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Expected Equivalent Magnetic Noise Spectral Density of Magnetoelectric Composites as Magnetic sensors: From Theory to Experiments

With the development of applications involving high sensitivity ferromagneticferroelectric laminates, a systematic analysis of the noise floor for magneto-electric (ME) laminated sensor has become crucial. We report and discuss the results of such an analysis on the noise floor of magnetostrictive-piezoelectric laminates in terms of the magnetic noise spectral density at room temperature. The noise floor of highly sensitive ME laminates with a JFET charge amplifier detection method has been studied. A good correlation was found between the theoretical and experimental noise curves within the measurement bandwidth. The dominating noise sources were found to include the dielectric loss noise, mechanical loss noise of the magneto-electric laminates and the noise sources of the charge amplifier. By using an appropriate low noise JFET charge amplifier, the noise contributions from the amplifier can be made negligible, enabling the measurement of the intrinsic noise of the ME laminates sensor. Thus, we have shown that at low frequencies, below the resonant frequency, the dielectric loss noise predominates with a one-per-root-frequency dependence whereas, around the resonance, the mechanical loss noise prevails over all other noise sources as expected from our theoretical analysis.

INTRODUCTION

Magneto-electric (ME) laminate sensors with integrated electronics have been used to measure small magnetic signals due to their high magnetostrictive and piezoelectric effects. [1][2][3][4][5] A low noise ME magnetometer is composed of ME laminates and a low noise charge or voltage amplifier used for amplifying the signals generated by the ME laminates. 6,7,8 Advantages of such a system include high sensitivity, low noise level and a wide dynamic range.

Significant progress has been achieved in the development of high sensitivity ME laminates by using highly magnetostrictive and piezoelectric materials. [9][10][11][12] In order to enhance the magnetic signal sensitivity, several structures of ME laminates have been fabricated and studied. Among these designs, one type of structure involving interdigital electrodes and permanent magnets showed excellent performance under free boundaries conditions. The interdigital electrodes 13 attached on the piezoelectric materials collect the electric signals generated by the ME laminates along their electric polarization direction. A biasing magnetic field, produced by magnets, was used in order to enhance the sensor sensitivity to time varying magnetic signals by a factor ranging from several dozens to several hundreds. 9 Due to high performance magnetostrictive and piezoelectric materials, ME laminates can achieve a high magnetic signal sensitivity. With regards to applications involving these materials, intrinsic noise sources often limit their sensing performance. 14 Intrinsic noise in the ME laminates can have several origins. Random rotations and displacements of domains within the piezoelectric layers result in high dielectric loss noise at low frequencies, 15 migration of oxygen vacancies in piezoelectric materials leads to a resistance degradation producing an equivalent thermal noise at quasi-static frequencies 16 and miniature or small laminates are susceptible to mechanical noise resulting from molecular agitations. 14,17 Electric signals generated by ME laminates are amplified by either a charge or a voltage amplifier electronics. Hence, noise sources of the electronics pose another limitation to detection systems. 7,18,19 Usually, the equivalent input current and voltage noise for a given amplifier dominates the electronic noise floor at low and high frequencies, respectively. Therefore, noise contributions from a perfectly designed amplifier must be lower than the noise floor of ME laminates in the working bandwidth. In addition, concerns about environmental perturbations must be taken into consideration during measurements. Vibrations and acoustic waves may result in an excess noise level, higher than that predicted by the noise floor models at low frequencies, for example below 1 Hz.

In this paper, we present a noise analysis and give the expression of the equivalent magnetic noise floor for the ME laminates with its associated amplifier. Moreover, experimental noise curves have been compared to those given by our theoretical analysis.

NOISE ANALYSIS OF ME LAMINATES ASSOCIATED WITH A CHARGE AMPLIFIER

The magnetic signal sensitivity of the ME laminates associated with a charge amplifier is defined by the charge coefficient Q ME  in C/T units. Besides, the transfer function for such a system is given by

1 Q ME r T C   (1) 
where the feedback capacitor 1 C of the charge amplifier determines the magnetic field signal gain for a given ME laminates sensor. However, a too small feedback capacitor tends to push the low cutoff frequency to much higher values and this can lead to a bad frequency response. A large resistance 1 R is required to get rid of this influence and to stabilize the system. Moreover, thermal noise from such a large bias resistance results in a lower noise contribution, in terms of applied magnetic signals.

All the intrinsic noise sources referred to the input terminal of ME laminates define the equivalent magnetic noise 19 . This noise spectral density characterizes the performance of magnetic sensors and magnetometers. In order to find the overall expression of the equivalent magnetic noise floor, the electric loss noise _ n piezo i and the mechanical noise n a of the ME laminates, the bias resistance thermal noise of the charge amplifier were taken into account as the main intrinsic noise sources in the following analysis. Noise contributions from the resistance degradation of the piezoelectric material were disregarded because of the low frequency bandwidth. In addition, environmental vibration perturbations were also disregarded, supposing a sufficiently quiet measurement environment. In our experiments, we a second amplifier was used to further amplify the voltage at the output of the charge amplifier. The voltage gain of this additional amplifier will be noted hereafter as "Gain".

A) INTRINSIC NOISE OF ME LAMINATES

The intrinsic noise of the ME laminates determines the fundamental noise limit. The piezoelectric loss noise related to the dielectric relaxation and the mechanical noise caused by the molecular agitations are taken into account as the two main noise sources for the ME laminates. The first noise source determines low frequency noise floor, whereas the mechanical noise sometimes determines high frequency noise floor because of its white noise contribution in that frequency range. The piezoelectric loss noise can be written as

    _ 4 2 n piezo B piezo i f k T f C tan   (2) 
where k B is the Boltzmann constant, T the temperature in Kelvin, ω the angular frequency, C the laminates capacitance and   piezo tan  the piezoelectric loss factor which is dependent on the frequency. From a previous analysis, 19 we know that the equivalent magnetic noise contribution referring to the piezoelectric loss noise can be written as
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where

  n _ piezo
bf represents the equivalent magnetic noise spectral density. µ 0 is the magnetic permeability. n is the magnetostrictive layers thickness ratio. Since the classical mechanical acceleration noise formula is given by 14,17 , 4 
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. mass _ seg m is the mass of a single piezoelectric segment between two adjacent interdigital electrodes, m the number of segments and   mech tan  the sensor mechanical loss. This noise source f n_mech is represented by the sensor model shown in figure 1.
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defines the mechanical impedance, with A (=t lam ×w) the crosssectional area of the laminates, k the elastic wave number and v the elastic wave speed. 
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Referring to our measurement scheme where we used a low noise JFET charge amplifier followed by a second stage amplifier having a voltage gain noted as "Gain", we can write the final output voltage noise density e n_mech (in V/√Hz) as 
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where 
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Taking into account equation ( 1) and the charge coefficient Q ME  for the L-L push pull mode with m piezoelectric segments, which we note as m L-L mode, we have 
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Equation ( 9) shows that the equivalent magnetic noise b n_mech is frequency independent. We can deduce from equation ( 8) that ME laminates with a high resonant frequency, a big mass or a low mechanical quality factor will lead to a higher equivalent magnetic noise floor. Meanwhile, we notice that the equivalent magnetic noise floor is independent of the piezoelectric material coefficients.

B) INTRINSIC NOISE OF THE CHARGE AMPLIFIER

One of our goals was to find out the performance of ME laminates associated with a charge amplifier. Therefore, we searched for an expression of the intrinsic equivalent magnetic noise floor referred to the input terminal of the ME laminates by using the noise model of the circuit given in figure 2. Op. Amp.
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According to the noise analysis of the charge amplifier connected to the ME laminates sensor, the output voltage noise spectral density e n_elec at the Op. Amp. in figure 2 can be written as
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where R is the equivalent resistance of the piezoelectric laminates. R p is the value of R in parallel with R 1 , C p is equal to C and C 1 in parallel. Despite the fact that the piezoelectric material is not a perfect insulator, we suppose that R is large enough so that its noise contribution can be neglected.

The thermal noise of the bias resistance R 1 and the current noise of the amplifier contributions are respectively the first and third terms of the right hand side of equation (10). Both of them present a noise level decreasing with frequency, having a 1/f dependency. The equivalent voltage noise of the amplifier correspond to second term of equation (10) and it constitutes the white noise floor. Thus, the input magnetic noise spectral density for the charge amplifier can be written as
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From equation (11), we can see that the equivalent magnetic noise floor resulting from the noise sources of a JFET charge amplifier is, generally, determined by the charge coefficient of the ME laminates, the current noise and voltage noise from the amplifier.

C) OVERALL NOISE FLOOR CONSIDERING LAMINATES AND ELECTRONICS NOISE SOURCES

Taking into account all the noise sources from the laminates as well as from the charge amplifier, we can write the complete expression of overall noise power spectrum floor
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The equivalent magnetic noise floor   n bf can then be obtained with the help of equations ( 3), ( 8) and ( 11), as
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Considering the expressions of the intrinsic noise sources from both the charge amplifier and the ME laminates, the equivalent magnetic noise power spectrum is given by In equation ( 14), the equivalent magnetic noise density is represented by five physical noise sources. The first and fourth terms consist of the current noise of amplifier, the thermal noise from the bias resistance and the voltage noise of amplifier. The second and third terms present the noise sources of ME laminates. The noise floor can be estimated from Eq. ( 14) for ME laminates connected to a typical charge amplifier. We find that the noise contributions of the current noise of the amplifier i n_amp and of the thermal noise of resistance R 1 are frequency dependent noise sources, decreasing as 1/f with the frequency. The piezoelectric loss noise source contribution has a 1/√f frequency behavior. Finally, the mechanical noise and the voltage noise of amplifier have white contributions. According to the theoretical expression of equation ( 14), we expect the current noise of amplifier or the piezoelectric loss noise to determine the low frequency noise floor whereas, the mechanical noise or voltage noise of the amplifier may constitute the high frequency noise floor. With the significant progress in amplifier design techniques, it is possible to achieve the measurement of the ME laminates intrinsic noise limit by using low noise JFET charge amplifiers. This intrinsic noise will show a limit having a 1/√Hz behavior at low frequencies and a white noise limit at higher frequencies. Notably, the output voltage noise is amplified by the mechanical. Considering a given shape long-type L-L push pull ME laminates, the total equivalent magnetic noise spectral density is dominated by the segment number m as a function of 1/√m for laminates noise sources and as a function of 1/m for amplifier electronics noise sources.
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COMPARISONS OF EXPERIMENTAL AND THEORETICAL RESULTS

The magnetic signal sensitivity and noise floor of Metglas-PMN laminates in a L-L push pull mode connected to a low noise charge amplifier were measured at room temperature. The ME laminates were biased under an optimal DC magnetic field to achieve their maximal magnetic signal sensitivity. The bias resistance R 1 and capacitor C 1 of the charge amplifier are respectively 1 TΩ and 10 pF. The gain of the second stage amplifier was equal to 50.

In figure 3(a), we can see that the transfer function for the ME laminates of Metgals-PMN is about 122 MV/T with our low noise charge amplifier electronics. This means that a giant ME charge coefficient of 24.5 µC/T is achieved at sub-resonant frequencies for Metglas-PMN laminates under the optimal DC magnetic bias field. Please, note that low cutoff frequency observed on the different measured transfer function curves results from the second stage. The noise measurement of ME laminates with a low noise charge amplifier is a quite difficult task in the presence of various perturbations, such as magnetic, electric and vibration influences. A good magnetic shielding condition is essential in order to avoid the magnetic perturbations. In addition, a quiet measurement environment is important for minimizing the vibration perturbations during the measurements. The system transfer function and the output voltage noise spectral density were measured at the output terminal of the electronics using a HP 3562A dynamic signal analyzer. The ME charge coefficient Q ME α can be calculated from equation 12). Thus, we observe the dielectric loss noise limit at low frequencies and the mechanical noise limit, amplified by the resonance, at higher frequencies. Figure 3(c) represents the equivalent input magnetic noise floor as a function of the frequency with solid lines and the mechanical noise limit in horizontal lines. Around the resonant frequency, the mechanical noise sources determine the noise floor as expected. For the purpose of detailing the measurement around resonant frequency, the sensitivity and noise curves around the resonant frequency were also measured as a function of the frequency. The system transfer function, the output voltage noise and the equivalent magnetic noise are shown in figure 4(a), 4(b) and 4(c). The dark red and dark green lines are the theoretical prediction noise levels referring to the mechanical noise sources.

DISCUSSION AND CONCLUSION

According to the sensitivity and noise analysis of ME laminates with an associated low noise charge amplifier we conclude that 1) the low frequency noise is dominated by the thermal noise of the bias resistance of the electronics, the dielectric loss noise in the ME laminates, the equivalent current noise of the amplifier or the extrinsic excess noise. Firstly, in a magnetic shielded and quiet measurement environment, magnetic and vibration perturbations could be supposed much lower than intrinsic laminates and electronics noise. Secondly, with a well designed low noise charge amplifier noise contributions from the thermal noise of bias resistance and the equivalent current noise from amplifier are lower than ME laminates noise contributions. If the above two points are achieved, the low frequency noise from ME laminates can be measured without difficulty. 2) In the white frequency bandwidth, the theoretical formula and measurements predict that both the equivalent voltage noise of amplifier and mechanical noise of laminates may determine the overall noise floor. Around the resonant frequency, mechanical noise amplified by the mechanical resonance can exceed other noise source contributions and becomes the main noise contribution. This is a significant remark in the fabrication process of ME laminates, notably for miniature ME laminates.
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 1 Figure 1: Simplified equivalent circuit under free boundary conditions at low frequency.

  g/√Hz units, the mechanical force noise can be written as res is the resonant angular frequency, mass m and Q mech are the mass and mechanical quality factor of the laminates with
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 2 Figure 2: Noise model of the ME laminated sensor and associated Op. Amp.
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 3 Figure 3 (a) Magnetic transfer function T r , (b) output voltage noise spectral density e n and (c) equivalent input magnetic noise spectral density. The black and red curves correspond to two different laminate samples. The green, pink, yellow and blue dashed lines of figure (b) correspond respectively to the dielectric loss noise, current and voltage noise from the amplifier and the thermal noise of R 1 . The dashed dark green and dark red lines represent the predicted mechanical noise floor for the corresponding black and red curves for the two samples.
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 1 and the equivalent magnetic noise floor is given by . The two ME laminates used for our experiments have the following parameters, the values given in parentheses are for the second sample, Q ME α = 25.5 µC/T (24.5 µC/T), C = 600 pF, 017. The charge amplifier has the following parameters: a transfer function of 10 11 V/C, R 1 = 1 TΩ, i n_amp = 0.4 fA/√Hz, e n_amp = 1.57 nV/√Hz. Figure 3(b) shows the output voltage noise spectral density e n measured by the HP dynamic analyzer. The measured noise floor is mainly dominated by the ME laminates intrinsic noise as expected from the theoretical equation (

  Figure 4 (a) Magnetic transfer function, (b) output voltage noise spectral density and (c) equivalent input magnetic noise spectral density of the two samples around their resonance frequency. The black and red solid curves correspond to the two laminate samples. The horizontal dark green and dark red lines are the predicted mechanical noise floor for the black and red curves.
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