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Generation of localized strain in a thin film piezoelectric to control
individual magnetoelectric heterostructures
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Experimental results demonstrate the ability of a surface electrode pattern to produce sufficient
in-plane strain in a PbZr(s,Tip4305 (PZT) thin film clamped by a Si substrate to control
magnetism in a 1000nm diameter Ni ring. The electrode pattern and the Ni ring/PZT thin
film heterostructure were designed using a finite element based micromagnetics code. The
magnetoelectric heterostructures were fabricated on the PZT film using e-beam lithography and
characterized using magnetic force microscopy. Application of voltage to the electrodes moved
one of the “onion” state domain walls. This method enables the development of complex
architectures incorporating strain-mediated multiferroic devices. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930071]

Manipulating magnetization at the micro- and nanoscale
has been studied extensively for next-generation computer
memory, nanoscale sensors, and spintronic devices.'?
Magnetization can be controlled by magnetic field,’
spin-polarized current injection,* exchange-bias,™® interface-
charge-driven magnetoelectric (ME) effect,”®  strain-
mediated ME effect,gf11 and ferroelectric/ferromagnetic
coupling in single phase multiferroics.® The use of strain-
mediated approach to control magnetization is attracting
increasing attention due to its promising low energy
consumption, large coupling coefficient, and the wide
availability of piezoelectric/magnetoelastic materials.'*'?
Previous research has demonstrated magnetization manipula-
tion of nanoscale ellipses,“ squares,13 and ring14 structures
using bulk piezoelectric substrates. Bulk piezoelectric
substrates switch all elements at once,'" require high voltage,
are semiconductor incompatible and are rate limited by
elastic wave velocities through the thickness; all of these
challenges must be overcome for magnetoelectric device
design.

Compared to bulk piezoelectrics, piezoelectric thin films
require much smaller voltage to obtain similar magnitude of
electric field (E =V/d, where V and d refer to applied voltage
and thickness of piezoelectrics, respectively). The thickness
mode response time becomes shorter as the thickness is
decreased (t =d/c, where d is the film thickness and c is the
bulk acoustic wave velocity; for a 1um thick film with
¢ =4000m/s, the thickness mode response time is on the
order of 0.25 ns). Thin film piezoelectrics have much smaller
device volume, reducing the energy required to drive the
combination of piezoelectric strain and magnetization
reorientation needed for nanoarchitected magnetoelectric
devices. Furthermore, piezoelectric films are used in a range
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of MEMS devices.'>'® Few researchers have reported using
thin film piezoelectrics to alter magnetization of nanoscale
magnetic elements. Chung ez al.'” reported magnetic domain
evolution using a fully electroded lead zirconate titanate
(PZT) thin film when voltage was applied. However, this
approach did not offer the ability to control individual nano-
architected magnetoelectric elements. To date, this capability
has been lacking.

Achieving local control of individual magnetoelectric
structures on a piezoelectric thin film is a challenging prob-
lem. Piezoelectric thin films are fully clamped in-plane by
the substrate. This dramatically reduces the effective piezo-
electric coefficient'® and hence restricts its capability of
generating enough strain for controlling magnetization. To
reduce the clamping effect, researchers reported etching PZT
film into discrete islands.'”° However, this complicated
fabrication process may limit its applications. We present a
concept using electrode pattern design to control in-plane
magnetoelastic anisotropy by creating a highly localized
strain at the surface of a piezoelectric thin film subject to
substrate clamping. Finite element simulations (FEA)
were used to design the electrode pattern and the magnetic
element. These devices were fabricated and the magnetic
domain pattern in the Ni ring was shown to change in
response to the induced localized strain.

A conceptual schematic of the technique is presented in
Figure 1(a), derived from previous research by Cui et al.?'
The structure consists of a Si wafer substrate (not shown), a
bottom electrode, a PZT thin film, and, in this case, three
pairs of electrodes surrounding a middle magnetic element.
When voltage is applied to one pair of top electrodes (A-A,
B-B, or C-C) while the bottom electrode is grounded, the
piezoelectric material underneath each electrode expands
out-of-plane (d;; effect) and contracts in-plane (d;; effect),
creating a highly localized strain field under each electrode
and in their immediate vicinity. When two such electrodes

© 2015 AIP Publishing LLC
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FIG. 1. (a) Schematic of a device structure that can create magnetoelastic
anisotropy on magnetic elements (a ring is shown as an example) in three
directions by applying voltage on (b)—(d) A-A, B-B, or C-C electrodes. Blue
arrows illustrate the average principal strain direction between electrodes for
each case with the outward pointing arrows indicating the tensile strain and
inward pointing arrows indicating the compressive strain directions. (e)
Results of a micromagnetic simulation of a 1000 nm outer diameter, 700 nm
inner diameter, and 15 nm thick Ni ring initialized along 0 = —30° direction
by an applied magnetic field. The red arrows indicate the local in-plane mag-
netization direction. Grayscale color indicates the local out-of-plane magnet-
ization. (f) Results of a micromagnetic simulation of a Ni ring subject to a
1200 ppm biaxial strain with the tensile and compression direction indicated
by blue arrows. (g) A piezoelectric force microscopy (PFM) phase image of
the PZT thin film. (h) A polarization versus electric field (P-E) loop of the
PZT thin film.

are in close proximity, the strain fields surrounding the elec-
trodes interact and an in-plane bi-axial strain field is induced
between the electrodes (tensile along the axis connecting the
electrodes and compressive in the orthogonal direction).
Figures 1(b)-1(d) show the average principal strain field
between electrodes when voltage is applied to the A-A, B-B,
and C-C electrodes, respectively. Considering Ni as an
example (negative magnetostriction), this principal strain
field induces magnetoelastic anisotropy with the easy axis
aligned with the compressive strain direction.” Hence, in the
conditions shown in Figure 1(b)-1(d), three different in-
plane magnetoelastic anisotropy directions can be achieved
by applying voltage to each of the three different pairs of
electrodes (A-A, B-B, or C-C). In this ideal case, the three
pairs of electrodes spaced 60° apart are sufficient to deter-
ministically manipulate magnetization of magnetic elements.

Appl. Phys. Lett. 107, 092903 (2015)

The magnitude of the induced bi-axial strain in the
structure when voltage is applied was approximated using
linear piezoelectric FEA simulations.”' The piezoelectric
coefficients and dimensions used in the simulations were
ds3 =170 pC/N, electrode dimension 0.6 x 0.6 um?, electrode
separation distance 1.4 um, PZT thin film thickness 1.0 um,
and applied voltage 25 V. In the simulation, the bottom sur-
face of the PZT thin film was fixed to simulate the clamped
substrate boundary condition. The simulations (results not
shown) indicated that approximately 1200 ppm average
biaxial strain (principal strain ¢, — &, >0) can be generated
between the electrodes. A micromagnetic model** based on
the Landau-Lifshitz-Gilbert (LLG) equation including
magnetoelastic coupling implemented in a finite element
framework was used to design Ni ring elements with a do-
main structure that responds to this level of strain. Figure
1(e) shows the simulation results for a Ni ring with 1000 nm
outer diameter, 700 nm inner diameter, and 15 nm thickness.
In the simulations, the Ni ring of this geometry formed the
“onion” state®> when magnetization was initialized at
0 = —30° direction. The black and white regions on the ring
are the position of two 180° head-to-head domain walls
where there is an out-of-plane magnetization component.
When the 1200 ppm biaxial strain was applied in the 6 = 30°
direction (the direction of biaxial strain is defined by the
direction of the compressive strain), the ring magnetization
rotated counterclockwise by 60° and aligned with the
compressive strain direction. When strain was unloaded, the
magnetization stayed at the new position (0 = 30°). Hence, if
the Ni ring is initialized along 6 = —30° direction, the appli-
cation of 25V to the A-A electrodes generates strain that
rotates the magnetization from 0=-30° to 0=30°.
Similarly, starting from the magnetization along 6= +30°
and applying 25V to the C-C electrodes as shown in Figure
1(d), the simulation results indicate that the magnetization
should rotate to the 0 =-+90° direction (along the compres-
sive strain). Starting from the magnetization along 0 = +30°
and applying 25V to the B-B electrodes as shown in Figure
1(c), simulation results indicate that the magnetization
rotated back to the 0 = —30° direction. Hence, it is possible
to deterministically control the magnetization direction of
the “onion” domain state in a 1000 nm diameter Ni ring.

The resulting design was fabricated on a chemical solu-
tion deposited 1 pm thick PbZrj 5,Tip 4305 film on 100 nm
Pt (bottom electrode)/40 nm ZnO/400 nm SiO,/Si substrate.
Details of the preparation process of this film are given in a
previous publication.”* The piezoelectric force microscopy
(PFM) image in Figure 1(g) shows a clear piezoelectric
response, highlighting out-of-plane piezoelectric phase. An
effective piezoelectric constant of the film of ds;;.=49.2
pC/N was measured by PFM. Because ds;3 . is measured on a
clamped film, it is lower than the actual piezoelectric
constant ds; of the film."®% Hence in the piezoelectric FEA
simulations, the stress free piezoelectric constant was esti-
mated to be d33 =70 pC/N (about 40% higher than ds; ).
The root-mean-squared surface roughness of the film was
R,=1.35nm. The polarization versus electric field (P-E)
hysteresis loop in Figure 1(h) shows that the electrical coer-
cive field is about 5 MV/m. The electric breakdown value of
the film is about 70 MV/m. The electrode patterns and
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magnetic Ni ring structure were defined using a two-step
e-beam lithography process. Electrodes of 5nm Ti and
100nm Au were deposited by e-beam evaporation. By the
same technique, 3 nm Ti and 15 nm Ni were deposited, fol-
lowed by 2nm Al as a capping layer protecting the Ni from
oxidation. The size of the electrodes, electrode separation
distance, and Ni ring geometry were identical to the parame-
ters used in the FEA simulation.

Figure 2(a) is an atomic force microscopy (AFM) image
of the fabricated device showing the Ni ring structure and
three pairs of electrodes on the PZT thin film. Magnetic force
microscopy (MFM) was used to determine the magnetization
configuration of the Ni ring structure. It is challenging to
image soft magnetic material (such as Ni) elements under
MFM due to the tip stray field.”® However, several previous
studies have acquired MFM images on Ni micro- and nano-
structures by carefully choosing tip coating, operation mode,
and parameters.'*?” A low moment tip (MESP-LM, Bruker)
was used and the tip lift height during the measurement was
40 nm. At least two images were recorded in the same condi-
tion with different scanning directions. When there was a
clear difference between them (which came from undesired
tip-sample interaction), the images were discarded. Figures
2(a) and 2(c) show AFM and MFM images of the as-
fabricated device. The nickel ring displays the PZT surface
roughness, i.e., humps and grooves of the PZT grain struc-
ture, as seen in Figure 2(b). As MFM measures the magni-
tude of out-of-plane magnetization, the “onion” state of the
Ni ring can be identified as black and white spots in the
MFM image as shown in Figure 2(c). 25 V was then applied
to the B-B electrodes and held for 20s. After unloading the

145 nm

0nm

FIG. 2. (a) An AFM picture of the fabricated device with a Ni ring sur-
rounded by patterned electrodes; (b) expanded view of the Ni ring. The yel-
low arrows indicate the position of two observed notches. (c) An MFM
image of the as-fabricated device initialized by an applied magnetic field
with two “onion” state domain walls shown as black and white spots
(circled); (d) after applying 25 V to the B-B electrodes one magnetic domain
has moved and spread (black circle). The blue arrows indicate the direction
of average principal strain induced by the applied voltage.

Appl. Phys. Lett. 107, 092903 (2015)

voltage, the MFM measurement was again conducted and
the result is shown in Figure 2(d).

The results show that the patterned electrode approach
produces sufficient in-plane strain to interact with the mag-
netization. In MFM images, some electrodes are darker than
others. This is possibly due to accumulated charge sensed by
the MFM tip through electrostatic force. This does not affect
the magnetization measurement. There is a change of the do-
main wall structure seen by comparing Figures 2(c) and 2(d).
The white spot mostly stayed unchanged, while the black
spot was broadened. The broadening direction agreed with
the direction of compressive strain (and hence the easy axis
of magnetoelastic anisotropy). The arrows in Figure 2(b)
indicate two notches that are physically on each side of the
“white” magnetic domain wall. The two notches could be
creating a deep energy well that pins the magnetic
domains.”® The observed domain wall broadening (black
spot) could be due to the same mechanism; however, the
local spins further from the notch become aligned with the
magnetoelastic anisotropy. Hence, the combination of geo-
metric imperfection and applied strain creates an overall
effect of broadening the black magnetic domain wall.

Figure 3(a) shows the as-fabricated AFM images of a
second fabricated device. The black and white spots in the
MFM image are not perfectly symmetric, suggesting the
magnetic domain walls might be trapped in local energy
wells associated with geometric imperfections. Figure 3(b)
shows the surface profiles of a Ni ring structure (profiles 1
and 3) and PZT thin film (profiles 2 and 4). Surface profiles
for both Ni and PZT have about 6 nm peak-to-peak variation,
showing that the Ni layer carried the topography from the
PZT layer, which may affect the in-plane magnetization and
induce magnetic domain wall pinning. Figure 3(c) is the
MFM image of the as-fabricated device. 25V was applied to
electrode pair A-A and held for 20 s. After unloading the
voltage, the MFM image shown in Figure 3(d) was taken.
The white domain wall (highlighted in the dashed circle)
shows a counterclockwise rotation from 6~ —30° to 6 ~0°,
while the black domain wall displays no significant motion.
We note that in concept the white domain should align with
the compressive strain direction at 0~ 30° direction, yet
does not move that far. The reduced rotation is attributed to
a notch seen at 0= 0° in the AFM image (see arrows in
Figure 3(a)). We then applied 25 V to the B-B electrodes and
kept the voltage on for 20 s. Upon removal of the voltage,
the MFM image was taken and shown in Figure 3(e). The
white domain wall rotated clockwise back to 0~ —30°
aligned with the compressive strain direction. As seen in
Figures 3(c)-3(e), the magnetic domain structure of a Ni ring
was rotated forward and backward using patterned electrodes
on a fully clamped PZT thin film.

The observations above indicate that the domain walls
become pinned by edge imperfections in the ring structure.
These imperfections were the result of interaction of the li-
thography with the surface roughness of the columnar grain
structured PZT thin film. Finite element based micromag-
netic simulations were run to explore the interaction between
the notches and a ring’s domain structures. The notch was
represented by a semi-ellipse with 50 nm major and 30 nm
minor axes. This is about the size of the notch observed in
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gro?:e; FIG. 3. (a) An AFM image of the sec-
P:gf:lz 3 ond fa!)ric.ated device. The yellow
—— Profile 4 arrow indicates the position of an

observed notch. (b) The height of the
profiles corresponding to the four lines
shown in (a). Note that the lines on the
Ni ring are offset by the Ni thickness.
(c) An MFM image of the as-

0 5 100

Figure 3(a). Figure 4(a) shows the geometry simulated with
the notch on the inner diameter circled. When initialized
along the 0 = —30° direction, the Ni ring formed the “onion”
state domain structure as shown (two 180° domain walls).
1200 ppm biaxial strain with compressive strain along
0=30° direction was applied as illustrated by the blue
arrows in Figure 4(b). The black domain wall rotated clock-
wise by 60° and aligned with the compression direction, but
the white domain wall stopped at the 6 = 0° direction, pinned
by the notch. The simulation shows that the existence of the
geometrical notch creates a local magnetic energy minimum
that can pin the domain wall.

Two examples were presented from a large array of
devices that were fabricated, all with same electrode pattern
and Ni ring structure. In all cases, the patterned electrodes on
the clamped PZT film produced sufficient strain to change
the magnetic domain pattern. The domain wall structures

FIG. 4. The results of a micromagnetic simulation of a 1000nm outer-
diameter, 700 nm inner-diameter, and 15nm thick Ni ring with a notch
(semi-ellipse with 50 nm long axis and 30 nm short axis) at § = 0° position.
The magnetization distribution is shown (a) when initialized along 0 = —30°
direction and (b) after applying 1200 ppm bi-axial strain with the strain
direction shown as blue arrows. The magnetic domain wall (white spot) has
been pinned by the notch. The red arrows indicate the in-plane magnetiza-
tion direction. Grayscale color indicates the out-of-plane magnetization.

Position (nm)

fabricated Ni ring; (d) one domain wall
(circled) has moved after applying
25V to the A-A electrodes; (e) the
same domain wall (circled) has moved
back to its original position after
applying 25V to the B-B electrodes.
The blue arrows indicate the direction
of average principal strain induced by
the applied voltage.

200 250 300

changed by the strain field are the result of minimization of
the magnetoelastic anisotropy and the shape anisotropy con-
tributions to the free energy.” In most cases, only one mag-
netic domain wall (white or black spot in MFM image)
moved in response to the applied voltage. Due to magnetic
domain pinning, we were not able to achieve continuous
180° magnetization rotation by applying a voltage on A-A,
B-B, and C-C, consecutively. In an attempt to reduce the sur-
face topography effect, 25 nm thick Ni rings were produced
with exact same geometry (1000 nm outer-diameter and 700
nm inner-diameter) on the same batch of PZT film. In the
25nm thick Ni devices, similar magnetic domain rotation
was observed after voltage was applied and the pinning
effect did not appear to be reduced. This suggests that the
edge imperfections may be contributing more to the pinning
than the surface roughness. The PZT topography is mostly
from grain boundary grooving, which is intrinsic for sol-gel
prepared films. Possible methods to smooth the film surface
include liquid phase coatings that are smoothed by surface
tension, or pulsed layer deposition (PLD) prepared epitaxial
PZT films.

In this paper, it was demonstrated that the use of pat-
terned electrodes can overcome the clamping effect of the
substrate in PZT films grown on Si. The resulting in-plane
strain was demonstrated to be sufficiently large to interact
with the magnetization of Ni rings. The elements were
designed using a finite element based micromagnetics code.
Geometric imperfections arising from the PZT surface
topography were observed to interact with the domain wall
motion and pin the domain walls. The patterned approach is
applicable to many nanoscale strain-mediated magnetoelec-
tric devices. The electrodes can be in different shapes as
long as one of the dimensions is comparable to the film
thickness. The magnetic structures can be placed on top of
square electrodes to obtain bi-axial compressive strain, on
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top of line electrodes to obtain uniaxial compressive strain,
or between two line electrodes to obtain uniaxial tensile
strain. The electrodes themselves can even be the magnetic
material. This capability opens a design space for nanoarchi-
tected magnetoelectric devices.

The authors would like to thank Dr. Scott Keller and
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Center for Translational Applications of Nanoscale
Multiferroic Systems (TANMS) Cooperative Agreement
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Corporation, a wholly owned subsidiary of Lockheed Martin
Corporation, for the U.S. Department of Energy’s National
Nuclear Security Administration under Contract No. DE-
AC04-94AL85000.
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