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          The emergence of laminated magnetoelectric (ME) materials in the early 21st century sparked widespread research interest in developing high-sensitivity magnetic sensors. This review article briefly discusses the necessity of magnetic field sensing and evaluates traditional sensing methods, including their working mechanisms, sensitivities, and limitations. The review begins with an overview of single-phase and various composite-based ME systems, highlighting how the development of laminated composites transformed the paradigm of magnetic field sensing through simple and direct measurements. Recently reported ME materials and their standard figure of merit (FOM), the magnetoelectric voltage coefficient (αME)-defined as the effectiveness of generating a voltage signal in response to an applied magnetic field are tabulated. Furthermore, ME system-based magnetic sensors and the efficient energy-harnessing magneto-mechano-electric (MME) approach based on electromechanical resonance are introduced, alongside their respective ME coefficients. Given the extensive literature on ME and MME magnetic sensing, this review focuses specifically on research articles published recently, detailing the strategies and techniques employed to achieve high ME coefficients and sensor parameters.
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      1. INTRODUCTION
      The emergence of artificial intelligence, the automation of technologies, the rapid growth of big data, and proliferation of sensors have become essential in our daily lives. Today, each person uses electronic systems containing numerous sensors that collect mountains of data, and processing this data requires a huge amount of energy. This drives the need to develop sensors that might be self-powered (without an external power supply), miniaturized for integration into various structures, and importantly cost effective [1]. Among many physical sensing parameters, pressure, force, rotation, movement tracking, and non-contact proximity sensing are detected based on various mechanisms [2-5]. The magnetic field is one such physical parameter playing an important role in our daily lives that needs to be detected and harnessed. Magnetic fields help us in navigation and interaction with digital devices, and can even be used to power devices [6]. Magnetic fields have been widely sensed by various techniques, such as flux magnetometers, which are used to determine the direction and strength of static and low frequency magnetic fields with moderate sensitivity at room temperature. These devices operate using a ferromagnetic core, a drive winding with an excitation coil, and a sense winding with a pickup coil [7,8]. The Nuclear Magnetic Resonance (NMR) magnetometer is a scalar system used to determine magnetic field strength that operates across a wide temperature range. Under a polarizing magnetic field, atomic hydrogen nuclei in a proton rich medium-possessing a net spin that acts as tiny magnetic moments-align along the field; following RF perturbation at the Larmor frequency, these magnetic moments precess, inducing an electric current in the receiver coil that enables the magnetic field strength to be determined with high precision [9,10]. The optically pumped magnetometers (OPM) are highly sensitive magnetic field sensing devices. They operate by aligning the atomic spins of the alkali metal atoms using laser light; upon the application of an external magnetic field, these spins precess at the Larmor frequency.

      This precession is detected by a second laser, allowing for the precise calculation of magnetic field strength [11,12]. The Superconducting Quantum Interference Device (SQUID) is an ultrasensitive magnetic sensing system operating at cryogenic temperatures. It functions via a superconducting loop with weak insulation barriers forming the Josephson junctions. Under a constant current, an external magnetic flux induces a phase difference, leading to an oscillating critical screening current based on the magnetic flux quantum. This converts minute magnetic field variations into easily readable voltage outputs, serving as a sensitive readout for magnetic field strength [13,14].

      The differences in their working mechanisms, sensitivities and other parameters were summarized in Table. 1 and Fig. 1. These magnetometer techniques have been developed over time to detect weak magnetic signals with high sensitivity. However, their large size and high cost stand as major barriers for numerous practical applications [15]. Consequently, there is a strong demand for an emerging magnetic field sensor with low power consumption, compact volume, and low cost while maintaining high sensitivity for the magnetic field sensing applications. This quest had been successfully addressed by laminated magnetoelectric (ME) composites composed of bonded piezoelectric and magnetostrictive materials [16]. Utilizing these materials, ME sensors and Magneto-Mechano-Electric (MME) energy conversion based magnetic field sensors have fulfilled expectations through adaptable structural designs and miniaturized profiles, overcoming the limitations of conventional, high cost, and bulky commercial magnetic field sensors. In-situ grown eutectic piezoelectric and ferrite composite materials, which emerged in the 1970s as initial ME composites, laid the foundation for the development of numerous ME composites and devices over subsequent decades [17,18]. Early ME composites were extensively studied in the form of particulate composites featuring 0-3 connectivity of the piezoelectric and magnetostrictive phases. However, they faced inherent limitations in achieving superior ME coupling properties for potential applications and suffered from property inconsistency depending on the fabrication process. These drawbacks were overcome with the emergence of 2-2 type ME composites based on the two-dimensional planar coupling of piezoelectric and magnetostrictive layers, first reported by Ryu et al. in 2001 [19,20]. This structural innovation enhanced the ME properties of the materials by 2 to 3 orders of magnitude, triggering extensive research into various practical applications, including sensors, passive components, transducers, low frequency antennas, and energy harvesting.

      
        Table 1. 
				
        

        
          Comparison between the different magnetometers used in magnetic field sensing
        
        

      

      
        
          
            	Parameters
            	Fluxgate Magnetometer
            	NMR Magnetometer
            	Optically Pumped
(OPM)
            	SQUID
          

        
        
          	Working mechanism
          	Saturating a ferromagnetic core with AC current to regulate external magnetic flux.
          	Measures Larmor precession frequency of nuclear spins of hydrogen.
          	Measures Larmor precession of laser-polarized alkali vapor spins.
          	Uses flux quantization & Josephson junction tunneling in superconducting loops.
        

        
          	Measurement type
          	Vector
          	Scalar
          	Vector
          	Vector
        

        
          	Sensitivity range
          	10 pT to 100 pT
          	10 pT to 1,000 pT
          	1 fT to 15 fT
          	0.5 fT to 3 fT
        

        
          	Working temperature
          	-55°C to 125°C
          	-40°C to 50°C
          	+40°C to +150°C
          	-268°C to -201°C
        

        
          	Meter size
          	Small
          	Medium
          	Small
          	Big
        

        
          	Cost
          	Low
          	Moderate
          	Moderate
          	High
        

        
          	Pros
          	➢Low-cost vector sensing
➢Low power consumption
➢Wide operating temperature range
          	➢High accuracy
➢Minimal calibration
          	➢High sensitivity
➢Wearable
          	➢Highest sensitivity
➢Wide operating bandwidth
➢Industry standard
        

        
          	Cons
          	➢Medium sensitivity
➢Accuracy varies over temperature
          	➢No vector measurement
➢Data reading discontinuity
          	➢Internal cell heating requires high power.
➢Inter-channel interference
          	➢Big and complex setup with a cryogenic facility.
        

        
          	Major uses
          	➢Navigation
➢Industry quality check
          	➢Standard calibration units
➢Archeology
          	➢Wearable magnetoencephalography & magnetocardiography
          	➢Precision magnetic property measurement system (MPMS)
➢Ultra-low-field clinical tests
        

      

      

      
        
        

        Fig. 1.  
				
        

        
          Schematic diagram of working mechanisms of different magnetometers. (a) Fluxgate magnetometer, (b) NMR Magnetometer, (c) Optically Pumped Magnetometer, and (d) SQUID. In the figure, B - magnetic field, JJ - Josephson’s junction and FID - free induction decay.
        
        

        

      

      The performance of ME composites is defined by the ME voltage coefficient, denoted as αME, which indicates the efficiency of converting a magnetic field into an electric signal. In recent decades, the strong ME coupling in piezoelectric magnetostrictive 2-2 laminated composites has led to rapid growth in research and development on ME materials, devices, and their potential applications [1,21]. The magnetic field sensor based on ME composites was first introduced at the 4th international conference of Magnetoelectric Interaction Phenomena in Crystals (MEIPIC-4) in 2001. The presented ME sensor was fabricated using modified Pb(Zr,Ti)O3 (PZT) with nickel-zinc ferrite particulate composites, exhibiting a sensitivity of 0.06 mV/Oe [22]. The successive improvement in device design (specifically the connectivity of constituent materials), materials selection, and composite bonding techniques led to a significant enhancement in ME voltage coefficients and sensor sensitivity, ultimately reaching the fT (10-15 Tesla) range at room temperature, a performance level comparable to high cost cryogenic systems like SQUID [20,23].

      Piezoelectric materials such as lead-based Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), PZT, and lead-free lithium niobite (LiNbO3), coupled with magnetostrictive materials such as Nickel, Metglas (amorphous FeSiB alloy), Terfenol-D and Galfenol, are commonly employed owing to their strong ME effect [24-29]. Comprehensive review articles cover these ME materials from fundamental physics to their device applications in various fields [1,23,30]. This review article focuses on ME materials and MME energy conversion mechanisms with particular emphasis on recently reported ME materials and MME based magnetic field sensors. Furthermore, practical applications of magnetic sensors in high temperature sensing and current sensing are discussed. Finally, the perspectives and future outlooks are provided to conclude the article.

    

    

  
    
      2. ME AND MME CONVERSION
      
        2.1 ME Materials
        Multiferroic materials are defined as systems exhibiting at least two primary order parameters among ferromagnetism, ferroelectricity, and ferroelasticity. These materials hold great promise for multifunctional device applications across numerous fields. ME materials are based on the coupling between ferroelectric and ferromagnetic orderings in single phase or composite systems. Magnetic and electric ordering can be polarized as linear or non-linear functions in response to applied external fields, as shown in Fig. 2. The direct ME (DME) effect refers to a change in electric polarization (P) induced by an applied magnetic field (H), whereas the converse ME (CME) effect refers to a change in the magnetization (M) induced by an applied electric field (E). In ME materials, the electric polarization and magnetization can be mutually controlled by applying the respective conjugate field [31,32].

        
          
          

          Fig. 2.  
				
          

          
            Multiferroic and magnetoelectric materials relation.
          
          

          

        

        ME materials can be classified into a few categories based on their structural connectivity and performance. Initially, single phase ME materials, such as Cr2O3, BiFeO3 etc., began to attract attention in the early 1960s due to the scientific interest in the coexistence of magnetic and electric orderings in a single phase system. However, their low Curie temperature and extremely weak ME voltage coefficients led to the development of particulate ME composites and nanocomposites starting in the early 1970s [33-37]. These composites were prepared by simply mixing ferromagnetic and ferroelectric particles to form a 0-3 connectivity. However, their random distribution resulted in inefficient strain/stress transfer. Furthermore, high leakage current due to the low electrical resistivity of the magnetic particles led to low ME voltage coefficients in systems such as (NiZnCu)Fe2O4-Pb(Zr,Ti)O3 (NFO-PZT) and CoFe2O3-BaTiO3 (CFO-BT) [17,38-40]. Nanocomposites exhibited relatively improved ME coupling properties, due to the dense packing of nanoscale particles and effectiveness in stress transfer, and the incorporation of polymer matrices enabled flexible ME composites. A breakthrough in ME materials occurred with the introduction of 2-2 laminated ME composites in the early 21st century. Specifically, a laminated Terfenol-D/PZT/Terfenol-D ME composite introduced in 2001 achieved an unprecedented ME voltage coefficient reaching nearly 5 V/cm·Oe, paving the path for future high-performance ME composites [19,23,38]. The pursuit of emerging ME systems with excellent ME voltage coefficients and miniaturization capabilities continues to expand for biomedical and environmental sensing applications. This section summarizes some of the recently reported single phase and composite ME systems as tabulated in Table. 2.

        
          Table 2. 
				
          

          
            Recently reported magnetoelectric materials and their ME coefficients.
          
          

        

        
          
            
              	Active ME materials
              	αME (sm-1)
              	αME (V/Oe.cm)
              	Reference
            

          
          
            	NiI2(EMo)
            	1.1 × 10-8
            	-
            	[41]
          

          
            	Bi7Fe3Ti3O21
            	1.26 × 10-8
            	-
            	[42]
          

          
            	ZnO
            	1.61 × 10−7
            	-
            	[43]
          

          
            	Co2FeSi/PMN-PT
            	6.3 × 10−6
            	-
            	[44]
          

          
            	Co2FeSi/PMN-PT
            	1.8 × 10-5
            	-
            	[45]
          

          
            	PVDF-VSe2-COOH
            	1.97 × 10-5
            	-
            	[46]
          

          
            	Ni/FSMA/PMN-PT
            	-
            	3.7
            	[47]
          

          
            	Metglas/langatate/Metglas
            	-
            	72 @ 96.52 kHz
            	[48]
          

          
            	Ni/PMN-PZT/Ni
            	 
            	1419 @ 87 Hz
            	[49]
          

          
            	Fe-Si-B/PZT
            	-
            	5522 @ 23.89 kHz
            	[50]
          

        

        

        As is well established and known, in single phase materials, intrinsic symmetry coupling is always weak at atmospheric temperature, causing the low electric and magnetic ordering, resulting in giving the weakest ME coupling coefficients [41-43]. To fabricate the flexible ME sensor with the improved magnetic-mechanical interaction, the ferromagnetic shape memory alloy (FSMA; Ni-Mn-In) was introduced with +q11 (piezomagnetic coefficient) attached over the flexible Ni foil with -q11, achieving the expected qij grading as reported by Diksha et al. These structures create a controlled bending movement and cancel out asymmetric bending related strain in the structure. Due to the interaction strengthening between mechanical and magnetic layers, the overall magnetoelectric voltage coefficient was improved [47]. The fabricated Ni/FSMA/PMN-PT ME heterostructure benefits from the q-grading, resulting in the improved ME output of 3.7 V/Oe∙cm, with the enhanced magnetic field sensitivity of ~ 0.74 mV/Oe, over the non-graded Ni/PMN-PT with 1 V/Oe∙cm.

      

      
        2.2 Magneto-Mechano- Electric (MME) Conversion
        A laminated ME composite consists of physically separated but laminate bonded layers of the ferromagnetic (magnetostrictive) and ferroelectric (piezoelectric) materials, showing significantly higher ME voltage coefficients than pure single phase systems [30]. Although composite-type ME materials exhibit higher ME voltage coefficients and room-temperature viability compared to single-phase materials, superior properties are often required for integration into various practical devices. A decade back, Ryu et al. proposed a magneto-mechano-electric (MME) energy conversion technology based on ME composites that dramatically enhances ME coupling performance under resonant conditions [51,52]. By applying a deformation torque alongside the magnetostrictive strain, induced by magnetic field oscillation at the electromechanical resonance frequency during the implementation of simple ME materials into device architectures, this approach transfers significantly amplified stress to the piezoelectric phase, thereby generating an extraordinarily high electrical output. In addition, the magnitude of the output voltage from the MME device is linearly proportional to the strength of the applied magnetic field. Owing to these outstanding characteristics, extensive research is actively underway for applications in magnetic field sensors and magnetic energy harvesting technologies [30,51].

        The mechanism underlying the superior performance of laminated ME composites can be discussed based on the MME energy conversion. Under an external magnetic field, the magnetostrictive (or magnetic) constituent materials in the ME composite undergo mechanical deformation or vibration. This strain/stress is transferred to the elastically coupled piezoelectric (or triboelectric) constituent material, resulting in the generation of the electric output and functioning as an MME energy conversion unit. The lab scale measurement setup used for the MME energy conversion is schematically illustrated in Fig. 3. The function generator aids in creating the signal with wave shape and frequency control. This low-power signal is then amplified by a bipolar amplifier, which drives the Helmholtz coil to create the stable magnetic field. The magnetostrictive material undergoes the bending and vibration, which transfer the mechanical stress to the attached piezoelectric layer, thus generating the electrical output through the piezoelectric effect. In real time, the stray magnetic field acts as the source to impact on the magnetostrictive layer; the created mechanical stress transfers to the piezoelectric layer, to generate the electrical output, which thus acts as a sensor signal. In this way, the MME can work as an energy conversion unit, i.e., a magnetic energy harvester and a magnetic field sensor.

        
          
          

          Fig. 3.  
				
          

          
            Schematic diagram of the typical MME energy conversion measurement setup. Helmholtz coils in the drawing are employed strictly as a characterization tool to apply a precise magnetic field to MME devices and are not incorporated into practical device implementations. Upon applying an external magnetic field, the voltage generated across the piezoelectric material-induced by both the ME effect and the torque from the magnetic proof mass-is measured, with the magnitude of the output voltage being linearly proportional to the strength of the applied magnetic field.
          
          

          

        

        Dong et al. reported notable works on MME energy conversion and its output enhancements over the years. The MME coupling equivalent circuit was reported in 2014, providing a basis for the MME composite cantilever for low frequency ME coupling [53]. In 2014, piezoelectric macro fiber composite (MFC)/nickel laminates were used in fabrication of the MME and delivered the electrical output of 20 V with the power of 6 µW [54], and in 10 years, by 2024 the peak output power reached 98.5 mW by fabricating the novel T-shaped MME energy harvesters, which is 262% higher than the state of the art results at the time [55]. The magnetoelectric flux gate sensor (MEFGS), which was reported in 2018, experimentally achieved the high ME coupling coefficient of 5700 V/cm∙Oe, paving the way for practical applications in a real environment [56]. To power the IoT devices, the MME device size is also required to be smaller for effective implementation and better adaptability. However, the size reduction of MME devices faces difficulties with the lowered MME coupling efficiency of a cantilever setup with reduced space. The optimization strategy introduced to improve the output power density involves modifying the relative position of the neutral axis, and flexural rigidity of piezoelectric phases. This change achieved the power density of 0.73 mW/cm3∙Oe2 at a low magnetic field of 1 Oe at 50 Hz with the device volume of 0.97 cm3 [57]. Another strategy of introducing nonlinear dynamics, to widen and flatten the potential well, enhanced power density to 0.92 mW/cm3∙Oe2 with the device size (0.928 cm3) matching the button cell batteries, under the weak magnetic field of 1 Oe at 50 Hz [58] initiating the way for self-powered wireless sensor networks (WSN).

      

    

    

  
    
      3. MAGNETIC SENSORS WITH ME COMPOSITES
      The two kinds of magnetic sensors are discussed here, based on magnetoelectric materials. The first one is the magnetoelectric (ME) sensors and the other one is Magneto-Mechano-Electric (MME) Sensors. The ME sensors are made of single phase ME materials or laminated ME composites consisting of magnetostrictive and piezoelectric layers. Upon interaction with the magnetic field, the magnetostrictive layer containing magnetic domains reorients and exerts strain on the piezoelectric layer, generating the sensing voltage. Even though the resonance frequency operation of ME sensors will boost their sensitivity, the ME composites’ high resonance, in the range of 10 kHz to 1 MHz depending on the device geometry and vibration mode, led to a huge mismatch to the practical magnetic sensing application requirements.

      On the other hand, MME sensors are generally fabricated using a cantilever beam with a magnetic tip mass. Tuning the geometry and reducing stiffness helps lower the resonance frequency to the sub-1 kHz range, making them suitable for low-frequency magnetic field sensing and harvesting applications, such as electric power grid monitoring (50/60 Hz). In MME sensors, the presence of magnetostrictive material helps us to improve performance and sensitivity by acting as an additional mechanical amplification mode, but it is discretionary. Upon application of the magnetic field, the tip mass working as a mechanical lever creates the visibly high deformation of the cantilever beam due to the magnetic torque acting on its magnetic moment, creating and applying the huge strain on the piezoelectric layer, delivering the enhanced voltage output and high sensitivity. The differences between the ME and MME sensors in terms of device structure, mechanical amplification mode, impact of torque, working mechanism, pros and cons were tabulated and presented in Table 3.

      
        Table 3. 
				
        

        
          Comparison table between the ME and MME sensors with their pros and cons.
        
        

      

      
        
          
            	 
            	ME sensors
            	MME Sensors
          

        
        
          	Device structure
          	Unconstrained ME single phase or laminated composites made of magnetostrictive and piezoelectric layers.
          	Cantilever setup with at least one end constrained with a proof mass.
        

        
          	
            
          
          	
            
          
        

        
          	Device Concept
          	Utilizing the intrinsic vibrational modes of the composite
          	Utilizing extrinsic bending motion through the integration of the composite and the magnetic proof mass
        

        
          	Role of torque
          	Zero-torque impact. Only magnetostriction materials induced lattice level, longitudinal (L) and transverse (T) expansion.
          	High impact of torque. The magnetic field interacts with the proof mass generating rotational torque and translation force leading to the visible bending and deflection.
        

        
          	Sensing mechanism
          	Magnetic → Magnetostriction → Piezoelectric
(pure ME effect)
          	Magnetic → Force → Mechanical Bending → Piezoelectric
(ME effect + magnetic torque)
        

        
          	Resonant condition
          	High resonance frequency operation, in the range of 10 kHz to 1 MHz
          	Resonance frequency lower than 1 kHz can be tuned by the cantilever structure
        

        
          	Pros
          	✓Compact size
✓High sensitivity
✓No power or low power required for operation.
✓Wide operation frequency
          	✓High electric power output
✓Low frequency operation (Power grid 50/60 Hz)
✓No required DC bias
        

        
          	Cons
          	➢Minimal sensitivity at low frequencies
➢Difficulty in measuring DC and low frequency fields
          	➢Bulky structure and peripherals
➢Noise issues from the atmospheric vibration, due to its nonresonance activity
        

      

      

      
        3.1 ME sensors
        The operation of ME sensors is simple and straightforward. An external magnetic field induces deformation in the magnetostrictive layers, which transfers mechanical stress to the piezoelectric layers. This generates an output voltage signal as the ME sensor output that is directly proportional to the applied magnetic field strength, even without any mechanical resonance optimization. Research articles on ME sensors published recently are tabulated and presented in Table. 4.

        
          Table 4. 
				
          

          
            Recently reported ME and MME sensors and their sensing properties (* NEB: Noise Equivalent Bandwidth)
          
          

        

        
          
            
              	S.No
              	Active ME materials
              	αME (V/Oe∙cm)
              	NEB* @ 1 Hz
(pT/Hz 1/2)
              	LoD
(pT)
              	Notes
              	Reference
            

          
          
            	1
            	Metglas/PVDF
            	493 @ 10.59 kHz
            	-
            	-
            	Crystallization
enhancement
            	[59]
          

          
            	2
            	Metglas/PZT
            	20
            	-
            	-
            	[60]
          

          
            	3
            	Metglas/Mn-PMN-PZT SFC
            	361 @ 99.3 Hz
            	 
            	0.5
            	[15]
          

          
            	4
            	Untreated Metglas/Mn-PMN-PT
            	19400 @ 16.47 kHz
            	-
            	-
            	[61]
          

          
            	Treated Metglas/Mn-PMN-PT
            	42600 @ 16.2 kHz
            	0.00289
            	-
          

          
            	5
            	Metglas/quartz/Metglas
            	3038 @ 36.25 kHz
            	-
            	10
            	Frequency modulation
            	[62]
          

          
            	6
            	Metglas/PZT5H
            	-
            	-
            	200
            	[63]
          

          
            	7
            	Metglas/Piezoelectric MFC
            	-
            	16.7
            	-
            	Current sensor
13.2 mV/A
            	[64]
          

          
            	8
            	Terfenol-D/PZT/Terfenol-D
            	15 @ 62 kHz
            	-
            	-
            	Current sensor
6.8 mV/A
            	[65]
          

          
            	9
            	Terfenol-D/PZT/Terfenol-D
            	-
            	-
            	-
            	Current sensor
52.79 mV/A
            	[66]
          

          
            	10
            	FeGa/PZT
            	-
            	-
            	-
            	Current sensor
1.36 mV/A
            	[67]
          

          
            	11
            	Metglas/Ni/PZT and NdFeB
            	1.54
            	-
            	8
            	Current sensor
111 mV/A
            	[68]
          

          
            	12
            	Metglas/b-LiNbO3
            	492 @ 3.065 kHz
            	-
            	12
            	Magnetic sensor
            	[69]
          

          
            	13
            	FeNiBSi/PZT-5H/FeNiBSi
            	41.5
            	-
            	-
            	[70]
          

          
            	14
            	FeCoSiB/Langatate
            	76.6 @ 107 kHz
            	0.36
            	70
            	[71]
          

          
            	15
            	Metglas/PZT-5H
            	415
            	-
            	25
            	[72]
          

          
            	16
            	Ni/PMN-PZT/Ni
            	1419 @ 87 Hz
            	-
            	6.3
            	[49]
          

          
            	17
            	Ni/32 mode-PMN-PZT/Ni
            	9.44 @ 178 kHz
            	-
            	5000
            	[73]
          

          
            	18
            	Ni/36 mode-PMN-PZT/Ni
            	9.26 @ 157 kHz
            	 
            	2000
          

          
            	19
            	36 mode-PMN-PZT/Metglas
            	140 @ 103 kHz
            	-
            	2
            	[74]
          

          
            	20
            	Metglas/PZT
            	104 @ 25°C
39.7 @ 330°C
            	-
            	300
            	Temperature sensor
            	[75]
          

          
            	21
            	Terfenol-D/BS–PT
            	2.008 @ 20°C
0.906 @ 350°C
            	-
            	42000
            	[76]
          

        

        

        To improve the sensitivity of ME sensors, numerous approaches have been implemented, including modifications to the ME composite lamination process and alterations to the crystalline structure of the magnetostrictive or piezoelectric layers. The low ME voltage coefficient at bending vibration frequencies has long been viewed as a major barrier for the ME sensors operating at low frequencies. To overcome these limitations, Zhang et al. proposed a vacuum packing technique [59]. By applying vacuum packaging to PVDF polymer/Metglas laminated ME composites, the structural stiffness was reduced, which shifted the dominant vibration mode from longitudinal to bending. This modification lowered both the resonance frequency and the required DC bias field of the composites, leading to a significant improvement in αME, up to ~493.7 V/cm∙Oe, approximately 2.5 times higher than that of conventionally packaged ones. Furthermore, this treatment improved the sensitivity to 2522.33 mV/Oe at 10.59 kHz with excellent linearity (R2 = 0.99). The vacuum-packed samples also exhibited an impressive limit of detection (LoD) of 0.4 nT for an AC magnetic field and 2.4 nT for a DC magnetic field. In summary, this simple packaging technique effectively reduces structural stiffness, enhances the ME voltage coefficient, and lowers both the resonance frequency and DC bias field strength, providing a promising route toward ultra-sensitive magnetic field sensors. Crystallization of the magnetostrictive layer is another approach, to improve the ME coupling coefficients. The FeNiBSi annealing treatment at a high temperature of 450°C aids in creating the dual architecture with α-Fe nanocrystals, embedded on the surface of an amorphous matrix. The simple annealing process ends up improving the ME coefficient to 41.5 V/cm∙Oe, which is 4 times higher compared to the untreated one. On the application of magnetic anomaly detection, it increased 25-fold compared to the non-annealed sample, denoting the importance of the crystalline properties of the magnetostrictive layer, to achieve a high magnetoelectric coefficient [70]. Similarly, heat-treated Metglas ribbons with Mn-doped PMN-PT resulted in the ME coefficient of 4.26 × 104 V/cm∙Oe at a resonance of 16.2 kHz. The performance improvement was ascribed to the enhanced nano crystallization of the Metglas, resulting in the higher piezomagnetic coefficient, high density of induced magnetic flux, and low loss [61].

        To detect the low frequency magnetic field, researchers implemented frequency and amplitude modulation [62,63]. The resonance enhanced magnetoelectric coupling effect and high sensitivity for the magnetic field detection make the ME sensors very popular. However, the sensitivity drops rapidly away from the resonance frequency, making it difficult to utilize them for a wide range of frequencies. Numerous reports are there on changing the material combination and device structure modification, to increase the ME sensors’ low frequency sensitivity. Sun et al. reported the frequency conversion method, by characterizing the amplitude and frequency of the magnetic or electric modulation field and studied its effect on the sensing performance. The standard ME bulk composite sensor made by bonding the PZT-5H and Metglas by epoxy resin was studied by the electric frequency conversion (EFC) techniques and magnetic frequency conversion (MFC), to show the connection between low frequency magnetic field detection and its gain of mechanical resonance. The MFC and EFC approaches delivered ~ 2 orders of magnitude of improvement in both sensitivity and noise density at low frequency. The limit of detection (LOD) at 10 Hz was reported as 200 pT with a magnetic flux concentrator (MFC) and 340 pT with an electric flux concentrator (EFC), demonstrating robust capabilities for weak magnetic field detection in the low frequency range from 1 to 100 Hz. Sun et al. utilized a Metglas/quartz/Metglas laminated ME sensor to evaluate the frequency modulation technique, successfully detecting low-frequency magnetic field signals and reaching an LOD of 10 pT at 1 Hz [43,44]. Current detection represents another promising application of ME composites. Qiao et al. reported a Metglas/Ni/PZT composite for weak current sensing, achieving a detection limit of 0.43 µA with a sensitivity of 111 mV/A. This weak current sensing capability was enabled by matching the second-order resonant frequency of the cantilever-based device with the characteristic signal frequency [49]. For high-current applications, a Terfenol-D/PZT/Terfenol-D laminate was reported for 8/20 μs lightning current detection, delivering a sensitivity of 6.8 mV/A across a current range of 500 A to 9 kA [46]. Similarly, Lu et al. developed a FeGa/PZT ME composite for high-speed lightning current detection, achieving a sensitivity of 1.36 mV/A in the 500 A to 9 kA range [48]. By fabricating a split-core ME sensor, Lu et al. further achieved a sensitivity of 52.79 mV/A over a current range of 10 A to 1000 A [47]. These recent studies demonstrate the strong potential and suitability of ME sensors for high-speed current sensing across a wide dynamic range [45].

        The impact of the piezoelectric vibration mode on the coupling coefficients and sensitivity of ME composites was studied by fabricating composites with PMN-PZT single crystals and Ni foils. Their ME properties were evaluated in the 31, 32, and 36 modes, which depend on the crystal orientation of the PMN-PZT single crystal. At resonance conditions, the ME properties for all three modes were similar, but in the off resonance there was a noticeable change in sensitivity, with 2 nT in the 36 mode and in the other modes it was 5 nT. The detection limit was further reduced to 2 pT by fabricating the laminated Metglas/36-mode PMN-PZT single crystal composite at resonance conditions of 103 kHz with the ME coefficient of 140 V/cm·Oe. These works establish the importance of piezoelectric materials’ vibration mode to achieve better sensitivity and ME coupling coefficients in the laminated ME composites[73,74].

        The effect of the interfacial bonding layer was systematically investigated by evaluating the impact of various adhesive interlayers on the ME coupling coefficients in ME sensors. Laminated ME composites were fabricated using Mn-doped Gen-III PMN–PZT single crystals as the piezoelectric layer and Ni sheets as the magnetostrictive layer, bonded with four distinct epoxy adhesives: 3M DP460 (3M Scotch-Weld), Stycast 2850FT (Henkel Loctite), Duralco 4461 (Cotronics Corporation), and EPO-TEK 301 (Epoxy Technology). Among these, Duralco 4461 exhibited the lowest viscosity, yielding a thin interfacial bond-line thickness of 18.8 µm. Combined with a moderate Young's modulus, this thin enhanced layer enabled the composite to achieve the highest off-resonance ME coefficient of 0.72 V/cm·Oe and a resonant ME coefficient of 60 V/cm·Oe, outperforming the other three epoxy adhesives [56]. The critical role of the interfacial bonding layer was further clarified by recent work on PMN–PZT/Ni composites prepared via an adhesive-free approach, in which Ni was directly electroplated onto PMN–PZT single crystals. The off-resonance ME coefficient for this direct-electroplated composite was reported to be approximately 6.9 V/cm·Oe, nearly ten times higher than that of the Duralco 4461 epoxy-bonded composite. At resonance, the adhesive-free ME laminate delivered an exceptionally high ME coefficient of 1419 V/cm·Oe, representing a 23-fold increase compared to the epoxy-bonded composite, as shown in Fig. 4. Notably, Stycast 2850FT exhibited a lower ME coefficient despite its high Young's modulus, establishing that the thickness of the interfacial epoxy film exerts a far greater influence on ME coupling coefficients than the Young's modulus of the adhesive. Furthermore, the remarkably high resonant ME coefficient of 1419 V/cm·Oe demonstrates that the epoxy-free sample produces a substantial voltage variation with respect to a unit magnetic field, underscoring its high sensitivity even to ultralow magnetic fields [54]. This capability was confirmed by determining the minimum detectable AC magnetic field at the anti-resonance frequency. Electroplated laminates fabricated with electroplating durations of 1, 2, 4, and 6 h exhibited detection limits of 10, 8.3, 7.6, and 6.3 pT, respectively (Fig. 5). The noise density spectrum measured over a broad frequency range remained in the order of 10-13 to 10-11 T/√Hz at the anti-resonance frequency, indicating that these low detection limits are stable and governed by the intrinsic noise floor of the device. Consequently, these findings clearly demonstrate that epoxy-free, direct-bonding strategies are superior for realizing high-performance, ultralow-field ME sensors.

        
          
          

          Fig. 4.  
				
          

          
            Schematic diagram illustrating the effect of Viscosity and Young’s modulus on the adhesive thickness, and its impact on the ME coupling coefficient.
          
          

          

        

        
          
          

          Fig. 5.  
				
          

          
            Magnetic field detection performance of electroplated Ni/PMN-PZT/Ni laminates: (a) induced ME voltage as a function of AC magnetic field amplitude at the anti-resonance frequency, used to determine the magnetic field detection limit for samples electroplated for 1, 2, 4, and 6 h; (b) corresponding noise density spectra measured over a broad frequency range, showing the intrinsic noise characteristics of the laminates. Adapted from Ref. [49]
          
          

          

        

        ME sensors are increasingly deployed in industrial environments to detect weak magnetic field under high-temperature conditions. Consequently, maintaining stable sensor performance at elevated operating temperatures is essential. Yuan et al. reported a BS–PT ceramics/Terfenol-D alloy composite evaluated across a broad temperature range, which exhibited an ME coefficient of 2.008 V/cm·Oe at 20°C and maintained 0.906 V/cm·Oe at 350°C. The sensor achieved a magnetic field detection limit of 42 nT throughout the 20–350°C range, indicating its capability to detect weak magnetic fields under harsh conditions [55]. Similarly, Zhao et al. reported a flexible ME sensor based on PZT/Metglas operating over a temperature range of 20–350°C [54]. The device demonstrated an ME coefficient of 104 V/cm·Oe at 25°C, which dropped to 39.7 V/cm·Oe at 330°C, while maintaining a detection accuracy of approximately 0.3 nT, highlighting its strong potential for harsh-environment sensing applications. Beyond direct magnetic field detection, the capability of ME sensors to serve as a unified platform for monitoring multiple parameters, such as current and temperature, further enhances their value for multifunctional device applications.

      

      
        3.2 MME Sensors
        Although MME devices have drawn significant attention due to their higher energy conversion efficiency compared to simple planar ME composite structures, they also hold immense potential for magnetic sensor applications. Although research in this area remains limited, future investigations into their application as sensor devices are expected to expand rapidly. Herein, we focus exclusively on the recent research findings on magnetic sensors utilizing MME structures reported by Mahesh et al. [15]. The resonant condition-based MME energy conversion sensors deliver huge sensitivity in general. To improve ME sensitivity and lower the LoD, Mahesh et al. implemented a flash photon annealing (FPA) treatment on an amorphous Metglas (FeBSi) alloy. As illustrated in Fig. 6, the high-temperature, short-duration annealing process tailored the magnetostrictive and mechanical properties of Metglas without causing severe structural damage. The ultra-fast flash annealing, which lasted for only 300 µs on the amorphous Metglas, induced partial nanocrystallization within the amorphous Metglas surface. This structural modification enhanced magnetic flux density, improved the soft magnetic properties, and boosted the mechanical quality factor (Qm) of Metglas without inducing brittleness. Consequently, these property improvements led to a 47% increment of the αME under resonance conditions and a 52% increment under off-resonance conditions for the fabricated Metglas/Mn-PMN-PZT SFC composites. Furthermore, the proposed FPA treatment improved the LOD by an order of magnitude (from 5 pT to 0.5 pT), demonstrating a viable strategy for designing magnetic sensors capable of detecting extremely low frequency magnetic fields. The sensitivity of an ME sensor majorly depends on the intrinsic properties of the constituent layers and their interfacial bonding.

        
          
          

          Fig. 6.  
				
          

          
            Schematic illustration of the FPA concept and the FPA effect on material properties. (a) Schematic illustration of flash photon annealing induced Metglas nanocrystallization and property enhancement in nanocrystalline Metglas. (b) Numerically estimated temperature profile and (c) distribution contours in the 2-D domain of the Metglas during the various stages of FPA annealing. Microstructural features of pristine Metglas [(d) and (e)] and FPA Metglas [(f) and (g)]. (e) and (g) present the HRTEM images of the pristine Metglas and FPA Metglas respectively, whereas the top insets and bottom insets represent the corresponding SEM images and FFT patterns, respectively. Adapted from Ref. [15].
          
          

          

        

      

    

    

  
    
      4. PERSPECTIVES
      
        A. Adhesive layers, thermal mismatch:
      

      In laminated magnetoelectric (ME) composites, the piezomagnetic strain generated by the magnetostrictive layer must be effectively transferred to the piezoelectric layer to maximize energy conversion and electrical output. However, the organic epoxy bonding layer introduces energy transfer loss and thermal expansion mismatch, which degrades overall performance and dampens mechanical stress transfer. Despite these recent findings, many research studies still rely on various epoxy adhesives for device fabrication rather than adopting epoxy-free, direct-bonding approaches. Consequently, interfacial coupling efficiency remains one of the least investigated aspects among parameter optimization strategies in recent literature.

      
        B. Lead-free materials:
      

      Another critical insight from recent studies is that most reported ME composites remain heavily reliant on lead-based materials. Although lead-free alternatives currently exhibit relatively lower piezoelectric performance, greater research efforts should be directed toward developing lead-free ME composites. Given the toxicity, carcinogenicity, and increasingly stringent global environmental regulations surrounding lead, exploring promising lead-free compositions near the morphotropic phase boundary (MPB) is crucial for realizing high-performance, eco-friendly ME devices.

      
        C. Exploring the alternative piezoelectric materials:
      

      The emergence of high piezoelectric performance in newly developed high-entropy systems (HES) and hybrid organic-inorganic perovskites (HOIPs) holds great promise for next-generation magnetoelectric (ME) materials. For instance, the KNN-based high-entropy system KNNS–BNKZ––AS(AgSbO3) exhibits an outstanding piezoelectric coefficient d33 of ~600 pC/N. Furthermore, HOIP-based lead-free solid solutions engineered near a morphotropic phase boundary (MPB), (TMFM)xTMCM1-xCdCl3, reportedly deliver an exceptionally high d33 of 1540 pC/N. These high-performance lead-free systems pave the way for developing advanced ME composites suited for high-sensitivity ME sensors and MME energy conversion devices.

      
        D. Design of sensor and LOD:
      

      From a noise-reduction and signal-conditioning perspective, future research on ME and MME magnetic sensors should prioritize lowering the overall equivalent magnetic noise density (Ne) through integrated circuit-level strategies to push the LOD into the femtotesla (fT) regime. Since devices utilizing MME structures can also generate voltage from external mechanical vibrations, a vibration-insensitive device design is essential for effective noise mitigation.

      Because low-frequency 1/f flicker noise and dielectric loss noise severely impair sensor resolution in DC to sub-hertz applications, implementing advanced frequency up-conversion and active modulation techniques, such as magnetic or mechanical modulation that shifts low-frequency target signals to the low-noise, high-Q resonance band, is essential. Additionally, developing custom ultra-low-noise front-end charge amplifiers (ASIC/Readout ICs) with precise impedance matching, dynamic offset cancellation, and adaptive filtering will be critical. The seamless co-design of low-loss magnetoelectric elements and dedicated, ultra-low-noise readout electronics represents a vital pathway toward realizing practical, high-precision biomagnetic sensing systems.

    

    

  
    
      5. CONCLUSIONS
      This review surveys recently reported magnetoelectric (ME) materials and their coupling coefficients for sensing applications, focusing on both direct ME sensors and magneto-mechano-electric (MME) energy-harvesting-based sensors. Specifically, it summarizes key strategies implemented to enhance the magnetoelectric voltage coefficient. These approaches include tailoring piezoelectric properties via crystallographically oriented single crystals, macro-fiber composites (MFCs), and single-crystal fiber composites; modifying cantilever structural geometries; and optimizing bonding interlayers or applying direct-deposition/electroplating techniques. By synergizing highly oriented piezoelectric media, optimized device geometries, low-loss bonding interlayers, and highly crystalline magnetostrictive layers, high ME coupling coefficients can be achieved in both direct and converse modes. Ultimately, these strategies significantly boost magnetic field sensitivity, paving the way for high-performance ME materials in multifunctional device applications.
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