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Voltage-Driven Nonlinearity in Magnetoelectric Heterostructures
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Magnetoelectric (ME) heterostructures are widely studied to realize functional applications, such as
magnetometers, ME random access memory (MERAM), ME antennas, energy harvesters, and volt-
age microwave devices. A good understanding of the nonlinearity of ME heterostructures can lead to
potentially improved performance. Here, we present an investigation into the voltage-driven nonlinear
phenomena of a ME heterostructure near its electromechanical resonance. The Stoner-Wohlfarth model
and Duffing equation are used to study the �E effect in amorphous Metglas alloy and the nonlinear behav-
ior of a ME heterostructure, respectively. Then, the dependence of the nonlinearity on bias field, driving
voltage, mechanical quality factor, and the frequency sweeping direction are systematically studied and
verified. Experimental results show that spring-hardening and -softening behavior is separately obtained
at bias fields of 25 Oe and 50 Oe, respectively. In addition, hysteresis is observed when sweeping the fre-
quency forward and then backward at a driving voltage of 5 V; this agrees well with qualitative analysis.
This work provides a route to induce, control, and possibly exploit the nonlinear behavior of ME devices,
such as magnetic-field energy harvesters and ME sensors and antennas.

DOI: 10.1103/PhysRevApplied.12.044001

I. INTRODUCTION

Investigations into the magnetoelectric (ME) coupling
effect, which enables interactions between magnetization
and polarization in single-phase or composite materi-
als, have made enormous progress and provide diverse
routes to new functional device architectures, includ-
ing ME random access memory (MERAM) [1], sensors
[2–5], energy harvesters [6–8], microwave devices [9–11],
and recently proposed very low frequency (VLF)
ME antenna [12–15]. While several ME coupling
mechanisms have been proposed over the past few
decades, strain-mediated manipulation is, in general,
the most promising one [4,10,16]. Compared with
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single-phase ME materials, ME heterostructures feature
much higher coupling capacity [4]. For instance, Liu et al.
realized giant electric field tuning of magnetic proper-
ties in Fe3O4/Pb(Mg2/3-Nb1/3)O3-PbTiO3(PMN-PT) het-
erostructure based on the converse ME (CME) effect [17].
Chu et al. reported a (1-1)-type laminate using the direct
ME (DME) effect, which exhibited an enhanced ME coef-
ficient of 7000 V cm−1 Oe−1 [18].

With respect to functional devices based on the strain-
mediated DME effect, the strain generated in a piezomag-
netic layer is normally limited to low amplitude due to
the low saturated magnetostriction coefficient and small
driving ac magnetic field [4,18,19]. In this regard, we can
safely deal with the vibration system with linear elastic
theory, even under resonance conditions. Notably, here
the linearity issue is related only to the Young’s mod-
ulus of the system; however, the widely reported non-
linear ME effect, which mainly considers the nonlinear
magnetostriction coefficient, is not within the scope of
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this work [20–23]. A completely different situation will
occur when we are studying the strain-mediated CME
effect [10,24]. In this case, a large strain electrically
excited in the piezoelectric layer is desired, to effec-
tively manipulate magnetic properties in magnetoelectric
heterostructures [25–29]. For example, a high static elec-
tric field (normally higher than 2 kV/cm) is expected to
induce an obvious change of ferromagnetic resonance fre-
quency in (Fe, Ga)B/PZN − PT multiferroic heterostruc-
tures [30]. Large strain or a high electric field are not
a problem in the case of quasi-static manipulation, if
the piezoelectric material is physically and electrically
safe.

Different from the ME heterostructure, which operates
under quasi-static control, resonant ME devices based on
the converse ME effect will face frequency-response non-
linearity issues under a high vibrational amplitude. Over
the last few years, the concept of strain-powered antennas
based on magnetoelectric or single piezoelectric effects has
been proposed to realize VLF antennas, which work under
resonance conditions and are typically used in circum-
stances such as underground communications and through-
building communications [12,14,16,31–33]. In 2017, for
example, an acoustically actuated nanoelectromechanical
system (NEMS) ME antenna with a compact size was first
proposed with the aim of antenna miniaturization [34]. In
2019, Xu et al. reported a VLF ME antenna that exhib-
ited much higher efficiency, as compared to a current-loop
antenna of the same size [12]. Conceptually, this VLF
antenna based on a ME heterostructure uses the CME
effect, but works under resonance conditions [12]. To real-
ize a long communication distance, a higher input power,
which produces much larger vibrational amplitude and
coupling stress, will be favorable as a general practice [12].
For widely used ferromagnetic materials, such as Metglas
and Terfenol-D, it is known that their Young’s moduli will
change dramatically in response to external stress and mag-
netic field; this is termed the Delta-E effect [35–37]. In
this regard, the ME antenna is now a nonlinear vibration
system from the perspective of mechanics. Thus, nonlin-
earity might serve to further improve the ME antenna’s
performances, as discussed in Sec. III.

However, very few theoretical or experimental papers
have reported nonlinearity in the ME heterostructure that
operates under resonance conditions and has a high-
field input. Here, we present a fundamental discus-
sion concerning the nonlinear phenomenon in the con-
verse ME effect. The ME heterostructure consists of
a Pb(Mg2/3-Nb1/3)O3-Pb(Zr, Ti)O3 crystal (PMN-PZT)
and amorphous (Fe, B)Si alloy (Metglas) working in
longitudinal-transverse (L-T) mode. Functioning as a ME
antenna, a coil receiver or a pick-up coil is used to detect
the varied magnetization of the magnetic layer through
the CME effect. The Delta-E effect of Metglas is demon-
strated with a simplified Stoner-Wohlfarth model and the

exemplary Duffing equation is then utilized to analyze the
simplified nonlinear system. The dependence of nonlinear-
ity on magnetic bias field, input voltage, mechanical qual-
ity factor (Qm) and frequency-sweeping orientation is stud-
ied experimentally. Spring-hardening and -softening reso-
nance and jumping phenomenon in frequency-response are
both observed. We believe this work provides perspectives
for either limiting or exploiting nonlinearity, especially for
the ME antenna in future work.

II. EXPERIMENTS AND FUNDAMENTALS

Figure 1(a) schematically presents the ME heterostruc-
ture (acting as a ME antenna) and the pick-up coil (act-
ing as a receiver). The core of the ME heterostructure
is a thickness-poled PMN-PZT crystal with the sizes of
30 × 1 × 0.2 mm3 (Ceracomp Co., Ltd.), of which on
the top and bottom sides are five-layered Metglas fibers
with sizes of 52 × 1.5 × 0.125 mm3. The piezoelectric and
piezomagnetic fibers are well bonded together with epoxy
resin to finally form a ME heterostructure with a similar
structure to that of (1-1) ME composites, which feature a
high mechanical quality factor and DME coupling coef-
ficient, as demonstrated in our previous studies [5,18].
Here, the ME heterostructure working on the CME effect
can be understood as an ME antenna and a homemade
pick-up coil is used to capture the output magnetic signal.
Notably, nonlinearity generally exists in a ME resonator,
but is not limited to ME antennas. The excitation voltage
to drive the PMN-PZT crystal and the output voltage of the
pick-up coil are separately generated and obtained by one
lock-in amplifier (SR830, Stanford Research, USA). The
bias field, H dc, is provided by a commercial Helmholtz
coil system. Both stress and bias field are applied along
the long axis of the ME antenna. In work by Xu et al.,
the pick-up coil was placed 40 cm along the longitudinal
direction of the ME antenna [12]. Since the communi-
cation distance is not the topic in this work, we simply
ignore the distance and place the ME heterostructure inside
the coil, as shown in Fig. 1(a), to study the nonlinearity
issue.

In 1990, Squire proposed a phenomenological model
for the Delta-E effect in field-annealed amorphous rib-
bons (Metglas) by taking into account the domain wall
movement and multidomain rotation [37]. To simplify
this model, we qualitatively analyze the Delta-E effect in
Metglas, without considering the domain walls, and the
calculated results basically agree with a typical experimen-
tal profile. For transversely annealed amorphous ribbons,
the initial easy axis is basically along the width direction
(K⊥) and the longitudinal magnetostriction coefficient can
be maximized in this case, but inevitable internal stress
can tilt the initial moment direction (M 0), to some extent
[36]. The original domain pattern of Metglas in a demag-
netized state is shown in Fig. 1(b), as captured by MOKE
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FIG. 1. (a) Schematic of the ME heterostructure incorporat-
ing Metglas as magnetostrictive phase and PMN-PZT crystals
as piezoelectric phase. A sine voltage is used to drive the sam-
ple and a pick up is utilized to capture the induced signal. (b)
The magnetic domain patter in the amorphous alloy Metglas
is obtained by magneto-optic Kerr effect (MOKE) microscopy.
The average width of the magnetic domain is 120 µm. (c)
The calculated Young’s modulus of Metglas as a function
of the applied magnetic field and stress along the long axis
with K⊥ = 100 J/m3, μ0Ms = 1.2 T, λs = 27 ppm, θ = 85° and
Es = 110 GPa.

microscopy [38]. M 0 makes an angle of θ = 85° with
the ribbon longitudinal axis. The magnetization is aligned
nearly perpendicular to the length of the ribbon. When the
magnetization moment is subjected to the external field

and stress, the total energy, U, is [37]:

U = K⊥sin2�− μ0MsH cos(θ − �)+ 3
2
λsσ sin2(θ − �),

(1)

where �, which is determined by the energy-minimizing
rule, is the angle between the magnetization direction
M (H,σ ) and initial moment direction (M 0); H and σ are
applied magnetic field and stress, respectively; K⊥, Ms, and
λs are the transverse anisotropy constant, saturation mag-
netization, and saturation magnetostriction, respectively.
Different from ordinary linear elastic materials, the longi-
tudinal strain, ε, here is the sum of elastic strain, εs, and
magnetic strain, εH [36,37]:

ε = σ

Es
︸︷︷︸

εs

+ 3
2
λsσ sin2(θ − �)

︸ ︷︷ ︸

εH

. (2)

Based on the definition of the material’s modulus, we
have [36]:

1
E

= ∂ε

∂σ
= 1

Es
+ ∂εH

∂σ
= 1

Es
+ 9

8
λ2

s

K⊥

×
{

sin22(θ − �)

cos 2� + μ0MsH
2K⊥ cos(θ − �) + 3λsσ

2K⊥ cos 2(θ − �)

}

,

(3)

where Es is the saturation modulus. Figure 1(c) gives the
calculated results, according to Eqs. (1)–(3). Considering
the model simplification, Fig. 1(c) can be viewed only as
an exemplary and qualitative analysis to capture the depen-
dence of the Delta-E effect on applied stress and magnetic
field. Three highlighted regions, labeled A, B, and C, sug-
gest three typical changing behaviors of the material’s
modulus in response to external stress. In region A, with a
bias field of around 100 A/m, the material’s Young’s mod-
ulus, E, increases as the compressive stress increases from
0.5 MPa to 2 MPa, while the trend is opposite in region
C, with a larger bias field of around 300 A/m. In region
B, E fluctuates slightly. In a linear vibration system, the
Young’s modulus is basically assumed to be constant. The
result given in Fig. 1(c) naturally implies the existence of
nonlinear behavior occurring in a Metglas-based resonator
and a strong magnetic field dependence of this kind of
behavior.

The vibration behavior of ME resonators with a nonlin-
ear spring constant due to the �E effect is then modeled
as a forced single degree-of-freedom (DOF) system, of
which the displacement, μ, governing equation is typically
described with the Duffing equation [39,40]:

mü + cu̇ + k1μ + k3μ
3 = F cos(ωt), (4)
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where m is the equivalent mass; c is the total damping con-
stant, which can be expressed as 1/(2Qm), with Qm as the
mechanical quality factor; Fcos(ωt) is the effective driving
force based on a piezoelectric effect with an angular fre-
quency of ω; k1 and k3 are the linear and cubic spring con-
stants, respectively (here we use k = k1 + k3μ

2 to roughly
describe the �E effect). Since the maximum driving volt-
age (5 V, corresponding to a field of 0.25 kV/cm) used
in this work is far lower than the coercive field, EC
(2 kV/cm), of PMN-PZT, the piezoelectric phase is consid-
ered to be linear; its piezoelectric constants are attributed
to the intrinsic contribution and reversible domain wall
motion [41]. For a qualitative understanding of the non-
linear issue, Fig. 2(a) first gives the frequency response
of the vibration displacement with typical parameters (see
Table S2 in the Supplemental Material [42]) by solving
Eq. (4). As shown in Fig. 2(a), a linear, and thus, symmet-
ric, resonance peak is obtained when the nonlinear spring
constant k3 = 0. A negative k3 = −100 × 109 N/m3 leads
the resonance peak bending toward the left, while posi-
tive k3 = 100 × 109 N/m3 gives rise to bending toward the
right. Two highlighted regions in Fig. 2(a) indicate that the
analytical solution from point A to point C and from point
E to point G is unstable and unreachable experimentally.
Therefore, a jumping phenomenon and a hysteresis loop
can be generated when sweeping the frequency forward
and backward. Specifically, the displacement will jump
down first from point C to point D with forward frequency
sweeping and jump up from point A to point B when the
frequency sweeps back in a hardening system with k3 > 0.
Such a hysteresis loop has been widely used to enlarge the
−3 dB bandwidth of vibration energy harvesters [45,46].
This bandwidth improvement may also allow higher data
bit rates with respect to a ME antenna based on Shannon’s
formula [31,47].

Regarding such a nonlinear system, the natural fre-
quency, ω0, is controlled by

√
k1/m. The nonlinear spring

constant, k3, is certainly the key parameter that deter-
mines the final mechanical behavior. However, the total
damping, c (or Qm), and level of driving force F play
important roles as well. When we keep Qm and k3 at 100
and 100 × 109 N/m3, respectively, it is clearly shown in
Fig. 2(b) that the decrease in the driving force F will
weaken and finally eliminate the nonlinear behavior, as the
amplitude of the driving force goes from 0.5 N down to
0.1 N. Decreasing the value of Qm works similarly, as pre-
sented in Fig. 2(c). Based on this quantitative analysis, the
nonlinear spring constant, damping coefficient, and driving
amplitude jointly shape the frequency-response character-
istics of a ME heterostructure. Notably, nonlinear behavior
can be strongly suppressed, even though the �E effect is
obvious in Metglas, when the mechanical quality factor
and driving force are normally low. The following exper-
imental results systematically demonstrate nonlinearity
generation and control in a ME heterostructure.

(a)

(b)

(c)

FIG. 2. (a) Exemplary frequency response of the displacement
amplitude for a nonlinear system with k3 =−100 × 109, 0, and
100 × 109 N/m3. The effective mass, m, and the linear spring
constant are 22.62 mg and 1.6 × 106 N/m, respectively. Q and
driving force are kept as 100 and 1 N, respectively. The depen-
dence of (b) the driving force, F (=0.5 N, 0.3 N, 0.1 N), and (c)
Qm (=100, 75, 50) on the nonlinearity.

III. RESULTS AND DISCUSSION

As observed in Fig. 1(c), the intensity of the bias field
can change the level and sign of the nonlinear spring con-
stant, k3; therefore, inducing completely different nonlinear
behavior, as presented in Fig. 2(a). We first obtain the fre-
quency response of the induced voltage from the pick-up
coil, within which a change of the magnetic flux is gen-
erated due to the periodic change of magnetization, which
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is controlled by piezoelectric stress [48]. We assume the
change in behavior of the magnetization can be reflected
in the vibrational profile of the nonlinear system, which
means the qualitative result in Fig. 2 provides a reference
for the nonlinear frequency response of the induced volt-
age. The frequency response of the induced voltage with a
bias field, H dc, varying from 2 Oe to 60 Oe is presented in
Figure S1 in the Supplemental Material [42]. Figure 3(a)
compares three kinds of typical results, corresponding to
bias fields of 20 Oe, 35 Oe, and 50 Oe, through forward
sweeping of the driving frequency, but with a fixed driv-
ing voltage of 5 V. At a bias field of 20 Oe, a prominent
spring-hardening resonance is observed, with the reso-
nance voltage sharply jumping down after reaching the
peak point. Agreeing well with the discussion of the �E
effect, as shown in Fig. 1(c), a spring-softening resonance
is then generated once the bias field increases to a higher
value, e.g., 50 Oe, as shown in Fig. 3(a), while the system
is almost linear when the bias field lies in an intermediate
value, e.g., 35 Oe. As shown in Fig. 2(b), a decrease in the

(a)

(b)

FIG. 3. (a) Measured frequency response of the induced volt-
age under different bias fields for the ME heterostructure. The x
axis is the expressed as a frequency offset with respect to the cen-
ter frequency, f0. (b) Measured frequency response of the induced
voltage under driving voltages from 1 V to 5 V at a fixed bias
field of 20 Oe. The inset of Fig. 3(b) gives the corresponding
−3 dB bandwidth values.

driving force F will weaken and finally eliminate the non-
linear behavior. This is tested and verified by our exper-
imental results, as presented in Fig. 3(b). It is clear that
the spring-hardening phenomenon occurs at a bias field
of 20 Oe, as shown in Fig. 3(a), and gradually disappears
when the driving voltage decreases from 5 V to 1 V.

In work by Xu et al. [12], an input voltage of 10 V was
used to excite the VLF ME antenna. To further increase the
transmitted magnetic field intensity, and thereby increase
the communication distance, a high input voltage level
is required. In this regard, nonlinearity can notably affect
the antenna transmitting performance and care should be
taken. For instance, we should synchronously change the
driving frequency to ensure a maximum signal output as
the resonance point gradually shifts toward the left, as
shown in Fig. 3(b). In addition, the −3 dB bandwidth of the
antenna transmitting characteristic is calculated as given
in the inset of Fig. 3(b). A linear system with a driving
voltage of 1 V or 2 V has an unchanged −3 dB band-
width of 220 Hz, while a nonlinear system with a driving
voltage ranging from 3 V to 5 V exhibits an increasing
−3 dB bandwidth of up to 370 Hz under 5 V excitation.
For a potential ME antenna communication system, data
bit rate, which is normally limited by system bandwidth,
is also of significance. Recently, Kemp et al. reported a
strain-powered VLF transmitter with a high Qm and a high
modulation rate through the frequency shift keying (FSK)
modulation method [31]. Due to the extremely low band-
width of the high Qm resonator system, direct antenna
modulation (DAM), by controlling an assisted capacitor
to vary the mechanical resonance frequency, is addition-
ally used to implement the FSK coding. Here, we believe
that nonlinearity can result in a promising performance
enhancement on antenna modulation, in terms of the data
rate, through a higher bandwidth, and operation com-
plexity, through spontaneous signal-mixing performance
[49,50].

FIG. 4. Measured frequency response of the induced voltage
under different Q factors for the ME heterostructure.
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(a)

(b)

FIG. 5. (a) Measured frequency response of the induced volt-
age under different driving voltages at a fixed bias field of 20 Oe
for the ME heterostructure. Here, the driving voltage is applied
by forward and backward sweeping of the frequency. (b) Mea-
sured frequency response of the induced voltage under different
bias fields, but at a fixed voltage of 5 V for the (1-1) ME sensor.
The (1-1) ME sensor consists of a thickness-poled [011]-oriented
PMN-PZT fiber with sizes of 30 × 1 × 0.2 mm3 and five-layered
Metglas fibers with sizes of 100 × 1.5 × 0.125 mm3 bonded on
the bottom and top sides of the piezoelectric phase.

Then we test the dependence of the nonlinear behaviour
on Qm for our ME heterostructure, as shown in Fig. 4.
In order not to influence the vibration mode, but only
change the Qm of the system, we choose to vary the sus-
pension area near the node position that supports the whole
structure. With a minimum suspension area, the Qm is
around 120 and successfully leads to a spring-hardening
behaviour. An accurate calculation of Qm based on the non-
linear resonance curve is not available. However, when
enlarging the suspension area, and thus, decreasing Qm
to 65, the nonlinear behaviour is gradually weakened and
then completely disappears, as shown in Fig. 4. Naturally,
decreasing Qm gives rise to a corresponding decrease in the
generated magnetic field signal, and thereby, the induced
voltage. High Qm is strongly desired for a low-loss ME

antenna. In this regard, nonlinearity may be inevitable
when we are further designing and operating a ME antenna
in the future.

As shown in Fig. 3(a), a hysteresis loop can be gener-
ated when sweeping the frequency forward and backward
for a nonlinear system, which is used to realize dynamic
state switching for memory or logic device designs [51].
Thus, we try to excite such a hysteresis loop for our ME
heterostructure. As shown in Fig. 5(a), the bias field is
fixed at 20 Oe. Under a small driving voltage of 1 V, lin-
ear behavior is excited and we do not observe any sign of
a hysteresis loop. When increasing the driving voltage to
3 V, a slightly asymmetric resonance curve is induced, but
the nonlinearity is still not strong enough to generate an
obvious hysteresis loop. Finally, we observe that the hys-
teretic phenomenon is going to occur as the driving voltage
is increased to 5 V, as depicted in Fig. 5(a). Although the
jumping phenomenon is clear, the hysteresis loop is not
as big as that theoretically presented in Fig. 2(a). We then
further conduct a bidirectional frequency sweeping experi-
ment using the (1-1)-type ME sensor that we have reported
previously [18]. Since (i) the mechanical quality factor and
ME coupling coefficient are much higher and (ii) the vol-
ume fraction of Metglas is enlarged for a (1-1) ME sensor,
with a Metglas fiber of 100 mm in length, but maintain-
ing the dimension of the piezoelectric phase, the Qm- and
k3-related nonlinearity can be increased. As expected, at a
bias field of 20 Oe, a strong hardening resonance is induced
and a prominent hysteresis loop appears, as shown in Fig.
5(b). Basically, agreeing well with the results in Fig. 3(a),
linear and softening resonances are also generated at bias
fields of 35 Oe and 50 Oe, respectively. Although the non-
linear behavior can increase the bandwidth of the resonator
system, and thus, allow an easier FSK scheme or increased
data bit rates, it is evident that a large hysteresis should
be treated cautiously, or even be avoided, for a stable
amplitude output with respect to the FSK scheme [31].

IV. CONCLUSION

In summary, we investigate the nonlinearity in a ME
heterostructure in this work. Due to the large �E effect
in amorphous Metglas alloy, a ME resonator can be a
natural nonlinear system. A strong magnetic field depen-
dence of the nonlinear behavior (resonance hardening and
softening) is presented. The Stoner-Wohlfarth model is
used to describe changes to the Metglas Young’s modulus.
Equivalent to a mass-spring-damper system with a single
DOF, the nonlinear behavior of the ME antenna is qual-
itatively studied using a typical Duffing equation. Exper-
imental results show spring-hardening and -softening
resonance and a hysteresis loop in frequency-response of
the induced voltage from the pick-up coil are both suc-
cessfully observed. The theoretical analysis also agrees
well with experimental results. In particular, both high Q
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and high driving voltage, along with a nonlinear spring
constant, k3, are critical factors to induce nonlinear behav-
ior in a ME heterostructure. In contrast to a conventional
microresonator, a new controllable variable, e.g., mag-
netic field, is introduced. Regarding the nonlinearity itself,
a more accurate theoretical and experimental method to
determine the nonlinear spring constant, k3, of the stud-
ied system may also be of interest to the mechanics
community.

From the perspective of applications, the ME het-
erostructure is studied as a strain-powered VLF antenna in
this work. By systematically studying the functions of bias
magnetic field, driving voltage, mechanical quality factor,
and frequency sweeping direction on the nonlinearity, we
also provide a route to induce, control, and possibly exploit
the nonlinear behavior of ME devices. Particularly, the
effect of the nonlinear behavior on a ME antenna’s com-
munication distance, bandwidth, and modulation scheme
is preliminarily discussed. In addition, notably, nonlinear-
ity generally exists in a ME resonator, but is not limited to
ME antennas, and we believe this fundamental work will
open up a new dimension for the design and operation of
such resonant ME devices in the future.

ACKNOWLEDGMENTS

This work is supported by the National Natural Sci-
ence Foundation of China (Grants No. 51132001, No.
51072003, No. 51729201, and No. 51772005) and China
Scholarship Council (Grant No. 201806010294).

[1] X. Chen, A. Hochstrat, P. Borisov, and W. Kleemann, Mag-
netoelectric exchange bias systems in spintronics, Appl.
Phys. Lett. 89, 202508 (2006).

[2] N. A. Spaldin and R. Ramesh, Advances in magnetoelectric
multiferroics, Nat. Mater. 18, 203 (2019).

[3] D. Viehland, M. Wuttig, J. McCord, and E. Quandt, Mag-
netoelectric magnetic field sensors, MRS Bull. 43, 834
(2018).

[4] Z. Chu, M. PourhosseiniAsl, and S. Dong, Review of multi-
layered magnetoelectric composite materials and devices
applications, J. Phys. D Appl. Phys. 51, 243001 (2018).

[5] Z. Chu, W. Shi, H. Shi, Q. Chen, L. Wang, M. J. Pourhos-
seiniAsl, C. Xiao, T. Xie, and S. Dong, A 1D magneto-
electric sensor array for magnetic sketching, Adv. Mater.
Technol. 4, 1800484 (2018).

[6] Z. Chu, V. Annapureddy, M. PourhosseiniAsl, H. Palneedi,
J. Ryu, and S. Dong, Dual-stimulus magnetoelectric energy
harvesting, MRS Bull. 43, 199 (2018).

[7] C. M. Leung, J. Li, D. Viehland, and X. Zhuang, A review
on applications of magnetoelectric composites: from het-
erostructural uncooled magnetic sensors, energy harvesters
to highly efficient power converters, J. Phys. D Appl. Phys.
51, 263002 (2018).

[8] V. Annapureddy, H. Palneedi, G.-T. Hwang, M. Peddigari,
D.-Y. Jeong, W.-H. Yoon, K.-H. Kim, and J. Ryu, Magnetic

energy harvesting with magnetoelectrics: an emerging tech-
nology for self-powered autonomous systems, Sustainable
Energy Fuels 1, 2039 (2017).

[9] J. Domann, T. Wu, T.-K. Chung, and G. Carman, Strain-
mediated magnetoelectric storage, transmission, and pro-
cessing: Putting the squeeze on data, MRS Bull. 43, 848
(2018).

[10] A. Molinari, H. Hahn, and R. Kruk, Voltage-control of
magnetism in all-solid-state and solid/liquid magnetoelec-
tric composites, Adv. Mater. 31, 1806662 (2019).

[11] H.-X. Zou, W.-M. Zhang, W.-B. Li, K.-M. Hu, K.-X.
Wei, Z.-K. Peng, and G. Meng, A broadband compressive-
mode vibration energy harvester enhanced by magnetic
force intervention approach, Appl. Phys. Lett. 110, 163904
(2017).

[12] J. Xu, C. M. Leung, X. Zhuang, J. Li, S. Bhardwaj, J.
Volakis, and D. Viehland, A low frequency mechanical
transmitter based on magnetoelectric heterostructures oper-
ated at their resonance frequency, Sensors (Basel) 19, 853
(2019).

[13] J. P. Domann and G. P. Carman, Strain powered antennas,
J. Appl. Phys. 121, 044905 (2017).

[14] H. Lin, M. R. Page, M. McConney, J. Jones, B. Howe,
and N. X. Sun, Integrated magnetoelectric devices: Fil-
ters, pico-Tesla magnetometers, and ultracompact acoustic
antennas, MRS Bull. 43, 841 (2018).

[15] M. Fechner, N. A. Spaldin, and I. E. Dzyaloshinskii, Mag-
netic field generated by a charge in a uniaxial magnetoelec-
tric material, Phys. Rev. B 89, 184415 (2014).

[16] H. Palneedi, V. Annapureddy, S. Priya, and J. Ryu, Status
and perspectives of multiferroic magnetoelectric composite
materials and applications, Actuators 5, 9 (2016).

[17] M. Liu et al., Giant electric field tuning of magnetic prop-
erties in multiferroic ferrite/ferroelectric heterostructures,
Adv. Funct. Mater. 19, 1826 (2009).

[18] Z. Chu, H. Shi, W. Shi, G. Liu, J. Wu, J. Yang, and S.
Dong, Enhanced resonance magnetoelectric coupling in
(1-1) connectivity composites, Adv. Mater. 29, 1606022
(2017).

[19] Y. Wang, D. Gray, D. Berry, J. Gao, M. Li, J. Li,
and D. Viehland, An extremely low equivalent mag-
netic noise magnetoelectric sensor, Adv. Mater. 23, 4111
(2011).

[20] M. Li, C. Dong, H. Zhou, Z. Wang, X. Wang, X. Liang,
Y. Lin, and N. X. Sun, Highly sensitive DC magnetic field
sensor based on nonlinear ME effect, IEEE Sens. Lett. 1, 1
(2017).

[21] R. Jahns, H. Greve, E. Woltermann, E. Quandt, and R.
Knöchel, Sensitivity enhancement of magnetoelectric sen-
sors through frequency-conversion, Sens. Actuators, A 183,
16 (2012).

[22] Z. Chu, Z. Yu, M. PourhosseiniAsl, C. Tu, and S. Dong,
Enhanced low-frequency magnetic field sensitivity in mag-
netoelectric composite with amplitude modulation method,
Appl. Phys. Lett. 114, 132901 (2019).

[23] H.-M. Zhou, M.-H. Li, Y. Zhou, and Q. Chen, Nonlin-
ear resonant magnetoelectric coupling model for dual-
peak phenomenon in magnetoelectric laminates, J. Alloys
Compd. 672, 292 (2016).

[24] P. Zhou et al., Converse magnetoelectric effects in com-
posites of liquid phase epitaxy grown nickel zinc ferrite

044001-7

https://doi.org/10.1063/1.2388149
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1557/mrs.2018.261
https://doi.org/10.1088/1361-6463/aac29b
https://doi.org/10.1557/mrs.2018.31
https://doi.org/10.1088/1361-6463/aac60b
https://doi.org/10.1039/C7SE00403F
https://doi.org/10.1557/mrs.2018.260
https://doi.org/10.1002/adma.201806662
https://doi.org/10.1063/1.4981256
https://doi.org/10.3390/s19040853
https://doi.org/10.1063/1.4975030
https://doi.org/10.1557/mrs.2018.257
https://doi.org/10.1103/PhysRevB.89.184415
https://doi.org/10.3390/act5010009
https://doi.org/10.1002/adfm.200801907
https://doi.org/10.1002/adma.201606022
https://doi.org/10.1002/adma.201100773
https://doi.org/10.1109/LSENS.2017.2752216
https://doi.org/10.1016/j.sna.2012.05.049
https://doi.org/10.1063/1.5087954
https://doi.org/10.1016/j.jallcom.2016.02.150


ZHAOQIANG CHU et al. PHYS. REV. APPLIED 12, 044001 (2019)

films and lead zirconate titanate: Studies on the influence
of ferrite film parameters, Phys. Rev. Mater. 3, 044403
(2019).

[25] Y. Sun et al., Electric-field modulation of interface
magnetic anisotropy and spin reorientation transition in
(Co/Pt)3/PMN-PT heterostructure, ACS Appl. Mater.
Interfaces 9, 10855 (2017).

[26] F. Matsukura, Y. Tokura, and H. Ohno, Control of mag-
netism by electric fields, Nat. Nanotechnol. 10, 209 (2015).

[27] Z. Hu, T. Nan, X. Wang, M. Staruch, Y. Gao, P.
Finkel, and N. X. Sun, Voltage control of magnetism
in FeGaB/PIN-PMN-PT multiferroic heterostructures for
high-power and high-temperature applications, Appl. Phys.
Lett. 106, 022901 (2015).

[28] J. Lou, D. Reed, M. Liu, and N. X. Sun, Electrostatically
tunable magnetoelectric inductors with large inductance
tunability, Appl. Phys. Lett. 94, 112508 (2009).

[29] T. Nan, J. M. Hu, M. Dai, S. Emori, X. Wang, Z. Hu, A.
Matyushov, L. Q. Chen, and N. Sun, A strain-mediated
magnetoelectric-spin-torque hybrid structure, Adv. Funct.
Mater. 29, 1806371 (2018).

[30] J. Lou, M. Liu, D. Reed, Y. Ren, and N. X. Sun,
Giant electric field tuning of magnetism in novel mul-
tiferroic FeGaB/lead zinc niobate-lead titanate (PZN-PT)
heterostructures, Adv. Mater. 21, 4711 (2009).

[31] M. A. Kemp, M. Franzi, A. Haase, E. Jongewaard, M.
T. Whittaker, M. Kirkpatrick, and R. Sparr, A high Q
piezoelectric resonator as a portable VLF transmitter, Nat.
Commun. 10, 1715 (2019).

[32] J. A. Bickford, A. E. Duwel, M. S. Weinberg, R. S. McN-
abb, D. K. Freeman, and P. A. Ward, Performance of
electrically small conventional and mechanical antennas,
IEEE Trans. Antennas Propag. 67, 2209 (2019).

[33] Yiming Liu, Jesse Simon, Robert C. O’Handley, and
Jiankang Huang, Wirelesstransfer Of Information Using
Magneto-Electric Devices (Burlington, 2009).

[34] T. Nan et al., Acoustically actuated ultra-compact
NEMS magnetoelectric antennas, Nat. Commun. 8, 296
(2017).

[35] X. J. Zheng and X. E. Liu, A nonlinear constitutive model
for Terfenol-D rods, J. Appl. Phys. 97, 053901 (2005).

[36] D. Y. Kim, C. G. Kim, H. C. Kim, and U. H. Sung, Stress
dependence of �E in amorphous ribbon, J. Appl. Phys. 81,
5811 (1997).

[37] P. T. Squire, Phenomenological model for magnetization,
magnetostriction and Ae effect in field-annealed amorphous
ribbons, J. Magn. Magn. Mater. 87, 299 (1990).

[38] J. McCord, Progress in magnetic domain observation by
advanced magneto-optical microscopy, J. Phys. D Appl.
Phys. 48, 333001 (2015).

[39] S. Neiss, F. Goldschmidtboeing, M. Kroener, and P. Woias,
Analytical model for nonlinear piezoelectric energy har-
vesting devices, Smart Mater. Struct. 23, 105031 (2014).

[40] V. Kaajakari, T. Mattila, A. Oja, and H. Seppa, Non-
linear limits for single-crystal silicon microresonators, J.
Microelectromech. Syst. 13, 715 (2004).

[41] F. Li and S. Zhang, High performance ferroelectric relax-
orPbTiO3 single crystals: Status and perspective, J. Appl.
Phys. 111, 031301 (2012).

[42] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/PhysRevApplied.12.044001, which includes
Ref. [43,44], for a measured frequency response of
the induced voltage under different bias fields for the
ME heterostructure and a demonstration of the spring-
mass-damper model to obtain the equivalent mechanical
parameters.

[43] K. S. Tran, H. V. Phan, H. Y. Lee, Y. Kim, and H. C. Park,
Blocking force of a piezoelectric stack actuator made of
single crystal layers (PMN-29PT), Smart Mater. Struct. 25,
095038 (2016).

[44] V. T. Dau and T. X. Dinh, Numerical study and experi-
mental validation of a valveless piezoelectric air blower for
fluidic applications, Sens. Actuators, B 221, 1077 (2015).

[45] F. Cottone, H. Vocca, and L. Gammaitoni, Nonlinear
Energy Harvesting, Phys. Rev. Lett. 102, 080601 (2009).

[46] Z. Lin, J. Chen, X. Li, J. Li, J. Liu, Q. Awais, and J. Yang,
Broadband and three-dimensional vibration energy harvest-
ing by a non-linear magnetoelectric generator, Appl. Phys.
Lett. 109, 253903 (2016).

[47] K. C. D. I. J. Good, A paradox concerning rate of informa-
tion, Inf. Control 1, 113 (1958).

[48] P. Hayes, V. Schell, S. Salzer, D. Burdin, E. Yarar, A.
Piorra, R. Knöchel, Y. K. Fetisov, and E. Quandt, Electri-
cally modulated magnetoelectric AlN/FeCoSiB film com-
posites for DC magnetic field sensing, J. Phys. D Appl.
Phys. 51, 354002 (2018).

[49] C. E. Shannon, Communication in the presence of noise,
Proc. IEEE 72, 1192 (1949).

[50] W. Yao and Y. Wang, Direct antenna modulation - a
promise for ultra-wideband (UWB) transmitting, IEEE
MTI-S Int. Microw. Symp. Dig. 2, 1273 (2004).

[51] T.-D. Onuta, Y. Wang, C. J. Long, S. E. Lofland, and I.
Takeuchi, Dynamic state switching in nonlinear multifer-
roic cantilevers, Appl. Phys. Lett. 101, 043506 (2012).

044001-8

https://doi.org/10.1103/PhysRevMaterials.3.044403
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1063/1.4905855
https://doi.org/10.1063/1.3103273
https://doi.org/10.1002/adfm.201806371
https://doi.org/10.1002/adma.200901131
https://doi.org/10.1038/s41467-019-09680-2
https://doi.org/10.1109/TAP.2019.2893329
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1063/1.1850618
https://doi.org/10.1063/1.364676
https://doi.org/10.1016/0304-8853(90)90764-H
https://doi.org/10.1088/0022-3727/48/33/333001
https://doi.org/10.1088/0964-1726/23/10/105031
https://doi.org/10.1109/JMEMS.2004.835771
https://doi.org/10.1063/1.3679521
http://link.aps.org/supplemental/10.1103/PhysRevApplied.12.044001
https://doi.org/10.1088/0964-1726/25/9/095038
https://doi.org/10.1016/j.snb.2015.07.041
https://doi.org/10.1103/PhysRevLett.102.080601
https://doi.org/10.1063/1.4972188
https://doi.org/10.1016/S0019-9958(58)90092-5
https://doi.org/10.1088/1361-6463/aad456
https://doi.org/10.1109/PROC.1984.12998
https://doi.org/10.1063/1.4738991

	I. INTRODUCTION
	II. EXPERIMENTS AND FUNDAMENTALS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


