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We present a field modulation technique that increases the operating frequency of magnetoelectric

(ME) sensors so that it can match the mechanical resonance frequency of the sensor. This not only

improves the sensitivity but also reduces the effect of 1/f noise that is inherent at low frequencies.

The technique, which is shown to apply to both symmetric and asymmetric ME sensors, relies on

the strong, nonlinear magnetic field dependence of the magnetostriction. The combination of a

lower 1/f noise and enhanced response at resonance has increased the signal to noise ratio of a

symmetric sensor by two orders of magnitude. The detection limit of this sensor was lowered from

90 to 7 pT/
ffiffiffiffiffiffi

Hz
p

at 1 Hz in a magnetically unshielded environment. VC 2011 American Institute of
Physics. [doi:10.1063/1.3668752]

I. INTRODUCTION

Magnetoelectric (ME) sensors1 are passive sensors with

sensitivities that are generally better than all but the most ex-

pensive, current magnetic sensors. ME sensors are composed

of layers of mechanically coupled magnetoelectric and mag-

netostrictive material. In a magnetic field, the magnetostric-

tive material exerts a stress on the piezoelectric material,

which in turn generates a charge. The geometry of the layers

in a ME sensor may be symmetric (e.g., Metglas-lead

zirconate titanate (PZT)-Metglas trilayer) or asymmetric

(e.g., Metglas-PZT bilayer) about a central plane parallel to

the layers. Because their output depends on the amount of

strain, larger ME sensors with centimeter dimensions tend to

have greater sensitivity. These ME sensors also have

increased sensitivity at their mechanical resonant modes,

where the transfer of magnetostrictive strain to the piezoelec-

tric laminate is enhanced. The longitudinal, resonant fre-

quency of such symmetric ME sensors is of order 10 or more

kHz. The bending, resonant mode of such unloaded asym-

metric sensors in a cantilever configuration is often in the

range of hundreds of Hz. In common with other sensors, ME

sensors experience 1/f noise that hampers their ability to

detect fields at frequencies below several Hz. It is desirable to

shift the operating frequency to a higher value where this noise

is lower. The signal to noise ratio would be further improved if

this shifted, higher operating frequency is equal to the resonant

frequency where the ME sensors are more sensitive.

It has been demonstrated that one can increase the operat-

ing frequency of magnetic sensors through modulation.2,3 In

small sensors, such as magnetoresistive sensors, this is done

by using movable flux concentrators on microelectromechani-

cal systems (MEMS) structures to modulate the magnetic field

at the position of the sensor. The field modulation increases

the operating frequency of the sensor to tens of kHz. It is very

difficult to use MEMS flux concentrators to modulate the

magnetic field of centimeter sized sensors; the greater mass of

large flux concentrators hinders high frequency, oscillatory

motion. Modulation frequencies of 100 Hz were achieved

using flux concentrators on a rotating disc,4 but there was too

large an increase in the background noise generated by acous-

tic vibrations. An alternative approach is to thermally modu-

late flux concentrators,5 which is difficult at high frequencies

for large flux concentrators. Others have constructed a mag-

netic sensor which combines piezoelectric and magnetostric-

tive materials.6 In this case, the modulation was driven by

applying an AC electric field to the piezoelectric material.

Here, we present a method, based on applying a time

varying magnetic field, for increasing the operating frequency

of ME sensors that incorporates the nonlinear response of

magnetostrictive materials.7 In its simplest form, for itinerate

systems,8,9 this response is given by

DV

V
¼ Vj

2Dl2
B

@ ln D

@ ln V
M2; (1)

where V, j, D, M, and lB are volume, the isothermal com-

pressibility, the electronic density of states at the Fermi

energy, magnetization density, and Bohr magneton, respec-

tively. We shall consider the case where M is proportional to

the field H and take

HðtÞ ¼ HsSinxstþ HmSinxmt; Hs � Hm; (2)

where Hs, Hm, xs, and xm are the magnetic signal amplitude

to be measured, the magnetic modulation amplitude, signal

frequency, and modulation frequency, respectively.

Substituting Eq. (2) into Eq. (1), one finds that there will

be a cross term in the magnetostrictive response of the form
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Hs HmSin xst Sin xmt. The transfer of this strain to the piezo-

electric layer(s) creates sidebands in the ME output at

xm6xs with amplitudes proportional to Hs Hm.

II. EXPERIMENTAL

We used a coil surrounding a ME sensor to generate an

AC modulation field directed along the measurement direc-

tion of the sensor. We investigated both a symmetric and

asymmetric ME sensor. The symmetric sensor consisted of a

layer of longitudinally poled PZT sandwiched between

layers of Metglas (Vitrovac 7600 F, Vitrovac Inc. Hanau,

German) of length 8 cm and width 1 cm. The PZT core is a

planar bundle of 5 PZT fibers, each with dimensions of

40� 2� 0.2 mm. The asymmetric sensor, which had dimen-

sion 6 cm� 1 cm� 0.5 cm, was self-biased and consisted of

three layers of 25-lm Metglas/200-lm Ni/300-lm PZT, all

mechanically coupled with epoxy. Electrical leads were silver-

epoxied to the PZT, which was poled perpendicular to the length

of the laminate. It was fixed at one end in a cantilever configura-

tion. The Ni provided a field to bias the ME sensor.10,11

The measuring system consisted of a set of Helmholtz

coils, powered by an Agilent 33220 A signal generator that

was used to apply a sinusoidal, time varying field Hs along

the longitudinal axis of the sensor. In these experiments, we

did not employ any flux concentrators. The signal was

detected first using a charge coupled amplifier, PCB Piezo-

tronics Model 441A101, and then filtered in a SR640 low-

pass filter with no gain before being sent either to a spectrum

analyzer that uses a LabVIEW VI program or to a SR830

DSP Lock-In Amplifier. Resonance frequencies for each

cantilever setup were obtained by sweeping the frequency of

a 0.0162 Oe external field at progressively finer intervals

around the peak value. All the measurements were conducted

in our laboratory without the benefit of magnetic, electric,

and thermal shielding. Acoustic isolation was provided by a

Hertz DT-M vibration isolator.

III. RESULTS AND DISCUSSION

The ME response after applying a signal field Hs of

0.0162 Oe at 140 Hz as a function of DC bias field is shown

in Fig. 1 for both the asymmetric and symmetric sensors.

Both responses are strongly dependent on the DC field and

are approximately symmetric functions of this bias. The

asymmetric sensor was designed to have a local maximum

sensitivity at zero DC field due to the residual magnetism of

the Ni adjacent to the Metglas. The magnetic properties of

the Ni layer make the ME response to an additional applied

field complicated. To modulate each sensor optimally, the

magnitude of the AC modulation field Hm was chosen so that

the ME output of the sensor at a fixed Hs oscillated between

its minimum value and a much larger value.

Figure 2 shows the output power spectrum of the sym-

metric sensor in which a relatively large AC modulation field

Hm was applied at two different frequencies. In both cases,

Hm was 0.72 Oe and the signal field Hs was 0.0162 Oe at

1.019 Hz. In the first case, Hm was applied at 140 Hz. One

sees three main peaks corresponding to the modulation fre-

quency fm and the two sidebands fm 6 fs. In the second case,

FIG. 1. ME response versus DC biasing fields for the (a) symmetric and (b)

asymmetric sensor in a 0.0162 Oe field at 140 Hz.

FIG. 2. (Color online) Power spectra from the symmetric sensor detecting a

1.019 Hz, 0.0162 Oe field while modulating the sensor with a 0.72 Oe field

either off resonance at 140 Hz (dashed curve) or on resonance at 28.9 k Hz

(solid curve, top x-scale).

124506-2 Petrie et al. J. Appl. Phys. 110, 124506 (2011)
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the modulation frequency was chosen so that the fm � fs side-

band was equal to the longitudinal resonant frequency of the

sensor, 28.9 kHz. In this case, all the peaks, including the

additional sidebands due to the anharmonicity of the sensor,

were enhanced by the increased sensitivity of the sensor

around the resonance frequency. The amplitude of the side

band in the power spectrum versus Hm is shown Fig. 3. Both

the cases of being on and off resonance are shown. One sees

that in either case, the output, as discussed above, is propor-

tional to Hm and the power spectrum is proportional to Hm
2.

Note that in the off resonance case, the output deviates from

being proportional to Hm
2 at high values. Since the back-

ground around the modulation frequency increases rapidly at

higher values of Hm, there is an optimum value of Hm for

maximizing the signal to noise ratio.

Figure 4 shows a comparison between the sensor’s direct

output power spectrum using a DC bias field of 7.0 Oe and the

demodulated signals from Hm at the two frequencies

discussed above. One sees there is approximately a two orders

of magnitude increase in the signal to noise ratio when the

sideband frequency is equal to the resonant frequency of the

sensor. In Fig. 5, the direct output from a 1.019 Hz signal field

with a DC bias of 7.0 Oe and the demodulated output from a

0.72 Oe modulation field at 28.9 k Hz are plotted as a function

of Hs. In the modulated case, no DC bias was employed. One

sees an increase in field detectivity of the symmetric sensor of

a factor of 10 obtained by the modulation technique. We were

able to detect a 7 pT/
ffiffiffiffiffiffi

Hz
p

field at 1 Hz with modulation as

opposed to a 90 pT/
ffiffiffiffiffiffi

Hz
p

field at 1 Hz without modulation in a

magnetically unshielded environment.

Figure 6 shows the output power spectrum of the asym-

metric sensor without field modulation resulting from apply-

ing an Hs of 0.0162 Oe at 1.019 Hz with an additional

optimized 8.2 Oe DC bias field. Figure 7 shows the power

spectrum of the asymmetric sensor in the same 1.019 Hz Hs

FIG. 3. (Color online) Sideband amplitude in a 0.0162 Oe field at 1.019 Hz

as a function of the AC modulation field Hm in the cases of being off reso-

nance at 140 Hz (dashed curve) or on resonance at 28.9 kHz (solid curve).

FIG. 4. (Color online) Power spectra from the symmetric sensor detecting a

1.019 Hz, 0.0162 Oe field with the direct signal (curve with long dashes), the

demodulated signal after modulating off resonance at 140 Hz (curve with

short dashes), and the demodulated signal after modulating on resonance at

28.9 kHz (solid curve).

FIG. 5. (Color online) Comparison of the direct signal (squares) and the

demodulated sideband signal (triangles) from the symmetric ME sensor at

resonance as a function of signal field Hs.

FIG. 6. (Color online) Power spectrum showing the direct detection of a

0.0162 Oe field at 1.019 Hz using the asymmetric ME sensor with an opti-

mized DC bias of 8.2 Oe.

124506-3 Petrie et al. J. Appl. Phys. 110, 124506 (2011)
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field but with two different frequency modulation fields. In

both cases, there was a DC bias field of 4.6 Oe and an AC

modulation field of 3.6 Oe. The frequency of this modulation

field was either set at 84.4 Hz, which is far below the

138.7 Hz bending mode resonance of the sensor, or at

139.7 Hz, which is 1.019 Hz above the bending mode, reso-

nant frequency. Thus, in the later case, the lower frequency

sideband fm � fs was at the resonant frequency. It should be

pointed out that the modulation field acts on both the magne-

tostrictive material and the Ni biasing ferromagnet. In the off

resonance case at 84.4 Hz, the reduced 1/f noise was respon-

sible for the increase in signal to noise ratio by 2 orders of

magnitude relative to the unmodulated signal. On resonance,

the lower frequency sideband was increased relative to the

higher frequency sideband by the increased sensitivity at the

resonance frequency. In contrast to the equal amplitude of

the sidebands shown previously for the symmetric sensor,

the amplitudes of the sidebands are unequal. The sidebands

at resonance for the symmetric sensor are equal because both

are within the width of the resonance. Because the resonant

frequency of the asymmetric sensor is much lower than the

resonant frequency of the symmetric sensor and the two

quality factors are comparable, the higher frequency side-

band of the asymmetric sensor is not within the resonant

peak and, thus, is smaller. The improvement of the lower fre-

quency sideband amplitude for the asymmetric sensor rela-

tive to the direct signal is about an order of magnitude. If the

background were not increased by the modulation, the signal

to noise ratio in the power spectrum of the lower frequency

sideband would be 4 orders of magnitude larger than the

direct signal and the voltage gain 100 times the direct signal.

Thus, it is important to understand and, if possible, decrease

the background when the field is modulated near resonance.

IV. CONCLUSION

In summary, we have demonstrated that applying an

oscillating magnetic field to ME sensors increases their oper-

ating frequency and their sensitivity. The signal to noise ratio

of the sidebands at these higher frequencies is increased

because of the lower 1/f noise and, in some cases, because

one can take advantage of the larger response at the mechan-

ical resonant frequency. In the best case, for the symmetric

sensor on resonance, the signal to noise ratio in the power

spectrum was increased by two orders of magnitude.

Because of this increase in detectivity, we were able to sense

7 pT/
ffiffiffiffiffiffi

Hz
p

at 1 Hz in a magnetically unshielded environment.

A related work, which we have recently become aware of,

did not report such high sensitivity at 1 Hz.12 In addition, it

should be noted that one can also apply a modulation field to

very soft flux concentrators and biasing magnets, although

the hysteretic effects in bias magnets may increase the back-

ground noise significantly. If one can decrease the back-

ground noise near resonance when the AC field is applied,

then the sensitivity can be further enhanced.
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FIG. 7. (Color online) Power spectra from the asymmetric sensor detecting

a 1.019, Hz 0.0162 Oe field while modulating the sensor off resonance with

a modulation frequency of 89.44 Hz (dashed curve, bottom x scale) and with

the lower frequency sideband adjusted to be at the mechanical bending

mode frequency of 138.70 Hz (solid curve, top x-scale).
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