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ABSTRACT 

Magnetic sensing is a non-invasive and cost-effective technique widely used in 

geophysical mineral exploration, exploiting spatial variations in the Earth's magnetic field 

to identify subsurface magnetic contrasts. As exploration targets shift toward deeper ore 

bodies and geothermal environments, the demand for reliable high-temperature magnetic 

sensors continues to grow. This review examines high-temperature magnetic sensing 

technologies for mineral exploration, focusing on four major categories of solid-state and 

miniaturized sensors: fluxgate, Hall effect, magnetoresistive (MR), and 

microelectromechanical systems (MEMS) sensors. The underlying detection mechanisms, 

material developments, device architectures, and sensing performance of each technology 

are discussed. Particular attention is given to material innovations enabling stable 

operation in harsh environments, including wide-bandgap semiconductors for Hall 

sensors, advanced magnetic alloys for MR devices, and diamond-based magnetostrictive 

MEMS structures. Applications across ground, airborne, marine, and borehole platforms 

are reviewed. Finally, current challenges and future trends are outlined, discussing the 

increasing role of data-driven approaches for intelligent mineral exploration. 

 

Key words: Mineral exploration, magnetic sensors, high temperatures, wide bandgap 

semiconductors, MEMS  
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1. Introduction 

Magnetic minerals on Earth are present in various types of rocks, meteorites, sediments, 

and soils[1]. Their magnetic properties mainly originate from magnetic susceptibility and 

remanent magnetization, which, within the Earth’s crust, are predominantly controlled by 

the distribution of iron-bearing magnetic minerals[2]. The magnetic method, one of the 

oldest techniques in geophysical exploration, has been effectively employed for mineral 

detection and exploration, offering advantages such as high efficiency, low cost, and non-

invasiveness. The fundamental principle of magnetic sensing in mineral exploration is to 

measure subtle spatial variations in the Earth’s magnetic field to infer subsurface 

magnetic contrasts [3]. Early magnetic surveys using mechanical methods like magnetic 

force balance were primarily qualitative, aimed at locating magnetite-rich iron ores and 

basic intrusions[4]. The development of fluxgate and proton precession magnetometers 

enabled high-precision measurements and systematic regional surveys, marking the 

transition to quantitative and large-scale magnetic exploration [3]. Over the past decades, 

next-generation magnetic sensors have significantly extended the capabilities of magnetic 

exploration. Quantum-based sensors, including optically pumped magnetometers 

(OPMs) and superconducting quantum interference devices (SQUIDs), achieve sub-

nanotesla (1nT=10-9T) to femtotesla-level (1fT=10-15T) sensitivity, allowing detection of 

deep and weakly magnetized ore bodies. Optically pumped magnetometers operate at 

room temperature, offering high sensitivity and fast temporal response, making them 

particularly suitable for low-altitude airborne applications [5]. SQUIDs represent the 

ultimate sensitivity limit and remain indispensable for extremely weak magnetic field 

detection [6]. Meanwhile, solid-state magnetoresistive sensors exhibit advantages in 

miniaturization, low-power consumption, and array integration, enabling Unmanned 

Aerial Vehicle (UAV)-borne, downhole, and multi-channel magnetic systems. The rapid 

development of quantum and miniaturized solid-state sensors, coupled with autonomous 

and intelligent platforms, has been reshaping the technical capabilities and operational 

paradigms of magnetic exploration.     

Importantly, reliable high-temperature magnetic sensors are increasingly in demand 

not only to withstand extreme geothermal gradients in deep mineral exploration but also 

to enable advanced airborne and UAV platforms. In compact airborne platforms, high-

temperature magnetic sensors provide superior thermal stability without the need for 

bulky cooling systems, enabling extreme miniaturization and flexible integration within 

space-constrained airborne instruments. This imposes additional requirements on sensor 

materials, thermal compensation, and multi-sensor integration, particularly for downhole 

and borehole applications targeting deeply buried or geothermal-affected ore systems.  
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Figure 1 High-temperature magnetic sensors for advanced mineral exploration. The inner 

ring categorizes the four primary solid-state sensing technologies, MEMS, Hall effect, 

magnetoresistive, and fluxgate. The outer ring connects these fundamental device 

architectures to their strategic exploration platforms, ranging from deep borehole logging 

in extreme geothermal environments to SWaP-C (Size, Weight, Power, and Cost) 

optimized autonomous UAVs and regional airborne surveys.  

 

This review aims to provide an overview of high-temperature magnetic sensing 

technologies in mineral exploration (Figure 1). While SQUIDs hold immense value in 

mineral exploration due to their unparalleled magnetic field sensitivity, these quantum 

sensors require cryogenic cooling, typically immersion in liquid helium or liquid nitrogen. 

Interested readers are directed to reported literature [6]. Here, we mainly focus on fluxgate 

sensors, Hall sensors, magnetoresistive sensors, and microelectromechanical systems 
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(MEMS) sensors. The physical detection mechanisms, materials, devices, sensing 

performance, and the applications of these sensors in mineral exploration will be 

introduced. We also discuss challenges and future trends of magnetic sensors in mineral 

exploration. 

 

2. Principles of high-temperature magnetic sensors  

2.1 Fluxgate sensors 

Fluxgate magnetometers represent one of the most mature and widely deployed 

technologies in geophysical magnetic surveying. Typical fluxgate sensors operate over a 

magnetic field range from approximately 100 pT to 100 mT [7]. Commercially available 

fluxgate magnetometers typically exhibit resolution of 100 pT ~ nT. They can detect 

subtle variations in the Earth’s magnetic field caused by ferromagnetic minerals, 

magnetite-rich formations, and ore-controlling geological structures. By measuring either 

total magnetic intensity or individual vector components, fluxgate magnetometers 

provide critical information for identifying magnetically anomalous regions associated 

with mineral deposits. 

 

Figure 2 Principle of the fluxgate sensor. (a) the single-rod structure contains a primary 

driving coil for excitation and a secondary coil for sensing. (b) Under the external 

magnetic field Hext, core magnetization is biased, which induces a second harmonic 

voltage in the sensing coil.  

   

A fluxgate sensor operates based on the nonlinear magnetization characteristics of a 

soft ferromagnetic core combined with Faraday’s law of electromagnetic induction. As 

illustrated in Figure 2, a typical configuration consists of a soft magnetic core surrounded 

by an excitation (drive) coil and a sensing (pickup) coil. An alternating current applied to 

the drive coil periodically drives the core into positive and negative magnetic saturation. 
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In the absence of an external magnetic field, the magnetization cycle of the core is 

symmetric, resulting in no second-harmonic component in the sensing coil output. When 

an external magnetic field is present, it biases the core magnetization, resulting in an 

asymmetry in the magnetic response. This asymmetry induces a second harmonic voltage 

in the sensing coil, which is proportional to the external field strength. Fluxgate sensors 

can thus provide highly linear, vector-resolved measurements of magnetic fields with low 

noise levels. The voltage output of a fluxgate sensor with a constant coil area A is 

expressed as [7, 8] 

𝑉௦௘௡௦ = 𝐴𝜇଴𝜇௥𝑁௦
ௗு(௧)

ௗ௧
+ 𝐴𝜇଴𝐻𝑁௦

ௗఓೝ(௧)

ௗ௧
                                (1) 

where Vsens is the induced voltage of the sensing coil, H is the applied magnetic field, Ns 

is the number of turns of the coil, 𝜇଴   is the permeability of vacuum, and 𝜇௥  is the 

relative permeability of the magnetic coil.  

The performance of fluxgate sensors, specifically their sensitivity and noise floor, is 

primarily dictated by the magnetic properties of the core material and the precision of the 

coil geometry. Fluxgate magnetometers can be rod-core, ring-core, racetrack, and planar 

microfabricated configurations [7, 9]. The core is typically made of high-permeability 

and low coercivity soft magnetic materials, such as permalloy (NiFe alloys) or cobalt-

based amorphous metals (e.g. CoFeSiB ribbons), which offer high saturation induction 

and minimal hysteresis as well as low magnetostriction, low intrinsic noise and eddy 

currents[10]. Recent advances have incorporated nanocrystalline cores with superior 

magnetic permeability and reduced noise. The drive and sensing coils are typically copper, 

with careful winding to minimize parasitic inductances and thermal effects. Modern 

fluxgate sensors may also integrate miniaturized electronics for signal amplification, 

temperature compensation, and digital conversion, enabling compact and lightweight 

devices suitable for airborne or UAV-mounted surveys. 

Fluxgate sensors are characterized by high sensitivity, low noise, and bandwidth from 

DC to several kilohertz [11]. Device structures have evolved from bulky conventional 

rods to integrated microtechnology and PCB designs. At room temperature, the noise 

level can be as low as 6pT/√Hz for a racetrack shaped fluxgate sensors with a core of 

(CoFe)70(MoSiB)30 amorphous metal [12]. Miniaturized triaxial configurations (e.g. 

23x23x21 cm3) by using Co-Fe-Si-B amorphous wire allow for high-temperature 

operation up to 175oC with noise level of 200 pT/√Hz . The operation temperature up to 

250oC was also demonstrated with a temperature coefficient of 6.8 × 10-4 /oC, making 

them suitable for high-temperature magnetic sensing[13, 14]. Such characteristics make 

fluxgate sensors suitable for harsh geological environments, including deep borehole 
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surveys. In mineral exploration, fluxgate systems are particularly effective for detecting 

moderate to large-scale magnetic anomalies associated with magnetite-rich ore bodies, 

magmatic sulfide deposits, and hydrothermal alteration zones. Ground-based fluxgate 

surveys provide high-resolution mapping of near-surface structures, while airborne 

fluxgate systems mounted on fixed-wing aircraft or helicopters allow rapid regional 

reconnaissance over inaccessible or rugged terrain[15]. 

Despite their advantages, fluxgate sensors have several limitations. Their physical size 

and weight, especially in high-sensitivity vector configurations, can restrict deployment 

of small UAVs[16]. They require low-noise electronics and careful thermal management 

to maintain stability, particularly in fluctuating environmental conditions. The drive 

current generates minor magnetic fields, which need to be compensated for or accounted 

for in high-precision surveys. Although the increasing excitation frequency can improve 

sensitivity, the eddy current becomes the issue.  

Fluxgate magnetometers remain a cornerstone of magnetic exploration, offering 

reliable, vector-resolved measurements with moderately high sensitivity and low noise. 

Their robustness, established design, and adaptability to both ground-based and airborne 

surveys make them promising for mapping large-scale lithological variations, ore-

controlling structures, and magnetically significant anomalies. Continuous improvements 

in core materials, miniaturization, and electronics integration are extending their 

capabilities, ensuring that fluxgate sensors continue to play a central role in the 

exploration of both near-surface and deeper mineral deposits. 

 

2.2. Hall effect sensors 

Hall effect sensors are a foundational technology in solid-state magnetometry, widely 

utilized for measuring magnetic fields in industrial, automotive, biomedical, and 

geophysical applications. Their utility in mineral exploration stems from their solid-state 

robustness, compactness, and ability to provide absolute measurements of the Earth’s 

magnetic field. Depending on device design, Hall sensors can measure magnetic fields 

ranging from several microtesla to Tesla.  

The Hall sensors operate based on the classical Hall effect, discovered by Edwin Hall 

in 1879 [17]. As shown in Figure 3, a Hall device consists of a thin conductive or 

semiconductive layer through which a current 𝐼௫  flows along one axis. When a 

perpendicular magnetic field 𝐵௭ is applied, the Lorentz force deflects charge carriers, 

leading to charge accumulation and the generation of a transverse electric field. This 

produces a measurable Hall voltage 𝑉ு across the orthogonal axis.  
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𝑉ு =
ூೣ஻೥

௤௡௧
                                                         (2) 

where q is the charge, n is the carrier density, and t is the thickness of the conductor or 

semiconductor.  

The Hall coefficient is defined as:  

𝑅ு =
ா೤

௝ೣ஻೥
                                                           (3) 

where jx is the current density and Ey is the induced electric field.  

For semiconductors in which both electrons and holes contribute to conduction, the 

Hall coefficient becomes 

𝑅ு =
௡೓ఓ೓

మି௡೐ఓ೐
మ

௘(௡೓ఓ೓ା௡೐ఓ೐)మ
                                                    (4)     

where nh and ne are the hole and electron densities, µh and µe are their respective mobilities.  

The originally observed Hall phenomenon is referred to as the Ordinary Hall Effect 

(OHE). Additional Hall effects, including Anomalous Hall Effect (AHE), Quantum Hall 

Effect (QHE), Quantum Spin Hall Effect (QSHE), and Quantum Anomalous Hall Effect 

(QAHE), have been reported, though ordinary Hall effect has been used in mineral 

exploration [18]. 

In metals, the Hall coefficient is typically small due to high carrier density, resulting in 

low sensitivity. Therefore, most Hall sensors are based on semiconductors. Traditional 

Hall devices are predominantly fabricated from silicon due to its mature CMOS-

compatible processing and low cost. To enhance sensitivity, narrow bandgap 

semiconductors such as InSb, InAs, and InGaAs have been employed because of their 

higher carrier mobilities [19-23]. To enable operation in harsh environments, wide-

bandgap semiconductors such as gallium nitride (GaN), silicon carbide (SiC), and 

diamond have been adopted [24-27]. GaN-based Hall sensors exploit high electron 

mobility and wide bandgap properties to maintain sensitivity and low noise at elevated 

temperatures (typically 300–400°C) [26, 28-32], making them suitable for geothermal or 

deep-drilling applications. SiC Hall devices and circuits have demonstrated reliable 

operation from room temperature up to 500°C [33, 34], with short-term functionality 

reported up to 600°C. Noise densities on the order of ~1 μT/√Hz at 500°C have been 

reported [35], highlighting their suitability for high-temperature magnetic sensing in 

harsh geological environments.  
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Figure 3 The principle of Hall sensors. 

 

Recent research has expanded Hall sensor materials into two-dimensional (2D) 

materials to develop microscale and nanoscale devices. The 2D materials enable the 

operation of the device in low currents (nA level) with low power consumption. Graphene, 

with its extremely high carrier mobility and atomic thickness, enables ultra-sensitive Hall 

detection at room temperature, potentially reaching nanotesla-level noise at 100 kHz [36, 

37]. Other 2D materials, including transition-metal dichalcogenides such as MoS₂ and 

WS₂, are being investigated for low-noise and potentially high-temperature applications, 

offering pathways toward flexible and miniaturized sensor arrays[38].  

 Standard planar Hall devices use a cross or Hall-bar geometry, where current flows 

along one axis and voltage is measured orthogonally. Vertical Hall structures have been 

developed to improve three-dimensional magnetic field detection[39, 40]. Integrated Hall 

arrays enable spatial mapping of magnetic anomalies[41]. Modern Hall sensors 

commonly integrate on-chip amplification, temperature compensation, and analog-to-

digital conversion circuits. CMOS integration improves signal-to-noise ratio, dynamic 

range, and thermal stability while reducing system size[42, 43]. These developments have 

enabled compact, lightweight, and fully integrated sensing modules suitable for UAV 

platforms, portable systems, and downhole probes. 

Hall sensors offer several advantages for mineral exploration. Their solid-state 

construction ensures mechanical robustness and resistance to vibration and the small size 

and light weight are beneficial for portable surveys[44]. They provide direct and linear 

magnetic field measurements without requiring complex excitation mechanisms. Wide-

bandgap semiconductor devices enable operation at high temperatures and in chemically 

aggressive environments. Furthermore, planar fabrication and CMOS compatibility 

facilitate array configurations for spatial magnetic mapping. However, the sensitivities of 

Hall sensors are typically in the microtesla range, which may be insufficient for detecting 

ultra-weak or deeply buried magnetic anomalies. The temperature dependent mobility 
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requires compensation circuitry to maintain accuracy. Although emerging 2D-material 

Hall devices show improvements in sensitivity, large-scale fabrication, long-term stability, 

and field reliability remain challenges. 

Overall, Hall effect sensors represent a mature yet continuously evolving class of 

magnetic sensing technology. From silicon-based devices to wide bandgap 

semiconductors for high-temperature, and further toward emerging 2D-material 

platforms, Hall sensors combine compactness, robustness, and moderate sensitivity. 

Although their performance in ultra-weak anomaly detection remains limited compared 

to high-sensitivity magnetometers, ongoing advances in materials, device architecture, 

and signal processing continue to expand their applicability in both near-surface and 

harsh-environment mineral exploration. 

 

2.3 Magnetoresistive sensors 

The magnetoresistance (MR) effect was first discovered in 1856 by William Thomson 

in ferromagnetic metals such as iron and nickel, which later became known as the 

anisotropic magnetoresistance (AMR) effect [45]. Magnetoresistive sensors have been 

widely utilized across industrial, automotive, and consumer electronics for their high 

sensitivity and compactness. Unlike conventional Hall sensors, which rely on the classical 

Hall effect, MR sensors exploit changes in electrical resistance arising from the relative 

orientation of magnetization and electron transport within ferromagnetic materials. This 

property enables enhanced sensitivity to weak or spatially subtle magnetic anomalies. As 

mineral exploration increasingly relies on UAV-based surveys, downhole tools, and 

distributed sensing arrays, compact and highly sensitive MR sensors have gained 

significant practical importance. 

 
Figure 4 Operating principles of magnetoresistive sensors. AMR: Resistance changes 

based on the angle between current flow and magnetization direction in a ferromagnetic 

strip. GMR: Resistance depends on the relative magnetic orientation of ferromagnetic 

layers separated by a conductive spacer, caused by spin-dependent electron scattering 
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(Parallel=Low R, Antiparallel=High R). TMR: Resistance depends on electron tunneling 

through a thin insulating barrier between ferromagnetic layers, governed by their relative 

magnetic orientation (Parallel=High Tunneling/Low R, Antiparallel=Low 

Tunneling/High R). 

 

Magnetoresistive sensors operate on the principle that the electrical resistance of a 

material changes in response to an applied magnetic field [46]. Depending on the device 

architecture and transport mechanism, MR sensors are classified into three major 

categories, including AMR, giant magnetoresistance (GMR), and tunneling 

magnetoresistance (TMR). While all three types exhibit the common principle of 

resistance modulation in response to an external magnetic field, they differ in their 

underlying physical mechanisms, materials, device architectures, and sensitivity. In 

Figure 4, the operation mechanisms of the MR sensors are illustrated.  

 The AMR effect represents the most fundamental MR effect, originating from spin-

orbit coupling in bulk ferromagnetic materials, which operate based on the dependence 

of electrical resistivity of ferromagnetic materials on the angle between the magnetization 

vector and the direction of current flow [47]. When a magnetic field is applied, the 

magnetic domains in the ferromagnetic thin film rotate, changing the scattering of 

conduction electrons. This produces a change in electrical resistance that is proportional 

to the magnetic field magnitude. The AMR effect is expressed by the following 

expression:  

𝜌(𝜃) = 𝜌// + (𝜌⏊ − 𝜌//)𝜌𝑐𝑜𝑠ଶ(𝜃)                                 (5) 

where 𝜃 is the angle between the magnetic field and the electric current direction, 𝜌⏊is 

the perpendicular resistivity, 𝜌// is the longitudinal resistivity[48]. The ratio of (𝜌⏊ −

𝜌//)/ 𝜌// is the magnetoresistive coefficient, a key parameter to evaluate the MR sensor. 

Anisotropic magnetoresistance sensors typically exhibit magnetoresistance ratios of 

several percent, usually below 5% at room temperature [49, 50]. The effect occurs in 3d 

transition metals such as Fe, Ni, and Co, as well as in alloys including NiPd, NiZn, NiZr, 

permalloy (Ni₈₀Fe₂₀), and (Ni₁₀₀-xCox)86Fe14[47, 51-53]. Among these, permalloy is most 

widely used due to its high permeability, low coercivity, and stable magnetoresistive 

response. Devices are commonly fabricated as thin ferromagnetic films deposited on 

silicon or glass substrates using sputtering or evaporation techniques and are arranged in 

Wheatstone bridge configurations to enhance sensitivity and compensate for thermal drift. 

“Barber pole” bias structures are often integrated to improve linearity [54]. The noise 

level of AMR sensors can reach approximately ~220 pT/√Hz at 1 Hz at room 

temperature[55]. High-temperature operation up to 225°C has been reported, although the 
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noise increases to approximately 2.6 nT/√Hz at 1 Hz at that temperature [56]. 

Anisotropic magnetoresistance sensors are characterized by structural simplicity, 

compact size, low cost, and relatively good high-temperature stability [57]. They are more 

sensitive than conventional Hall sensors and are well suited for integrated and portable 

systems. However, their performance is limited by a relatively low magnetoresistance 

ratio, a narrow intrinsic linear dynamic range, and susceptibility to thermal drift, which 

requires electronic compensation. Magnetic flux concentrator can be used to improve the 

weak-field detection capability [58].  

The GMR effect is a quantum effect that was discovered independently in 1988 by two 

research groups, one led by Peter Grünberg in a trilayer structure of Fe/Cr/Fe [59] and the 

other by Albert Fert in a multilayers structure of (Fe/Cr)n on GaAs substrate, where n 

could be as high as 60 [60]. GMR sensors exploit the spin-dependent scattering of 

electrons in multilayer structures composed of alternating ferromagnetic and non-

magnetic conductive layers. When the magnetizations of the ferromagnetic layers are 

parallel, conduction electrons with aligned spins pass through with minimal scattering, 

producing low resistance. When the layers are antiparallel, scattering increases, resulting 

in higher resistance. The GMR ratio is defined as [61] 

𝑀𝑅 =
ோ೛ିோೌ೛

ோೌ೛
=

(ோ↑ିோ↓)మ

ସோ↑ோ↓
                                       (6) 

where 𝑅𝑝 and 𝑅ap are the resistances of the layered system with parallel and antiparallel 

magnetizations, respectively, 𝑅↑ and 𝑅↓ are the resistances of the majority and minority 

electrons in a magnetic layer.  

Giant magnetoresistance materials are typically realized as engineered magnetic 

heterostructures, most commonly in the form of multilayers or spin-valves composed of 

two ferromagnetic (FM) layers separated by a thin nonmagnetic (NM) metallic spacer[62]. 

GMR structures can achieve magnetoresistance ratios ranging from several tens to over 

one hundred percent, significantly exceeding those of AMR devices. Practical GMR 

stacks employ ferromagnetic layers such as Co, CoFe, NiFe (permalloy), or CoFeB, 

separated by nonmagnetic metallic spacers such as Cu, Cr, Ag, or Au. Spin-valve devices 

incorporate antiferromagnetic pinning layers, including IrMn, PtMn, FeMn, or NiO, to 

stabilize one ferromagnetic layer via exchange bias[63-66]. Granular GMR systems, such 

as Co–Ag, Co–Cu, or Fe–Ag composites were also reported [67, 68]. A circular GMR 

sensor using a Co-Ag nanogranular thin film patterned as a Wheatstone bridge on alumina 

exhibited ~8% MR at room temperature, which was able to operate up to 120 °C with the 

magnetic film itself tolerating temperatures up to ~200 °C [69]. A study on NiMn 

antiferromagnetic spin-valve films shows that NiMn has a blocking temperature of 
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~400 °C, markedly higher than typical IrMn (225oC) pinning layers[70]. This suggests 

superior thermal stability and extended functional operation at elevated temperatures. 

GMR sensors were also fabricated on both rigid and flexible substrates and printable 

flakes [71, 72]. The minimum magnetic noise of GMR sensors can reach ~sub-nT/√Hz at 

room temperature [73]. 

Tunnel magnetoresistance represents the current state-of-the-art in high-sensitivity MR 

magnetometry. Similar in multilayer structure to GMR, TMR replaces the conductive 

spacer with an ultra-thin insulating layer (IL) as a barrier, forming a FM/IL/FM structured 

magnetic tunnel junction (MTJ)[74]. In contrast to GMR, where electron transport occurs 

through a metallic spacer, TMR relies on quantum tunneling through the insulating barrier. 

The tunneling probability, and hence the resistance, depends strongly on the relative 

magnetic orientation of the ferromagnetic layers. When the magnetizations are parallel, 

tunneling probability is high and resistance is low; when antiparallel, tunneling 

probability decreases and resistance increases. TMR ratio is defined as the relative change 

in electrical resistance of a MTJ when the magnetic alignment of its two ferromagnetic 

electrodes switches between parallel (P) and antiparallel (AP) configurations [71]. 

𝑇𝑀𝑅 =
ோಲುିோು

ோು
=

ଶ௉భ௉మ

ଵି௉భ௉మ
                                   (7) 

where RP and RAP are the tunneling resistances when the magnetization directions of two 

FM layers are parallel and antiparallel, respectively. This relative change is expressed in 

terms of the spin polarization 𝑃ଵ  and 𝑃ଶ of the two ferromagnetic electrodes using 

Jullière’s model[75].  

A tunnel magnetoresistance device provides the highest sensitivity among MR 

technologies. Commercial TMR ratios often exceed 100%, and CoFe(B)/MgO/CoFe(B) 

magnetic tunnel junctions have demonstrated values above 600% at room temperature 

and over 1000% at 10 K[76-79], attributed to coherent tunneling through crystalline MgO 

barriers. Common ferromagnetic materials include Fe, Ni, Co, CoFe, NiFe, and 

CoFeB[80-84], while insulating barriers include MgO, Al₂O₃, NiO, GdOx, Ga₂O₃, HfOₓ, 

and ZrOₓ[85-90]. Nowadays, CoFeB/MgO/CoFeB MTJ has been the most popular TMR 

sensor for spintronic devices. TMR sensors exhibit the lowest intrinsic noise among MR 

technologies, reaching sub-pT/√Hz at room temperature [91, 92]. The high resistance of 

the tunnel barrier also leads to lower power consumption compared with AMR and GMR. 

Thermal stability depends strongly on interface quality, atomic diffusion, and soft 

magnetic layer degradation. At the device level, many practical TMR sensors are 

specified to operate up to about 125 °C, beyond which temperature-induced drift and 

reliability concerns become significant. In contrast, the MTJ stack itself can remain 
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structurally robust at much higher temperatures. Ta-doped CoFeSiB soft layers can 

enhance thermal tolerance to 425 °C [93].  

Despite the highest MR ratio, the lowest noise floor, superior signal-to-noise ratio, and 

reduced power consumption, TMR device requires highly controlled multilayer 

fabrication and high-quality interfaces, making the process technologically demanding. 

Thermal stability and long-term reliability remain critical considerations, particularly for 

operation in harsh environments. 

Magnetoresistive sensors are increasingly deployed across mineral exploration 

platforms, including ground-based arrays for high-resolution near-surface profiling, 

UAV-mounted systems for rapid surveys over challenging terrain, and compact downhole 

tools for deep mineral mapping under elevated temperature and pressure conditions[54, 

94, 95]. Among the different MR technologies, AMR sensors are particularly suitable for 

high-temperature and cost-sensitive applications due to their structural simplicity and 

thermal robustness. Giant magnetoresistance sensors provide improved sensitivity and 

wider dynamic range for medium-field detection, while tunneling magnetoresistance 

sensors offer the highest resolution and lowest noise density, making them promising for 

weak magnetic anomaly detection in compact airborne systems. Although MR sensors do 

not reach the ultimate sensitivity of quantum magnetometers, their solid-state robustness, 

compact size, scalability, and compatibility with microelectronic integration make them 

highly competitive for distributed, miniaturized, and field-deployable mineral exploration 

systems. 

2.4 MEMS sensors  

Microelectromechanical systems magnetic sensors represent a rapidly emerging class 

of devices that integrate miniaturized mechanical resonators with magnetic sensing 

mechanisms. By leveraging mechanical transduction, these sensors can amplify magnetic 

signals while maintaining small size, batch fabrication capability, CMOS compatibility, 

and versatile device configurations[96, 97].  

Here, we focus specifically on MEMS magnetic sensors incorporating mechanically 

resonant structures, distinguishing them from devices that merely employ MEMS 

fabrication process without movable or resonant elements. Resonant MEMS magnetic 

sensors can be categorized into Lorentz-force, magnetostrictive, magnetoelectric, and 

magnetic torque-based devices, depending on the underlying magneto-mechanical 

coupling mechanism. Since limited research has been reported on MEMS-based magnetic 

torque sensors, they will not be discussed in detail in this review [98]. Silicon remains the 

dominant substrate due to its mature micromachining processes, CMOS compatibility, 

and low fabrication cost, although Si-based devices are generally limited in high-
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temperature or chemically aggressive environments. 

 

 
 

Figure 5 Schematic principle of a Lorentz force-based MEMS magnetic sensor. When a 

electric current (mostly AC) flows through the planar coil integrated onto the surface of 

the MEMS resonators (i.e. Si), under an external magnetic field (B), the interaction 

between the current in the coil and the magnetic field generates an oscillating Lorentz 

Force perpendicular to both the current direction and the magnetic field lines, leading to 

the change of the vibrational amplitude or the frequency shift of the resonator. The 

resonator can be actuated by electrostatical or piezoelectric way. 

 

The Lorentz-force MEMS magnetic (LFMM) sensor converts magnetic flux density 

into a mechanical deflection or vibration of a microfabricated structure, as shown in 

Figure 5. When an electrical current is driven through a suspended conductive beam or a 

metal trace on a MEMS resonator placed in an external magnetic field 𝐁, the structure 

experiences a Lorentz force given by 

𝐅 = 𝐼ௗ𝐋 × 𝐁 

where 𝐋 is the effective current path vector. The resulting force induces a displacement 

or resonance frequency shift of the resonator. The mechanical motion is then transduced 

into an electrical output using capacitive, piezoresistive, piezoelectric, or optical readout 

schemes. In resonant implementations, the sensor is operated near its mechanical 

resonance to enhance sensitivity.  

The key performance metrics of LFMM sensors include resonance frequency, quality 
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(Q) factor, responsivity, resolution, and power consumption. A high Q factor is generally 

desirable to maximize responsivity and improve magnetic resolution. A detectable field 

of 143 nT at 136.52 kHz was demonstrated for a seesaw resonator with a Q factor of 842 

using piezoresistive readout [99]. By using capacitive readout schemes, a resolution of 

approximately 1 nT at 2.5 kHz within a 35 Hz bandwidth was achieved for the resonator 

with a Q factor around 700 [100]. The integration of a piezoelectric material on the 

resonator (e.g. AlN-on-Si ) performed both on-chip actuation and sensing [101]. In many 

practical implementations, noise levels are on the order of μT/√Hz, primarily limited by 

current-induced thermal (Johnson) noise [102]. By optimizing the resonator dimensions 

and operating under vacuum to suppress air damping and enhance Q factors, the noise 

level approached nT/√Hz level [103]. Typical power consumption is on the order of 

milliwatts. Although resonance frequency and Q-factor stability were characterized up to 

approximately 190oC[103], there have been few demonstrations of high-temperature 

magnetic sensing using LFMM devices. An important advantage of this LFMM sensors 

is that no magnetic materials are required, thereby eliminating magnetic hysteresis effects. 

The operation of magnetostrictive MEMS magnetic sensors results from the ΔE effect 

[104], as shown in Figure 6. When a ferromagnetic material is subjected to an external 

magnetic field, magnetic domain rotation and alignment occur, leading not only to 

magnetostriction (strain) but also to a variation in the material’s effective Young’s 

modulus. This magnetic-field-induced change in elastic modulus alters the mechanical 

stiffness of the resonator. Typically, a magnetostrictive thin film is deposited onto a 

mechanical resonator for magnetic sensing. Under an applied magnetic field, the effective 

Young’s modulus 𝐸eff  of the multilayer structure changes, resulting in a shift in 

resonance frequency. The magnetic field is thus inferred from the frequency shift of the 

resonator. The direction and magnitude of the frequency shift depend on the stress state 

(tensile or compressive) and the magnetoelastic coupling of the material. Similar to 

LFMM devices operating in resonant modes, the sensitivity and frequency resolution of 

magnetostrictive sensors are also strongly dependent on the Q factor of the resonator.  
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Figure 6 Principle of a resonant MEMS magnetic sensor using a magnetostrictive 

material/cantilever structure. Applying an external magnetic field (H>0) triggers the ΔE 

effect, altering the magnetic layer’s elastic stiffness, which change the resonance 

frequency of the MEMS resonator. The measurable frequency shift reflects the magnetic 

field strength. The decrease or increase of the resonance frequency depends on the stress 

states (compressive or tensile). 

 

The realization of high-temperature magnetostrictive MEMS sensors relies on the 

selection of the MEMS substrate and the magnetic material. Single-crystal diamond (SCD) 

is utilized as the ultimate mechanical resonator platform due to its outstanding mechanical 

strength, high thermal conductivity, chemical inertness, and exceptional intrinsic thermal 

stability[105-108]. On the other hand, FeGa exhibits a large magnetostriction coefficient 

and possesses a high Curie temperature above 650oC, making it highly resilient to thermal 

degradation[109]. Devices based on the FeGa/Ti/SCD structure maintain robust operation 

at high temperatures and magnetic noise levels of 10 nT/√Hz even at 500oC [110]. 

Additionally, all-electrical actuation and readout on-chip sensors based on FeGa/SCD 

MEMS were demonstrated, which is stable up to 300oC [111]. These results highlight the 

suitability of magnetostrictive MEMS sensors for high-temperature magnetic field 

detection. Additionally, the integration capability of SCD MEMS platforms enables 

simultaneous temperature and magnetic field sensing on the same chip, providing 

multifunctional sensing capability [112]. By integrating a piezoelectric layer with 

magnetostrictive material, piezoelectric readout can be achieved [113, 114]. These 

magnetoelectric sensors also show low noise levels of  ~5.1 pT/√Hz at 1 Hz[113]. By 

using high-Curie ferroelectric materials, the operation temperature up to 350oC was 

demonstrated [115]. However, the direct deposition of piezoelectric material on diamond 

is quite difficult[116, 117]. The device structure and materials process need to be 

optimized if SCD is used as the mechanical resonator for high-temperature applications.   
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MEMS magnetic sensors have been evolving from proof-of-concept laboratory 

structures to increasingly integrated platforms. Advances in microfabrication have 

enabled improved resonator geometries, higher Q factors, and reduced mechanical 

damping[118]. Integration of on-chip actuation and readout, whether capacitive, 

piezoresistive, or piezoelectric, has enhanced system compactness and signal stability. 

Vacuum packaging techniques have further improved performance by minimizing air 

damping and increasing Q factors. In magnetostrictive systems, multilayer engineering 

and interface optimization have improved magnetoelastic coupling efficiency[110]. The 

transition from silicon-based platforms toward wide-bandgap semiconductors-based 

resonators marks a significant step toward high-temperature and harsh-environment 

operation. 

MEMS magnetic sensors based on mechanical resonance provide signal amplification, 

improving sensitivity relative to purely electrical microscale sensors. Lorentz-force 

devices avoid magnetic hysteresis due to the absence of ferromagnetic cores. 

Magnetostrictive MEMS sensors, particularly those based on diamond substrates, exhibit 

strong potential for high-temperature and chemically aggressive environments. However, 

LFMM sensors require drive current, introducing thermal noise and limiting ultimate 

sensitivity. Their performance is strongly dependent on Q factor and environmental 

damping. High-temperature operation remains less explored for LFMM sensors. 

Magnetostrictive devices require ferromagnetic films, which may introduce magnetic 

nonlinearity or domain-related noise. 

MEMS magnetic sensors offer promising opportunities for compact, low-power, and 

potentially high-temperature magnetic sensing. Lorentz-force MEMS devices are 

attractive for portable and UAV-based surveys due to their mechanical robustness and 

absence of magnetic hysteresis. Magnetostrictive MEMS sensors, especially those 

employing high-Curie temperature magnetic materials (e.g. FeGa films) on diamond 

resonators, demonstrate strong potential for deep-earth and high-temperature borehole 

applications.  

While the performance of MEMS magnetic sensors requires much improvement when 

compared to high-end quantum magnetometers, ongoing efforts in resonator design, 

vacuum packaging, advanced materials, and integration technologies continue to enhance 

their overall capabilities. With further development, MEMS magnetic sensors are poised 

to complement conventional magnetometers by enabling distributed, miniaturized, and 

harsh-environment-compatible magnetic sensing platforms for both near-surface and 

deep mineral exploration. 
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3. Applications in mineral exploration 

Magnetic sensors have long been a cornerstone of geophysical exploration due to their 

ability to detect variations in the Earth’s magnetic field caused by the presence of 

ferromagnetic minerals, structural features, and lithological contrasts. Their non-

destructive nature, combined with the low cost and fast mapping for large areas, makes 

them particularly valuable for both regional reconnaissance and detailed site-specific 

studies. In mineral exploration, magnetic sensors are applied across multiple scales and 

platforms, providing essential information for detecting ore deposits, delineating 

geological structures, and guiding drilling programs.  

The most important magnetically susceptible mineral is magnetite (Fe3O4), and to a 

lesser extent, ilmenite (FeTiO3) and pyrrhotite (Fe1-xS). Magnetometric surveys can be 

used for the direct detection of ore, or for the indirect detection of geologic features 

associated with ore deposits. By measuring the spatial distribution, amplitude, and 

gradient of magnetic anomalies, geophysicists can infer the presence, geometry, and 

concentration of ore bodies before drilling, reducing exploration costs and increasing 

targeting efficiency. 

Magnetic sensors are also used for mapping geological structures that control 

mineralization[119]. Faults, shear zones, dike swarms, and lithological boundaries often 

produce magnetic contrasts due to variations in rock composition and magnetite 

content[120]. High-resolution surveys using vector magnetometers or magnetic sensor 

arrays can delineate these structures, revealing the orientation, extent, and connectivity 

of potential mineralizing pathways[4]. For instance, in layered mafic intrusions hosting 

Ni–Cu sulfide deposits, detailed magnetic mapping can identify the spatial distribution of 

magnetite-bearing cumulate layers and associated feeder channels[121-123]. Similarly, 

hydrothermal systems such as Iron oxide copper gold (IOCG) deposits or porphyry Cu-

Au deposits often exhibit magnetic lows or highs reflecting magnetite destruction or 

emplacement[124]. Because minerals like magnetite, hematite, and pyrrhotite are 

commonly associated with hydrothermal alteration, mapping these anomalies infers that 

a mineralizing hydrothermal event has affected the host rocks[125]. This structural and 

lithological information is critical for drilling targeting and 3D geological modeling[125]. 

Magnetic sensors are deployed across multiple platforms depending on exploration 

objectives, survey scale, and terrain accessibility. Magnetic surveys are generally 

classified into three main operational domains: land-based (surface and deep 

underground), airborne, and marine surveys[126, 127].  

Land surveys provide the highest spatial resolution and are categorized into surface 

(ground-based) and deep subsurface (borehole) applications. Ground-based magnetic 
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surveys can be conducted using portable magnetic sensors. These surveys provide 

excellent control over sensor orientation and are particularly valuable in rugged terrain, 

densely vegetated regions, or urban environments, enabling high-resolution mapping of 

near-surface magnetic anomalies and structurally controlled mineralized zones. Deep or 

borehole magnetic surveys overcome the limitations of surface masking by overburden 

by placing sensors directly within boreholes or underground mines, which provide 

important constraints on geometry, magnetization, and depth of deep ore bodies. These 

measurements often require magnetic sensors capable of operating under elevated 

temperatures and strong geothermal gradients. Emerging high-temperature magnetic 

sensors based on wide-bandgap semiconductors, including MEMS and Hall devices, are 

being explored for such applications.  

Airborne magnetic surveys are a widely used form of magnetic exploration due to 

their rapid data acquisition, cost effectiveness, and capability to cover large and remote 

areas. They enable efficient mapping of regional magnetic anomalies and geological 

structures, particularly in terrains that are difficult or inaccessible for ground surveys[128]. 

Airborne magnetic surveys are typically conducted using fixed-wing aircraft, helicopters, 

or UAVs. In recent years, compact magnetic sensors have attracted increasing attention 

for airborne and UAV platforms due to their small size, low power consumption, and 

potential for operation in harsh environments. These systems enable rapid and uniform 

coverage over large mining regions, facilitating the mapping of regional lithological 

variations, major faults, and intrusive complexes. 

 For offshore mineral exploration, magnetic measurements are taken at ocean depths or 

across the sea surface [129, 130]. In these surveys, the magnetic sensor is towed in a 

specialized housing known as a “fish”. The magnetometer “fish” is typically towed 

several ship lengths behind the survey vessel in order to minimize magnetic interference 

generated by the ship itself[131]. Marine surveys expand the reach of magnetic sensing 

to underwater ore deposits and are often conducted alongside other continuous 

geophysical profiling methods[132, 133]. 

The combination of various magnetic sensors enables the detection of both near-surface 

and deeply buried mineral deposits, making magnetic sensing a central tool in modern 

mineral exploration. Currently, sensing datasets have become massive in volume, and 

geological information is increasingly complex in its dimensionality, noise levels, and 

non-linearity, especially when multi-component sensing is adopted. Traditional 

processing methods have been facing difficulties in handling such big data. Machine 

learning (ML) techniques, including support vector machines, random forests, and deep 

neural networks[134-136], have emerged as powerful and efficient data-driven paradigms 
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for magnetic data interpretation, improving the accuracy of mineral exploration, 

classification, and predictive targeting [137-139]. Recently, Tiny Machine Learning 

(TinyML) has attracted attention for predicting real-time terrestrial magnetic 

perturbations directly [140]. 

 

4. Summary and outlook 

In summary, magnetic sensors provide non-invasive, rapid, and cost-effective 

information on subsurface geology, enabling exploration geophysicists to delineate ore 

bodies, reconstruct structural frameworks, and optimize drilling campaigns. A variety of 

high-temperature magnetic sensor technologies are employed in magnetic sensing 

systems, including fluxgate, MR, Hall-effect, and MEMS-based devices, each providing 

unique performance characteristics in terms of sensitivity, size, power consumption, and 

environmental tolerance. In Table 1, we summarize the basic properties of the magnetic 

sensors based on the four types of magnetometers. Diamond NV-center quantum 

magnetometers offer a theoretical magnetic sensitivity at room temperature comparable 

to SQUIDs and have experimentally achieved pT-level sensitivity as well as nanoscale 

spatial resolution[141, 142]. However, their application in mineral exploration has yet to 

be demonstrated. For the properties of other types of magnetic sensors, one can find in 

reported literature [143, 144].  

While these miniaturized magnetic sensors reviewed in this paper have revolutionized 

multi-platform mineral exploration, challenges remain in bridging the performance gap 

with high-end quantum magnetometers. Currently, traditional high-sensitivity quantum 

devices remain constrained by complex cooling requirements, limiting their field 

deployment. Conversely, solid-state sensors excel in SWaP-C (Size, Weight, Power, and 

Cost) metrics but often face trade-offs involving limited sensitivity, increased noise floors, 

or restricted dynamic ranges. Addressing this balance is critical for advancing 

autonomous magnetic survey systems, particularly in remote regions or harsh 

environments. 

 Adaptability to extreme environments is another critical area of future research. As 

exploration targets shift deeper, sensors will face intense geothermal gradients, high 

pressures, and corrosive environments. Transitioning from conventional silicon platforms 

to robust wide-bandgap semiconductors and advanced MEMS architectures will be 

essential to expanding depth penetration and reliability. 
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Table 1 Performance comparison of high-temperature magnetic sensors 

 
 

Furthermore, the future of mineral exploration lies in multi-modal integration and 

intelligent data processing. The co-deployment of compact magnetic sensors alongside 

temperature, gravity, electromagnetic, and seismic methods will enable comprehensive 

subsurface characterization. Coupled with advanced machine learning algorithms to 

handle massive, noisy, and non-linear multi-component datasets, these integrated arrays 

will drive the next generation of accurate, real-time predictive targeting for deeply buried 

mineral deposits.  
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