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a b s t r a c t

Lorentz force-piezoelectric coupled magnetoelectric (ME) effect and piezomagnetic-piezoelectric
coupled ME effect were compared in PZT/nonmagnetic and PZT/magnetostrictive metal cylindrical
layered composites under axial magnetic fields. While only the Lorentz force-piezoelectric ME effect is
observed in PZT/brass and PZT/Al cylinders, both ME effects are present in PZT/magnetostrictive Ni
cylinder. The ME voltage linear dependence on DC magnetic field and constant �90� ME voltage phase
reflect the Lorentz force-piezoelectric ME effect. For the PZT/Ni cylinder under low DC magnetic field, the
ME voltages from the two ME effects tend to be anti-phase, and the piezomagnetic-piezoelectric ME
voltage is much higher than the Lorentz force-piezoelectric ME voltage. However, under high DC mag-
netic field, the Lorentz force-piezoelectric ME effect plays a dominant role. These results indicate that the
PZT/Ni cylinder is favorable to DC magnetic field detection in wide range.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Magnetoelectric (ME) effect is the coupling of magnetic and
electric polarizations. In magnetostrictive and piezoelectric com-
posites, the ME effect is a product of piezomagnetism and piezo-
electricity via strain at the interface between the two phases [1e4].
At room temperature, multi-phase ME composites exhibit ME
coupling coefficients several orders of magnitude higher than
single-phase ME materials, especially for layered composites. This
is promising in magnetic sensor, energy harvester, and other
applications.

For the piezomagnetic-piezoelectric ME coupling, the ME
voltage is proportional to the product of the piezoelectric voltage
coefficient and the piezomagnetic coefficient (q¼ dl/dH, where l is
line magnetostriction). The magnetoelectric voltage coefficient and
q dependence on DC magnetic field (HDC) is similar. For magneto-
strictive and piezoelectric layered composites, the ME voltage in-
creases first and subsequently decreases with HDC to almost zero at
high magnetic field beyond saturation. The local ME voltage peak
appears at the optimal DCmagnetic field, where the piezomagnetic
coefficient reaches the maximum value [5e8]. However, for a cy-
lindrical layered composite under magnetic field applied parallel to
the cylinder axis, theME voltage shows steep linear increase at high
magnetic field after the peak, and is comparable or even higher
than the ME voltage peak at optimal DC magnetic field. Pan et al.
[9,10] ascribed this fact to linear volume magnetostriction of the
self-bound Ni ring above saturation. However, the volume
magnetostriction under high magnetic field is much smaller than
the line magnetostriction, and the volume magnetostriction of
polycrystalline nickel goes up with constant slope of 10�10 to
10�11 Oe�1 under increasing field [11e13], while the line magne-
tostriction slope at optimal DC magnetic field is about 10�7 Oe�1

[14]. Therefore, volume magnetostriction is unlikely to contribute
significantly to linear ME voltage under high magnetic field.

Fetisov et al. [15] pointed out this linear dependence resulting
from the piezoinductive effect through experimental and theoret-
ical studies of a radially polarized piezoelectric ring with
nonmagnetic conductive electrodes on the inner and outer sur-
faces. Conductive metal ring electrodes generated an electromotive
force and then an AC current when AC magnetic field (HAC) was
applied perpendicular to the cylinder plane, according to the Far-
aday's law. The AC current carrying metal ring was subjected to
uniform radial Ampere force when HDC was applied parallel with
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the HAC. Through interfacial mechanical coupling, the force was
transferred to the piezoelectric ring creating tangential stress and
outputing AC voltage due to piezoelectricity. The AC voltage u is:

u ¼ m20
g31
r

2pr2tfHACHDC (1)

where m0 is the vacuum permeability, g31 is the piezoelectric
voltage coefficient, r is the mean radius of the cylinder, t is the
electrode thickness, and f is the frequency of the applied HAC. The
AC voltage is proportional to HDC. Actually, the Ampere force is the
result of the Lorentz forces of all moving charges, of which the
current is comprised [16,17]. Therefore, the ME effect originates
from the coupling of the Lorentz force and piezoelectricity in the
piezoelectric ring with nonmagnetic conductive electrodes under
axial magnetic field.

The thickness of the metal ring in the cylindrical layered com-
posite from Ref. [15] is just several microns, which is greatly
different from the 1 mm thickness of the Ni ring in the PZT/Ni cy-
lindrical layered composite in Ref. [9]. Thus, the Lorentz force-
piezoelectric coupled ME effect and the piezomagnetic-
piezoelectric coupled ME effect cannot be directly compared. In
all reports following the idea of the Lorentz force-piezoelectric
coupled ME effect, an input reference AC current in the electrode
is utilized to introduce the Lorentz force [18e21]. However, input
AC current raises energy costs and induces electromagnetic inter-
ference. In this paper, we directly compare the two kinds of ME
effects by characterizing the ME voltage outputs and the corre-
sponding phases of the PZT/nonmagnetic and PZT/magnetostric-
tive metal cylindrical layered composites with the same
dimensions in the axial mode.
2. Experiment

Three different PZT and metal cylindrical layered composites
were prepared, as illustrated in Fig. 1. Three PZT-5H ceramic rings
with F25 � F23 � 10 mm3 dimensions were radially polarized at
the same time. Nonmagnetic brass and aluminum rings were
separately bonded on the inner surfaces of two PZT rings with
conductive silver adhesive, while magnetostrictive nickel was
directly electrodeposited on the inner surface of the third PZT ring
to avoid the influence of nonmagnetic silver layer. The metal rings
are all about 300 mm thick. Nickel electrodeposition is described
elsewhere [9]. The three cylinders are named PZT/brass, PZT/Al and
PZT/Ni. The ME characterization was performed in the ME mea-
surement system with both DC (HDC) and AC (HAC) magnetic fields
applied parallel to the cylinder axis (axial mode). The ME voltage
coefficient, aE,A, was calculated as aE;A ¼ dV=ðtPZT$dHÞ, where dV is
the amplitude of the ME voltage in the PZT ring, tPZT is the PZT ring
thickness and dH is the amplitude of the applied AC magnetic field.
The ME voltage phase, 4, between the ME voltage and HAC was
measured simultaneously.
Fig. 1. Illustration of the PZT and metal cylindrical layered ME composite.
3. Results and discussion

Fig. 2 shows the axial ME voltage coefficient, aE,A, and the phase,
4, dependence on the AC magnetic field frequency, f, for the three
cylinders under the optimal DC magnetic field (HDC ¼ 230 Oe) of
the PZT/Ni cylindrical layered composite. For the PZT/Ni cylinder,
there are two ME resonance peaks. The ME resonance corresponds
to the electromechanical anti-resonance frequency (fa) of the
piezoelectric layer [22] and the first one corresponds to the
fundamental radial extension vibration mode while the second one
happens at second radial extension vibration mode [23]. A phase
shift of about 180� happens at the first peak, and the phase shifts by
approximately 140� at the second peak. This means that the ME
resonance quality is reduced at higher resonance mode. By
contrast, PZT/brass and PZT/Al nonmagnetic metal cylindrical
layered composites have almost invisible ME resonance peaks, as
seen in Fig. 2. Both corresponding phases around the fundamental
extensional mode change by about 180�. With expanded aE,A scale,
the ME resonance peaks of the PZT/brass and PZT/Al cylinders can
be seen in the inset in Fig. 2. The PZT/brass cylinder's peak is higher
than that of the PZT/Al cylinder, but the peak value of 0.068 V/
cm Oe is two orders of magnitude lower than the PZT/Ni cylinder's.
Moreover, the PZT/Ni cylinder hasmuch higherME voltage in entire
frequency range under low HDC. Obviously, the voltage outputs in
the two PZT/nonmagnetic metal cylinders can only come from the
Lorentz force-piezoelectric ME effect though their peaks are rather
small at low HDC, and that of the PZT/Ni cylinder is generated from
the piezomagnetic-piezoelectric ME effect.

For PZT/Ni, PZT/Al and PZT/brass cylinders at high DC magnetic
field (HDC ¼ 2 kOe), the frequency dependence of aE,A is shown in
Fig. 3. The first ME resonance peaks corresponding to the funda-
mental radial extension modes of the three cylinders are compa-
rable with each other, as well as in off-resonant frequency range. At
high HDC, the two PZT/nonmagnetic metal cylinders' peaks are
enhanced by an order of magnitude, while the PZT/Ni cylinder's
peak is reduced. The trend is the same for the three cylinders in the
entire frequency range. In addition, the second weak ME resonance
peaks appear in the two PZT/nonmagnetic metal cylinders, which
are unobservable under low HDC in inset of Fig. 2 as the aE,A scale
Fig. 2. AC magnetic field frequency dependence of the ME voltage coefficient aE,A and
the corresponding phase 4 of the PZT/Ni, PZT/Al and PZT/brass cylinders under the
PZT/Ni cylinder optimal DC magnetic field. The inset shows enlarged aE,A scale.



Fig. 3. Frequency dependence of the ME voltage coefficient aE,A for three cylinders
under high DC magnetic field HDC ¼ 2 kOe. The inset shows enlarged aE,A scale.
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was refined. Considering that the ME effect of the PZT/Al and PZT/
brass cylinders originate from the coupling of the Lorentz force and
the piezoelectric effect, similar ME voltage output of the PZT/Ni
cylinder at highHDCmay also be the result of the sameME coupling.

Fig. 4 shows the DC magnetic field dependence of the ME
voltage coefficient aE,A for the PZT/Ni, PZT/Al and PZT/brass cylin-
ders at off-resonant frequency f ¼ 1 kHz. In the entire DC magnetic
field range, the ME voltage outputs are rather small for all the three
cylinders, which coincides with the results present in Figs. 2 and 3.
Inevitably, the measured ME voltage is greatly influenced by the
background noise [24] and the data in Fig. 4 fluctuate. Nevertheless,
different variation trends of aE,A with HDC are observed in the PZT/
nonmagnetic and PZT/magnetostrictive cylinders. In the PZT/Ni
cylinder, as HDC is increased from zero, aE,A increases rapidly to the
maximum and then decreased to theminimum, which is typical for
magnetostrictive and piezoelectric layered composites. Strength-
ening HDC further, a gentle enhancement in aE,A appears. For the
PZT/Al and PZT/brass cylinders in entire HDC range, gentle trends of
aE,A increase with HDC are also present. The increase trends agree
with the prediction in equation (1). It is worth noting that the ME
voltage in the PZT/Ni cylinder is much higher than those in the PZT/
Al and PZT/brass cylinders under lowHDC but lower under highHDC.
Fig. 4. Dependence of the ME voltage coefficient aE,A on DC magnetic field for the PZT/
Ni, PZT/Al and PZT/brass cylinders at frequency f ¼ 1 kHz.
It further confirms that the ME voltage in the PZT/Ni cylinder under
lowHDC is mainly due to the piezomagnetic-piezoelectric ME effect.

Fig. 5 shows aE,A and 4 dependence on HDC for the PZT/brass,
PZT/Al and PZT/Ni cylinders at each fundamental radial extension
resonant frequency in axial mode. Unlike off-resonance range in
Fig. 4, the three cylinders each has great ME voltage output. The
curves are scarcely affected by the background noise. The two PZT/
nonmagnetic metal cylinders have linear HDC dependence of the
aE,A over the whole DC magnetic field range, since both fits show
good linearity (R2� 0.997). This is consistent with equation (1). The
y axis intercepts of the fitting lines are �0.015 V/cm Oe
and �0.012 V/cm Oe for the PZT/Al and PZT/brass cylinders,
respectively. Small negative intercept values are due to the fact that
the measured curves shift to the right, since HDC recorded by the
Hall sensor is larger than the effective magnetic field in cylinders,
owing to the opposite magnetic field caused by self-inductance in
the metal ring. Nevertheless, these results verify that the ME
voltage output in PZT/non-magnetic metal cylinder comes from the
Lorentz force-piezoelectric ME effect.

Under low HDC, the PZT/Ni cylinder's aE,A increases with HDC to
the local maximum value of 2.44 V/cm Oe and then decreases with
HDC, similar to the tendency at off-resonant frequency far from
resonance in Fig. 4. The aE,A of the PZT/Ni cylinder is much higher
than the two PZT/non-magnetic metal cylinders, until the aE,A is
reduced to the local minimum value of 0.365 V/cm$Oe at
HDC ¼ 0.9 kOe. The minimum value of the PZT/Ni cylinder is still
slightly higher. The above observations indicate that the ME effect
is mainly due to the piezomagnetic-piezoelectric coupling in the
PZT/Ni cylinder under lowHDC. Starting fromHDC¼ 0.9 kOe, the aE,A
of the PZT/Ni cylinder increases linearly with HDC. The aE,A is quite
larger for the electrodeposited PZT/Ni cylinder. The fitting lines
show good linearity (R2 � 0.997) for all cylinders. The large slope
linear region can be used for high DC magnetic field detection. On
the other hand, as the total ME voltage output in low DC magnetic
field is comparable to that in high DC magnetic field in the PZT/Ni
cylinder, the magnetic field detectivity won't be reduced within
wide range.

As shown in Fig. 5, the 4¼ �80�, of the PZT/Ni cylinder does not
change under highHDC. In both PZT/nonmagneticmetal cylinders, 4
Fig. 5. DC magnetic field dependence of the ME voltage coefficient aE,A and the cor-
responding phase 4 for the PZT/Ni, PZT/Al and PZT/brass cylinders at each radial
extension resonant frequency.
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is almost �93� immediately after HDC cross zero. In the Lorentz
force-piezoelectric ME effect, assuming the AC magnetic field is
HAC ¼ h sin ut, the induced electromotive force in the metal ring is

e ¼ �dðSm0h sin utÞ
dt

¼ �m0hS cos ut ¼ m0hS sinðut � 90�Þ (2)

where h is the amplitude of the HAC, u is the annular frequency of
HAC, and S is the circle area of the ring. Irrespective of the induc-
tance of the metal ring, the AC current lags 90� behindHAC, i.e. the 4
of the AC current is �90�. Leung et al. demonstrated that the ME
voltage from the piezoelectric layer is in phase with the AC current
in the electrode [25]. On the other hand, the impedance phase of
the anti-electromechanical resonance is zero. Therefore, the 4

is �90� for the two PZT/nonmagnetic metal cylinders at ME reso-
nance. In this experiment, the 4 is slightly off�90� as a result of the
electrode inductance, experimental and real resonant frequency
errors and slight differences among the three cylinders. For the
PZT/Ni cylinder, 4 is rapidly reduced to 34.6� at HDC crossing zero,
where the aE,A reaches local maximum. At higher HDC, 4 increases
to 40� and then gradually decreases to �80� in the PZT/Ni cylinder.
In the piezomagnetic-piezoelectric ME effect, the magnetic loss
changes with HDC due to the irreversible magnetic domain motion
and rotation. Moreover, the ME resonant frequency changes with
increasing HDC, which is caused by the DE effect in the magneto-
strictive layer, so the phase of the piezomagnetic-piezoelectric ME
effect is strongly dependent on HDC [26]. The 4 of �80� under high
HDC is further proof of the dominant Lorentz force-piezoelectric ME
effect in the PZT/Ni cylinder.

It has been known that both ME effects contribute to the ME
voltage in the PZT/Ni cylinder. The correlation between the two ME
effects is discussed below. The y axis intercept of the fitting line for
the PZT/Ni cylinder under high HDC is �0.227 V/cm Oe, which is
more negative than the two PZT/nonmagnetic metal cylinders. If
ME voltages from the two ME effects add up, the intercept should
be higher than those of the other two cylinders. However, the ME
voltage is a complex quantity, thus, the ME phase needs to be
considered. The more negative intercept may result from the
cancellation of the two ME effects with opposite phases. In the case
of the point when the aE,A reaches the local maximum, 4 ¼ 34.6�.
Based on the parallelogram law of complex superposition, the
phase of the piezomagnetic-piezoelectric ME effect must be larger
than 34.6�, so the phase difference of two ME effects is more than
120�. This inclines to anti-phase and the total ME voltage of the
PZT/Ni cylinder is less than either one of the two ME effects. Below
the HDC where the minimum aE,A happens with 4¼ 0�, the phase of
the piezomagnetic-piezoelectric ME effect should also be positive.
Beyond saturation, nickel is paramagnetic, similar to non-magnetic
brass and aluminum. Thus, the voltage originating from the
piezomagnetic-piezoelectric ME effect tends toward zero. Both the
ME phase and voltage of the PZT/Ni cylinder are mainly based on
the Lorentz force-piezoelectric ME effect at high HDC. On the other
hand, the linear region at high HDC indicates that the
piezomagnetic-piezoelectric ME effect is also linear with HDC,
which in turn reflects nickel linear volume magnetostriction.
4. Conclusion

Both linear HDC dependence of the aE,A and 4 of
approximately �90� demonstrated the Lorentz force-piezoelectric
coupled ME effect for PZT/metal cylindrical layered composites
with magnetic fields applied parallel to the cylinder's axis. In the
axial mode, both the piezomagnetic-piezoelectric ME and Lorentz
force-piezoelectric ME effects contribute to ME voltage output in
the PZT/Ni cylinder. For the PZT/Ni cylinder under low DCmagnetic
field, the ME voltage from the Lorentz force-piezoelectric ME effect
is much lower than the piezomagnetic-piezoelectric ME effect.
Under high DC magnetic field, the piezomagnetic-piezoelectric ME
effect is close to zero, so the linear ME voltage is primarily due to
the Lorentz force-piezoelectric ME effect. The high ME voltage
output in low DCmagnetic field and large slope linear region in the
PZT/Ni cylinder can be utilized for DC magnetic field detection in
wide range.
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