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ANISOTROPIC STRAIN-DRIVEN 
MAGNETOELECTRIC DEVICES 

REFERENCE TO GOVERNMENT RIGHTS 

2 
applying an out-of-plane electric field through the thickness 
of the layer of piezoelectric material, wherein the application 
of the out-of-plane electric field induces the direction of 
magnetization in the magnetostrictive material to undergo an 

This invention was made with government support under 
W911NF-17-1-0462 awarded by the ARMY/ARO. The gov­
ernment has certain rights in the invention. 

5 in-plane rotation from a first in-plane direction to a second 
in-plane direction. 

One embodiment of a method of sensing the direction of 
magnetization in a magnetostrictive material using a mag­
netoelectric device, as described here, includes the steps of: 

BACKGROUND 

Magnetoelectric materials systems possess a wide range 

10 exposing the magnetostrictive material to an external mag­
netic field that rotates the direction of magnetization in the 
plane of the magnetostrictive material, inducing an out-of­
plane electric field through the thickness of the layer of of applications including non-volatile memories, magnetic 

field sensors, spintronics, tunable radiofrequency (RF) cir­
cuit elements, tunable optics, and biomedical devices. Sig- 15 

nificant effort has been devoted towards the few known 
materials exhibiting single-phase room temperature magne­
toelectricity, but these materials have drawbacks such as 
weak magnetoelectric coupling or small electric polariza­
tions. Composite magnetoelectrics, consisting of a ferro- 20 

magnet coupled to a piezoelectric via strain, are a well­
studied alternative to single phase magnetoelectrics. 
Composite magnetoelectrics have the largest reported mag­
netoelectric coupling constants and suitable electric polar­
izations, magnetic coercive fields, and saturation magneti- 25 

zations. These characteristics make them highly promising 
device candidates, but up to this point they have been 
challenging to implement in thin-film form. 

The first challenge arises from substrate clamping that 
virtually eliminates the in-plane piezoelectric response of 30 

thin films, and the second challenge arises from the in-plane 
four-fold symmetry of most (001) piezoelectrics that pre­
cludes the anisotropic in-plane strain necessary for in-plane 
magnetization rotation. Substrate clamping has limited the 
majority of composite magnetoelectric research to bulk 35 

piezoelectrics. Nanoscale patterning has been shown to 
partially address this by relaxing the island through its 
thickness, but such nano-structuring can introduce unwanted 
defects such as ion implantation and dislocations. Special 
crystalline orientations, domain switching, and extra top 40 

electrodes have addressed the in-plane symmetry limitation 
but result in complexity and fabrication challenges. 

SUMMARY 

piezoelectric material; and detecting the electric field. 
Other principal features and advantages of the invention 

will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. lA is a schematic illustration on one embodiment of 
a magnetoelectric device that includes a magnetostrictive 
island on a top electrode. FIG. lB shows the device after the 
application of a vertical electric field. 

FIG. 2A is a schematic illustration on one embodiment of 
a magnetoelectric device that includes a magnetostrictive 
island adjacent to a top electrode. FIG. 2B shows the device 
after the application of a vertical electric field. 

FIG. 3 depicts a schematic of the fabrication procedure for 
membrane magnetoelectric devices. Panel (a) shows the 
PMN-PT/SrRuO/SrTiO/Si thin-film heterostructure with 
Pt electrode. Panel (b) shows that the heterostructure was 
flipped and attached to polydimethylsiloxane (PDMS) 
coated glass. Panel ( c) shows that Si and SrTiO3 (STO) were 
etched off, leaving behind sub-micron membrane. Panel (d) 
shows that Ni was deposited and Ni/SrRuO3 (SRO) was 
patterned into an array of devices. Panel ( e) shows that a 
protective coating of SU-8 was applied and Au contacts 
were added. The indicated cross section is shown in FIG. 
4A. 

45 FIG. 4A depicts the cross-section schematic of a com-
Magnetoelectric devices based on piezoelectric/magneto­

strictive bilayers are provided. Also provided are methods of 
using the devices to modulate the magnetization of the 
magnetostrictive material or to sense modulation of the 
magnetization of the magnetostrictive material. 

One embodiment of a magnetoelectric device includes: a 
layer of piezoelectric material; an island of magnetostrictive 
material that is strain-coupled to the layer of piezoelectric 
material; a bottom electrode in electrical communication 
with a first surface of the layer of piezoelectric material; and 
an unpaired top electrode in electrical communication with 
a second surface of the layer of piezoelectric material. The 
bottom electrode and the unpaired top electrode are config­
ured to apply an electric field through the thickness of the 
layer of piezoelectric material in a biased region or to sense 
an electric field generated through the thickness of the layer 
of piezoelectric material in a biased region. The biased 
region has an aspect ratio greater than one and is surrounded 
by an unbiased region. 

One embodiment of a method of reorienting the direction 
of magnetization in a magnetostrictive material in a mag­
netoelectric device, as described here, includes the step of 

pleted sample. Positive voltage corresponds to polarization 
towards the SrRuOy FIG. 4B depicts that biased regions 
with aspect ratio A,'1 generated excess strain along their 
shorter directions, which induced a magnetic easy direction 

50 (arrow). The strain distribution in both the biased (light 
gray) and unbiased (dark gray) regions can be considered in 
terms of local principal strains, shown with small axes 
indicating directions of principal strains E 1 and E2 . The grey 
squares represent undeformed infinitesimal patches, and the 

55 black rectangles represent the same patches after deforma­
tion due to the piezoelectric response. 

FIG. SA depicts magnetic hysteresis loops with the 
applied magnetic field parallel (top panel) and perpendicular 
(bottom panel) to the long edge of the pattern. FIG. SB 

60 depicts a map of coercive field (He) across a Ni island 
measured with MOKE at zero bias. No magnetic signal was 
detected at white pixels. FIG. SC depicts a coercive field 
map of the same island with a 6V applied bias. 

FIG. 6A-FIG. 6B depict MOKE hysteresis loops mea-
65 sured on Ni islands placed just inside (FIG. 6A) and outside 

(FIG. 6B) a 3:2 biased region at O V and 5 V bias and with 
the magnetic field along x.2 . FIG. 6C depicts induced mag-
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netic anisotropy per applied voltage on and around the 
biased region. Shading represents anisotropy energy, and the 
white lines are the anisotropy axis direction. Black rect­
angles indicate the experimentally probed regions. FIG. 6D 
depicts aspect ratio dependence of the simulated ( circles, left 
axis) and Eshelby model ( dotted lines, right axis) anisotropy 
energy inside elliptical biased regions. The asymptotic value 
is shown as a dashed black line. 

DETAILED DESCRIPTION 

Magnetoelectric devices based on piezoelectric/magneto­
strictive bilayers are provided. Also provided are methods of 
using the devices to modulate the magnetization of the 
magnetostrictive material or to sense modulation of the 
magnetization of the magnetostrictive material. The magne­
toelectric devices and arrays of the magnetoelectric devices 
can be used for a variety of applications, including non­
volatile memories ( e.g., MRAM), magnetic field sensors, 
spintronics, tunable RF circuit elements, tunable optics, and 
biomedical devices. 

The devices can be made with a simple two-terminal 
design that includes an island of magnetostrictive material 
that is strain-coupled to a thin layer ("film") of a piezoelec­
tric material at an interface. A bottom electrode is placed in 
electrical communication with one surface of the piezoelec­
tric film, and a top electrode is placed in electrical commu­
nication with a second, opposing surface of the piezoelectric 
film. 

In some embodiments of the methods of using the 
devices, they are operated as a switchable memory bit. In 
other embodiments, they are operated as a magnetic field 
sensor. For memory applications, the bottom and top elec­
trodes are configured to apply an out-of-plane electric field 
through the thickness of the piezoelectric film. For sensor 
applications, the bottom and top electrodes are configured to 
detect an out-of-plane electric field that is generated through 
the thickness of the piezoelectric film by an external mag­
netic field. In both embodiments, the out-of-plane electric 
field creates an elongated biased region in the film. 

The top electrode in the devices is sized such that only a 
portion of the piezoelectric film is biased during operation. 
As a result, the elongated biased region is embedded in an 
unbiased region of the piezoelectric material. By applying a 
bias voltage that polarizes only a defined region of the 
piezoelectric film, the intrinsic isotropic in-plane strain state 
of the film in a memory device can be transformed by 
interaction with the surrounding unbiased piezoelectric 
material into the anisotropic strain state, which can be used 
to drive in-plane magnetic anisotropy in the strain-coupled 
magnetostrictive material and to control the in-plane mag­
netization orientation in the magnetostrictive island. Alter­
natively, when magnetic field sensor device is exposed to an 
external magnetic field, that field modulates ( e.g., rotates) 
the in-plane magnetization orientation in the magnetostric­
tive island, thereby generating an out-of-plane electric field 
that can be detected by the top and bottom electrodes. 
Anisotropic strain is created inside and outside the biased 
region, although the nature of the strains will differ as 
discussed in greater detail in the Example. Therefore, the 
magnetostrictive island can be placed on the top electrode or 
adjacent to the top electrode. 

The ability to induce or detect an in-plane, strain-driven 
magnetic reorientation in the magnetostrictive material asso­
ciated with an out-of-plane electric field is advantageous 
because it enables the fabrication of dense, compact arrays 
of the magnetoelectric devices. Moreover, in some embodi-

4 
ments of the magnetoelectric devices, the piezoelectric film 
is free from substrate clamping so that in-plane strain can be 
freely generated in the film, resulting in large magnetoelec­
tric coupling at low bias voltages. These advantages can be 

5 achieved without using complex electric field patterns gen­
erated by multiple (i.e., two or more) biasing electrodes or 
by domain-switching. 

One embodiment of a magnetostrictive device is shown in 
FIG. lA and FIG. lB. The device includes a continuous 

10 piezoelectric film 102. The bottom surface of piezoelectric 
film 102 is in electrical communication with a continuous 
bottom electrode 104. A top electrode 106 is disposed on the 
opposite surface of piezoelectric film 102. The contact area 
between top electrode 106 and piezoelectric film 102 is 

15 substantially smaller than the contact area between bottom 
electrode 104 and piezoelectric film 102. The top electrode 
106 is elongated so that it forms an elongated biased region 
in piezoelectric film 102 when an electric field is applied or 
induced across the bottom and top electrodes. As used 

20 herein, the term elongated means having an aspect ratio 
(length:width) that is greater than one, including aspect 
ratios of at least 1.2, at least 1.5, and at least 2. Thus, 
elongated electrodes and elongated biased regions are char­
acterized by shape anisotropy and include rectangular and 

25 elliptical electrodes and biased regions. In the embodiment 
shown in FIG. lA and FIG. lB, a discrete thin layer of 
magnetostrictive material (an island 108) is strain-coupled to 
the piezoelectric film through the top rectangular electrode 
on which it is disposed. In this embodiment, magnetostric-

30 tive island 108 is a rectangular island having the same 
dimensions as the top electrode 106. However, the magne­
tostrictive island need not have the same shape and dimen­
sions as the top electrode. The magnetostrictive island will 
typically be substantially thinner than the piezoelectric film. 

35 By way of illustration, the piezoelectric film may have a 
thickness in the range from 100 nm to 1000 nm, while the 
magnetostrictive island has a thickness in the range from 10 
nm to 50 nm. However, thicknesses outside of these ranges 
can be used. 

40 The effect of an applied electric field is illustrated in FIG. 
lA and FIG. lB for a device using a magnetostrictive 
material with a negative magnetostrictive constant. Initially, 
the direction of the magnetization (M) of the magnetostric­
tive material has a first orientation. When an out-of-plane 

45 electric field (E) is applied through the thickness of the 
piezoelectric film, the piezoelectric material in the elongated 
biased region undergoes an anisotropic strain. This aniso­
tropic strain is shared with the overlying magnetostrictive 
material, and a magnetic easy axis is created along the 

50 direction of the highest compressive strain in the magneto­
strictive island. As a result, the direction of magnetization 
(M) in the magnetostrictive island rotates in-plane to align 
with the easy axis. For example, for a magnetostrictive 
island having shape anisotropy, the magnetic bias field can 

55 be aligned along the major (i.e., long) axis of the island, such 
that M is initially aligned along the long axis (FIG. lA). 
When a vertical (out-of-plane) electric field is applied 
through the piezoelectric film, a magnetic easy axis can be 
induced along the minor (i.e., short) axis via magnetoelas-

60 ticity, and M rotates to align with the easy axis (FIG. 1). By 
sequentially applying and removing the electric field, the 
magnetization of the magnetostrictive material can be 
induced to undergo a reversible 90° rotation between the two 
axes. However, the rotation need not be a 90° rotation. Other 

65 degrees of rotation can be achieved. 
FIG. lA and FIG. lB can also be used to represent a 

magnetic field sensor, wherein FIG. lA represents the state 
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of the magnetization (M) in the absence of an external 
magnetic field and FIG. 1B represents the change in the 
magnetization (M) direction in the presence of a magnetic 
field that induces an out-of-plane electric field (E) and 
generates a detectable voltage across the top and bottom 
electrodes. The voltage can be measured using a voltage 
measuring device, such as a voltmeter. 

Another embodiment of a magnetostrictive device is 
illustrated in FIG. 2A and FIG. 2B. Like the device of FIG. 
lA and FIG. 1B, this device uses a magnetostrictive material 
with a negative magnetostrictive constant. The device 
includes a continuous piezoelectric film 202. The bottom 
surface of piezoelectric film 202 is in electrical communi­
cation with a continuous bottom electrode 204. An unpaired 
top electrode 206 is disposed on the opposite surface of 
piezoelectric film 202. The top electrode 206 is rectangular 
so that it forms an elongated biased region in piezoelectric 
film 202 when an electric field is applied across the bottom 
and top electrodes. In the embodiment shown in FIG. 2Aand 
FIG. 2B, a discrete thin layer of magnetostrictive material 
(an island 208) is disposed adjacent to top electrode 206 and 
is coupled directly to piezoelectric film 202. 

During the operation of the device, the direction of 
magnetization (M) is initially oriented along a first direction. 
When an out-of-plane electric field (E) is applied through 
the thickness of the piezoelectric film, the piezoelectric 
material in the elongated biased region undergoes an aniso­
tropic strain. In the embodiment shown in FIG. 2A and FIG. 
2B, the unbiased region around the biased region is stretched 
toward the biased region and, thus, undergoes a tensile strain 
along its long axis and a compressive strain along its short 
axis. This strain is shared with the overlying magnetostric­
tive material, and a magnetic easy axis is created along the 
short axis of the magnetostrictive island. As a result, the 
direction of magnetization in the magnetostrictive island 
rotates in-plane to align with the easy axis. As shown in FIG. 
2A and FIG. 2B, M initially may be aligned along the long 
axis (FIG. 2A). When a vertical electric field is applied 
through the piezoelectric film, a magnetic easy axis can be 
induced along the minor (i.e., short) axis via magnetoelas­
ticity, and M rotates to align with the easy axis (FIG. 2B). 
By sequentially applying and removing the electric field, the 
magnetization of the magnetostrictive material can be 
induced to undergo a reversible rotation between the two 
axes. 

Although the embodiments of the devices shown in the 
figures use magnetostrictive materials having a negative 
magnetostrictive constant, the devices could also be made 
using magnetostrictive material having a positive magneto­
strictive constant; in this case, the easy axis would be created 
along the direction of the highest tensile strain, which is 
perpendicular to the direction of highest compressive strain. 
Thus, for a positive magnetostrictive material, M would be 
oriented 90° from the M directions shown in the figures, and 
the easy axis would be rotated by 90°. 

6 
Following the removal of the growth substrate, a bottom 
electrode can be deposited directly on the exposed surface of 
the piezoelectric film. 

Arrays of the magnetoelectric devices can be fabricated 
5 for applications such as random-access memory arrays and 

sensor arrays. The arrays include a plurality of individually 
controllable magnetoelectric devices. In such arrays, each 
two-terminal magnetoelectric device can serve as a switch­
able memory bit or a discrete sensor. Notably, in each of the 

10 magnetoelectric devices, a single electrode pair consisting of 
the bottom electrode and a single top electrode induces or 
senses the anisotropic strain state in a biased region of the 
piezoelectric material and controls the magnetic anisotropy 
of the magnetostrictive island. Thus, the present devices are 

15 distinguishable from magnetoelectric devices that include 
more than one top electrode to define the electric field 
pattern, induce a magnetic anisotropy, and rotate the mag­
netization in a magnetostrictive material. In such devices 
each top electrode is paired with, and interacts with, one or 

20 more additional top electrodes during the operation of the 
device. In contrast, in the present devices, the out-of-plane 
electric field pattern in each device is controlled by only a 
top electrode together with a bottom electrode. Since the top 
electrode is not paired with one or more additional top 

25 electrodes, it is referred to as an "unpaired electrode". It 
should be understood, however, that the individual magne­
toelectric devices in the array can share a common bottom 
electrode and a common piezoelectric layer, as illustrated in 
FIG. 3; in such embodiments, each top electrode paired with 

30 the bottom electrode would define an individual device 
within the array. 

Some embodiments of the random-access memory 
devices include a magnetic t=el junction (MTJ). An MTJ 
includes a lower ferromagnetic layer (the free layer), an 

35 upper ferromagnetic layer (the fixed layer), and a dielectric 
spacer layer that serves as a tunnel barrier between lower 
and upper ferromagnetic layers. In the MTJ-based memory 
devices, the magnetostrictive island provides the free layer. 
In these devices, the device resistance is determined by the 

40 relative magnetization alignment between the magnetostric­
tive free layer and the fixed layer. Thus, the strain-driven 
magnetization rotation in the magnetostrictive island that 
provides the free layer in the MTJ results in a change in the 
resistance of the device. Generally, the MTJ will be in a low 

45 resistance state when the magnetization of the free layer is 
aligned with the magnetization of the fixed layer and a high 
resistance state when the magnetization of the free layer and 
the magnetization of the fixed layer are in an antiparallel 
state. The MTJ-based memory device can be read by mea-

50 suring the resistance of the MTJ using a resistance measur­
ing device. 

Piezoelectric materials that may be used to form the 
piezoelectric film include, but are not limited to, [Pb(Mg11 
3Nb213)O3]0 _7-[PbTiO3]0 _3 (PMN-PT) and similar relaxor 

55 PbTiO3 mixtures, PbZrxTi1_xO, BaTiO3, AlN, and ZnO. 

Although it is not required, the piezoelectric films may be 
undamped from the substrate on which they are grown and 
supported. Freeing the piezoelectric films in this way mini­
mizes or eliminates the restriction of in-plane strain due to 60 

the clamping of the substrate and makes it possible to 
achieve large magnetoelectric coupling at low bias voltages. 
The unclamping of the piezoelectric material from its sub­
strate can be accomplished by growing a layer of the 
piezoelectric material epitaxially on a growth substrate and 65 

subsequently removing the growth substrate using, for 
example, selective etching, as illustrated in the Example. 

Magnetostrictive materials that may be used to form the 
magnetostrictive islands include ferromagnetics, such as 
nickel, cobalt, TbxDY 1_xFe2 , and Metglas. 

Example 

Fabrication and Characterization 
The membrane fabrication process started from an epi­

taxial PMN-PT/SrRuO3 bilayer on SrTiO3-buffered Si, and 
resulted in a piezoelectric membrane heterostructure on a 
soft polymer (Polydimethylsiloxane [PDMS]) coated glass 
slide (FIG. 3, panels (a)-(e)). Growth of high quality epi-
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taxial PMN-PT/SrRuO/SrTiO3 heterostructures on 4° mis­
cut (100)-oriented Si substrates has been previously reported 
(Baek S H, et al. (2011 ). Science 334:958-961.). A continu­
ous Pt film sputtered onto the PMN-PT served as the bottom 
electrode. The structure was attached Pt side down to soft 5 where Ms is the Ni saturation magnetization, and assuming 

coherent rotation (Tannous C, et al. (2008). Eur J Phys 
29:475-487.). 

PDMS coated glass, and then the Si substrate was removed 
with a XeF 2 plasma etch, and the SiO2 was removed by 
ion-milling. This left behind a sub-micron thick PMN-PT/ 
SrRuO3 . The exposed SrRuO3 was patterned into top elec­
trodes, defining the PMN-PT biased regions. A 35 nm thick 
Ni layer was deposited and patterned into regions in which 
the magnetization rotation was probed via Magneto-optic 
Kerr Effect (MOKE) measurements. A protective coating of 
SU-8 polymer and an overlayer of patterned Au allowed 
probe tips to contact individual top electrodes. The cross 
section of the final heterostructure is shown in FIG. 4A. 

Structural, ferroelectric and piezoelectric characterization 
of the PMN-PT was performed on thin-film and membrane 
samples. High-resolution X-ray diffraction shows that the 
biaxially strained thin film PMN-PT relaxed towards bulk 
lattice constants after substrate removal. Release from the 
substrate also resulted in a slight increase in the PMN-PT 
(002) rocking curve from 0.4° to 0.5° due to the lattice 
constant relaxation. According to polarization-electric field 
hysteresis loops, the PMN-PT had a renmant polarization of 
20 µC/cm2 and a ferroelectric imprint of 50 kV/cm, favoring 
the polarization pointing towards the SrRuO3 • The longitu­
dinal piezoelectric response of the membrane was measured 
to be 1200 pm/V using a double-beam interferometer, com­
parable to that of0.7PMN-0.3PT bulk single crystal samples 
(Sun E, et al. (2014). Prag Mater Sci 65:124-210.). 

A key aspect of the membranes is that the PMN-PT layer 
is continuous, with electrically biased regions ( defined by 
patterned SrRuO3 top electrodes) embedded in unbiased 
PMN-PT. A bias voltage applied between the continuous Pt 
bottom electrode and the patterned SrRuO3 top electrode 
polarized only this defined region of the PMN-PT, and it was 
found that the intrinsic isotropic in-plane strain state was 
transformed by interaction with the surrounding unbiased 
PMN-PT into the anisotropic strain required to drive in­
plane magnetic anisotropy. Anisotropic strain was present 
both inside and outside of the biased region, and the strain 
direction was spatially varying (FIG. 4B). This interaction is 
referred to as boundary clamping, and it has been shown that 
it can be used to design an electric-field induced strain that 
controls the in-plane magnetization orientation in the Ni 
regions. Measurements of membrane composite magneto­
electrics show electric-field induced uniaxial anisotropy and 
are in good agreement with analytical and numerical analy­
ses of the piezoelectric strain tensor in this constrained 
geometry. 

Experimental Results 

MOKE magnetic hysteresis loops were used to measure 
strain-induced magnetic anisotropy in the Ni at different 
PMN-PT bias voltages. Applying the magnetic field along an 
easy magnetic direction resulted in a square hysteresis loop 
as the magnetization jumped between orientations parallel 
and antiparallel to the applied field. Applied field along a 
hard direction rotated the magnetization away from the easy 
axis, resulting in a linear MOKE magnetic hysteresis loop 
with zero coercivity that saturated at an applied field Hsar 

The uniaxial magnetic anisotropy energy density Ku can be 
estimated from the hard axis data with 

10 

FIG. SA shows the bias dependence of MOKE hysteresis 
loops of a 300 µm by 200 µm Ni/SrRuO3 rectangle that 
serves as top electrode for PMN-PT bias. In the top panel, 
the applied field magnetic field was along Xi, parallel to the 
long edge of a rectangle. As the applied bias was increased 
from 0V to 8\7, the loops closed from square to nearly linear, 

15 indicating the formation of a magnetic hard direction along 
x. 1 with an anisotropy energy of 1.2 kJ/m3

. In the bottom 
panel of FIG. 4A, the measurement field was rotated by 90° 
to be along x.2 , parallel to the shorter edge of the pattern. As 
the applied bias increased, there was a small change in 

20 coercive field but no noticeable change in loop shape, 
showing that the x.2 axis remained easy, independent of bias. 
These two measurements confirm that the piezoelectric 
strain induced a new uniaxial anisotropy in the Ni layer 
along x.2 . As Ni has a negative magnetostriction constant, x.2 

25 must be the most compressively strained direction in the 
biased region. At zero bias, the hysteresis loops for both field 
directions (and all others measured but not shown) were 
identical, indicating no intrinsic anisotropy in this sample. 

30 
FIG. SB and FIG. SC show spatial maps of the Ni 

coercivity measured with MOKE. A complete hysteresis 
loop was measured with the laser focused at each 10 µmx 10 
m pixel, and the magnetic field was aligned 30 from the 
previously determined strain-induced hard axis direction. At 

35 zero bias (FIG. SB), the coercive field was uniform and 
matched the zero-bias coercive field measured in FIG. SA. 
At a 6V bias (FIG. SC), the coercive field dropped consid­
erably, indicating loop closure and a strain-induced mag­
netic anisotropy. The loops did not close completely due to 

40 the 30° misalignment with the hard axis. The coercivity was 
lower near the center of the pattern and higher near the short 
edges, suggesting a larger anisotropy near the center of the 
electrode, as expected based on the analysis below. 

In addition to the strains within the biased region of the 
45 PMN-PT, there was also a significant strain outside of the 

biased region. The strain-induced magnetic anisotropies 
inside and outside of the biased region were qualitatively 
different. To probe this difference, a device was patterned 
with a grid of 60 µm by 80 µm Ni islands, each free to 

50 
respond independently to local strains, placed on and around 
a 300 µm by 200 µm SrRuO3 electrode. MOKE magnetic 
hysteresis loops are shown for two nearby Ni islands at 0V 
and 5\7, one inside (FIG. 6A) and one outside (FIG. 6B) of 

55 the biased region. Both islands had square hysteresis loops 
at zero bias with the applied field along x.2 . At 5\7, the Ni 
island inside the biased region had an unchanged hysteresis 
loop, matching the behavior of the larger Ni rectangle shown 
in FIG. SA (bottom panel). The Ni island outside the biased 

60 region, under a 5V bias, developed an 0.84 kJ/m3 anisotropy 
parallel to the long edge and perpendicular to the anisotropy 
induced inside the biased region. This 90° difference in 
anisotropy is consistent with the detailed analysis presented 
below, but it can also be understood qualitatively: when the 

65 biased PMN-PT compressed inwards, it stretched the unbi­
ased region. The magnetization in the compressed region 
aligned parallel to the axis of compression (FIG. 6A, easy 
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axis along x 1), and in the stretched region it aligned per­
pendicular to the axis of tension (FIG. 6B, easy axis along 
X2)-

10 
stants may also be estimated as the strain difference per 
applied electric field, giving d31.erd32.eff=6.9 pmN. 
Analysis 

It has been found that strain patterns in the piezoelectric 
DJSCUSSIQN 

The magnetoelectric measurements demonstrate that 
piezoelectric strain was responsible for inducing, via mag­
netoelasticity, a magnetic easy axis along the shorter direc­
tion of rectangular electrodes. This would not occur without 
the boundary clamping of the biased PMN-PT by the sur­
rounding unbiased PMN-PT. Here an analysis was devel­
oped that related the piezoelectric strain, boundary clamp­
ing, and magnetic anisotropy, and which allowed for the 
design of an electric field-dependent magnetic anisotropy 
pattern in the Ni layer through piezoelectric tensor design. 

5 membranes can be understood by building on a continuum 
elasticity theory to describe the elastic behavior of precipi­
tates in materials (Eshelby J D (1957). Proc R Soc Land A 
241(1226). doi:10.1098/rspa.1957.0133.). An exactly ellip­
soidal region embedded in an elastic media will strain 10 anisotropically in response to an isotropic internal stress, 
with the strain exactly uniform inside the ellipsoid. The 
strain is largest along the shortest axis of the ellipsoid. This 
is in agreement with the experimental results: the biased 

15 
regions in the samples underwent uniform stress from their 
piezoelectric response, and the MOKE measurements indi­
cate that the largest compressive strain lay along the shorter 
axis of rectangular patterns. A bias applied across the thickness of the PMN-PT 

generated strain in the PMN-PT through the converse piezo­
electric effect. Normal (non-shear) strains in cubic piezo­
electrics were characterized by two piezoelectric tensor 
components, d33>0 and d31<0, which in this geometry 
respectively describe the elongation parallel and perpen­
dicular to the applied electric field. Because of its tetragonal 
symmetry when polarized along x3 , an unconstrained sheet 

25 
of PMN-PT responded equally along x1 and x2 (i.e. d31 =d32), 

creating isotropic strain. However, when only a small region 

20 

of the membrane was biased, its contraction was constrained 
by the surrounding unbiased PMN-PT, resulting in aniso­
tropic response. It was found that the effect of this boundary 

30 
clamping can be described with effective (subscript eff) 
piezoelectric tensor components of the biased region, with 
d32.e_rd31 .eff This modification led to strain-dependent uni­
axial magnetic anisotropy. 

This magnetic anisotropy induced by the applied bias 
35 

depended on the in-plane components of the strain tensor, 
which were spatially varying due to the boundary clamping. 
Locally, every two-dimensional strain distribution had a 
direction of maximum strain and minimum strain, referred 
to as the first and second principal strain directions. The 

40 
notation E 1 and E2 is used here to denote the magnitude of the 
first and second principal strains. In terms of the principal 
strains, the induced anisotropy energy in the presence of an 
arbitrary strain distribution is 

45 
(1) 

where "-s and Y Ni are the saturation magnetostriction con­
stant (-32.9 ppm) and Young's modulus (220 GPa) of 
polycrystalline Ni (C. Kittel (1949). Rev Mod Phys 21( 4): 
541-583.). This means that however complex the strain 50 

distribution, it locally induced a uniaxial anisotropy, with 
direction and magnitude determined by the principal strains 
of the strain tensor. Here, the anisotropy axis was parallel to 
the second principal strain direction because this is the most 
compressed direction, and Ni has a negative "-s· FIG. 4B 55 

schematically shows the principal strains at three infinitesi­
mal regions in the biased and unbiased regions of a piezo­
electric membrane. Upon applying a bias, the gray (unde­
formed) square patches were stretched or compressed into 
the black rectangular patches, each with its own principal 60 

strain directions. 

Inside an infinite elliptical cylinder with axes a and b, 
respectively along x1 and x2 , the strain response to an 
electric field along the cylinder axis is (Mura T (1987) 
Micromechanics of Defects in Solids (Martinus Nijhoff), pp 
149-155. 2nd Ed.) 

:>-E,--e3_1_(b 0)-£,--e,_1_(1 0) 
u - (a+ b) c11 0 a - (1 + A) cu O A 

(2) 

where EiJ is the strain tensor, E3 is the electric field, e31 is the 
transverse piezoelectric coupling constant ( eiJ=c,k dk1), and 
the aspect ratio 

b 
A=-. 

a 

The resulting first and second principal strains are Eu ( along 
x1) and E22 (along x2 ). The magnetic anisotropy induced by 
this strain distribution, as a function of aspect ratio and 
applied electric field, is found from equations (1) and (2) to 
be 

(3) 

Using bulk materials constants (Peng J, et al. (2005). 
Mater Lett 59:640-643.) in this model yields Ku=l.1 kJ/m3 

for an 8 V bias across a 3:2 aspect ratio ellipse, close to the 
measured value 1.2 kJ/m3 for the rectangular electrodes used 
here. This order of magnitude agreement suggests that far 
inside the pattern edges, the aspect ratio primarily deter­
mines the effect of boundary clamping on the electric-field 
induced magnetic anisotropy. The magnitude of the mag­
netic anisotropy is independent of the absolute size of the 
biased region, suggesting that lateral electrode dimensions 
much smaller than the 100 µm scale used here would still be 
effective. 

Finite element continuum elastic simulations were per-
formed to address the rectangular biased regions used in the 
experiments, mapping strains, and the resulting magnetic 
anisotropy (FIG. 6C). All layers of the structure shown in 
FIG. 4A except the Au and SU-8 were included in the 

The strain difference E1 -E2 can be estimated at the center 
of the biased region from (1) using the values of Ku from the 
MOKE hysteresis loops. Considering only strain-induced 
anisotropies, the hard axis measurement in FIG. SA gives 
E1-E2=110 ppm at 8 V bias, and that of FIG. 6B gives 
E 1 -E2=78 ppm at 5V bias. The effective piezoelectric con-

65 simulation, using bulk values for the elastic, piezoelectric, 
and dielectric tensors of PMN-PT (Peng J, et al. (2005).). 
FIG. 6C shows the strain-induced magnetic anisotropy 
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energy per applied voltage (shading) and anisotropy direc­
tion (white lines) on the surface of the PMN-PT layer. The 
computed anisotropy predominantly perpendicular to the 
long edge reproduced the experimental results of FIGS. 6A 
and 6B. The change in direction near the short edge coin- 5 

cided with very small anisotropy magnitude, and so it was 
difficult to detect experimentally. The computed 0.45 kJ 
m-3y- 1 magnitude in the large central portion of the biased 
region predicted a 3 .6 kJ/m3 anisotropy energy density at 8\7, 
about three times the experimental value. The computed 10 

anisotropy was largest near the center, consistent with the 
experimental spatial maps of FIG. SC. 

for the design of particular anisotropy magnitudes and 
directions using boundary shape and layout. 
Materials and Methods 
Membrane Fabrication 

FIG. 3 is the schematic of the fabrication procedure for 
the PMN-PT membrane devices. Here, the method will be 
described in detail. Growth of high quality PMN-PT (001) 
thin films started with a (001) Si wafer with a 4° miscut 
towards (110) and a 20 nm buffer layer of STO. First, 100 
nm of SRO was grown using 90° off-axis rf-magnetron 
sputtering (Eom C B, et al. (1990). Phys C Supercond its 
Appl 171:354-382.) at 100 W power and 600° C. A mixture 
of Ar and 0 2 gas, flown at 12 seem and 8 seem respectively, 
supplied a working pressure of 200 mTorr. PMN-PT films 
were then grown using a misaligned parallel dual planar 

A series of elliptical electrodes were also simulated with 
varying aspect ratios for comparison. FIG. 6D shows that the 

15 
simulated and analytical anisotropy energies had the same 

A-1 

A+ 1 

dependence on aspect ratio. However, the analytic result of 
Eq. (3) describes an infinite cylinder of PMN-PT and the 
simulation of the experimental two-dimensional composite 
sheet. The two y-axis scales in FIG. 6D indicate that this 
difference resulted in different predicted anisotropy energy 
magnitudes, but the dependence on aspect ratio was cap­
tured by the analytic result. 

According to finite element calculations, the area of 
largest uniaxial strain was just outside of the biased region 
boundary (FIG. 6C). Analytical solutions (Jaswon MA, et 
al., (1961). Math Proc Cambridge Philos Soc 57(3):669-
680.) for the strain outside of elliptical precipitate inclusions 
confirm that the largest uniaxial strains were concentrated on 
the most curved portion of the boundary, and that the strains 
drop off like 1/lxl 2 far from the boundary. The measured 
anisotropy directions of the Ni island outside the biased 
region (FIG. 6B) match the calculated anisotropy parallel to 
the long edge (FIG. 6C black boxed) and the direct phase­
field calculation of the magnetization direction for those 
locations. A significant difference was not experimentally 
found in the induced anisotropy energy inside and outside of 
the biased region, likely due to pre-existing magnetic anisot­
ropy and domain pinning in the Ni that makes Hsat a coarse 
method for measuring anisotropy energy. 

CONCLUSIONS 

The preceding analysis led to a set of guidelines for 
setting magnetoelectric response in piezoelectric membrane 
composites using piezoelectric tensor design. An elongated 
single electrode generated, in its interior, uniaxial compres­
sive strain and magnetic anisotropy that increased with 
aspect ratio, and were predominantly oriented along the 
short axis. Ellipsoidal biased regions had exactly uniform 
interior strains, with about sixty percent of the limiting 
anisotropy value obtained at an aspect ratio of 4: 1. Substan­
tial further increases required large increases in aspect ratio. 
Rectangular regions generated about 20% more uniaxial 
strain than ellipses of the same aspect ratio, but the strain 
was less uniform in rectangles. The maximum uniaxial 
tensile strain was located outside highly curved boundaries 
and was at least twice as large as the interior uniaxial strain, 
but at the cost of reduced spatial uniformity. In the case of 
a straight boundary, the exterior magnetic anisotropy was 
perpendicular to the interior anisotropy. These rules allowed 

magnetron sputtering technique (Brewer A, et al. (2017). J 
Vac Sci Technol A Vacuum, Surfaces, Film 35(6):060607-1-
060607-6.) with substrate rotation with 100 W power at 625° 

20 C. A mixture of Ar and 0 2 gas, flown at 17 seem and 3 seem 
respectively, supplied a working pressure of 500 mTorr for 
PMN-PT growth. A 100 nm layer of Pt was then deposited 
on top of PMN-PT by DC Magnetron sputtering. The 
heterostructure was annealed in 0 2 at 300° C. for 30 minutes 

25 to reduce residual stress in the Pt film. The Si substrate was 
then mechanically polished to reduce the thickness from 300 
µm down to 100 µm to reduce total etching time during the 
later XeF2 dry etching. After polishing, Polydimethylsi­
loxane (PDMS), with a 10:1 mixture ratio of monomer to 

30 crosslinking agent, was spin-coated onto a glass slide at 
5000 rpm for 10 s, resulting in a thickness of approximately 
30 µm. The thin film heterostructure was then placed Pt-side 
down onto the uncured PDMS, leaving the Si substrate 

35 
exposed, and the sample was placed under vacuum for a 
minimum of 5 hours to remove air bubbles from between the 
Pt and PDMS layers. After the vacuum treatment, the PDMS 
was then cured on a hot plate for 1 hour at 100° C. 

Once the PDMS was cured, the sample was ready for Si 
40 removal. Prior to XeF 2 etching of Si, a 15 second plasma 

etch using CF 4 and 0 2 , flowing at 45 seem and 5 seem, 
respectively, to a pressure of 40 mTorr, was performed to 
remove any moisture on the sample, as well as any native 
SiO2 present on the Si substrate. The Si substrate was then 

45 completely removed via XeF 2 etching. The XeF 2 etching 
system was performed in a SPTS Xetch el XeF 2 etcher 
system. The system exposed the samples to XeF 2 in a cyclic 
mode, and the recipe used here was chosen to maximize the 
etch rate for complete removal of the Si substrate. The recipe 

50 exposed the samples to 4 Torr of XeF 2 for two-minute 
periods, followed by pumping down to 0.8 Torr between 
cycles for a continuous etch before the next cycle began. 
Due to the exothermic nature of the reaction ofXeF 2 with Si, 
the pressure in the chamber rose during the two-minute etch 

55 cycles. When the Si was completely removed, the pressure 
increase was notably absent during an etch cycle, signaling 
that the etching was complete. 

After Si removal, the STO buffer layer was removed via 
Ar+ ion-milling. The SRO layer was then patterned into 

60 various geometries using photolithography and wet etching 
with a 0.4 M NaIO4 solution. A 35 nm layer of Ni was 
deposited by DC Magnetron sputtering, and photolithogra­
phy was performed to pattern the Ni with a Transene Ni 
Etchant Type 1 wet etchant. A SU-8 protection layer was 

65 applied by spin-coating at 5000 rpm for 40 s, resulting in a 
thickness of 2 µm, followed by photo lithography patterning. 
Finally, 30 nm of Au was deposited via DC Magnetron 
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sputtering and patterned via photolithography, and Transene 
TFA Au wet etchant was used to make the "lifted" Au 
electrodes. 
Finite-Element Simulations 

Finite element calculations were performed with 5 

COMSOL Multiphysics™. Simulations were performed 
using the layers and thicknesses from FIG. 4A. The sheets 
of PMN-PT and back electrode were 1.4 µmin diameter to 
simulate a small biased region surrounded by a large unpo­
larized membrane. No mechanical constraints were applied 10 

to any surfaces, simulating an unconstrained membrane. The 
stiffness tensor and piezoelectric coefficients used for PMN-
PT may be found in Table 2 of reference (Peng J, et al. 
(2005).). The stress-charge form of the piezoelectric consti­
tutive relations was used: 15 

20 

14 
a bottom electrode in electrical communication with the 

first surface of the layer of piezoelectric material; and 
an unpaired top electrode in electrical communication 

with the second surface of the layer of piezoelectric 
material, wherein the island of magnetostrictive mate­
rial is disposed on the unpaired top electrode or 
wherein the island of magnetostrictive material is dis­
posed adjacent to the unpaired top electrode and the 
island of magnetostrictive material and the adjacent 
unpaired top electrode are both disposed on the second 
surface of the layer of piezoelectric material, and 
further wherein the bottom electrode and the unpaired 
top electrode are configured to apply or to detect an 
electric field through a thickness of the layer of piezo­
electric material in a biased region in the layer of 
piezoelectric material, wherein the biased region in the 
piezoelectric material has an aspect ratio greater than 
one and is embedded in and surrounded around all 
lateral sides by an unbiased region in the layer of the 
piezoelectric material. 

2. The magnetoelectric device of claim 1, wherein the 
island of magnetostrictive material is disposed on the 
unpaired top electrode. 

where D,, E,, a,!' Ekz, pfl eiJk' ciJkb Kif are the electric 
displacement, electric field, stress tensor, strain tensor, free 
charge density, piezoelectric coupling tensor, stiffness ten­
sor, and relative permittivity, respectively. 

3. The magnetoelectric device of claim 1, wherein the 
25 island of magnetostrictive material is disposed adjacent to 

the unpaired top electrode. 

Longitudinal MOKE Measurements 
4. The magnetoelectric device of claim 1, further com­

prising a substrate, wherein the layer of piezoelectric mate­
rial is not clamped to a substrate. 

5. The magnetoelectric device of claim 1, wherein the 
piezoelectric material is Pb(Mg113Nb213 )O3 ] 0 _7-[PbTiO3 ] 

0.3· 

6. The magnetoelectric device of claim 1, wherein the 
bottom electrode and the unpaired top electrode are config­
ured to apply the electric field through the thickness of the 
layer of piezoelectric material in the biased region. 

The sample was mounted between the poles of an elec­
tromagnet, and a red HeNe (632 nm) laser was reflected off 30 
of the sample surface at approximately 45° from normal 
incidence. The beam was focused to an approximately 10 
µm spot using an achromat. The reflected beam's polariza­
tion was rotated to 45° from p-polarized with a half-wave 
plate, and then the s- and p-polarized components were 35 
measured with a differential balanced photodetector. The 
differential signal was proportional to the Kerr polarization 
rotation. Spatial mapping was achieved by mounting the 
sample on a two-axis linear piezoelectric motion stage and 
scanning the sample under the focused beam. 

7. The magnetoelectric device of claim 1, wherein the 
bottom electrode and the unpaired top electrode are config­
ured to detect the electric field through the thickness of the 

40 layer of piezoelectric material in the biased region. 
The word "illustrative" is used herein to mean serving as 

an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 45 
unless otherwise specified, "a" or "an" means "one or 
more." 

8. The magnetoelectric device of claim 1, wherein the 
layer of piezoelectric material has a thickness in the range 
from 100 nm to 1 µm. 

9. The magnetoelectric device of claim 8 further com­
prising a substrate underlying the bottom electrode, wherein 
the substrate does not prevent in-plane strain from being 
freely generated in the layer of piezoelectric material. 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi­
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 

10. The magnetoelectric device of claim 9, wherein the 
substrate comprises a polymer and the bottom electrode is 

50 on the polymer. 

explain the principles of the invention and as practical 55 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem­
plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 60 

What is claimed is: 
1. A magnetoelectric device comprising: 
a layer of piezoelectric material having a first surface and 

a second surface, wherein the first surface is disposed 
opposite the second surface; 

an island of magnetostrictive material that is strain­
coupled to the layer of piezoelectric material; 

65 

11. A magnetoelectric device array comprising: 
a plurality of magnetoelectric devices, each magnetoelec­

tric device in the plurality comprising: 
a layer of piezoelectric material having a first surface and 

a second surface, wherein the first surface is disposed 
opposite the second surface; 

an island of magnetostrictive material that is strain­
coupled to a layer of piezoelectric material; 

a bottom electrode in electrical communication with the 
first surface of the layer of piezoelectric material; and 

an unpaired top electrode in electrical communication 
with the second surface of the layer of piezoelectric 
material, wherein the island of magnetostrictive mate­
rial is disposed on the unpaired top electrode or 
wherein the island of magnetostrictive material is dis­
posed adjacent to the unpaired top electrode and the 
island of magnetostrictive material and the adjacent 
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unpaired top electrode are both disposed on the second 
surface of the layer of piezoelectric material, and 
further wherein the bottom electrode and the unpaired 
top electrode are configured to apply or to detect an 
electric field through a thickness of the layer of piezo- 5 

electric material in a biased region in the layer of 
piezoelectric material, wherein the biased region in the 
piezoelectric material has an aspect ratio greater than 
one and is embedded in and surrounded around all 
lateral sides by an unbiased region in the layer of the 10 

piezoelectric material. 
. 12. A method ofreorienting the direction of magnetization 
m a magnetostrictive material in a device comprising: 

a bilayer comprising: 
a layer of piezoelectric material having a first surface 15 

and a second surface, wherein the first surface is 
disposed opposite the second surface; and 

an island of magnetostrictive material that is strain­
coupled to the layer of piezoelectric material, 

a bottom electrode in electrical communication with the 20 

first surface of the layer of piezoelectric material; and 
an unpaired top electrode in electrical communication 

with the second surface of the layer of piezoelectric 
material, wherein the island of magnetostrictive mate­
rial is disposed on the unpaired top electrode or 25 

wherein the island of magnetostrictive material is dis­
posed adjacent to the unpaired top electrode and the 
island of magnetostrictive material and the adjacent 
unpaired top electrode are both disposed on the second 
surface of the layer of piezoelectric material, and 30 

further wherein the bottom electrode and the unpaired 
top el_ectrode are configured to apply the out-of-plane 
electnc field through a thickness of the layer of piezo­
electric material, 

the method comprising: 35 

16 
16. The method of claim 12, wherein the piezoelectric 

material is Pb(Mg113Nb213)O3 ] 0 _7-[PbTiO3 ] 0 _3 . 

17. The method of claim 12, wherein the in-plane rotation 
is a 90° in-plane rotation. 

18. A method of sensing the direction of magnetization in 
a magnetostrictive material in a device comprising: 

a bilayer comprising: 
a layer of piezoelectric material having a first surface 

and a second surface, wherein the first surface is 
disposed opposite the second surface; and 

an island of magnetostrictive material that is strain­
coupled to the layer of piezoelectric material, 

a bottom electrode in electrical communication with the 
first surface of the layer of piezoelectric material; and 

an unpaired top electrode in electrical communication 
with the second surface of the layer of piezoelectric 
material, wherein the island of magnetostrictive mate­
rial is disposed on the unpaired top electrode or 
wherein the island of magnetostrictive material is dis­
posed adjacent to the unpaired top electrode and the 
island of magnetostrictive material and the adjacent 
unpaired top electrode are both disposed on the second 
surface of the layer of piezoelectric material, and 
further wherein the bottom electrode and the unpaired 
top electrode are configured to apply the out-of-plane 
electric field through a thickness of the layer of piezo­
electric material, 

the method comprising: 
exposing the magnetostrictive material to an external 

magnetic field that rotates the direction of magnetiza­
tion in the plane of the magnetostrictive material 
inducing an out-of-plane electric field through th~ 
thickness of the layer of piezoelectric material, wherein 
the out-of-plane electric field creates a biased region 
having an aspect ratio greater than one embedded in the 
layer of piezoelectric material and surrounded on all 
lateral sides by an unbiased region in the layer of 
piezoelectric material; and 

detecting the out-of-plane electric field. 
19. The method of claim 18, wherein the island of 

magnetostrictive material is disposed on the unpaired top 
electrode. 

20. The method of claim 

applying an out-of-plane electric field through the thick­
ness of the layer of piezoelectric material, wherein the 
application of the out-of-plane electric field creates a 
biased region having an aspect ratio greater than one 
embedded in the layer of piezoelectric material and 40 

surrounded on all lateral sides by an unbiased region in 
the layer of piezoelectric material and induces the 
direction of magnetization in the magnetostrictive 
material to undergo an in-plane rotation from a first 
in-plane direction to a second in-plane direction. 45 

magnetostrictive material is 
unpaired top electrode. 13. The method of claim 12, wherein the island of 

magnetostrictive material is disposed on the unpaired top 
electrode. 

18, wherein the island of 
disposed adjacent to the 

14. The method of claim 12, wherein the island of 
magnetostrictive material is disposed adjacent to the 50 

unpaired top electrode. 
15. The method of claim 12, wherein the layer of piezo­

electric film is not clamped to a substrate. 

21. The method of claim 18, wherein the layer of piezo­
electric film is not clamped to a substrate. 

22. The method of claim 18, wherein the piezoelectric 
material is Pb(Mg113Nb213)O3 ] 0 _7-[PbTiO3 ] 0 _3 . 

23. The method of claim 18, wherein the rotation in the 
direction of magnetization is a 90° in-plane rotation. 

* * * * * 


