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A B S T R A C T

A methodology of rotating the applied static magnetic field on Ni0.8Zn0.2Fe2O4 (NZFO)/PZT-8 magnetoelectric laminate, was introduced to realize 180° phase
reversal with constant amplitude, which is invariably required for phase-based communication system, engineering technology and microelectronic devices. Through
further decoding the phase information existed in magnetoelectric coefficient, we found that the undistorted 180° phase reversal can be achieved once the applied
field was reversed. Moreover, piezomagnetic response can essentially track the magnetoelectric response under optimum bias with the variations of rotation angle,
and then the origins can be well explained. Experimental results show that the maximum resonance ME voltage coefficient of +51.72 V/cm Oe and−51.93 V/cm Oe
were obtained in angle of θ=0° and 180°, respectively. These results provide great possibilities for practical applications in ME phase shifters and inverters.

1. Introduction

Magnetoelectric (ME) materials in composite of magnetostrictive
and piezoelectric subsystems have received considerable interests due
to their great promising applications in multifunctional microelectronic
devices [1–4]. From historical perspective, the development of ME
materials began from the earliest 1980s in ‘natural’ single-phase com-
pounds to the nearest vivid ‘artificial’ ME heterostructures with various
polarized/magnetized schemes and materials combination. Recently
the major objective in this invigorated research field is devoted to
further enhancing the ME couplings, revealing its underlying physics
and exploring novel multifunctional electronic devices [5–10]. In gen-
eral, the ME effects can be aroused by subjecting the sample to AC
magnetic field (HAC) with superimposed applied DC magnetic field
(HDC). In this case, the ME couplings undergoes a dynamic magneto-
mechanical-electric conversion through mediated strain, change, ex-
change bias, spin torque etc [11–14]. Previously the ME voltage coef-
ficient (α) was employed to characterize the coupling strength quanti-
tatively, while the phase is only considered as supplemental data
[15,16]. In fact, the generated ME voltage from piezoelectric layer was
triggered by an AC magnetic field [17,18]. In light of this, complex
quantity form of α can be given as α=|α|e(−iφ) = |α|cos(φ)− i|α|sin
(φ)= α′− iα″ (α′ and α″ represent its real and imaginary parts, while
|α| and φ are the amplitude and phase angle, respectively) [19,20]. For

practical applications, focused efforts are essential on its amplitude to
characterize the field detection sensitivity in ME magnetic sensors
[21–23], while the phase angle serving as another principal parameter
can provide more valuable information compared with amplitude
especially in harsh environment with extremely low signal-to-noise
ratio [24]. For instance, in 2008 Liu et al. reported a ME magnetic
sensor utilizing phase shifting of electric-field-induced magnetization
effects for weak HDC detection, and the achievable sensitivity limit for
HDC reaches as low as 10−9 T [25]. In 2015, Zhang et al. developed a
high-resolution current sensor consisting of ME laminate and high-
permeability flux concentrator, phase in the output can be utilized for
low-frequency current detection with facilitation of closed magnetic
loop and high-sensitivity ME cell [26]. In addition to the extraction of
phase signal for magnetic/current detection purposes, the 180° phase
shifting (reversal) effect is another major concern. Recently, several
experimental researches have dealt with 180° phase shift (reversal)
phenomenon in layered ME composite. In 2013, Shi et al. reported
magnetic-field-induced 180° phase shift effects in Terfenol-D/PZT bi-
layer composite, 180° phase shift around resonance frequency can be
achieved by changing HDC from 0.1 T to 0.3 T, accompanying ap-
proximately 8 V/A variations in amplitude [27,28]. Subsequently, in
2016 Yang et al. reported the phase shifting effects in circular and
rectangle ME composite with PZT/Terfenol-D for comparison studies,
and results showed that the appearing 180° phase shifts in circular ME
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composite with greater distinct variations of amplitude [29]. In addi-
tion, very recently in 2017, the 180° phase reversal effects at resonance
frequency were observed in ME laminates with bi-domain 127° Y-cut
LiNbO3 single crystals, but the maximum variable amplitude of ME
voltage coefficient reaches 100 V/cm Oe [20]. The process of 180°
phase shift (reversal) always accompanies amplitude variations, how-
ever, the undesired amplitude variations will lead to a distorted output
signal. Therefore, achieving undistorted 180° phase reversal in ME re-
sponse is compelling for potential applications in phase shifter/in-
verters

In this study, an effective methodology is introduced to fulfill the
requirements of 180° phase reversal with constant amplitude of ME
output in bi-layer ferrite/piezoelectric ME laminates, and we try to
reveal its origins through investigating the dynamic strain character-
istics under applied HDC directions varied from 0° to 360°. To accom-
plish this goal, controlling the HDC orientations is carried out to activate
the complex ME responses, anticipating the 180° phase reversal with
constant amplitude of ME response realization in this process. In ad-
dition, the HDC orientation induced dynamic piezomagnetic effect in
ferrites can account for this as expected. These results provide devel-
opments in this field to offer great possibilities in practical use for 180°
ME phase shifters and inverters.

2. Experiments

We synthesized polycrystalline nickel zinc ferrite with composition
of Ni0.8Zn0.2Fe2O4 (NZFO) from starting powders of Fe2O3, NiO and
ZnO in compliance with its mole ratio through conventional solid-phase
sintering methods, which detailed in our previously reported literatures
[15]. The sintered bulk NZFO block was cut into thin pieces with di-
mensions of 23mm×5mm×0.5mm. The NZFO slab and piezo-
electric ceramic of PZT-8 slab (purchased from Bailing Electronic
Ceramics Co., Ltd. Zibo, China) with dimensions of
25mm×5mm×0.5mm were bonding together using epoxy ad-
hesive. The sample centered in the solenoid and its longitudinal di-
rection is in parallel with the AC magnetic field (HAC). An optimum DC
magnetic field (HDC= 46 Oe) was provided by a pair of toroidal per-
manent magnets (NdFeB N50®, its radius and thickness are 55mm and
30mm, respectively), which were mounted on a rotatable fixture with
the constant distance of 280mm, and the solenoid was placed in the
center of toroidal permanent magnets. The magnetic field was mon-
itored by gaussmeter at off-resonance and resonance frequencies. The
HAC was superimposed with DC magnetic field direction in parallel at
initial states, and the 180° phase shift effect can be activated by HDC

rotation with angle of θ through adjusting the rotatable fixture. Sub-
sequently, wherein the generated HAC from solenoid was powered by an
internal oscillator a lock-in amplifier (Ametek Model SR7280) and the
induced ME output across the sample was monitored by the lock-in
amplifier. The schematic diagram for measurements was outlined in
Fig. 1, dynamic magneto-mechanical responses were characterized by
an optical non-contact measurement system with laser Doppler vib-
rometer (Polytec Model OFV-5000/505). The impedance spectra were
measured by an impedance analyzer (Keysight Model E4990A).

3. Results and discussion

Previous experimental and modeling efforts provide clear evidence
that the phase shifting effects can be achieved by controlling the
magnetic/electric field in ME laminates [25,27,29]. To obtain 180°
phase reversal with constant amplitude in ME response, the amplitude
(|α|) and phase angle (φ) in ME voltage coefficient for bi-layered PZT-
8/NZFO laminate were investigated with θ from 0° to 360°. Fig. 2(a)
illustrates |α|r vs θ profiles in polar coordinate under optimum bias of
46 Oe and resonance frequency of fr=84.5 kHz. As θ is increased from
0° to 90°, |α|r shows a slight decrease, with θ further increasing, |α|r
undergoes a repetitive response with the increment of 90° alternately

and successively. It is noteworthy that |α|r exhibits a twofold symme-
trical loop in the polar coordinates due to the magnetization and de-
magnetization effect of the magnetostrictive phase under a variety of θ,
similar observations can be found in previous studies [30–32]. This
result demonstrated that the constant amplitude of ME response can be
achieved by changing the direction of applied HDC. Several re-
presentative data including |α|r vs f and φ vs f profiles around resonance
at θ=0°, 90°, 180° and 270° were selected to detail the process of
amplitude and phase evolutions. Specifically, for the initial state of
θ= 0°, the φ exhibits a precipitous decrease around 84.5 kHz and then
levels off at off-resonance frequencies, the φ and |α| at resonance fre-
quency reach φr = 0° and |α|r= 51.72 V/cm Oe, respectively, as illu-
strated in Fig. 2(b). As θ is increased to 90°, the φr of 180° and |α|r of
28.64 V/cm Oe under resonance frequency were observed at resonance
frequency. Evidently the resonance α exhibits 180° phase reversal with
a modest decay in amplitude (as illustrated in Fig. 2(d)). Compared
with the initial state of θ=0°, the direction of applied HDC reversed at
θ= 180°. The |α|r exhibits similar peak value of 51.93 V/cm Oe, while
the φr appears 180° phase reversal as illustrated in Fig. 2(f). As θ is
increased to 270°, the φr returns back to its initial state φr = 0°, while
the |α|r of 27.08 V/cm Oe almost equals to that of θ=90° (As shown in
Fig. 2(h)). To further understand this process, phase spectra around
resonance in every adjacent θ states were extracted for comparison
studies (as shown in Fig. 2(c), (e), (g), (i)). Distinct discrepancy in phase
spectra can be observed, for −90°≤ θ < 90°, φr = 0°, while for
90°≤ θ < 270°, φr = 180°. Namely, when θ is varied from −90° to
90°, the φr exhibits a similar “hold” state relative to its initial state;
while the θ increase in the process of 90°–270°, the φ shows a different
“reverse” state relative to its prior state. Moreover, the phenomenon
also occurred in the vicinity of the resonance frequency. In this case, the
α can be expressed as

= = − = ′ − ″−α θ α e θ α φ i α φ θ α iα θ( ) | | ( ) (| | cos | | sin )( ) ( )( )iφ (1)

where |α| and φ are the amplitude and phase, α′ and α″ are real and
imaginary part of α, respectively. From experimental results we know
that 180° phase reversal occurred at some key points, e.g., for θ=90°,
the φr = 0° and the |α|r= 27.04 V/cm Oe; for θ=270°, the φr = 180°
and |α|r= 27.08 V/cm Oe, exhibiting an undistorted 180° phase re-
versal of ME voltage coefficient at resonance triggered by magnetiza-
tion direction reversal. More relative details for this process are re-
quired to explore from the aspect of complex quantity to follow.

Foregoing discussion mentioned that the ME voltage coefficient can

Fig. 1. Schematic diagram of DC field rotations for PZT-8/NZFO composite.
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be described as α= α′− iα″ [20,33], wherein the real part of α′
(|α|cosφ) was defined as strength of ME interactions displaying mutual
energy exchange between magnetic and electric energy, while the
imaginary part of α″(|α|sinφ) was defined as mechanical loss of ME
interactions in the dynamic magneto-mechanical-electric conversion
process. In this regard, investigating the α′ and α″ can further under-
stand each variation tendency of phase angle and amplitude in ME
coefficients. Fig. 3 depicted a comparison in α′ and α″ for the re-
presentative cases of θ= 0° and 180°, respectively. As shown in
Fig. 3(a), for θ=0° the α′ exhibits a significant positive peak value of
+51.72 V/cm Oe at resonance frequency, and the α″ displays an in-
crease to its maximum and then dramatic minimum successively
around the resonance frequency. By contrast, for θ=180° the α′ shows
a negative peak of −51.93 V/cm Oe at resonance. Correspondingly,
from the spectra we can see the α″ also undergoes a negative increase to
minimum value then a maximum peak successively in vicinity of the
resonance frequency. It is noteworthy that the complex quantity of α

swapped in sign but with its amplitude almost constant, e.g., for θ=0°,
the resonance ME voltage coefficient α=|α|r= 51.72 V/cm Oe; while
for θ=180°, the resonance α=|α|r=−51.93 V/cm Oe. The con-
trasting results were also shown in the Cole-Cole plots, as shown in
Fig. 3(c). The Cole-Cole plot appears to be composed of two external
tangent circles in the complex α plane with clockwise gradual fre-
quency increasing, the radius of the circles is nearly identical, and the
circles for θ=0° and 180° are symmetrically distributed right and left
of the imaginary axis, respectively. Moreover, the circles of α′ vs α″
demonstrate a reciprocal conversion between active power and reactive
power and simultaneously accompanying a conversion of capacitive
behavior to inductive behavior with frequency increasing or vice versa
[27]. These results further demonstrate that once the magnetization
direction is reversed, 180° phase reversal appears and amplitude retains
constant in the vicinity of resonance frequency simultaneously. There-
fore, the undistorted 180° phase reversal of ME response can be
achieved in the vicinity of resonance by reversing the applied HDC

Fig. 2. (a) Representative |α|r vs θ profile in polar coordinate plot with θ varied from 0° to 360° under optimum bias of 46Oe. Detailed amplitude and phase spectra in
the range of 80–90 kHz for (b) θ=0°, (d) θ=90°, (f) θ=180° and (h) θ=270°. Comparisons of φ vs f profiles for every two adjacent θ states, i.e., (c) θ=0° and
90°, (e) θ=90° and 180°, (g) θ=180° and 270°, (i) θ=0° and 90°.
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direction.
ME voltage coefficient can be roughly described as: α= kdg, (k, d

and g represent coupling factor, piezomagnetic coefficients and piezo-
electric coefficients, respectively) [34]. Previous reports provided solid
evidence that the magnetostrictive material exhibits distinct properties
under applied HDC with varied θ [35,36]. Therefore, as a function of θ,
the α can be predicted as α(θ)= kc * g * d(θ). In this regard, we can
predict that the origins of 180° phase reversal with constant amplitude
can be attributed to the dynamic piezomagnetic effect of magnetos-
trictive materials. To better understand the origin of 180° phase re-
versal with constant amplitude of the ME response, the dynamic pie-
zomagnetic coefficient d (d= dλ/dHAC) of the NZFO phase as a function
of θ was investigated. A non-contact optical method is employed to
characterize d, and the working principle for the measurements is in the
following. Contractive velocity (v) of the end surface for the NZFO

phase along longitudinal direction is captured by a laser Doppler vib-
rometer and then monitored by a lock-in amplifier as a function of θ to
calculate the complex contractive velocity, which can be obtained by
multiplying a conversion factor of 10 mm/s/V. Then the displacement
of Δl can be derived according to the driving frequency with the ex-
pression of Δl= v/(2πf). Therefore, the dynamic piezomagnetic coef-
ficient as a function of θ can be calculated from the expression of
[37,38]

=d θ l θ lH( ) 2Δ ( )/( )AC (2)

where Δl(θ) is the displacement at certain θ, l and HAC are the length of
sample and AC magnetic field, v is velocity, f is the driving frequency.
Moreover, the d can be re-written and defined in the complex quantity
form of

= = − = ′ − ″−d d e d φ i d φ d id| | | | cos | | siniφ
2 22 (3)

where |d| is amplitude of dynamic piezomagnetic coefficient, φ2 is the
phase angle, d′ and d″ are real part and imaginary of dynamic piezo-
magnetic coefficient, respectively. Fig. 4(a) shows the polar coordinate
diagrams of |d| at resonance frequency of 100.3 kHz under various θ
and HDC=46 Oe. As θ is increased from 0° to 360°, similarly a twofold
symmetry in the polar coordinate diagrams can be observed. Maximum
and minimum resonance amplitudes of dynamic piezomagnetic coeffi-
cients |d|r of 23.3 ppm/Oe and 12.8 ppm/Oe were obtained at θ=0°
(and 180°) and θ=90° (and 270°), respectively. For isotropic poly-
crystalline magnetostrictive materials, the magnetostriction λ as func-
tion of θ can be expressed as [39,40]

= −λ λ cos θ3
2

[ ( ) 1
3

]s
2

(4)

where λs is the saturation magnetostriction, the cos(θ)is the cosine of θ
(θ=0°, 90°, 180° and 270°). Consider d= dλ/dHAC, the |d| as a func-
tion of θ can be given as

= −d d cos θ3
2

[ ( ) 1
3

]s
2

(5)

where ds is the saturation piezomagnetic coefficient. These results can
be attributed to the variations in magnetization directions and de-
magnetization effects [32,41,42]. Fig. 4(b)–(i) illustrate representative
φ2 vs f curves and the corresponding comparisons in θ=0°, 90°, 180°
and 270°. Similarly, the φ2 appears in 180° phase reversal in the vicinity
of resonance (as shown in Fig. 4(b) and (g)), but the φ2 show a hold
initial state for rotated HDC direction (as shown in Fig. 4(c) and (e)).
Specifically, for −90° ≤ θ < 90°, the φ2 of 0° was observed at off-
resonance frequency of foff-r = 100.6 kHz, while the φ2 of 60° was ob-
served at resonance of fr = 100.3 kHz; For 90°≤ θ < 270°, φ2 was
obtained at resonance with −120°, while φ2 was obtained at off-re-
sonance frequency of foff=100.6 kHz with 180°. This phenomenon
arises from the relaxation of magneto-mechanical conversion in mag-
netostrictive material. These results demonstrate that reversed magne-
tization direction result in the 180° phase reversal with constant am-
plitude of dynamic piezomagnetic coefficient at resonance frequency.
The dynamic piezomagnetic coefficient d vs θ profile essentially tracks
the ME voltage coefficient α vs θ profile as expected. Therefore, solid
evidence demonstrate that changed HDC direction induced the 180°
phase reversal with constant amplitude of dynamic piezomagnetic
coefficient, resulting in the undistorted 180° phase reversal of the ME
response.

Similarly, two representative comparison data for θ=0° and 180°
were also selected to show more details about the dynamic piezo-
magnetic coefficient in the form of complex quantity. For θ=0°, d′ and
d″ spectra in the range of 95–105 kHz were plotted in Fig. 5(a). Real
part of d′ undergoes a relaxation process in the vicinity of resonance
frequency with its maximum positive peak of 15.84 ppm/Oe, and
imaginary part d″ exhibits a significant positive peak of 22.24 ppm/Oe.
By contrast, at θ=180°, the d′ and d″ swapped in sign as illustrated in

Fig. 3. Frequency dependence of α′ and α″ for (a) θ=0° and (b) θ=180° in
the range of 80–90 kHz. (c) Cole-Cole plots for θ=0° and 180°, and the arrow
denotes the frequency increasing direction. Measurement was performed under
optimum magnetic bias of HDC= 46Oe.
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Fig. 5(b), exhibiting a mirror image along real axis due to the reversal of
θ. Similarly the corresponding Cole-Cole plots were shown in Fig. 5(c)
for comparison, d′ vs d″ with frequency increasing from 95 kHz, the
circles with identical radius for θ=0° and 180° occupy opposite posi-
tions in the plot, exhibiting φ2 appears 180° reversal and |d| retains in
the frequency of 95–107 kHz. Furthermore, the Cole-Cole plot exhibits a
typical relation of storage modulus and losses of eddy current and re-
laxation in magnetostrictive material. These results further demonstrate
that the 180° phase reversal with constant amplitude of dynamic pie-
zomagnetic coefficient was induced by the reversed magnetization di-
rection. Experiments demonstrate that the HDC direction control of
dynamic piezomagnetic coefficient is in compliance with that of the ME
response. Therefore, we conclude that the undistorted 180° phase re-
versal in the ME response can be achieved by reversed HDC direction,
which is mainly attributed to the symmetrical nature of the dynamic
piezomagnetic coefficient vs HDC curve (y-axis symmetric nature of the
magnetostriction vs HDC curve) in the magnetostrictive layer.

4. Conclusion

In summary, 180° phase reversal with constant amplitude of ME
output in PZT-8/NZFO laminate was realized by rotating the applied
field, and the dynamic piezomagnetic effect can account for its origins.
The result shows that the undistorted 180° phase reversal in ME re-
sponse can be achieved by taking advantage of the reversed DC field
direction to change magnetization direction of NZFO plate. At the
specific cases of θ=0° and θ=180°, equal amplitude but swapped in
sign for the ME voltage coefficients of +51.72 V/cm Oe and −51.93 V/
cm were obtained and more explicit view was given in Cole-Cole plots.
Undistorted 180° phase reversal can provide great potentials in 180° ME
phase shifters and inverters.
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