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An ultra-low anisotropy magnetoelectric (ME) magnetic field sensor consisting of 

strictly concentric toroidal nickel-zinc ferrite/piezoelectric composite with toroidal 

solenoid was developed, and its sensitivity and resolution under different angles of 

planar AC/DC magnetic field were systemically characterized. The experimental 

results demonstrate that the induced voltage output strength was constant along the 

angles between the ME magnetic sensor and the planar DC/AC magnetic field due to 

toroidal structure had ultra-low shape-induced anisotropy. Consequently, for the DC 

case its sensitivity and resolution could reach about 15mV/Oe and 2×10-7T under a low 

excitation of ƒ=111.42kHz circumferential AC magnetic field, respectively. 

Correspondingly, for the AC case its sensitivity and resolution could reach about 

56.9mV/Oe and 710-9T under a 2.25Oe circumferential DC bias magnetic field. These 

findings provided more flexibility of the device design for weak magnetic field 

detection. 

 

I. INTRODUCTION 

In recent years, the attention for magnetic sensors is continuously increasing due 

to enormous economic-effective, and they have extensive applications in the vehicle 

navigation[1], the detection of bio-magnetic[2], non-destructive testing[3], medical 

sensors[4], and even the electroencephalogram detection, etc[5, 6]. Currently, various 

technologies have been used for magnetic sensing, such as search coil[7], fluxgate[8], 

hall-effect[9], superconducting quantum interference device[10], magnetoelectric 

effect[11], optical pump magnetometer[12], magnetoresistance[13], etc. Among these 
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technologies, the ME magnetic sensors are composed of magnetostrictive/piezoelectric 

composites drawn much research attention as they are cost-effective, miniaturization, 

highly sensitive, and simple operation, and the applications of ME magnetic sensors 

have been enormously reported. For instance, Dong et al., demonstrated that the output 

voltage of a long-type ME laminate magnetic sensor consisting of Terfenol-D and PZT 

with an exceptionally linear response to an AC magnetic field HAC was found over the 

range of 10-11<HAC<10-3T[14]. Subsequently, Dong et al. reported the long-type ME 

laminate magnetic sensor consisting of Terfenol-D and PZT, which exhibit a DC 

magnetic field sensitivity of 10-8T under a constant drive of HAC=1Oe[15]. Recently, a 

ME magnetic sensor based on Metglas/quartz composites was presented by Sun et al, 

with an extremely high AC magnetic field sensitivity of 44pT1.41pT for low 

frequency(1-100Hz)[16]. Yang et al. demonstrated a long-type arc shaped 

Metglas/polyvinylidene fluoride (PVDF)/Ni ME laminate with a self-biased effect, 

which reveal an AC magnetic field sensitivity of 10-9T under a wide detection range 

(1-25 kHz)[17]. Chen et al. reported a wireless millimetric magnetoelectric implant 

consisting of Metglas/PZT for the endovascular stimulation of peripheral nerves, which 

size is only 32.1514.8mm3 and can achieve minimally invasive implants without 

open surgery[18]. Focused efforts in previous reports were devoted to detecting planar 

DC/AC magnetic field by using long-type ME magnetic sensor consisting of 

magnetostrictive/piezoelectric composites, which has high ME coefficient and high 

sensitivity. However, such structure meanwhile has significant shape-induced 

anisotropy, which will seriously affect ME coupling coefficient when the angle between 

the direction of magnetization of ME magnetic sensor and the planar DC/AC magnetic 

field are not parallel, proceed to cause enormous deviation and affect the stability of 

ME magnetic sensors[19, 20]. For example, Zhang et al. revealed long-type 

magnetostrictive materials with specific crystal orientation is highly anisotropic, which 

the magnetostriction coefficient decreases when changing magnetization direction due 

to the demagnetization effect[21]. Cui et al. revealed an effective of size effect and 

demagnetization effect on the ME coupling coefficient in piezoelectric/piezomagnetic 

laminates, which predicted that as sizes of ME laminates decrease from 100mm to 10-

3mm, ME coefficient will dramatically decrease from 5 V/cm Oe to 0.08V/cm Oe 

correspondingly[22]. Zhang et al. demonstrated that the effect of DC magnetic field 

direction on the ME voltage coefficient (MEVC) measured for ME composites 

consisting of NZFO/PMN-PT, which observed a maximum MEVC of 114.4V/cm Oe 

at =0 and the MEVC decreased to 58.2V/cm Oe when HDC direction at =90 under 

HDC=23Oe[23]. In various practical applications like position detection, vehicle 

information and communication system, precision machining, etc.[24, 25], it is 

inevitable that the magnetic field direction cannot be strictly parallel to the direction of 

magnetization of magnetic sensor, which cause a slight deviation from the real data, 

resulting in poor precision. Particularly, in high-precision applications, the deviation 

could seriously affect the stability of devices, so magnetic field sensors with low 

anisotropy have great potentials in practical applications. 

In this study, a toroidal ME magnetic sensor in composite of strictly concentric 

ferrites/piezoelectric ring with toroidal solenoid wound around it was fabricated and 
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developed. Compared with the previously reported ME magnetic sensors of long-type 

laminate configurations, the toroidal ME magnetic sensor has ultra-low shape-induced 

anisotropy and strong ME couplings, which output is almost immune from the angle 

between the ME magnetic sensor and the magnetic field. These favorable 

characteristics including low shape-induced anisotropy and strong ME couplings offer 

unique possibilities for use of magnetic sensors. In addition, the measurements of 

sensitivity and resolution for the presented toroidal ME magnetic sensor were 

implemented. 

II. SAMPLE FABRICATION AND EXPERIMENT 

Polycrystalline nickel-zinc ferrite cylinder with composition of 

Ni0.8Zn0.2Sm0.02Fe1.98O4 (abbreviated as NZSFO) was synthesized by conventional 

solid-state method, commercially purchased powders of NiO, ZnO, Sm2O3 and Fe2O3 

with purity of 99.9% were fully mixed in stoichiometric ratio, ball-milled, pre-sintered 

at 800℃, followed by ball milling, pressed pellets and then final sintered at 1275 ℃ 

with heating/cooling rate of 2ºC/min in a muffle furnace[26]. Sintered ferrite cylinder 

was sliced into thin discs with 14mm in diameter and 1mm in thickness by a low-

frequency diamond saw. NZSFO was selected as magnetostrictive phase due to its soft 

magnetic properties (easy magnetization and demagnetization), and light samarium 

doping was intended to improve the dynamic magneto-mechanical conversion while 

decrease the hysteresis losses[27, 28]. Commercially purchased hard piezoelectric 

ceramic of PbaS-4 disc with similar dimensions were selected due to its relatively lower 

hysteresis losses (quality factor approximates 2200). Tri-layer strict concentric sample 

of NZSFO/ PbaS-4/ NZSFO was fabricated by bonding ferrite and piezoelectric slab 

together with epoxy adhesive (Vishay M-Bond 600 kit) and was cured at 120°C for 2h, 

followed by a round hole drilling with dimeter of 8mm. Finally, the sample was 

packaged in a non-magnetic fixture shell while the enameled copper was tightly wound 

with diameter of 0.15mm to provide a toroidal solenoid of ~90 turns per arc. The 

schematic diagram and photograph of the proposed toroidal magnetic sensor was 

illustrated in Fig. 1(a), and the details about the toroidal sample package can be found 

in our previous literature. The AC/DC magnetic field was produced by a 200-turn 

copper solenoid with a current source (Keithley Model 6221). Typical parameters such 

as sensitivity and resolution of presented toroidal ME magnetic sensor were measured 

using a lock-in amplifier (Zurich Model MFLI-500kHz). The working principle of the 

toroidal ME magnetic sensor for DC magnetic field detection mode was shown in 

Fig.1(b). A weak constant circumferential AC magnetic field, produced from toroidal 

solenoid, was used to excite the sample into vibration along its circumferential axis to 

generate voltage, and the induced voltage of toroidal ME composites will change with 

the variation of the superimposed DC magnetic field. Correspondingly, the working 

principle of toroidal ME magnetic sensor for AC magnetic field detection mode was 

shown in Fig. 1 (c), an optimum circumferential DC bias magnetic field was applied to 

the sample, which enables the improvement the MEVC of ME composites as well as 

eventual the sensitivity of presented sensor. Then, a lock-in amplifier was also 

employed to capture the induced ME voltage. 
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Fig. 1. (a) Schematic diagram and photograph of presented toroidal ME magnetic sensor. (b) The working 

principle of toroidal ME magnetic sensor for DC magnetic field detection mode. (c) The working principle of 

toroidal ME magnetic sensor AC magnetic field detection mode. 

III. RESULTS AND DISCUSSIONS 

Magnetostrictive layer as the actuating layer of ME composite material will 

produce a strain to realize the conversion of "magneto-mechanical " under an action of 

alternating magnetic field[29, 30]. Accordingly, the magnetic properties of 

magnetostrictive layer are significant to evaluate the performance of ME coefficient of 

ME composite material[31, 32]. The magnetic field distribution inside the toroidal ME 

composite with dimensions of inner diameter 8mm outer diameter 14mm and the long-

type ME composite with dimensions of 14mm4mm1mm were analyzed by the 

simulations under the magnitudes of HDC fixed at 50Oe, and simultaneously magnetic 

field rotates 45˚ each time within the range of 0˚-135˚. As illustrated in Fig. 2(a)-(d), 

the magnetic flux density distributions of the toroidal magnetostrictive material in x-y 

plane can be clearly observed. The inhomogeneous distribution of the magnetic flux 

density due to edge effects, and the maximum modulus occurring at the region where 

the toroidal sample is tangent to the magnetic flux density direction[33]. And as  is 

increased from 0˚ to 135˚ with increment of 45˚, the magnetic flux density distribution 

always remains in this condition, thus demonstrating that the direction of magnetic field 

will not affect the distribution of magnetic flux density in toroidal magnetostrictive 

material. Fig. 2(e)-(h) shown the magnetic flux density distributions of the long-type 

magnetostrictive material in x-y plane of Cartesian coordinate, which the 

inhomogeneous distribution of the magnetic flux density can also be clearly observed 

due to edge effects and demagnetization effects. Nevertheless, different with toroidal 

sample from the toroidal sample that the intensity of flux density distribution varies 

with the direction of the magnetic field due to the high shape-induced anisotropy of 

long-type sample, and the maximum magnetic flux density decreases from 4×10-2T to 

1.2×10-2T when magnetic field rotates from 0˚ to 90˚. From the simulation results 

obtained above, long-type magnetostrictive material have a significant attenuation in 

magnetization with θ rotations, by contrast, the toroidal magnetostrictive material will 

not have such a situation. Furthermore, we infer from the results that the variations in 

magnetization will directly affect the dynamic magneto-elastic couplings of long-type 

magnetostrictive material, and influence magnetoelectric voltage response of long-type 

ME composites. But the magnetoelectric voltage response of the toroidal ME 
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composites will not be affected by the direction of magnetic field. To demonstrate that, 

magnetoelectric voltage characterizations of long-type and toroidal ME composites will 

be implemented as follows. 

 

Fig. 2 Magnetic flux density distributions in x-y plane of toroidal NZFO sample for =(a)0(b)45(c)90(d)135 

and long-type NZFO sample for =(e)0(f)45(g)90(h)135 at HDC=50Oe 

 

To further clarify the influences of θ on ME voltage output, toroidal and long-type 

composite materials for various θ were measured in the range of 0˚and 360˚. Fig. 3 (a) 

shown the ME voltage output of the toroidal ME magnetic sensor when the DC 

magnetic field with different directions and different intensities (1.0Oe, 1.1Oe and 

1.2Oe, respectively) was applied in the plane of the sample. Clearly, the voltage output 

of toroidal ME magnetic sensor hardly changed with the change of planar DC magnetic 
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field angle, mainly due to the toroidal structure employed, which has lower shape-

induced anisotropy, near-zero demagnetization effect and high-frequency noise 

suppression relative to its counterparts. The inset of Fig. 3 (a) shown the direction of 

the DC magnetic fields in a top view. Fig. 3 (b) shown the ME voltage output of the 

toroidal ME magnetic sensor when the AC magnetic field with different directions and 

different intensities (1Oe, 1.1Oe and 1.2Oe, respectively) was applied in the plane of 

the sample. The voltage output of toroidal ME magnetic sensor hardly changed with 

the change of planar AC magnetic field angle, and inset of Fig. 3 (b) shown the direction 

of the AC magnetic fields in a top view. Fig. 3 (c) illustrated the ME voltage output of 

the long-type ME magnetic field sensor as a function of direction of magnetic field at 

HDC = 5Oe. Clearly, the voltage output of long-type ME magnetic sensor rapid decrease 

from 36.7mV to 8.2mV When the magnetic field angle is from 0˚ to 90˚, which reduced 

by 77.65%, and then the induced voltage decreases and increases periodically every 90 

degrees. It is found that a large dependence on θ of the ME voltage for long-type ME 

magnetic sensor, mainly due to the demagnetizing effect. The inset of Fig. 3 (c) shown 

the direction of the DC magnetic fields in a top view. As illustrated in Fig. 3 (d), the 

ME voltage output of the long-type ME magnetic sensor as a function of direction of 

magnetic field at a 52.2kHz 1Oe AC magnetic field. The result shows the voltage output 

of long-type ME magnetic sensor suddenly decrease from 28.8mV to 13.9mV When 

the magnetic field angle is from 0˚ to 90˚, which reduced by 51.7%, and then the 

induced voltage decrease and increase periodically every 90 degrees. The inset of Fig. 

3 (d) shown the direction of the DC magnetic fields in a top view. Compared with the 

long-type configurations schemes, toroidal configuration would not cause enormous 

deviation due to the angle between the sample and the magnetic field when measuring 

the planar magnetic field. Therefore, the toroidal ME magnetic sensor had better 

stability, which was beneficial for sensor.  

 
Fig. 3 (a) The effect of DC magnetic field angle on the ME output voltage measured for toroidal ME sensor. 

(b) The effect of AC magnetic field angle on the ME output voltage measured for toroidal ME sensor. (c) The 

effect of DC magnetic field angle on the ME output voltage measured for long-type ME sensor. (d) The effect of 
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AC magnetic field angle on the ME output voltage measured for long-type ME sensor. The inset indicates the 

direction of the magnetic fields in a top view. 

 

In order improve the sensitivity of ME magnetic sensor as much as possible, one 

would expect stronger MEVC[34, 35]. As illustrated in Fig. 1(b) that a weak 

circumferential AC drive field is required for the toroidal ME magnetic sensor when 

detecting the DC magnetic field. And the maximum ME induction voltage output was 

usually obtained when the drive signal frequency was resonant with the ME composite 

material. Fig. 4(a) shown the MEVC for toroidal ME composites as a function of 

circumferential AC magnetic field frequency under condition that the planar DC 

magnetic field is zero, a giant sharp resonance peak with value of 31.09V/cm Oe is 

observed at the resonance frequency of 111.42 kHz, and the MEVC is nearly two orders 

of magnitude higher than non-resonant modes when toroidal ME composites works in 

the resonance state. Therefore, a 111.42kHz circumferential AC magnetic field should 

be provided for the toroidal ME magnetic field sensor when measuring the DC magnetic 

field. Then induced ME voltage output versus the circumferential bias magnetic field 

were measured at the resonant frequency of 111.42kHz. As illustrated in Fig. 1(c) that 

a circumferential DC excitation field is required for the toroidal ME magnetic sensor 

when detecting the AC magnetic field. The circumferential DC bias magnetic field can 

attenuate the demagnetization effects exerted by the planar AC magnetic on ME 

composite material, proceed to enhance the ME induction voltage output. Fig. 4(b) 

shows the variation of induced ME voltage coefficient under different circumferential 

bias DC magnetic field for toroidal ME composites sample when external planar AC 

magnetic field is 1Oe and ƒ=111.42 kHz. Here, the induced MEVC shows strong 

dependence with circumferential bias DC magnetic field with the field varied from zero. 

The MEVC increases with an initial non-zero value of 0.387V/cm Oe, and then it 

increases rapidly to a maximum value of 0.659V/cm Oe at optimum bias of 2.25Oe 

then decreases sharply. Therefore, in order to obtain a higher sensitivity as much as 

possible when detecting planar AC magnetic field, it is necessary to apply a 2.25Oe 

circumferential bias magnetic field. 
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Fig. 4 (a) The ME voltage coefficient dependence of frequency in the range of 104kHz-122kHz without 

planar DC magnetic field. (b) Induced ME voltage as a function of circumferential DC magnetic field under a 1Oe 

of ƒ=111.42 kHz planar AC magnetic field. 

 

To evaluate the capabilities of DC magnetic field detection for toroidal ME 

magnetic sensor, the output sensitivity and resolution were measured under a 111.4 

2kHz low circumferential AC excitation. The DC magnetic field sensitivity and 

resolution were characterized for toroidal ME magnetic sensors using an active method: 

a 400-turn toroidal solenoid was wrapped around the toroidal sensor that carried a tiny 

AC current provided by the lock-in amplifier to drive the ME sensors. The toroidal ME 

magnetic field sensor was fixed in the center of the Helmholtz coil, a current source 

(Keithley Model 6221) generated a DC current as an input to the Helmholtz coil, and 

the lock-in amplifier (Zurich Model MFLI-500kHz) was used to measure the output 

signals. Fig 5 (a) shown the sensitivity of the induced ME voltage responding to the 

variations of DC magnetic field strength, and the induced ME voltage exhibits an 

approximately linear relationship with the DC magnetic field strength over the range of 

approximately (0.2Oe-2.6Oe). The errors in the measurement of DC magnetic field 

sensitivity were caused by the self-characteristics of ME composite (such as the 

hysteresis, demagnetization effect). The measured sensitivities under a 111.42 kHz low 

circumferential AC excitation conditions were about 15mV/Oe. The inset of Fig 5 (a) 
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shown the induced ME voltages from the toroidal ME magnetic sensor in response to 

little changes in HDC at driving frequency of a ƒ=111.42kHz low circumferential AC 

excitation. The DC magnetic field generated by Helmholtz coil was HDC=210-7T. The 

induced ME voltage output was about 55.44 mV under this low DC magnetic field, and 

the voltage output was about 55.4175 mV when external DC magnetic field was zero. 

We define the minimum voltage difference that can clearly distinguish response signal 

to DC magnetic field and Vout(HDC=0) as the limit resolution. To evaluate the 

capabilities of AC magnetic field detection for toroidal ME magnetic sensor, the output 

sensitivity and resolution were measured under a 2.25Oe DC circumferential bias 

magnetic field. The AC magnetic field sensitivity and resolution were characterized for 

toroidal ME magnetic sensors using an active method: a toroidal solenoid with 400-

turn was wound around the toroidal sensor to carry a 90mA DC current provided by a 

current source. The toroidal ME magnetic field sensor was fixed in the center of the 

Helmholtz coil, the output terminal of the lock-in amplifier generated a AC voltage of 

111.42 kHz for the Helmholtz coil, and the AC magnetic field was controlled, via 

controlling the output voltage of the phase-locked amplifier. Finally, measure the 

output signals of the sample at 111.42 kHz by the lock-in amplifier. Fig 5 (b) shown 

the measurements of low-level magnetic field variations were performed for our 

toroidal sample at the resonance frequency of ƒ=111.42kHz, and the induced ME 

voltage exhibits an approximately linear relationship with the AC magnetic field 

strength and increases with the AC magnetic field over the range of approximately 

(0.01Oe-0.11Oe). The measured sensitivities under a 2.25Oe circumferential bias 

magnetic field was about 59.6mV/Oe. The inset of Fig 5 (b) shown the induced ME 

voltages from the toroidal ME magnetic sensor in response to little changes in an AC 

magnetic field. The AC magnetic field generated by Helmholtz coil was HAC=710-9T 

of 111.42kHz. The induced ME voltage output was about 6 V, the system noise was 

determined to be about 2 V, which corresponds to a SNR=9.5dB. And the signal and 

noise can be clearly distinguished under this low AC magnetic field. Therefore, we 

define the minimum SNR that can clearly distinguish between signal and system noise 

as the criteria of limit resolution. The limit of resolution of the toroidal ME magnetic 

field sensor to AC magnetic field variations of 111.42 kHz is about 710-9T. 
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Fig. 5 (a) DC magnetic field sensitivity and resolution measurements implementation under a 111.42 kHz tiny 

circumferential AC excitation. (b) AC magnetic field sensitivity and resolution measurements implementation 

under a 2.25 Oe circumferential DC bias magnetic field.  

 

To evaluate the stability of the toroidal magnetic sensor in the detection of planar 

DC/AC magnetic field, we conducted a one-hour continuous test for DC and AC 

magnetic field by toroidal magnetic sensor, respectively. The continuous data of the 

proposed toroidal magnetic sensor when detection a 1Oe DC magnetic field was 

recorded, and the results were shown in Fig. 6(a) that all points were within the 

fluctuation range of 64.55–64.85 mV. And the inset of Fig. 6(a) shown the statistical 

histogram of 3600 sampling points follows standard normal distribution (mean value μ 

=64.71667 mV and standard deviation value σ=0.04305 mV). Fig. 6(b) shown the 

continuous data recorded of the toroidal magnetic sensor when detection a 1.2Oe AC 

magnetic field, which all points were within the fluctuation range of 71.4351–71. 5665 

mV. And the inset of Fig. 6(b) shown the standard normal distribution of statistical 

histogram with 3600 points, the mean value μ=71.4511 mV, standard deviation value 

σ=0.001725 mV. Finally, methodology for evaluating extension uncertainty in 

statistical analysis were employed to evaluate its stabilities, and the results are detailed 

in the following: 

  UDC=(64.71667±0.147061)mV  P=0.99   
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  UAC=(71.4511±0.099215)mV  P=0.99   

Where U denotes the output voltage, P represent the confidence probability. As a 

result, the uncertainty of the toroidal sensor for DC magnetic and AC magnetic reaches 

estimated value of 0.147061mV and 0.099215 mV, respectively, which both exhibiting 

desired stabilities for a long time. 

 

Fig.6 Continuous sampling of output voltage: (a) under constant planar DC magnetic field for 1 h. (b) under 

resonance and constant planar AC magnetic field for 1 h. The inset shows the histogram for the obtained 3600 

sampling points. 

 

IV. CONCLUSIONS 

In summary, we have developed a tri-layer toroidal ME magnetic sensor consisting 

of strictly concentric ferrites/piezoelectric rings with toroidal solenoid around it. 

Studies on the relationship between the induced ME voltage and the angle of planar 

AC/DC magnetic field, and its sensitivity, resolution and stability under DC/AC planar 

magnetic field were systemically characterized. Our toroidal ME magnetic sensor had 

ultra-low shape-induced anisotropy, the voltage output was almost unaffected by the 

angle between the ME magnetic sensor and the planar DC/AC magnetic field (see 

Fig.3). Moreover, under a low excitation of ƒ=111.42 kHz circumferential AC magnetic 

field, the induced ME voltage of the toroidal ME magnetic sensor to the planar DC 

magnetic field exhibits an approximately linear relationship over the range of 

approximately (0.1Oe-2Oe), the sensitivities were about 15mV/Oe, and the resolution 

was about 210-7T. Under a 2.25Oe circumferential DC bias magnetic field, the induced 
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ME voltage of the toroidal ME magnetic sensor to the planar AC magnetic field of 

ƒ=111.42kHz exhibits an approximately linear relationship over the range of 

approximately (0.01Oe-0.11Oe), the sensitivities were about 59.6mV/Oe, and the 

resolution was about 710-9T. The ultra-low shape-induced anisotropy, high sensitivity 

and high resolution of the toroidal ME magnetic sensor at room temperature provided 

great potentials for weak magnetic field detection. 
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