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a b s t r a c t

A high sensitivity magnetoelectric (ME) composite sensor employing a type of ferromagnetic constant-
elasticity alloy (FeNi-FACE), piezoelectric Pb(Zr,Ti)O3 (PZT-8H) and high-permeability FeCuNbSiB
(Fe73.5Cu1Nb3Si13.5B9) is developed. The FeCuNbSiB ribbon with the high permeability serves as the
dynamic driver to increase the effective piezomagnetic coefficient d33 of the FeNi-FACE. At the same
time, the FeCuNbSiB/FeNi-FACE/PZT-8H/FeNi-FACE/FeCuNbSiB (FeFPFFe) composite sensor exhibits a
higher effective mechanical quality factor (Qm), which is ∼7.7 times higher than that of Terfenol-D/PZT-
8H/Terfenol-D (MPM) sensor. As the ME voltage at resonance is directly proportional to the product
iezoelectricity
agnetostriction

eCuNbSiB ribbons
agnetic sensor
agnetoelectric composite

of piezomagnetic coefficient and Qm, a stronger ME effect can be achieved. The experimental results
show that the resonance ME voltage coefficient (MEVC) of the FeFPFFe sensor at Hdc = 119 Oe achieves
4.367 V/Oe, which is ∼1.41 times higher than that of FeNi-FACE/PZT-8H/FeNi-FACE (FPF) sensor. Fur-
thermore, ∂VME/∂Hdc for the FeFPFFe sensor achieves ∼22.5 m V/Oe at Hdc = 31 Oe under resonant drive
conditions of Hac = 0.1 Oe, which is ∼20 times higher than that of the previous reported Terfenol-
D/Pb(Zr,Ti)O3/Terfenol-D composite transducer. Thus the FeFPFFe sensor has highly sensitive ac or dc

magnetic field sensing.

. Introduction

Since Ryu et al. reported a new magnetostrictive/piezoelectric
aminated composite which has the much higher ME voltage coef-
cient (i.e., ∂VME/∂Hac) than former particulate magnetoelectric
omposites and single-phase magnetoelectric materials, this fea-
ure has provided to be a novel method for detecting a low

agnetic field with very high sensitivity [1]. Recent studies on
he ME effect have suggested the possibility of fabricating ac mag-
etic field sensors with high performance [2–5]. Special features
re their passive natures, their capabilities to detect magnetic
elds at very low frequencies, their large dynamic ranges with

inear responses and the great ME voltage coefficient (MEVC) at
he resonant frequency. However, the performances of the ME

ensor in detecting dc magnetic field are deficient. The reported
E voltage sensitivity to dc magnetic fields (i.e., ∂VME/∂Hdc) of
Terfenol-D/Pb(Zr,Ti)O3/Terfenol-D composite transducer only

etains 1.2 m V/Oe under the resonant drive [6]. When it comes to

∗ Corresponding author at: College of Optoelectronic Engineering, Chongqing Uni-
ersity, Chongqing 400044, People’s Republic of China. Tel.: +86 23 65105517;
ax: +86 23 65105517.

E-mail address: liping@cqu.edu.cn (P. Li).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.173
© 2011 Elsevier B.V. All rights reserved.

the applications, the magnetic sensor for magnetic anomaly detec-
tion requires the strictly high sensitivity to dc magnetic field. This
deficiency greatly reduces the competitiveness of the ME sensors
against traditional magnetic sensors.

The sensitivity of Terfenol-D/Pb(Zr,Ti)O3/Terfenol-D composite
transducer in the literature [6] is considerably small for dc field
sensing, which results from the rather low effective mechanical
quality factor Qm in the composite transducer ranging from 49.9 to
100 [7]. Hence, we fabricate a new magnetic sensor from the fer-
romagnetic alloy (FeNi-FACE), PZT-8H and FeCuNbSiB, as shown in
Fig. 1. The Qm of the sensor is significantly enhanced because of the
high mechanical quality factor in the FeNi-FACE, FeCuNbSiB and
PZT-8H. Although the piezomagnetic coefficient (d33 = 0.75 nm/A)
[8] of FeNi-FACE is much smaller than that of giant magnetostric-
tive materials Terfenol-D, FeCuNbSiB acts as the dynamic driver to
enhance the effective piezomagnetic coefficient of the FeNi-FACE.
In this case, a high sensitivity to small variations in both ac and dc
magnetic fields can be obtained, since ME voltage gain is directly
proportional to the product of the piezomagnetic coefficient and

Qm. Our experimental results show that the proposed composite
sensor increases the ME voltage sensitivity to dc magnetic fields
by a factor of around 20 compared with that in the literature [6]
and enhances the ME voltage sensitivity to ac magnetic fields by a
factor of around ∼1.41 compared with FPF sensor.

dx.doi.org/10.1016/j.jallcom.2011.01.173
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liping@cqu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.01.173
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Fig. 1. Schematic illustration of the configuration of the FeFPFFe sensor.

. Experiment

To fabricate the ME sensor sample, the FeNi-FACE plate, PZT-8H plate and
eCuNbSiB ribbon plate are dipped in organic impregnant to clean. Then the sam-
le is prepared by stacking and bonding the multiple plates with an insulated epoxy
dhesive. The sample is cured at 80 ◦C for 1 h under the load to provide a strong bond
etween the layers. PZT-8H is produced by China Electronics Technology Group Cor-
oration no. 26 Research Institute. The FeCuNbSIB ribbon is produced by Foshan
uaxin Microlite Metal Co., Ltd, China (International standard trademark 1K107).
he FeNi-FACE alloy is produced by Chongqing Instrument Material Research Insti-
ute, China. Table 1 summarizes the material characteristics of FeCuNbSiB and
eNi-FACE.

In our experiments, the dc bias magnetic field applied to the FeFPFFe composite
ensor is generated by a pair of annular permanent magnets (Nd–Fe–B), and mea-
ured by a Gauss meter. Both the ac magnetic field and the dc magnetic bias are
arallel to the longitudinal direction of the device. For detecting the ME voltage, the
c magnetic field is generated by applying a sine signal to the solenoid. The induced
E voltage VME across the two electrodes of the PZT plate is measured by an oscil-

oscope (Tektronix, TDS2022B). The ME voltage coefficient is calculated according
o ˛ = ∂VME/∂Hac. All the experiments are carried out at room temperature and
mbient pressure.

. Structure and principle of composite magnetic sensor

Fig. 1 shows the configuration of a FeFPFFe composite sensor
onsisting of magnetostrictive FeNi-FACE, piezoelectric PZT-8H
nd high-permeability FeCuNbSiB layers. The sizes of the FeNi-
ACE, PZT-8H and FeCuNbSiB layers are 12 mm × 6 mm × 0.6 mm,
2 mm × 6 mm × 0.8 mm and 12 mm × 6 mm × 30 �m, respec-
ively. Magnetostrictive FeNi-FACE and FeCuNbSiB layers are

agnetized in the longitudinal (length) direction and piezoelectric
ZT layer is poled in the transverse (thickness) direction. When
magnetic field is applied to the FeFPFFe sensor, the FeCuNbSiB

ayer produces a strain due to its magnetostrictive properties,
hich induces a stress on the FeNi-FACE owing to the stress–strain

oupling of the interlayers. Although the saturation magnetostric-
ion coefficient �s of FeCuNbSiB layer is only 2.7 ppm [9–11], the

agnetic permeability of FeCuNbSiB layer (�r > 100,000 at 1 kHz)
irectly affects its effective piezomagnetic coefficient according
o d33 = �rS33�, where S33 is the elastic compliances [12]. And the
igh permeability causes its large effective piezomagnetic coef-
cient due to a low saturation field [12,13], producing the large
agnetostrictive strain. Hence, the stress exerted on FeNi-FACE

ayer by the FeCuNbSiB layer can be calculated as follows:

= 2Ef tf Et�ε

(1 − �)(2Ef tf + Ettt)
, (1)
here E, t, and 	 are the elastic modulus, thickness, and pois-
on’s ratio, respectively. The subscript t and f mean FeNi-FACE and
eCuNbSiB respectively. And �ε is the magnetostrictive strain of
he FeCuNbSiB layer. This additional stress can induce a mechanical
train in FeNi-FACE, resulting in the increase of effective piezomag-

able 1
he material characteristics of FeCuNbSiB and FeNi-FACE.

Material �s (ppm) Qmag �r 
 (kg/m3) S33

(× 10−12 m2/N)

FeCuNbSiB 2.7 1000 >100,000 7250 5.2
FeNi-FACE 11 2282 30 8000 5
pounds 509 (2011) 4811–4815

netic coefficient for FeNi-FACE. As the MEVC at low frequency ˛low
is directly proportional to the piezomagnetic coefficient d33 [14], a
high ˛low can be obtained.

For the ME laminated composite, based on the magneto-elasto-
electric equivalent circuit method, the MEVC at resonance can be
given as [7]

˛r =
∣
∣
∣
∣

∂VME

∂Hac

∣
∣
∣
∣

= 8Qm

�2
˛low, (2)

where VME is the induced ME voltage across the thickness of the
PZT-8H layer under the drive of Hac. From Eq. (2), it is known that
the MEVC at resonance depends on ˛low. Since ˛low is directly pro-
portional to the piezomagnetic coefficient of the magnetostrictive
material [14], Eq. (2) can be rewritten as:

˛r =
∣
∣
∣
∣

∂VME

∂Hac

∣
∣
∣
∣

∝ 8Qmd33

�2
. (3)

Because of the high mechanical quality factor in the FeCuNbSiB,
PZT-8H and FeNi-FACE [8], the FeFPFFe sensor is expected to show
the high effective mechanical quality factor Qm as the Qm of the
FeFPFFe sensor can be given by [7]

1
Qm

= n1

Qmag
+ n2

Qpiez
+ n3

Qfe
, (4)

where Qmag, Qpiez and Qfe are the effective mechanical quality factor
of the magnetostrictive FeNi-FACE layer, piezoelectric PZT-8H layer
and the FeCuNbSiB layer, respectively. n1, n2 and n3 are the vol-
ume ratio of the magnetostrictive FeNi-FACE layer, the piezoelectric
PZT-8H layer and the FeCuNbSiB in the laminate, respectively.

According to Eq. (3), the MEVC at resonance is directly pro-
portional to the product of the piezomagnetic coefficient of
magnetostrictive layer and the Qm. Hence, the higher piezomag-
netic coefficient d33 and Qm will obviously result in the higher MEVC
of the FeFPFFe sensor at resonance. Correspondingly, the ME sen-
sitivity (under resonant drive) to Hac is increased. In this case, a
constant dc magnetic bias (Hdc) is applied along the length axis of
the laminate, and small variations in Hac can be detected. However,
the ME effect is also a strong function of Hdc. Thus, under a constant
Hac drive, ME composite sensor can detect small Hdc signal.

The dependence of the ME effect on Hdc results from the
piezomagnetic coefficient dependence on Hdc. In this manner, the
dependence of the MEVC on Hdc at resonance can be obtained by
the derivative of Eq. (3) with respect to Hdc, given as

∂˛r

∂Hdc
∝ 8Qm

�2

∂d33

∂Hdc
. (5)

Assuming the induced ME voltage has a linear relationship with
Hac at the resonant frequency; Eq. (5) can be rewritten as:

∂VME

∂Hdc
∝ 8Qm

�2
Hac

∂d33

∂Hdc
. (6)

From Eq. (6), the ME sensitivity at resonance to Hdc is directly
proportional to Qm. The FeFPFFe composite sensor with the high Qm

is used for dc magnetic field sensing, which will provide the high
sensitivity.

Clearly, the FeFPFFe composite sensor has higher sensitivity to
small variations in both ac and dc magnetic fields due to the higher
product of effective piezomagnetic coefficient d33 of the FeNi-FACE
and the effective Qm of the new composite.
4. Results and discussion

The MEVCs as a function of Hdc for the FPF composite and
FeCuNbSiB/PZT-8H/FeCuNbSiB (FePFe) composite sensor at a fre-
quency of f = 1 kHz and a drive of Hac = 1 Oe are presented in Fig. 2.
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ig. 2. The ME voltage coefficient as function of dc magnetic field for FPF and FePFe
omposite sensor at low frequency f = l kHz and a constant ac drive of Hac = 1 Oe.

rom this figure, it can be seen that with the increase of the dc
agnetic filed, the MEVC for FPF composite sensor achieves a
aximum of 10.13 mV/Oe at Hdc = 235 Oe, then decreases slowly.

n contrast, the MEVC for the FePFe composite sensor increases
n a approximately linear manner with increasing Hdc over the
ange 0 < Hdc < 60 Oe and gradually reaches the maximum value of
2.89 mV/Oe. With the further increase of the magnetic field, the
EVC decreases gradually. This phenomenon can be understood

s a result of the strong relation between the MEVC at low fre-
uency ˛low and the piezomagnetic coefficient d33 (d�/dH) of the
eCuNbSiB ribbon, ˛low ∝ d33. As mentioned previously, the high
ermeability of the FeCuNbSiB ribbon causes its large piezomag-
etic coefficient at the lower dc magnetic biases, producing the

arge magnetostrictive strain and ME effect. Taking the advantage
f the FeCuNbSiB, a new ME sensor employing magnetostrictive
eNi-FAC, FeCuNbSiB and piezoelectric PZT-8 is fabricated. When
eNi-FACE and FeCuNbSiB layers are bonded by an epoxy adhe-
ive, FeCuNbSiB acts as the dynamic driver to produce the stress
n the FeNi-FACE. The additional stress can induce a mechanical
train in FeNi-FACE, resulting in the increase of effective piezo-
agnetic coefficient for FeNi-FACE [15]. Hence, a higher MEVC for
eFPFFe sensor can be obtained, as shown in Fig. 3. We observe that
he maximum MEVC for FeFPFFe sensor achieves 12.216 mV/Oe at
dc = 272 Oe, which is increased by factor of ∼1.21 times compared
ith FPF sensor and the peak position of the MEVC is shifted to a

0 200 400 600
0

2

4

6

8

10

12

Hdc(Oe)

M
E

 V
ol

ta
ge

 C
oe

ff
ic

ie
nt

 (
m

V
/O

e)

FeFPFFe

ig. 3. The ME voltage coefficient as function of dc magnetic field for FeFPFFe sensor.
Fig. 4. The maximum ME voltage coefficient as a function of frequency near res-
onance (a) for the MPM sensor, (b) for the FPF sensor, and (c) for the FeFPFFe
sensor.

higher magnetic field. Our experimental results are in good agree-
ment with the theoretical predictions. Obviously, increasing the
effective piezomagnetic coefficient of FeNi-FACE by incorporating
FeCuNbSiB layers offers an approach to enhance the MEVC ˛low.

Fig. 4 shows the maximum MEVCs as a function of frequency for
MPM, FPF and FeFPFFe sensor near resonance. The data in Fig. 4(a)
for the MPM sensor shows the MEVC increases with frequency

to a maximum of 2.97 V/Oe at resonance under Hdc = 200 Oe. And
the resonance frequency fr is 110.699 kHz and a 3 dB frequency
bandwidth �f is 2.4 kHz. Accordingly, the effective mechanical
quality factor of the laminate is Qm = fr/�f, then Qm = 46.125 can
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a maximum. Correspondingly, the ME sensitivity (under resonant
drive) to Hdc reaches the maximum.

The variation in output voltage for a step-change in dc mag-
netic field at resonant frequency is investigated, as show in Fig. 7.
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Fig. 5. The ME voltage responding to ac magnetic field Hac at resonance.

e obtained. Fig. 4(b) illustrates the MEVC spectrum of the FPF
ensor near resonance. From the figure, the resonance occurs at
he higher frequency fr = 170.38 kHz due to the lower elastic com-
liance of FeNi-FACE (S33 = 5.2 × 10−12) compared with Terfenol-D
S33 = 42.53 × 10−12). And the Qm of the FPF sensor achieves 354.96,
hich is ∼7.7 times higher than that of the MPM sensor. Although

he piezomagnetic coefficient of FeNi-FACE is much smaller than
hat of Terfenol-D, the higher maximum MEVC of FPF sensor
chieves 3.101 V/Oe under Hdc = 316 Oe, compared with the MPM
ensor. As mentioned previously, this is because of the higher Qm

f the FPF sensor at resonance. Fig. 4(c) shows the MEVC spec-
rum of the FeFPFFe sensor near resonance. From the figure, we
bverse that the maximum MEVC of FeFPFFe sensor is 4.367 V/Oe
nder Hdc = 119 Oe and the Qm is calculated as 354.625. The MEVC
f the FeFPFFe sensor is ∼1.41 times higher than that of the FPF
ensor. This may result from the increase in the effective piezo-
agnetic coefficient d33 of the FeNi-FACE caused by the FeCuNbSiB

ayer acting as the dynamic driver, even though the values of their
m are nearly equal. The expression in Eq. (3) gives better phys-

cal explanations on these results, thus it is reasonable that the
igher product of the piezomagnetic coefficient and Qm results in
he higher MEVC of the FeFPFFe sensor at resonance, compared with
PF and MPM sensor.

By incorporating a high-permeability FeCuNbSiB layer into FPF
aminate, a higher MEVC can be achieved. The result unambigu-
usly demonstrates that the FeFPFFe sensor is promising for the
mall Hac signal detection. Fig. 5 shows the induced ME voltage of
he FeFPFFe sensor at the resonant frequency as a function of ac

agnetic field under a dc magnetic field Hdc = 119 Oe. This figure
eveals that the induced ME voltage has a linear relationship with
ac at the resonant frequency. Hence, Eq. (3) can be rewritten as

ME ∝ 8Qm

�2
Hacd33. (7)

From Eq. (7), the value of the ME voltage varies with the ac mag-
etic biases, Qm and d33. The ME voltage at the resonance of FeFPFFe
ensor is significantly notable because of the increase in the effec-
ive piezomagnetic coefficient of FeNi-FACE, compared with FPF
ensor. From the ME voltage output the MEVC at resonance can
e calculated as 4.367 V/Oe, which indicates that the sensor has an
bility to detect low ac magnetic field strength. In this case, the FeF-
FFe sensor provides direct conversion of ac magnetic-field into an

lectrical signal.

Fig. 3 indicates that the MEVC at the low frequency strongly
epends on Hdc, which can be traced to the different domain mag-
etizing behaviors under various values of Hdc [10]. Thus, the
eFPFFe sensor is potential for small Hdc detection under a drive of
Fig. 6. Resonant ME voltage and phase shift responding to dc magnetic fields.

Hac with the constant magnitude and frequency. Fig. 6 shows the
ME voltage as a function of Hdc for the FeFPFFe sensor under the res-
onance frequency fr = 170.24 kHz and Hac = 0.1 Oe. From the figure,
the induced ME voltage for the FeFPFFe sensor has an almost lin-
ear response to the applied dc magnetic field in the ascendent edge
of −84 < Hdc < 0 Oe and in the descendent edge of 0 < Hdc < 84 Oe.
And we observe a sharp (step-like) phase shift from 180◦ to 0◦ cor-
responding to the sign reversal of Hdc from a positive value to a
negative one, as shown on the right-hand axis of Fig. 6. The phase
shift reveals the tendency of applied dc field variation. In addi-
tion, the value of ∂VME/∂Hdc for FeFPFFe sensor is calculated from
the slope of the ME voltage VME versus Hdc curve. The maximum
value is calculated as ∼22.5 mV/Oe at Hdc = 31 Oe, which is about
20 times higher than that of the Terfenol-D/Pb(Zr,Ti)O3/Terfenol-D
laminated transducer in the literature 6. As mentioned previously,
this can be ascribed to the high Qm of the FeFPFFe sensor, resulting
in a high ME sensitivity to Hdc. Furthermore, the maximal value of
∂VME/∂Hdc is observed at 31 Oe. This is because of a jump effect, as
previously reported in literature [16]. The action of an applied field
along the longitudinal-axis direction seemingly induces the mag-
netization vector of the magnetic domains to change from its initial
orientation that is perpendicular to the longitudinal-axis (due to
a preload) to being parallel to the direction along which Hdc is
applied. When the applied Hdc increases to 31 Oe, it is near the so-
called “burst region”, and the rotation of the magnetic domains is at
0 20 40 60 80 100

Time(second)

Fig. 7. Sensitivity limit of small dc magnetic field for the FeFPFFe sensor, taken under
a constant Hac = 8 m Oe at resonant frequency.
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he results show that the sensor can distinguish small dc magnetic
elds of 3nT under a resonant excitation Hac = 8 m Oe. This also indi-
ates that the FeFPFFe sensor has an ultra-high sensitivity to small
c magnetic field variations.

. Conclusion

In summary, a magnetoelectric sensor based on FeFPFFe lami-
ates is designed, fabricated and characterized. The configuration
ith higher permeability FeCuNbSiB is to increase ME coupling and

eep its size small. As a result, the high sensitivity to small vari-
tions in both ac and dc magnetic fields can be achieved owing
o the increase in the effective piezomagnetic coefficient d33 of
he FeNi-FACE by bonding additional high-permeability FeCuNbSiB
ayer and the high effective mechanical quality factor Qm, of the FeF-
FFe sensor. The MEVC at resonance achieves 4.367 V/Oe and the
E sensitivity to dc magnetic field arrives at ∼22.5 m V/Oe under
he resonance frequency fr = 170.24 kHz and Hac = 0.1 Oe. Further-
ore, the sensor can distinguish small dc magnetic fields of 3nT

nder a resonant excitation Hac = 8 m Oe. Thus the FeFPFFe sen-
or is potential for highly sensitive dc or/and ac magnetic field
etection.
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