the conducting electrodes shaped as cut cylinders attached to the cylindrical dielectric locator
plug 7, covering some of the ferrite rod length; 8 is the piezoelement; 9’ and 9" are the conducting
electrodes of the piezoelement 8.

When high-frequency (HF) voltage is applied to the Hertz oscillator whose shoulders
are implemented as cut conducting cylinders (electrodes 5 and 6), the ferrite rods 9’ and 9”
are induced with opposite-sign electrical charges. Since the rods 1’ and 1” are galvanically
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connected to the conducting electrodes 9" and 9” of the piezoelement 8, there occurs a
difference in potentials in the piezoelement 8, which results in the reverse piezoeffect in
element 8. In this case, some parameters of the exciting HF voltage in the resonance mode
create standing acoustic waves 2 of a specific configuration in the rods, which initiate the
local excitation of periodic domain regions in ferrite rods.

Magnetomechanical oscillations of domain segments in the respective ferrite rod re-
gions essentially replicate the change pattern of standing acoustic waves and thus become a
complete equivalent of electromagnetic waves (electromagnetic emission), which determine
the subsequent electromagnetic induction effects in the future. Depending on the odd
parity of the integer of AF semi-waves excited along the entire length of the composite
ferrite core (rods 1’ and 1”), the operation of the FG is implemented in the gradiometer
(odd parity) or the fieldmeter mode.

Thus, the reception mode for acoustic waves propagating in the ferromagnetic material

=

polarized by the measured permanent magnetic field Hy implements the following chain
of transformations:

;(xk)eiwt = ﬁ(xk)eiwt = P/ = Uy (w)e ™! (11)
where ﬁ(xk)ei“’ ! is the material particle shift vector in some volume of the ferromagnetic
V, creating variations in the stress—strain state; ]T/I (x¢)e'®! is the variable component of
magnetization; ® and Uqyyt(w) are the flux amplitude values for the magnetic induction via
the electrical circuit of the electromagnetic type converter and its output voltage.

The design diagram for the fluxgate with a MOD using acoustic force fields is shown
in Figure 16; 10" and 10” are the measuring coils (MCs), and the numbering of the remaining

positions corresponds to Figure 15.

10’ 6 8 5 7 10
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Figure 16. FG with the acoustoelectromagnetic excitation effect.

The MCs 10" and 10” register the respective inductance EMFs that occur as a result of
the dynamic interaction of physical fields of various natures inside the working volumes
of ferrite cores of the FG that are, in turn, activated by cylindrical electrodes 5 and 6 with
variable reverse-phase electric field potentials.

When the MC 10’ and 10” are series-connected, and the consistent connection is used,
the FG operates in the fieldmeter mode. When the inverse connection is used, the FG
operates in the gradiometer mode. In the first and the second operating options, the
outputs of MC 10" and 10” register the respective electrical signals:

ey = 12:b-s-w-d-oc-Hy-Ey-sin2wot and Ae = 6-b-s-w-d-«-(H' g — H'§)-Ep,-sin2awpt,  (12)
where d is the aggregate physical parameter of the piezoelement; « is the activation
factor characterizing the impact of generated acoustic waves on domain segments in
ferrite rods.

The operating principle of the MOD within the FG implementing the acoustoelectro-
magnetic FG excitation mode is shown in Figure 17.
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Figure 17. The structural chart of physical effects during mechanical pumping.

The manifestation of PE facilitating the conversion of some physical fields into others
can be attributed to the presence of two types of structural elements within FG: (1) those
interacting with the external impact; (2) those with their own physical field suitable for the
impact result.

When there is an acoustoelectric effect, the acoustic field (AF) generates crystalline
lattice (CR) oscillations that are analyzed as elastic deformation (ED) waves or as a source
of the force field (FF). In this case, there is an energy and impulse exchange between the
ED waves and (EC). The transfer of energy from an acoustic wave to electrons results in
additional absorption of the AF, and the transfer of the impulse from the acoustic wave to
electrons results in changes to their concentration and the emergence of EC.

In addition, the spatial oscillations of the domain structure (DS) caused by the internal
EMF and FF modulate the measured magnetic field (MMF), which ultimately results in the
generation of an MDME. Further on, the EMF and MDMEF, following the electromagnetic
induction law, simultaneously induce EMFrp and EMFy\, respectively, in the measuring
coil MC).

Improving the dislocation electromagnetic emission effect in ferrite rods requires
simultaneous and aligned excitation of a large number of dislocation segments to produce
the electromagnetic signal of sufficient amplitude. This excitation can only be achieved
with the simultaneous emergence of resonance modes for both electromagnetic emission
and mechanical pumping. In this case, the traveling domain structure moves at the speed
of the traveling acoustic wave, and the induced domain structure features the resonance
amplification of acoustic oscillations under certain conditions.

The results of the described research on induced domains and their potential use
indicate the emergence of a new research area in fluxgate magnetometry. This research area
includes a set of various properties of electrically and magnetically ordered structures.

7. Fluxgate with Built-In Local Magnetic Inhomogeneity
7.1. Excitation of a Ferromagnetic Structure with a Local Inhomogeneity

Like other composite materials, the ferrite FG core is characterized by the magneto-
electric (ME) effect, which means that electric polarization occurs in the external magnetic
field and magnetization occurs in the external electric field [76-78]. The presence of the
ME effect in composites can be seen as the result of the interaction of piezoelectric and
piezomagnetic properties. The ME effect increase is to be expected at the electromechanical
resonance frequency. The further amplification of the ME effect will take place when the
electromechanical and magnetic resonances align [79].

The majority of available magnetically ordered materials have magnetostriction but
fail to demonstrate the piezomagnetic effect because the deformation of the material due
to an external magnetic field depends on the field value quadratically rather than linearly.
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For this reason, the ME effect in composite materials is non-linear, while the ME effect
in monocrystalline materials is linear over a wide range of electric and magnetic field
values, which, in turn, complicates the use of composites in many linear devices. The ME
properties of composite materials can be linearized by applying a magnetizing field to the
material. In this case, the ME effect will be close to linear in the interval of magnetic fields
that are small compared to the magnetizing field. Since the electric polarization of ME
composites is a function of the electric and magnetic fields, its measurements require their
simultaneous use.

As mentioned above, an external magnetic field can be used to control the electric
parameters of composite (ferrite) workpieces, while the external electric field can be used
for magnetic parameter control. In the first case, it is the direct ME effect; in the second
case, it is the inverse or reverse ME effect. Thus, we can conclude the following:

e  The direct ME effect can manifest itself in polarization due to the magnetic field.
e  The inverse or reverse ME effect refers to the material magnetization changes due to
the electric field.

Based on these properties, the authors of [80,81] proposed and theoretically substanti-
ated a new fluxgate excitation method based on the specific features of the physical effects
that occur in the ferromagnetic system of the fluxgate modulator.

In addition, if ferrite elements have a local inhomogeneity that consists of a magneti-
cally ordered structure, these local homogeneities may feature magnetoelastic interactions
under certain conditions, where variable values may include both the stress (strain) compo-
nents and magnetization components. In this case, the domain walls act like piezoelectric
structural components, while the domains themselves can be considered magnetostric-
tive structural components. Inside each domain in this multi-domain structure, there
are anisotropic magnetostriction strains, i.e., spontaneous magnetostriction. The impact
of the electric field on these correlated systems in the structure of local inhomogeneity
may lead to respective module changes for elasticity, dielectric and magnetic permeability,
piezoelectric and magnetoelastic modules of this local inhomogeneity with a magnetically
ordered structure, which may ultimately act as a source of magnetoelectric interactions.

Thus, the impact of an alternating electric field E. on the local inhomogene-
ity, implemented as a magnetically ordered structure with longitudinal magnetization
My = x-H- placed in the center of the ferromagnetic rod system, results in the excitation
of MEE in this structure. The presence of this MEE helps shift this magnetically ordered
structure into a state of continuous generation of magnetoelectric interaction, which initi-
ates the respective evolving MEE in the entire homogeneous structure of the ferromagnetic
system. In this case, longitudinal magnetization M) of the local inhomogeneity provides an
additional maximum magnetic permeability value for the ferromagnetic system material,
thus intensifying all of its endogenous physical processes.

Based on the specific aspects of the FG functional structure and its operation, as well
as the specifics of MEE emergence in magnetically ordered ferromagnetic structures, the
authors proposed a new excitation method for them (Figure 18) [76].

A local inhomogeneity represented by a magnetically ordered structure is created in
the center of the fluxgate modulator ferrimagnetic system 1, and the composite permanent
magnet 2 is added to the ferromagnetic system. The magnet is selected so that the intensity
of the magnetic field generated by it ensures the highest magnetic permeability of the
modular ferromagnetic system 1 material. Then an external alternating electric field is
applied to the magnetically ordered structure of permanent magnet 2 perpendicular to
its longitudinal axis. After that, the ME interaction generation mode is created in the
magnetically ordered structure of the permanent magnet 2 at the coinciding frequency of
electromechanical and magnetic resonance.
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Figure 18. Fluxgate excitation in the gradiometer mode (a) and in the fieldmeter mode (b): 1—ferrite
core; 2—permanent magnet; 3—standing ME wave; 4 and 5—middle antinode and middle node of
the ME wave.

The ME interactions are used to excite a standing ME wave 3 in the waveguide elements
of the ferromagnetic system 1 to facilitate the fluxgate operation in the gradiometer mode by
making sure the entire length of the ferromagnetic system is equal to 3/2 of the length A of
the standing ME wave, with the medium loop 4 located in the center of the ferromagnetic
system 1 (Figure 18a). For the fluxgate operation in the fieldmeter mode, the entire length of
the ferromagnetic system 1 must be equal to one length A of the standing ME wave 3, with the
medium node 5 located in the center of the ferromagnetic system 1 (Figure 18b).

7.2. Modulator Design for the Ferromagnetic System with a Local Inhomogeneity

The design of the modulator for the excitation of fluxgates is shown in Figure 19 [81]. The
device consists of the magnetic system 1, containing two ferrimagnetic rod semi-elements of
the finite length 1" and 1”, coaxially connected with a permanent magnet 2 magnetized along
the rod axis; electrodes 6 and 7 located between the internal surface of the external dielectric
cylindrical plug 8 and the external surface of the internal dielectric cylindrical plug 9 that
cover some of the length of the central part of the ferromagnetic system 1, and the grounded
electrode 10 shaped as the side wall of the cut thin-wall metal cylinder located outside the
external dielectric cylindrical plug 8. Elements 6 <+ 10 form the emitting C antenna.

A 8 6 .
‘-‘ 11 y

AR

Figure 19. The design of the modulator for the new fluxgate excitation method.

On the ends of the semi-element, 1’ is placed in the receiver coils 11" and 11”.

Permanent magnet 2 generates a magnetizing longitudinal permanent magnetic field
with intensity Hpy in the ferromagnetic rod semi-elements 1’ and 1”. When a high-
frequency voltage is fed to the electrodes of the emitting C antenna in the PM material, a
lateral alternating electric field (AEF) is generated. In this case, the grounded electrode
10 functions as an electrostatic and electromagnetic screen, which significantly reduces
the impact of various physical factors on the general stability of the FG as a whole. In
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addition, the electrode 10 design provides the required localization and intensity of AEF,
which significantly improves the efficiency of the modulator.

The lateral AEF interacts with the longitudinal magnetically ordered domain struc-
ture of the permanent magnet 2 and shifts this structure in the ME oscillation genera-
tion mode. These, in turn, excite an evolving inhomogeneous MEE represented by the
respective ME inductance flux @y in the structures of ferrimagnetic semi-elements 1’
and 1” on coinciding electromechanical and magnetic resonance frequencies via contact
surfaces. This wave process is essentially viewed as a spatial and temporal evolution
of some state of the material in the ferrimagnetic semi-elements 1’ and 1”, initiating
the emergence of a periodic magnetic modulation structure (MMS) with a period of
T = 27/ wy, with oscillating magnetic permeability distributed along the longitudinal
axis of the magnetic system:

L =2n-v-Ey- cos wpt-sin 27\%)(' (13)
where 1 is the conversion factor for electric field energy to ME wave energy; v is the ME
wave evolution factor; E,, is the amplitude electric field intensity; wy is the cyclic fre-
quency of the standing ME wave on coinciding electromechanical and magnetic resonance
frequencies; x is the coordinate along the wave propagation.

In this case, ferrimagnetic semi-elements 1’ and 1” act as ME waveguides channeling
the evolving process of magnetoelectric interaction.

Basically, the standing ME wave generated in the FR forces the FR MMS to the mag-
netic system with the respective period T. The presence of this MMS, emerging due
to the movement and transformation of domain walls in the FR structure, results in
the recurrent change of the respective average magnetization in each of them. In this
case, the measured permanent magnetic field Hy directed along the longitudinal sym-
metry axes of ferromagnetic waveguides is transformed into a standing magnetic field
wave due to the parametric modulation with oscillating magnetic permeability of ferri-
magnetic waveguide material. The peripheral part of the first ferromagnetic rod semi-
element 1’ of this modulator is placed inside the receiver coil 11’, and it will be affected
by the ME inductance flux @\ and the oscillating component of the measured mag-
netic field obtained as a result of modulating this field with an inductance wave with
alternating magnetization.

The use of the considered physical processes produces two distribution options along
the length of the ferrimagnetic system 1 of the modulator:

(1) The entire length of the ferrimagnetic system receives 3/2 lengths A of the standing
ME wave 3, while its medium loop 4 is placed in the center of this system (Figure 18a);

(2) The entire length of the ferrimagnetic system 1 receives one length A of the standing
ME wave 3, while its medium node 5 is placed on the lateral symmetry axis of this
system (Figure 18b).

The first ME wave distribution option corresponds to the modulator mode for the
gradiometer fluxgate operation, in which the measuring coils register the differential
magnetic modulation EMF:

Neypip = KMM(,U()(H(I) — H(,),)'Hm' sin wot, (14)

where Ky = 8-Tt-s'w'”*u;0”0 is the magnetic modulation conversion factor; w and s
are the number of coil turns and the FR cross-sectional area, respectively; wy is the
cyclic frequency of the standing ME wave at the coinciding electromechanical and
magnetic resonance frequencies; pum = 1n-B-E;; is the amplitude magnetic permeability
value of FR; 1 is the electric field energy to the ME wave energy conversion factor; 3
is the inverse magnetoelectric conversion factor; E;; is the amplitude exciting electric
field value.
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The second ME wave distribution option corresponds to the modulator mode for
the fieldmeter FG operation, in which the measuring coils register the summed magnetic
modulation EMF:

esmm = 2-Kpyp-wo-Ho-pm- sin wot. (15)

All the considered physical processes that form the basis of the new FG excitation
method are represented in the physical scheme of the FG (Figure 20) demonstrating the
following: EEF is the external electrical field; MMEF is the measured magnetic field; ODS
is the ordered domain structure that consists of the piezoelectric and piezomagnetic sub-
systems for PES and PMS, respectively; EF and FF; are the electric field and force field,
respectively, that emerge in the PES; MF and FF, are the magnetic field and force field
emerging in PMS; MFM is the magnetic field of the magnet; MEO is the magnetoelectric
oscillations; PDS’ and PDS” are the periodic domain structure of the first and second ferri-
magnetic rod semi-elements (FRSE) of the modulator, respectively; MMW’ and MMW" are
the magnetic modulation waves in the first and the second modulator FRSE, respectively;
MEW’ and MEW” are the magnetoelectric waves in the first and the second modulator
FRSE, respectively; MC' and MC” are the measuring coils of the FG located in the first
and the second modulator FRSE, respectively; EMF y; and EMF"\q\ are the magnetic
modulation EMF of the measuring coils MC’ and MC”, respectively; EMF'\z and EMF" g
are the magnetoelectric EMF of the measuring coils MC" and MC”, respectively.
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] < PES PMS —> —>
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Figure 20. Physical fluxgate scheme.

The physical scheme of the FG provides a visual representation of the existing
links between physical processes in different functional subsystems (ODS; PDS’; PDS”;
MC’; MC"):

1. For ODS, the exogenic physical factor is the EEF, while the endogenic physical
factors include EF, MF, FFy, and FF;, which together generate the physical effects of MEE
and MEOGE:

Fy: {EEF} — {MEE A MEOGE} = {MEO}.

2. FOR PDS’ and PDS”, the exogenic physical factors include MMF, MFM, MEO, which
together generate the physical effects of SMEWEE and MMSEE, manifested as endogenic
physical factors (MEW/, MMW'} and {MEW”, MMW"'}:

F,: {MEM; MEO} — {SMEWEE} = {MEW’ € PDS’; MEW” € PDS"};

F5: {MMF A MFM; MEO} — {MMSEE } = {(MMW’ € PDS’; MMW" € PDS"}.

3. For MC’ and MC”, the exogenous physical factors include {MMW’, MEW’} and
{MMW”, MEW"}, respectively, which together generate the physical effects of MIE mani-
fested in the generation of {EMF'\q\;, EMF v} and {EMF”\vi, EMFE 5}, respectively:

Fy: (MMW’; MEW'} — {MIE € MC'} = {EMFyp, EMF yg);

Fs: MMW"; MEW"} — {MIER € MC"} = (EMF"yp, EMF ).
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As shown in [74], the experimental research of the suggested FG option confirmed
its high metrological performance: sensitivity 0.15 mV/nT; measurement range £180 uT;
error up to 2%; temperature error up to 0.01%/K; consumed power 30 mW. It should be
reiterated that this low power consumption is due to the fact that the proposed ferroelectric
element is excited not by the electromagnetic field generated by an excitation winding, but
by the electric field produced by a radiating C-antenna. Therefore, to generate the required
transverse alternating electric field, it suffices to apply an alternating supply voltage—with
a relatively low resonant frequency (on the order of 10 kHz) and an amplitude of about
5-10 V—to the C-antenna electrodes, resulting in an excitation current of 0.003 A.

Thus, the magnetoelectric effect excited by the alternating electric field in the fer-
romagnetic structure at the coinciding frequency of the electromechanical and magnetic
resonances can be used as a transformation mechanism for a homogeneously ordered
domain structure to produce a dynamic periodic domain structure distributed along the
entire length of the ferrite rod and generating a standing magnetic wave. In this case, the
MEE requires not the presence of traditional macrolevel magnetostriction but the initiation
of a local MEE in the ferrimagnetic structure, represented by a dynamic inhomogeneity,
whose movement results in the simultaneous active field interaction with the sensitive
elements of the fluxgate via domain structures and the respective parametric modulation
of the magnetic permeability of the ferromagnetic material, which becomes oscillating.

8. Fluxgate Using the Electromagnetic Acoustic Effect
8.1. Physical Basis of the Fluxgate Excitation Method Based on the EMA Effect

To improve the measurement precision, sensitivity, and interference immunity, the
authors of [82] propose and theoretically substantiate a new fluxgate excitation method
that uses an exciting longitudinal alternating magnetic field at the frequency of the elec-
tromechanical resonance in the magnetic core rod made of a conducting ferrimagnetic
material for the initiation of two physical processes: (1) the magnetic modulation of mag-
netic permeability p of the magnetic core material; (2) the excitation of eddy currents in the
subsurface layer of the magnetic core. The first process facilitates the respective modulation
of the measured magnetic field, and the electrodynamic interaction of eddy currents and
the magnetizing longitudinal permanent magnetic field excites the acoustic field produced
by radial longitudinal waves in the magnetic core material. This field performs additional
acoustic modulation of the magnetic permeability pn of the magnetic core.

The implementation flow chart for this fluxgate excitation method is shown in Figure 21.
The permanent magnet 2 located between rods 1’ and 1” of the ferromagnetic system generates
the magnetizing longitudinal permanent magnetic field Hc.

The longitudinal alternating magnetic field is excited via the series-design resonant
inductance—capacitance circuit by inducing the respective electric potential on the inductive
component of the circuit. After that, the longitudinal alternating magnetic field H; is
applied to the rod material structure, initiating the magnetic modulation ordering of its
magnetic permeability, thus implementing the main modulating action (MM process) on
the measured magnetic field Hy. The MM process involves changing the magnetic state of
the conducting ferrite with simultaneous magnetization in the alternating and measured
permanent magnetic fields. Modulation with this total magnetic flux is possible due to
non-linear magnetic circuit properties.

The same longitudinal alternating magnetic field H; is used to excite additional eddy
currents i in the subsurface layer of the conducting material of the rods 1’ and 1” in their
cross-section plane. This involves the implementation of the electrodynamic interaction
of eddy currents i and the magnetizing permanent magnetic field Hcy, thus initiating
the electromagnetic-acoustic process (EMA process), which involves the excitation of
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the additional acoustic field in the rod material structure as radial longitudinal waves
L, implementing additional acoustic modulation of the magnetic permeability of the rod
material, thus providing additional modulation of the measured magnetic field H.

Figure 21. Excitation method implementation flowchart.

In this case, the electromagnetic generation of sound in conducting media implies that
the alternating electromagnetic field of the excitation source interacts with the electrons of
the conducting medium, which, in turn, results in the movement of the elastic medium due
to the interaction of electrons and the lattice and the propagation of disturbances shaped as
sound waves inside the medium. At the same time, the presence of an interface between
different media is crucial, as the excitation source is concentrated there.

The conversion affects the ferrimagnetic subsystems of various physical origins: elec-
tric, magnetic, magnetoelastic, and elastic. This explains the high sensitivity of EMA
modulation to various changes occurring in the study area. The direct EMA modulation is
the conversion of electromagnetic waves to elastic oscillations, and the reverse phenomenon
is the conversion of elastic waves to electromagnetic waves. Note that the conversion of
an electromagnetic field to elastic oscillations and then to an electromagnetic field can be
deemed a double EMA conversion. The reverse effect, i.e., the reception of acoustic signals
with EMA conversion, is implemented due to the emergence of EMF in the winding of
the coil exposed to the electromagnetic emission of free electrons of the material of FR;
and FR; due to acoustic waves. Thus, the suggested EMA method for the excitation and
reception of ultrasound oscillations is based on the three effects of electromagnetic field
interaction with object material components:

1. Magnetostriction, where the impact of the changing external magnetic field changes
the geometrical dimensions of ferromagnetic materials.

2. Magnetic interaction occurs when the magnetic material and the conductor with
alternating electric current are attracted to and repelled from each other. The repulsion and
attraction of the coil result in a reverse mechanical impact on the controlled item, which
receives elastic oscillations.

3. Electrodynamic interaction facilitates eddy currents in the conducting material that
interact with the permanent magnetic field and cause oscillations that, in turn, excite atomic
oscillations, i.e., the oscillations of the crystalline lattice of the material (mechanical strains
occur that result in elastic acoustic oscillations).

The proposed FG excitation method is primarily based on the physical properties of the
magnetic core rod material. The authors of [76] provide a detailed theoretical explanation
of this bi-factor fluxgate excitation method.
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8.2. Design of the Modulator for Bi-Factor Fluxgate Excitation

The design of the modulator using the suggested multi-factor FG excitation method
based on the electromagnetic-acoustic (EMA) and magnetic modulation (MME) effects is
shown in Figure 22.

Figure 22. The fluxgate modulator design implementing the bi-factor excitation method: 1’ and
1""—ferrite conductive elements; 2—permanent magnet; 3’ and 3" —first and second winding sections
of the feedthrough coil; 4’ and 4”"—lower wire layers of the winding sections; 5" and 5”—dielectric
formers; 6’ and 6'—first and second metal excitation electrodes.

The winding sections are mounted for axial movement, with their terminals having
their own conventional “beginnings” (terminals b and d, respectively) and specified ends
(terminals ¢ and e, respectively). The first electrode 6” forms, together with the lower wire
layer 4’ of the winding, the first structural coupling capacitor, and the second electrode 6’
forms, together with the lower wire layer 4’ of the winding, the second structural coupling
capacitor. The slots on the side surfaces of cylindrical excitation electrodes 6’ and 6" along
their entire length prevent the effect of possible shielding of magnetic conductive elements
1" and 1” against the alternating excitation magnetic field.

The fluxgate excitation modulator operates as follows. When a high-frequency electri-
cal potential @g, compared to the electrical potential of the grounding point ¢y, is supplied
to the electrodes 6’ and 6”, the lower wire layer of the first Section 4’ of the coil and the
lower wire layer of the second Section 4" of the coil will have the following electric po-
tentials ¢'g and ¢”g induced. Note that due to the symmetrical spatial location of the
feed-through coils and the identity of their design parameters, we can consider that ¢'g
= ¢"g = @g. In this case, the required spatial location symmetry of the feed-through coils
and the balancing of the minimum zero-signal level can be achieved by the respective axial
movement of the feed-through coil sections relative to the permanent magnet.

Then, in the series electric resonance mode, the current passing through the respective
sections 3’ and 3" of the coil winding will generate an alternating magnetic field H; (f) in the
magnetic system material. This field initiates the main physical process (MM process) of
magnetic permeability modulation. In addition, the magnetic field H(t) in the subsurface
layers of conducting ferrite elements 1’ and 1” excites the eddy currents that interface
electrodynamically with the permanent field Hcyy of the magnet 2, which results in the
initiation of the additional physical process (EMA process) of elastic acoustic oscillation.
The resulting continuous generation of elastic acoustic oscillations, in turn, facilitates the
additional modulation of magnetic permeability. This bi-factor impact on the u conversion
significantly improves the modulator efficiency and the sensitivity of the fluxgate as a
whole [83].

FG operation is determined by the fact that bi-factor excitation is used for the mod-
ulation of the magnetic permeability of the magnetic core, which results in the periodic
changes in the measured magnetic field Hy. Due to these changes, the respective EMF
will be induced in the sections 3’ and 3" of winding 3. The FG may operate both in the
gradiometer mode and in the fieldmeter mode. In the gradiometer mode, the windings of
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excitation coil 3 sections are connected in series and consistently, while in the fieldmeter
mode, they have a series and inverse connection.

When the FG is operating in the gradiometer mode, a differential signal is registered
on terminals b and d, which can be described using the following expression:

Ae = s-w-pg-w-p(Map-CGn + Ny Him) - (Hy — Hp) sinwt, (16)

where nam and nyv are the EMA conversion and MM conversion factors; (;, is the
maximum displacement of the structural components of the material of elements 1’ and 1”
of the ferromagnetic rod system.

When the FG is operating in the fieldmeter mode, a total signal will be registered on
terminals b and d, which looks as follows:

ey, = 2:5:w-py w-pHo(Mam*Cm +Navipr-Hip ) Sin wpt. 17)

The generalized physical scheme reflecting the operating principle of the proposed
fluxgate option is shown in Figure 23.
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Figure 23. The physical scheme of the FG.

Here, MC; and MC; are the measuring coils of the first and the second FG semi-
elements, respectively; EPR; and EPR; are the ferrite conductivity electrons of the first and
the second FG semi-elements, respectively; KR; and KR; are the crystalline lattices of the
material in the first and the second FG semi-elements, respectively; DS; and DS, are the
domain systems of the material in the first and the second FG semi-elements, respectively;
EMF; and EMF, are the electromotive force of MC1 and MC2 inductance, respectively;
MEFM is the magnetic field of the magnet; MMF is the measured permanent magnetic
field; EF is the alternating electric field generated on the CE by the potential difference
between the excitation voltage connection terminal and the housing; MFC; and MFC; are
the magnetic fields induced by the excitation currents of MC; and MC; in the respective
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semi-elements of the FG; FF,/, FF;" and FF,’, FF," are the force fields of different levels
manifested as physical effects in the crystalline structures of the first and the second FG
semi-elements, respectively; MFEC; and MFEC, are the magnetic fields generated by
eddy currents in the first and the second FG semi-elements, respectively; AF; and AF,
are the acoustic fields excited in the crystalline structures of the first and the second FG
semi-elements, respectively.

The provided flowchart of physical effects (FG scheme) provides a complete rep-
resentation of the set of input parameters that are transformed into the set of output
parameters, while the charts of specific physical effects reflect the physical bases of the FG
and demonstrate the functional links between its structural elements.

Compared to the conventional fluxgate option with magnetic excitation, this bi-factor
excitation method features the following advantages:

e Increased sensitivity and conversion precision achieved by using a set of structural
component properties of the material of the conducting ferrite elements 1’ and 1” of
the fluxgate modulator, which manifest themselves as various physical effects during
the resonant interaction with respective physical fields.

e  The use of design coupling condensers as the shoulder elements of the capacitance-
inductance metering bridge facilitates the series electric resonance mode, which signif-
icantly improves the fluxgate sensitivity.

e Improved interference immunity due to the use of the first 3’ and the second 3" feed-
through coil winding sections as the shoulder elements of the capacitance-inductance
metering bridge with a differential signal of its metering diagonal (compensation for
the in-phase components of interference and temperature drift effects).

e The use of conducting ferromagnetics and ferrimagnetics as the material for the
ferromagnetic rod system.

The advantages of the proposed excitation method based on the EMA effect listed
above indicate real prospects of its extensive use to solve various control, diagnostic, and
precision positioning problems.

9. Fluxgate with Multifactor Excitation
9.1. Justification for the New Design and Operation Principle for Fluxgate Magnetometers

There is a large class of magnetically ordered materials like ferromagnets and antifer-
romagnets where elementary magnetic moments of atoms, ions, and electrons are ordered,
i.e.,, magnetic moments in the materials are naturally or spontaneously ordered. To achieve
this magnetic ordering, the material has to satisfy two conditions:

(1) The material must have enough atoms or ions of transient elements, i.e., the
elements whose atoms or ions have vacancies in d- and f-electron shells and therefore
feature a non-zero magnetic moment Mjy;

(2) There must be a special exchange between magnetic atoms, which results in the
ordering of their magnetic moments.

In this case, the electric field of the crystalline lattice will affect the orbital trajectory of
electrons (the electron cloud of an atom) and, as a result, the orbital moment [84,85]. Thus,
a magnetic ion induces oscillatory spin polarization of nearby free electrons [86,87].

It should be noted that effects in magnetically ordered media associated with both
static and dynamic inhomogeneities are also of particular interest for creating fluxgates
with new excitation principles.

In magnetically ordered materials, small linear oscillations of magnetic moments are
represented by spin waves, or magnons. One of their types, antimagnons, is characterized
by oscillations of the antiferromagnetic vector L while the total vector of local magnetization
M remains unchanged. Unlike other magnons, which can be excited by an alternating
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magnetic field H(t), antimagnons are most often excited under the action of an electric
field E(t) [77,88]. However, under certain conditions, coherent spin waves can be excited
by an alternating magnetic field at specified frequencies w and wave vectors k, which
causes ordered phase changes and leads to reversal of the magnetic moments, or spins, of
electrons. These collective excitations manifest themselves as spin waves characterized by
corresponding vectors and frequencies.

Based on the above-mentioned principles, it was established in [83] that the time-
varying potential of an inhomogeneous electric field can affect the oscillatory behavior of
spin polarization of conduction electrons in metallic magnetically ordered structures. In
this case, the alternating electric field controls the dynamics of polaritons in such structures.

Under the action of an external alternating electric field, oscillatory processes of
polaron generation may be initiated in an electrically conductive magnetic structure. These
polarons are formed as a result of the coupling of an electron with the accompanying elastic
deformation of the lattice or its polarization. The polarization energy is conserved, which
allows the polaron to move through interaction between the electron and the lattice. In
magnetically ordered structures, this motion creates local magnetization inhomogeneities
that act as harmonic magnetization oscillators.

Radial oscillations of polarons occurring perpendicular to the external field Hy gen-
erated by the permanent magnet couple different types of magnetization oscillations and
spin waves, which may ultimately lead to the emergence of certain types of spin waves in
the permanent magnet structure through parametric excitation mechanisms.

It is proposed to place such a polaron harmonic oscillator inside a waveguide formed
by two axially coupled round dielectric ferrite rods (FRs). This structure forms a rod-
type ferrimagnetic system (RFS). When the oscillator is activated by an external mag-
netic field, a metastable structure arises that generates dynamic inhomogeneities in the
form of magnons. As a result of this process, spin waves and their quasiparticles in
the form of magnons are formed in the RFS material. Their number characterizes the
intensity of spin waves, which is proportional to the square of their amplitude. The
operating mode of the polaron harmonic oscillator is tuned so that coherent spin os-
cillations with matched phases are excited in the RFS material at the spin-wave reso-
nance frequency. This leads to the formation of traveling circularly polarized spin waves,
directed oppositely relative to the polaron harmonic oscillator and having the form of
conical spirals.

9.2. Design of a Fluxgate with Multifactor Excitation

The basic design of FG with multifactor excitation is shown in Figure 24 [89].

2 5 6"

Figure 24. The FG prototype with multifactor excitation: 1—electrode in the form of a split hollow
cylinder; 2—dielectric sleeve; 3—permanent magnet; 4’ and 4”—ferrite rods; 5 and 5”—electric
windings of the receiving measuring coils; 6’ and 6" —dielectric frames.

The measured constant magnetic field H™ affects the FRS structure, which leads to
periodic magnetization changes at a frequency w, causing the electrical windings 5" and
5", with consistent connection, to excite EMF ¢/(t) and e (t). Excitation of the oscillating
indirect exchange interaction between electrons in the ferromagnetic regions of the RFS can
lead to different types of magnetic ordering. This may be either collinear ferromagnetic
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ordering of magnetization or antiferromagnetic ordering manifested in neighboring mag-
netic regions. In such cases, a structure characterized by a change in the type of magnetic
ordering from one region to another should be interpreted as a system of magnetic domains.
Within each domain, the magnetization is arranged parallel or antiparallel, depending
on the specific features of the exchange interaction. At the same time, the formation of
domain boundaries is accompanied by mixing of electron spin states, which has a signif-
icant effect on the magnitude of magnetoresistance in magnetically ordered structures.
This, in turn, opens up possibilities for controlling the magnetic permeability of such
systems. From the context of the above, it follows that a modulation process is possible
for the measured field H*, which is axial with respect to the RFS and is associated with a
periodic change in the magnetic permeability p of the RFS material. Thus, a p-conversion
mechanism based on the magnitomodulation effect (MME) is implemented. In essence,
this mode of p-conversion corresponds to the operation of a fluxgate modulator with
longitudinal excitation.

The measured permanent magnetic field Hy, directed axially to RF 4’ and FR 4”, uses
the parametric modulation of the ferromagnetic material of FR 4’ and FR 4" with oscillating
magnetic permeability to transform into an alternating magnetic field with the respective
inductance By(t) = po-pn*(t)-Hp, which affects the windings 5’ of MC; and 5" of MC; to
induce in them the respective EMF. Based on the analytical description of the processes
taking place, in [89] it was found that the total EMF registered on the windings 5’ of MC;
and 5" of MC; can be calculated using the following expression:

ey, = 4-S-w-pg-wp-Hoynpp-Hy - sin wpt, (18)

where S stands for the cross-sectional areas of FR 4’ and FR 4”; w is the number of turns in
the windings of MC1 and MC2; s is the generalized magnetic modulation conversion
factor; Hy is the permanent magnet field intensity value; wy, is the resonant cyclic excitation
frequency for conversion processes.

This analytical expression shows that the use of the exchange interaction effect ensures
the possibility of registering the measured constant magnetic field with an FG that operates
based on the new physical principle.

The advantages of the suggested FM option include its design simplicity, performance,
interference immunity, transformation precision, and very low power consumption.

9.3. Structural Diagram of the Fluxgate Magnetometer with Multifactor Excitation

The operation of this system is based on a combination of a number of interrelated
physical effects, presented in generalized form in Figure 25. The schematic representation
includes the following components: MC; and MC, are measuring coils belonging to the
first and second half-elements of the FD, respectively; ECon denotes conduction electrons
in the PM material; CLN denotes crystal lattice nodes of the PM material; DS; and DS,
are the domain systems of the FR 4’ and FR 4" materials, respectively; DSy is the domain
system of the PM material; EMF; and EMF, are the electromotive forces induced in the
MC; and MC; coils; PMMF is the magnetic field of the PM; MMEF is the measured value
of the controlled constant magnetic field; EFP is the potential of the alternating electric
field; AMF; and AMF, are the alternating magnetic fields in the FR 4’ and FR 4" materials,
respectively; FF' and FF” are force fields of different levels manifested as physical effects in
the crystal structures of the PM; SW; and SW, are spin waves initiated in the FR 4’ and FR
4" materials, respectively; RSW; and RSW), are traveling spin waves in the FR 4" and FR 4"
materials, respectively; PF is the field created by the polaron.

Each of the indicated elements of the generalized block diagram under consideration
(Figure 25) plays a key role in the mechanisms ensuring the operation of the FM as a whole,
forming a complex interaction of magnetic, electric, and mechanical processes.
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Figure 25. Physical effects flowchart.

When EFP acts on ECon of the PM material against the background of EIE, the process
of forming the corresponding primary physical field FF’ is initiated, which causes spatial
displacement of CLN. In turn, such displacement of CLN leads to the emergence of a
secondary physical field FF’, which also exerts a similar effect on ECon of the PM material.
This activation of such complexly organized interrelated processes promotes the formation
of polarons, which, through their fields (PF), exert an additional effect on CLN of the PM
material. The complex hierarchical system of physical processes organized in this way
leads to structural changes in the PM material in the form of stable elementary harmonic
polaron oscillators. In turn, the resulting polaron fields affect the initial state of the domain
system (DSgp) of the PM material, initiating the spin wave generation effect (SWGF). The
emerging SW1 and SW2 evolve (EESP) into DS1 and DS2, magnetically ordered by the
MEFM and additionally magnetized MMF, thus causing EMSP in them that results in the
emergence of AMF1 and AMEF?2 in these DS1 and DS2, respectively. The RSW1 and RSW2
that emerge in DS1 and DS2 due to the evolution of SW1 and SW2, as well as AMF1 and
AMPF2, induce (through ESI and EMI) total EMF1 and EMF2 in the turns of MC1 and
MC2, respectively.

The flowchart of physical effects shown in Figure 25 provides a complete represen-
tation of the set input parameters that are transformed into the set output parameters,
i.e., presents the operating function of the FM, while the charts of specific physical effects
reflect the physical bases of the FM and demonstrate the functional links between its
structural elements.
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The developed structural diagram of the physical effects underlying the operation
of the considered FM clearly shows the functional relationships between its structural
elements and confirms the possibility of physical implementation of a new type of FM
based on the exchange interaction effect.

Experimentation with the developed FM confirmed high metrological parameters and
capabilities (these results are described in detail in [89]).

In summary;, it can be stated that the use of a permanent magnet based on a composite
electrically conductive material with indirect exchange interaction and a complex crystal
structure makes it possible to form polarons with oscillating magnetism under the action
of an alternating electric field. From the standpoint of technology and design solutions,
a magnetometric device operating on the basis of the new excitation method has clear
advantages over existing analogs, which traditionally use a multi-turn excitation coil. The
flow of alternating current through such a winding causes heating, which negatively affects
the stability of the device as a whole. In addition, the use of a multi-turn coil complicates
the manufacturing process, imposes significant limitations on the parameters of the exciting
magnetic field, and considerably increases not only the overall dimensions and weight but
also the cost of the device. The use of a cylindrical metal electrode that creates an alternating
electric field eliminates most of the shortcomings of conventional solutions. Moreover,
magnetometric devices with the new excitation method have a significant competitive
advantage due to their simple design and higher efficiency.

The proposed excitation method and the developed basic configuration of magne-
tometric devices open broad prospects for the creation and implementation of innova-
tive equipment for measuring magnetic characteristics. Such devices, which use new
physical operating principles, may find application in various scientific studies and
technological developments.

10. Two-Component Fluxgate Magnetometer

10.1. Two-Component Fluxgate Magnetometer Based on a New Excitation Principle to Measure
Specific Geomagnetic Field Components

Describing processes, e.g., ones taking place in geological media, requires operative
and reliable information on the structure and condition of the environment, which can be
obtained using shallow exploration methods [90]. One of the geological medium param-
eters directly associated with its current condition is the full geomagnetic field strength
vector value T, including the deviation | and the horizontal H and vertical Z components.
Therefore, the development of effective geophysical equipment for the registration of geo-
magnetic field parameters remains relevant and requires new approaches to solving the
respective problems [91-94].

The concept of a new fluxgate probe for a two-component magnetometer is based
on the use of the magnetoelectric effect (ME) and the magnetoelastic interaction effect to
control electrodynamic processes in magnetically ordered structures of fluxgate probes,
designed to register geomagnetic field parameter variations [95].

Quality ferrite materials can be highly magnetically ordered. A number of magne-
toelastic interaction effects may occur, including interactions between the magnetic and
elastic subsystems of a magnetic material: magnetostriction, spontaneous magnetostriction,
mechanostriction, the magnetoelastic effect, and the AE effect. Due to the electrostatic
properties of magnetic domain walls (DW), the electric field may displace the DW from the
equilibrium position. The direction of this displacement depends only on the sign of the
applied voltage and is the same for all domain walls [96]. In this case, the electric domain
wall (DW polarization mechanism is the inhomogeneous magnetoelectric effect, i.e., the
presence of an alternating electric field may cause domain magnetization, which ultimately
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leads to stationary distributions of magnetization in the DW, which, in turn, is characterized
by a specific chirality depending on the rotation direction of the magnetization vector.

Since the ME effect explains the close connection between the micromagnetic structure
and its electrostatic properties, it was suggested to place the ferrimagnetic workpiece under
the superposition of the permanent magnetic and alternating electric fields. At the same
time, the intensity value of the permanent magnetic field is selected so that this field is
strong enough to change the distribution of the magnetization vector within domain walls
but not strong enough to destroy the domain structure as a whole.

Based on the above, a new excitation method for the sensing elements of a two-component
fluxgate magnetometer was proposed and theoretically substantiated in [95]. This method
includes the following procedures: (1) creating specifically distributed activation zones for
traveling elastic waves within a specific part of the magnetometer ferromagnetic system called
the acoustic wave generator (AWG) by exposing the elements of this structure to the superposi-
tion of a permanent magnetic and alternating electric field; (2) exciting the system of crossed
ferromagnetic waveguides (FW) at the magnetoacoustic resonance (MAR) frequency with the
elastic waves of the AWG, featuring the magnetic anisotropy induced by the measured magnetic
field. The output signals proportional to the longitudinal component of the magnetic flux
density of each of the crossed FW are registered by the respective inductance coils. Note that, in
this case, the magnetically ordered structures in the AWG and FW are created by the permanent
external magnetic field with a specific magnetic intensity and the measured magnetic field
components, respectively, as projections on the respective longitudinal axes of the crossed FW.

In our case, a two-electrode parallel-plane electrical capacitor (TPC) is used as the
physical field source formed by a pair of flat cut circle electrodes 1 and 2 (Figure 26),
connected to a high-frequency voltage source [95].

Figure 26. The TPC design diagram.

A hollow ferromagnetic cylinder (FC) is the key structural element of the AWG. It consists
of a tube core 5 and two ferromagnetic disk bases 3 and 4 connected to its ends (Figure 27).
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Figure 27. The AWG design: 1 and 2—split electrodes; 3 and 4—ferromagnetic disk-shaped bases;
5—tubular core; 6—permanent magnet; 7 and 8—dielectric washers.
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The cylindrical magnet 6, located inside the FC, creates a closed magnetic flux, which
closes through the core 5 and bases 3 and 4. In this unique magnetic circuit, the permanent
magnetic field of the magnet (MFM) generates a magnetically ordered structure.

When a high-frequency voltage Ug(t) = Uy,;-coswt is supplied to the TPC electrodes,
the magnetically ordered structure of the FC material induces an alternating electric field
(AEF) between the electrodes. This field E(t) affects the FC material structure elements,
creating deformation in it that transforms into a running acoustic wave that is caused by
the moving DG, whose displacement can occur due to the applied AEF E(t) with the given
magnetization of the FC. Thus, exposure to an alternating electric field creates a special
acoustic wave generation area in the magnetically ordered FC structure in the working area
of the TPC.

Due to the strong magnetoelastic link, the dynamic and static elastic deformations in
the FW volume, which occur due to the acoustic wave process, also change its magnetic
properties, while the deformation that comes with the acoustic wave can only change the
local anisotropy constant in the FW structure. In other words, the current ferromagnetic
deformation process will be accompanied by changes in its magnetization, i.e., along with
the permanent magnetization caused by the external magnetic field, there is an alternating
magnetization component.

Due to Hy, the structure of the ferrimagnetic waveguide becomes magnetically ordered,
which ensures the propagation of acoustic waves in such media due to the transformation
of waves in domain walls and the excitation of associated magnetoelastic oscillations.

When elastic waves interact with magnetically ordered media, the connection between
elastic and spin waves results in the formation of linked magnetoelastic waves. Because
the ferromagnetic waveguide is connected to the side wall of the FC, which is the source
of acoustic waves, a standing acoustic wave field can be excited in the structure of the
ferrimagnetic waveguide material under specific resonance conditions.

In this case, elastic laterally polarized waves cause the excitation of magnetic oscilla-
tions of the ferromagnet and propagate along the anisotropy axis x. In this case, the existing
dependence of the magnetomechanical coupling factor and the measured external magnetic
field predetermines the modulation effect of this magnetic field with the longitudinally
induced magnetic anisotropy with the respective elastic waves. Therefore, the standing
acoustic wave in this case forces the ordered magnetic system of the waveguide to take the
acoustic-magnetic modulation structure along the vector x with the period T, which, in
turn, results in the periodic modulation of magnetic FW permeability with the same period.

This FW is placed inside the measuring coil, which will induce EMF:

€ind = q-s-w-wq-Hp-p,,- cos wot, (19)

where g is the respective connection constant; s is the cross-section area of the FW; w is the
number of measuring coil turns; Hy is the measured magnetic field; p,, is the maximum
oscillating magnetic permeability value; wy is the cyclic acoustic field wave frequency.

EMF emergence, initiated by an acoustic wave in the solid structure placed in the
measured magnetic field, occurs as follows:

e The permanent magnetic field of the magnet H generates a magnetically ordered
structure in the FW magnetic core;

o  The alternating electric field E(f) affects the magnetically ordered FW structure, causing the
respective displacement of DW caused by the quadratic ME interaction, which ultimately
initiates the generation of the running elastic wave in the cylindrical plug of the FW;

e A standing acoustic wave is excited in the round rod FW structure through the side
walls of the FC connected to the FW and forming a system of spatially distributed
mechanical oscillators;
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e  The standing acoustic wave uses the connected magnetoelastic oscillations, changing
the elastic moduli of ferrite elements, to create the acoustic-magnetic modulation
structure with a specific period along the FW length, initiating the oscillation of
magnetic FW permeability with the same period;

e The measured permanent magnetic field is transformed into a standing magnetic field
wave through the parametric modulation with the oscillating magnetic permeability
of the ferromagnetic waveguide;

e  The standing magnetic field wave interacts with the measuring coil containing the fer-
romagnetic waveguide, which induces the respective EMF on the ends of its winding;

e amplitude and phase, which carry the information on the parameters of the measured
stationary magnetizing field.

To create the conditions necessary for the steady polarization of the free-electron
spin magnetic moments, an alternating electric field must be generated at the resonance
frequency for polarizing the spin magnetic moments of free electrons in the magnetically
ordered FC structures. This alternating-field frequency can be found experimentally.

10.2. Implementation of a Two-Component Fluxgate Magnetometer

Figure 28 shows the FG design option for a two-component magnetometer designed
to measure the magnitude of the full intensity vector T of the geomagnetic field and its

inclination J.
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Figure 28. The FG design option for a two-component magnetometer: 1 and 2—slotted electrodes; 3
and 4—ferromagnetic disk-shaped bases; 5—tubular core; 6—permanent magnet; 7 and 8—dielectric
washers; 9, 10, 11, and 12—cylindrical ferromagnetic waveguide; 13, 14, 15, and 16—excitation coils.

Ferrimagnetic waveguides (FW) 9, 10, 11, and 12, along with the respective coils 13,
14,15, and 16, form two pairs of coaxial and spatially orthogonal magnetic antennas, MAy
and MA7. Note that MAp registers the H component of the full intensity vector T of the
geomagnetic field, while MA7 is designed for the registration of the Z component of the
full intensity vector T of the geomagnetic field. The magnetic antenna MAp consists of
two semi-elements, the first of which is made of the FW 11 and MC 15, and the second is
made of FW 12 and MC 16. The magnetic antenna MA also consists of two semi-elements,
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the first of which is made of the FW 9 and MC 13, and the second is made of FW 12 and
MC 16. MC 15 and MC 16, like MC 13 and MC 16, feature differential connection of their
winding with center-point grounding, which prevents various additive interference and
ensures a twofold increase in the information signal amplitude. Each of the MC windings
is based on the respective dielectric coil, which may be moved linearly along the respective
FW with subsequent spatial fixation, which helps receive a stable initial zero-balance of the
output signals from the probe.

The design of the FG excitation unit provides for the required decoupling level for
the mutual influence of the H channel and the Z channel, while simultaneously exciting
FW MAp and FW MA 7. Note that the cyclic frequency w0 of the resonance excitation is
selected so that one loop of the standing acoustic semi-wave is formed in the middle of the
length of one of the semi-elements of the respective MA, and a similar standing acoustic
wave loop is formed in the middle of the length of the other semi-element of the same MA.
These resonance excitation conditions for FW MAp and FW MA7 ensure the operation of
the two-component magnetometer in the fieldmeter mode.

Figure 29 shows an example flowchart for the FG excitation method in the fieldmeter
mode, where 1 and 2 are the semi-elements of MAp implemented as respective FW; 3 is
the AWG; 5 and 6 are the respective standing acoustic wave loops in the structures of the
semi-elements 1 and 2.

A2 A2

=Y

Figure 29. The flowchart for the MAy FG excitation method in the fieldmeter mode: 1 and 2—half-
elements of the MAy magnetic antenna in the form of ferromagnetic waveguides; 3—wave acoustic
generator; 4 and 5—antinodes of standing acoustic waves.

This design option of the FG excitation unit ensures compact dimensions, production
effectiveness, and operational reliability of the FM as a whole.

10.3. Structural Flowchart for a Two-Component Magnetometer

The new design concept for the FG of a two-component magnetometer uses the
structural flowchart shown in Figure 30, where MMFp and MMF are the H component
and the Z component of the measured magnetic field; MP is the microprocessor; P is
the remote control; and I is the indicator [97]. The primary and secondary processing
of the information signals of EMFy and EMF; is carried out by the metering channels
of the H component and the Z component, respectively. The metering channel of the H
component contains a set of functional blocks like the UV (subtractor amplifier), Fy (filter),
Dy (detector), and ADCp (analog—digital converter), while the metering channel of the
Z component contains another set of similar functional blocks like the UV (subtractor
amplifier), F (filter), D (detector), and ADC; (analog—digital converter). Structurally, the
FG consists of two spatially crossed magnetic antennas:

1—MAp, formed by the two semi-elements from the sets {MC’y; FW'} and {MC";
FW" 4}, respectively.

2—MAy, formed by the two semi-elements from the sets {MC'z; FW’/z} and {MC"y;
FW" 4}, respectively.
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Figure 30. The flowchart for a two-component magnetometer.

Functionally, MC'z and MC” are the measuring coils of MAH and MAZ, respec-
tively, while {FW'y;, FW"y} and {FW’z, FW”;} are the ferrite waveguides of MAy and
MA7z respectively.

The excitation of the FW of MAy and MAy is performed by the fluxgate probe
excitation unit (UV FG). This unit is driven by both the MFM generator and the AEF
generator to create the necessary combined field.

When the MMF affects the pairs of MC'yy, MC”y and MC'z, MC"', respectively, EMFs
are induced in them. Total EMF sent to the metering channels of the H component and the
Z component as an information signal can be determined using the following expressions:

egy = 2-4-s-w-wq-Ho- Ly, COS Wot; (20)
ezy = 2:4-8-W-wq-Z gk, COS Wot.

After the primary (detection, amplification, and filtering) and secondary (amplitude
and phase identification) ey, and ez, signal processing with the respective metering
channels of the H component and the Z component, the MMF uses the microprocessor
MP (Figure 30) to algorithmically identify the values of the horizontal H and vertical Z
component modules. The obtained data are used to calculate the basic MMF parameters,

namely the full geomagnetic field strength vector T and its inclination J:

Z
IT| = \/Hi* + Z% tg] = ﬁz 1)

In terms of component and full geomagnetic field strength vector measurements in
real-life conditions, the experiments with this two-component magnetometer confirmed
its efficiency and demonstrated a significant reduction in its sensitivity threshold (up to
0.1nT) and a 1.5 + 2 times increase in precision.

The new design of a two-component fluxgate magnetometer facilitates the develop-
ment of sensitive and precise monitoring systems for geological environment parameters
to solve a number of engineering and geological problems during shallow exploration,
including the control of the ground in areas where excavation, construction, or rescue
works are carried out, the geologic column study (identifying layer interfaces and physical
properties of rocks, identifying hollows in rocks, e.g., karst, suffusion, etc.), the detection of
underground communications and structures (cable power lines, pipelines, communication
lines, etc.), detecting individual hidden metal and metal-bearing objects (reinforcement
steel in walls, underground metal scraps, mines, shells, etc.), and the study of the subsurface
layer during archeological operations or treasure-hunting [98]. In addition, these magne-
tometers can be successfully used in electronic compasses and navigation, orientation, and
stabilization systems of land, submarine, and space robotic systems that need to identify
the heading (bearing), taking into account the Earth’s magnetic field [99,100].
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11. Conclusions

The application range of magnetometers using fluxgates as magnetic sensors is very
broad and steadily expanding. This is due to the fact that such magnetometers are used in
various fields, including geology, navigation, flaw detection and non-destructive testing of
technical objects, medicine, military applications, archeology, and others. Despite the wide
variety of known fluxgates, the development of new efficient designs and control circuits
using new approaches to their effective resolution remains relevant.

The vast majority of research on the development and parametric theory of fluxgate
sensors focuses on the effect of changes in the dynamic magnetic permeability of magnetic
materials under the influence of an auxiliary alternating magnetic field, specifically, the
modulation process itself, whereby the signal carrying information about the measured
DC field is “up-converted” to a higher frequency range (notably, to the second-harmonic
component of the auxiliary field’s frequency). However, existing research findings re-
garding specific aspects of developing new fluxgate variants are scattered across various
journal articles and conference proceedings, making practical application difficult. An
analysis of the operating principles of known fluxgate types indicates that structural and
technological methods for enhancing performance—based on traditional approaches and
solutions—have largely been exhausted. One promising avenue for addressing this chal-
lenge lies in developing fluxgate sensors that utilize previously unexploited physical
phenomena, thereby achieving a qualitative leap in output performance.

This review is the first publication to consolidate and systematize information on a new
generation of fluxgate sensors featuring enhanced performance characteristics achieved
through novel excitation system designs. It addresses both theoretical and practical aspects,
drawing primarily on the authors” own research and development while also synthesiz-
ing the existing literature on the subject. The review analyzes the concept of employing
composite magnetically ordered structures—specifically ferrites—as fluxgate cores. This
approach yields qualitative improvements in output parameters by inducing additional
physical fields within the ferrite core, thereby driving further modulation of its magnetic
permeability. The study examines both electrically insulating ferrites (ferrimagnetic ce-
ramic compounds derived from iron oxides that combine high magnetic susceptibility
with semiconducting or dielectric properties) and electrically conductive ferrites (oxide-
based magnetic materials combining magnetic properties with high electrical conductivity).
Given that ferrites are composite materials, their use enables the creation of fluxgate sen-
sors whose modulators leverage various physical phenomena, such as indirect exchange
interaction, magnetostriction, dynamic inhomogeneities, magnetoelectric interaction,
and chirality.

This review presents new multi-factor excitation methods for fluxgate sensors and
examines the physical principles underlying each method. It describes promising designs
and circuit configurations for next-generation fluxgates, addresses key design issues, and
recommends directions for developing new magnetometers—and improving existing
ones—based on the proposed sensors. Modulators in the form of radiating resonant
C-antennas have been developed to implement these excitation methods, alongside the
hardware realization of magnetometers utilizing the proposed fluxgates. In terms of
design and manufacturing, fluxgates employing this new excitation method offer distinct
advantages over traditional fluxgates, which rely on a multi-turn electrical excitation
coil as an essential component. The use of a cylindrical metal electrode as a source of
an alternating-potential electric charge effectively eliminates the drawbacks inherent in
traditional fluxgates, thereby providing a competitive edge for the proposed new type of
sensor. Detailed theoretical justifications for each excitation method described in the article
can be found in the cited literature.
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In essence, the article describes a fundamental paradigm shift: the initiation of emer-
gent chirality via an alternating electric field (rather than the traditional magnetic field), trig-
gering a cascade of multiphysics effects (magnetoelastic, magnetoelectric, electromagnetic-
acoustic, etc.). For clarity, the Table 1 compares the key limitations of traditional
fluxgates—featuring amorphous magnetic alloy cores and conventional excitation via

a multi-turn winding—with the expected advantages of new fluxgates that utilize ferrite

cores, emergent chirality, and C-antenna excitation.

Table 1. Comparative characteristics of traditional fluxgates and new ferrite excitation methods.

Metric/Characteristic

Traditional Fluxgates
(Amorphous Core,
Classical Excitation)

New Ferrite Excitation
Methods (Based on
Emergent Chirality)

Physical Mechanism
of Advantage

Physical Principle

Symmetrical longitu-
dinal/transverse
magnetization reversal of
the macrostructure.

Induction and readout of
chiral (asymmetric)
magnetic textures.

Utilization of topological
and chiral effects in ferrites
that break spatial
inversion symmetry.

Noise Level (Resolution,

pT/+/Hz)

Limited by classical
Barkhausen noise (chaotic
movement of domain walls
in the amorphous alloy).

Potentially lower noise
level (pT and
sub-pT range).

Coherent behavior of chiral
textures minimizes random
fluctuations and stochastic
magnetization jumps.

Linearity Error

Depends on magnetic
hysteresis; requires deep
negative field feedback.

High intrinsic linearity of
the response.

The sensor response is
determined by the
fundamental properties of
emergent chirality, which
are less sensitive to
magnetic history.

Power Consumption

Relatively high (requires
complete magnetic reversal
of the bulk core into

deep saturation).

Potentially low (micro- and
milliwatt range).

Energy is expended on
local control of the chiral
structure rather than cyclic
magnetization reversal of
the entire material volume.

Dynamic Range

Limited by the saturation
induction of the
amorphous material Bs.

Extended.

Chiral effects maintain
stability and a controlled
response over a wider
range of external
magnetic fields.

Current Technology Status

Mature commercial
technology (TRL 8-9).

Proof of concept,
laboratory prototypes
(TRL 3-4).

Feasibility of the physical

effect in specific designs is
confirmed. Protected by a
number of RF patents.

The review demonstrates that, compared to known fluxgate variants utilizing
magnetic excitation, fluxgates employing multi-factor excitation offer a number of
advantages, specifically:

e Enhanced conversion accuracy and sensitivity, achieved by leveraging the proper-
ties of the conductive ferrite elements within the fluxgate modulator, properties
that manifest as distinct physical effects under resonant excitation by corresponding
physical fields.

e  The use of structural coupling capacitors as pumping elements enables a series electri-
cal resonance mode, significantly boosting the fluxgate’s sensitivity.

e Improved noise immunity, resulting from the compensation of common-mode noise
components and the effects of temperature drift.
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e  The use of widely available conductive magnetic materials—both ferromagnetic and
ferrimagnetic—for the modulator’s rod-like core system, ensuring ease of practical
implementation and low production costs.

The advantages outlined above—inherent in the proposed excitation methods and
modulator designs—suggest significant potential for widespread industrial application in
tasks ranging from shallow-depth magnetic surveying to monitoring, diagnostics, and pre-
cision positioning. It should be noted that the variety of technical solutions presented here
stems from the diverse ways in which the physical properties of ferrites can be utilized to
construct fluxgates. The articles analyzed describe and substantiate only the conceptual im-
plementation variants. Naturally, each of these variants requires further in-depth research
to facilitate comparative assessment and identify optimal application areas. It should be
emphasized that this article did not aim to provide a detailed numerical comparison of the
parameters of flux-gate sensors (FGSs) employing various multi-factor excitation methods
against commercially available FGSs or other types of magnetic field sensors. As noted
in the studies selected for this review of new FGS variants, the primary objective was to
validate the conceptual and structural feasibility of implementing the proposed combined
excitation methods using ferrite as the core material. Accordingly, the aim of this article is
to provide a comprehensive explanation of the physical effects underlying unconventional
approaches to significantly enhancing the operational capabilities of these new types of
FGSs. The subsequent, distinct stage of development—focused on the hardware design
and optimization of FGSs to determine the most efficient parameters for all components
and assemblies in order to improve accuracy—will pave the way for creating advanced
magnetometers based on this technology.

This review provides systematic data on multifactor-excited fluxgates, highlighting
their potential for a wide range of engineering applications. The presented material
provides the basis for the research and development of new, highly efficient and cost-
effective magnetometric equipment for the creation of promising, competitive fluxgate
designs with improved technical and technological characteristics through the use of
additional physical phenomena and the implementation of new design principles.

The proposed fluxgate designs and excitation methods for their modulators open a
new direction in metrology: spintronics, in particular, the applied use of magnetoelectric
interaction in the creation of various fluxgate designs.
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