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Abstract

®

CrossMark

Controlling magnetization using piezoelectric strain through the magnetoelectric effect offers
several orders of magnitude reduction in energy consumption for spintronic applications.
However strain is a uniaxial effect and, unlike directional magnetic field or spin-polarized
current, cannot induce a full 180° reorientation of the magnetization vector when acting alone.
We have engineered novel ‘peanut’ and ‘cat-eye’ shaped nanomagnets on piezoelectric
substrates that undergo repeated deterministic 180° magnetization rotations in response to
individual electric-field-induced strain pulses by breaking the uniaxial symmetry using shape
anisotropy. This behavior can be likened to a magnetic ratchet, advancing magnetization
clockwise with each piezostrain trigger. The results were validated using micromagnetics
implemented in a multiphysics finite elements code to simulate the engineered spatial and
temporal magnetic behavior. The engineering principles start from a target device function and
proceed to the identification of shapes that produce the desired function. This approach opens a
broad design space for next generation magnetoelectric spintronic devices.

Online supplementary data available from stacks.iop.org/NANO/28/08LT01 /mmedia
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1. Introduction

In this article, we present shape anisotropy based designs of
nanomagnets that can achieve 180° deterministic magnetiza-
tion rotation driven by piezoelectric strain through the strain-
mediated magnetoelectric (ME) effect, like magnetic ratchets.
The design process led to two novel shapes, ‘peanut’ and ‘cat-
eye’, which are discussed in detail. The ME effect is attracting
considerable research interest due to its low energy con-
sumption and high coupling coefficient relative to other
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magnetization control methods such as applying magnetic
field and spin-polarized current injection [1, 2]. ME driven
nanomagnets (nanoscale magnetic elements) can store bit
information without any standby power dissipation, offering
unprecedented power efficiency, and thus have high potential
for implementation in the next generation of spintronic
devices [3, 4]. Magnetic anisotropy, an effect with multiple
contributions including strain, shape and crystalline structure;
determines the degree to which the magnetization direction
produces a minimum free energy [5]. The geometric shape of
nanomagnets influences the magnetization distribution
through magnetic shape anisotropy. This effect can be used to
create a controllable magnetic domain pattern that dominates
the dynamic magnetic response [6]. Previous research has

© 2017 I0OP Publishing Ltd  Printed in the UK
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experimentally and computationally explored the magnetic
shape anisotropy of nanomagnets in highly symmetric shapes,
like circles, ellipses, polygons [7], rings [8—10], and even
some uncommon shapes like Reuleaux triangles [11]; with
emphasis on their integration into device designs. For
example, magnetic non-volatile memory and magnetic logic
elements have used single domain nanomagnets with bi-stable
magnetization states in elliptical [12-14] and quadrilateral
[2, 15] shapes with two-fold symmetry. Ferromagnetic rings
with geometric center-symmetry have been used in studies of
fundamental magnetization behavior such as domain wall
trapping [16] and domain wall velocity [17], and have also
been proposed for applications like computer memory [18]
and nanoscale particle delivery systems [19, 20]. Optimizing
the shape of nanomagnets provides an opportunity to sig-
nificantly improve their functionality. Since magnetic shape
anisotropy relates the geometric shape of the nanomagnets to
their magnetic behavior, the shape can be tailored to obtain
the magnetic anisotropy required for specific applications.

Manipulating magnetization through the strain-mediated
ME effect presents challenges when the goal is to achieve
180° magnetization rotation. Magnetic field, a directional
vector effect, can induce a 180° magnetization switching of a
single domain nanomagnet, when applied opposite to the
original magnetization direction. However, strain cannot
easily induce such 180° full magnetization switching. Con-
sidering solely the strain-induced magnetic anisotropy, the
strain, a uniaxial effect, can induce at most a 90° reorientation
of the magnetization vector [21]. Achieving a full 180°
magnetization rotation using strain has been considered a
‘fundamental challenge’ [22]. Previous researchers achieved
strain-mediated electrically driven 180° magnetization
switching in single domain nanomagnets on a piezoelectric
substrate using magnetocrystalline anisotropy (MCA) [23],
dynamic magnetization precession [24-26], a four-electrode
design on a piezoelectric requiring application of two differ-
ent stain fields [27, 28], a flower-shaped nanomagnet also
requiring application of two different strain fields [22] and a
square-shaped nanomagnet with a bias-field-induced uniaxial
magnetic anisotropy [29]. A multi-electrode design creating
localized strain in a piezoelectric is a possible method to force
a 180° magnetization reorientation of a magnetic ring in the
‘onion’ state with two head-to-head domain walls [30-32].
All of these approaches involve breaking uniaxial symmetry
using either special material properties, e.g. MCA from epi-
taxial magnetic materials; or complicated device design, e.g.
applying piezostrain several times in different orientations to
complete a full 180° rotation; and thus complicate the fabri-
cation process.

Simulation tools that capture the spatial and temporal
magnetic response of complex shapes to strain are required to
engineer shapes with desired magnetic behavior. In most
previous work the contribution of demagnetization field is
included by assuming a uniform demagnetization coefficient,
and a uniform demagnetization field H, is assumed equal to
this coefficient times the magnetization. In general, the
demagnetization coefficient is a rank two tensor and is not
spatially homogeneous. The approach presented in this paper

demonstrates the use of ‘simple’ structures with uniform
demagnetization coefficients to estimate the geometry of
much more complex forms with non-uniform demagnetiza-
tion effects. Finite element methods are then used to simulate
the fully dynamic spatial and temporal evolution of the
magnetization to confirm and fine tune device functionality.

The perturbation of well understood shapes followed by
simulations led to the design of the novel ‘peanut’ and ‘cat-
eye’ architected geometric shapes that offer the ability to
produce 180° magnetization reorientation by applying a sin-
gle piezostrain pulse. Applying the same strain field again
induces a second 180° magnetization rotation, resulting in a
complete 360° rotation. The design takes advantage of
magnetic shape anisotropy and can be implemented using any
magnetostrictive thin films. The ‘peanut’ and ‘cat-eye’ were
designed as a simple two-terminal device with a voltage-
controlled piezoelectric substrate. In both designs the mag-
netization only rotates clockwise (CW) and thus forms a
magnetic ratchet. We present these two designs separately. In
each case we begin with the shape architecting process. This
is followed by strain coupled micromagnetics simulations that
were used to characterize the magnetic behavior in response
to piezoelectric strain. Using this methodology gives
designers a technique to rapidly achieve a design target and
minimizes the amount of modeling required to verify the
design.

In the dynamic simulations, the magnetic domain struc-
ture is described by the spatially distributed magnetization
M = M (m,, my, m;), where M, and m,, m,, m_ represent the
saturation magnetization and the direction cosines, respec-
tively. The equation of motion describing the evolution of the
magnetization temporally is the Landau-Lifshitz—Gilbert
(LLG) equation [5],

om

ot
where v and « are the gyromagnetic ratio and the damping
coefficient, respectively. Hepf = Hex + He + Hy, is the
effective magnetic field. The simulations assume a poly-
crystalline nickel material and no external magnetic field, so
there are no contributions to the effective magnetic field for
these effects. The exchange field term is given by
He - 2Aex

oMy

= —poy(m x Heg) + a(m X 88_1771)’ (1)

H Am. (2)
The demagnetization field H, is determined from
Ampere’s law V x H; =0 and Gauss’s law V - B =0
with the constitutive relation B = p,(H, + Mym). This
implies a magnetic potential ¢ such that, H; = —V¢ and
V2¢ = V - (M;m) which governs H . The total strain ¢ in a
ferromagnetic material is composed of a magnetic eigenstrain,
€™ (m) and elastic strain, ¢l contributions with total strain
T is the strain asso-

g =¢g"(m) + g% where " = \"mm
ciated with local magnetization:changes in the absence of
stress, and A" is the magneto-mechanical coupling tensor
[33-35]. The total strain ¢ is related to the displacement u by

g= %(V u + (Vu)T) and the stress tensor ¢ is related to the
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elastic strains by g = Ce® = Clg — " (m)] where the
stress distribution is governed by the elastodynamic equation
0u
— —V.-g=0 3
o o (3)
with mass density p. This leads to
1 a m
Hpom ——cc -y - 22
MOMXE - om

These governing equations and boundary conditions are
implemented within a finite element framework to simulate
the spatial and temporal evolution of magnetization. For a
more detailed description of the finite element model see [36].

2. The ‘peanut’ shaped nanomagnet

The ‘peanut’ shaped nanomagnet was developed as a single
domain magnetic element that can achieve deterministic 180°
magnetization reorientation controlled by electric-field-
induced strain on a piezoelectric substrate. For a typical
uniaxial nanomagnet, like an ellipse, strain-mediated mag-
netization control is not deterministic. Polycrystalline Ni
(with zero volume average MCA) is the magnetic material
used in the design unless noted otherwise. A thin-film
magnetic element with all three-dimensions on a nanometer
length scale (about <300 nm in lateral size and <50 nm in
thickness for Ni) forms an in-plane single domain in ground
state [14, 37]. A single domain circular nanomagnets does not
have in-plane shape anisotropy because all in-plane magne-
tization directions are geometrically identical [38]. For an
elliptical shaped nanomagnet, the magnetic easy axis (EA)
and hard axis (HA) are perpendicular to each other, aligning
with the geometric major axis and minor axis, respectively
[5]. This is due to the magnetic shape anisotropy: the
demagnetization field is much larger along the minor axis
than along the major axis. Applying a piezoelectric biaxial
strain field to the ellipse, compressive strain along one
direction and tensile strain in the perpendicular in-plane
direction, we can induce a new EA through the magnetoe-
lastic effect [5]. For a material like Ni with negative mag-
netostriction, the strain-induced EA aligns with the
compressive strain direction. If sufficient compressive strain
is applied along the original HA direction (geometric minor
axis), the magnetization is forced to rotate by 90° from its
original EA to this new strain-induced EA (geometric minor
axis). When the piezoelectric strain is released, the magneti-
zation rotates back to its original EA (geometric major axis).
There is an equal probability of the magnetization rotating
toward the original direction or in the opposite direction due
to the symmetry. This leads to a total of 0° or 180° magne-
tization switching, respectively [14]. Hence, for geometric
shapes like an ellipse, with the EA and HA perpendicular to
each other, the strain-mediated electrically driven magneti-
zation switching process is not deterministic.

Magnetic anisotropy can be induced resulting in a non-
perpendicular EA and HA relative orientation. This enables
180° deterministic magnetization rotation in response to

piezoelectric biaxial strain [29]. The mechanism is described
with reference to figure 1. Before applying piezostrain, the
magnetization aligns with the EA shown as the solid red
arrow along the blue EA as shown in figure 1(a). As biaxial
strain is applied, the tensile strain in the vertical direction
makes the vertical axis harder, and the compressive strain in
the horizontal direction makes the horizontal axis easier. This
effect increases as the strain amplitude is increased, pushing
the magnetization clockwise. When sufficient piezoelectric
biaxial strain is applied (green arrows), the strain-induced
changes to the EA and HA push the magnetization past the
original shape controlled HA, rotating it into alignment with
the compressive strain direction. Hence the magnetization
will rotate CW away from the tensile strain direction towards
the compressive strain direction, as the dashed red arrow in
figure 1(a) shows. At lower strain amplitudes, there is a
metastable state between the strain induced HA in the vertical
direction and the shape induced HA. The magnetization does
not rotate until sufficient strain is applied to eliminate this
metastable state.

After the piezostrain is released, the magnetization
reorientation is governed by the original EA and HA, causing
the magnetization to rotate away from the original HA and
align with the EA, as shown in figure 1(b). Hence with this
type of magnetic anisotropy, applying and releasing piezo-
electric biaxial strain can induce a 180° deterministic CW
magnetization rotation. Similarly, starting from figure 1(b),
applying the same strain field will result in the magnetization
again rotating CW with the magnetization aligned with the
compressive strain direction, as shown in figure 1(c).
Releasing the applied piezostrain, the magnetization rotates
CW again towards its original EA, moving back to its original
direction. This is a second 180° CW magnetization rotation,
and in total a 360° CW magnetization rotation can be
achieved by applying the same piezoelectric strain field twice.
Note that the magnetization can never rotate counterclockwise
(CCW) in response to piezostrain with this geometry. A
nanomagnet with such magnetic anisotropy has the ability of
achieving strain-mediated electrically driven deterministic
180° magnetization rotation.

The ‘peanut’ shaped nanomagnet was engineered with
the magnetic anisotropy described above. The mechanism
bridging geometric shape of an ellipse and its magnetic
anisotropy is: magnetic EA and HA follow geometric major
and minor axes, respectively. In figure 2(a), the ellipse is
divided into four quadrants separated by major and minor
axes, colored according to quadrant. Starting with an ellipse,
we then rotated the major and minor axes to change the angle
between the magnetic EA and HA. This produced the shape
shown in figure 2(b). The four parts of the outer boundary
separating major and minor axes corresponds to the four
quadrants with same color in figure 2(a). This new shape is
referred to as ‘peanut’ due to geometric similarity. Figure 2(c)
demonstrates the layout of a strain-mediated ME device
incorporating the ‘peanut’ shaped nanomagnet. Single crystal
(011) cut [Pb(Mg; ;3Nb,/3)O3]0.66-[PbTiO3]9 34 (PMN-PT) is
used as piezoelectric substrate. Applying voltage across the
substrate thickness induces compressive strain and tensile
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Figure 1. The target magnetic anisotropy with the ability of achieving 180° strain-mediated magnetization rotation under a single piezostrain
actuation. (a) and (c) Magnetization (red arrow) rotates away from the EA towards compressive strain direction in response to piezoelectric
biaxial strain, crossing over the HA. (b) and (d) Magnetization rotates to the new direction along EA when the strain is released. From (a) to
(b) and from (c) to (d), magnetization is rotated 180° CW by applying piezostrain once. From (a) to (d), magnetization is rotated 360° CW in

total by applying the same strain field twice.

strain along the [100] and [011] directions respectively, pro-
viding biaxial strain [39]. Experiments have shown that
piezoelectric biaxial strain ., — €, of up to 4000 ppm in
magnitude can be generated using a PMN-PT substrate with
this composition and cut [20].

Micromagnetics simulations were run to validate the EA
and HA locations of the ‘peanut’ shaped nanomagnet. This
finite element based model uses the LLG equation with
magnetoelastic coupling and shape demagnetization effects to
simulate device behavior [36]. Ni properties used in simula-
tion are M, = 4.8 x 10°(Am™), Aoy = 1.05 x 107 "' m™),
Qo0 = —46 x 107, ay;; =24 x10°% ¢, = 25 x
10"Nm™2), ¢;p =16 x 10""(Nm™?) and cqyy = 1.18 x
10" (Nm™). The Gilbert damping constant was set as
A = 0.5 to improve model stability. During the design of the
‘peanut’ shape, five parameters were modified that to achieve
the desired magnetic behavior: length of major axis Luajor,
length of minor axis Lminor, angle of major axis Gmajor, angle
of minor axis 0, and magnetic element thickness d. In the

micromagnetics simulations presented, these parameters were
set  as  Lmgjor = 111nm,  Lpinor = 900m,  Opgjor = 60°,
Ominor = 45 °and d = 10 nm. The energy profile of the ‘pea-
nut’ shape is shown in Supplementary figure S1, with the EA
along 6., = 82.6° and HA along 6, = 5.1°. The EA and HA
have been rotated CW and CCW respectively, compared to
the energy profile of a standard ellipse shown in Supple-
mentary figure S2 with 6., = 90° and 6,, = 0°. We note that
for the ‘peanut’ shape 6., and 6, do not exactly align with
Omajor and Opminor. This can be better understood in terms of the
energy profile of the device structure. The EA and HA of a
system correspond to the magnetic energy minimum and
maximum respectively. Further, the EA and HA are deter-
mined by the direction of the net magnetic moment and the
energy associated with a magnetic structure that has a net
magnetization slightly off the EA or HA will still have energy
close to that of the extremum. So in reality the energy of a
magnetic structure varies continuously and relatively
smoothly as a ‘function’ of the angle of magnetization. In the
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a)

Figure 2. The design process of the ‘peanut’ shaped nanomagnet. (a)
The shape of a standard ellipse, with EA and HA coincident with
major axis along y-axis and minor axis along x-axis, respectively. (b)
Moving the location of geometric major axis CW and minor axis
CCW, aiming to rotate magnetic EA and HA accordingly and to
produce non-perpendicular EA and HA. The shape in (b) is named
‘peanut’ shape due to geometric similarity. The four parts of the
‘peanut’ shape in (b) labeled in different color, are corresponding to
the parts with same color in four quadrants in the ellipse in (a). (e)
The isometric view of the strain-mediated ME device with the
‘peanut’ shaped nanomagnet on a PMN-PT substrate.

energy profile, valley floors and hill tops represent the EA and
HA respectively. For this example the major axis and minor
axis are 15° apart. This places a local minimum very close to
a local maximum with the effect being that these two features
distort each other, the net result being that the EA and HA
determined by micromagnetics simulations are further apart
than predicted from the geometry alone, i.e. at 82.6° and 5.1°
respectively. The energy barrier between two stable magne-
tization states along EA is 263 kT, satisfying the suggested
thermal stability requirement of non-volatile magnetic mem-
ory bit design (>40 k,T) [40].

Figure 3(a) shows micromagnetics simulation results of
the ‘peanut’ nanomagnet in response to the electric-field-
induced strain on the piezoelectric substrate. The red arrows
indicate the local in-plane magnetization direction. Back-
ground rainbow colors indicate the magnitude of out-of-plane
magnetization. The magnetization of the ‘peanut’ nanomagnet
was initialized along the ,,j,, direction at time t = 0. State I
shows the magnetization distribution at time ¢ = 1 ns when
the magnetization stabilized and formed a single domain state
aligned with the EA at 6., = 82.6°. Piezoelectric biaxial
strain of &,, — €,, = —4000 ppm was applied right after 1 ns

N
o
o
o

A o

]

S Biaxial strain
(ppm)

0 2 4 6 8 10
Time (ns)

Figure 3. The micromagnetic simulation results of the ‘peanut’ shaped
nanomagnet controlled by the electric-field-induced strain on the PMN-
PT substrate. (a) Magnetization distribution in four states, I (before
piezostrain was applied at + = 1 ns, and after piezostrain was applied
twice at + = 11 ns), II (after piezostrain was applied at r = 3.5 ns), Il
(after piezostrain was released at # = 6 ns) and IV (after piezostrain was
applied again at r = 8.5 ns). The red arrows represent the local in-plane
magnetization direction. The rainbow background color indicates the
out-of-plane component of local magnetization. Green arrows indicate
the compressive strain direction of the applied piezoelectric biaxial
strain. (b) The magnetization components change in response to the
applied piezoelectric biaxial strain. m,, m, and mj; denote the averaged
magnetization component along x, y and z axis, respectively. The solid
red line indicates the applied biaxial strain loading as a function of time.

at 1ns <t < 3.5ns. State II shows the magnetization at
t = 3.5 ns before piezostrain was released. The magnetization
of the ‘peanut’ shape rotated CW towards the compressive
strain direction (green arrows) and stabilized on average along
6 = —1.9° indicating that this strain level is sufficient to
eliminate the metastable state and induce magnetization
rotation. The piezoelectric strain field was then released at
35ns < r< 6ns. State III shows the magnetization at
t = 6 ns. Relative to the state II with applied piezostrain, the
magnetization rotated CW and stabilized on average in the
direction of = —97.4° aligning with the EA. From state I to
state III, the magnetization rotated CW 180° in total by
applying and then releasing —4000 ppm piezoelectric biaxial
strain. Similarly, the same strain field was again applied at
6ns <t < 85ns and was released at 8.5ns < ¢ < 11ns.
State IV demonstrated the magnetization distribution at



Nanotechnology 28 (2017) 08LTO1

P Letters

t = 8.5ns. At t = 11 ns the magnetization distribution was
the identical as the one in state I. This shows that the mag-
netization rotated back to the original state. The whole pro-
cess of magnetization components m;, m, and mz changing
relative to time is illustrated in figure 3(b). During the 11 ns of
the simulation, a 360° deterministic CW magnetization rota-
tion (two sequential 180° rotations) was achieved by applying
the same piezoelectric biaxial strain field twice. A movie of
the magnetization response during Ons < ¢ < 11 ns can be
found at supplementary movie 1. The micromagnetics simu-
lations demonstrate the function of the ME device with the
engineered ‘peanut’ nanomagnet.

A parametric study of the ‘peanut’ shape magnetic ele-
ment is shown in supplementary note 1. It is shown that
changing either Op,jor OF Ominor can move both 6, and 0p,. The
ratio of Liinor OVEr Li,jor, and the thickness d determine the
energy barrier between the EA and HA, and hence the mag-
nitude of piezoelectric biaxial strain required to cross over
that barrier to achieve 180° magnetization switching. The
parameters can be further tuned to optimize the functionality
of the device tailoring it to a particular application.

3. The ‘cat-eye’ shaped nhanomagnet

The ‘cat-eye’ shaped nanomagnet was developed as an
annular structure that can achieve deterministic strain-medi-
ated electrically driven 180° magnetization reorientation on a
piezoelectric substrate. For a typical symmetric ring nano-
magnet, strain-mediated magnetization control is not deter-
ministic and limited by 90° rotation. A narrow thin-film
magnetic ring structure can form into an ‘onion’ domain state
with two head-to-head domain walls [9, 20]. Due to its geo-
metric center-symmetry composed of two concentric circles, a
ring nanomagnet in the ‘onion’ state has no in-plane EA or
HA, ie., no preferred magnetization direction. Previous
research has demonstrated that the magnetization of a ring
structure can be rotated by 90° by electric-field-induced strain
on a PMN-PT substrate, however the rotational direction is
not deterministic [41]. Once applying the piezoelectric biaxial
strain field to a ring nanomagnet with compressive strain
direction orthogonal to the original magnetization direction,
the magnetization has equal probability of rotating CW and
CCW by 90°. When the piezostrain is released, the magne-
tization stays in this new orientation. A method for determi-
nistic magnetization control in ring structures is required for
device applications.

We start with introducing EA and HA into ring struc-
tures. A recent study by Richter et al experimentally
demonstrated shape driven domain wall motion in an asym-
metric permalloy ring structure (composed by two off-cen-
tered circles) from the geometric widest part to the narrowest
part [42]. As a first step in taking advantage of this
phenomenon, we performed micromagnetics simulations on a
ring structure with the circular outer shape and elliptical inner
shape shown in figures 4(a), (b). Note that in this geometry,
there are two widest parts along the x-axis and two narrowest
parts along the y-axis. Once the magnetization was initialized

Figure 4. The design process of the ‘cat-eye’ shape magnetic
element. (a) Micromagnetics simulation result of an asymmetric ring
with circular outer shape (500 nm diameter) and elliptical inner
shape (major axis 350 nm, minor axis 280 nm), initialized along x
direction and formed ‘onion’ state. The red arrows represent local in-
plane magnetization direction. The rainbow background color
indicates the out-of-plane component of local magnetization. (b)
Micromagnetics simulation result when magnetization fully relaxed
and moved to lowest energy state. (c) The shape of an asymmetric
ring with circular outer shape and elliptical inner shape. (d) Moving
the location of two narrowest parts CW and two widest parts CCW
in a ring structure, aiming to rotate magnetic EA and HA to produce
non-perpendicular EA and HA. The four parts of the inner shape
labeled in different color, are corresponding to the parts with same
color in four quadrants in the inner ellipse in (c). (¢) The isometric
view of the strain-mediated ME device with the ‘cat-eye’ shaped
nanomagnet on a PMN-PT substrate.

along the x-axis, the magnetization formed into the ‘onion’
state (see figure 4(a)) and automatically rotated to the two
narrowest parts along the y-axis as shown in figure 4(b). The
energy plot of this process (see supplementary figure S4)
indicates that this results in minimization of the combined
demagnetization energy and exchange energy. Since the
magnetization direction tends towards the geometric
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narrowest parts (y-axis) and away from the widest parts (x-
axis), the x-axis can be considered a magnetic HA and the y-
axis an EA for this outer-circular and inner-elliptical ring
structure. Comparing with the symmetric ring structure
composed of two concentric circles, we induced an EA and
HA into the ring structure by modifying the inner shape from
a circle to an ellipse. Note for this shape the EA and HA are
perpendicular to each other.

We further modified the inner shape of the ring structure
to achieve magnetic anisotropy with EA and HA non-
perpendicular to each other (used also in ‘peanut’ shape
design) to achieve the function of deterministic 180° mag-
netization rotation with a single piezostrain actuation. The
mechanism bridging geometric shape and magnetic behavior
is the shape driven domain wall motion away from geometric
widest part (magnetic HA) and towards narrowest part (EA).
Starting from the shape shown in figure 4(c), we moved the
location of geometric widest parts CCW and narrowest parts
CW, aiming to rotate the magnetic EA and HA. This pro-
duced a new shape as shown in figure 4(d). The four quad-
rants of the original inner elliptical shape correspond to the
four parts with same color of the modified shape. This new
shape is referred to as ‘cat-eye’ due to geometric similarity.
Figure 4(e) shows the resultant design of the strain-mediated
ME device on PMN-PT substrate. The PMN-PT substrate
provides the required biaxial strain along its crystalline
directions (compressive strain along [100] and tensile strain
along [011]).

Micromagnetics simulations were performed to validate
the ‘cat-eye’ shape design in response to the electric-field-
induced strain on the PMN-PT substrate, shown in figure 5.
There are six parameters that define the shape and affect the
magnetic behavior of the ‘cat-eye’ shape element: length of
outer shape diameter Ly, Width of the narrowest part of the
ring Lyarowesr Width of the widest part of the ring Lyidest
angle of the narrowest part Oharowess angle of widest part
Owidqest and magnetic structure thickness d. In this simulation,
Loyter = 500 nm, Luarrowest = 75 nm, Lyjigest = 120 nm,
Onarrowest = 75°, Bwigest = 30° and d = 15 nm. After magne-
tization is initialized along the 6, owes direction at t = 0 ns,
the magnetization formed into ‘onion’ state and stabilized at
t =0.5ns. Two head-to-head domain walls formed at
0 = 75° and —105° position respectively, see state I in
figure 5(a). A  piezoelectric  biaxial strain  of
Exx — Eyy = —4000 ppm was applied at 0.5ns < ¢ < 23 ns.
State II shows the magnetization distribution at # = 23 ns.
After application of piezostrain, it can be seen that the domain
walls align with the compressive strain (green arrows)
direction at 6 = 0°. From 23 ns < r < 50 ns, the piezostrain
was released and state III shows the resultant magnetization
distribution at # = 50 ns. It is shown that the magnetization
continued to rotate CW until stopping at the position 180°
from the initial condition in state I. This is due to an energy
minimization process involving demagnetization energy and
exchange energy. An energy plot for this process is shown in
Supplementary figure S6. From time ¢ = 0 to t = 50 ns, the
magnetization of the ‘cat-eye’ shape rotated CW by 180° with
a single application of piezostrain. The same biaxial strain
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Figure 5. The micromagnetics simulation results of the ‘cat-eye’
shaped nanomagnet controlled by electric-field-induced strain on the
PMN-PT substrate. (a) Magnetization distribution in four states, I
(before piezostrain was applied at = 0.5 ns, and after piezostrain
was applied twice at r = 100 ns), II (after piezostrain was applied at
t = 23 ns), III (after piezostrain was released at t = 50 ns) and IV
(after piezostrain was applied again at ¢+ = 73 ns). The red arrows
represent the local in-plane magnetization direction. The rainbow
background color indicates the out-of-plane component of local
magnetization. Green arrows indicate the direction of the applied
piezoelectric biaxial strain. () The magnetization components
change in response to the applied piezoelectric biaxial strain. my, m;,
and m3 denote the averaged magnetization component along x, y and
z-axis, respectively. The solid red line indicates the applied biaxial
strain loading as a function of time.

was applied at 50ns <7< 73ns and released at
73ns < t < 100ns. State IV shows the magnetization dis-
tribution at = 73 ns. At ¢ = 100 ns the magnetization went
back to its original state I before any strain was applied. This
confirms that the second application of piezostrain determi-
nistically drove the magnetization through a second 180° CW
rotation. Overall, a 360° magnetization rotation was achieved
from ¢t = Ons to 100ns during which the piezostrain was
applied twice. The magnetization components my, m, and m;
in response to piezoelectric biaxial strain are plotted in
figure 5(b). During the 100 ns of simulation, a 360° deter-
ministic CW magnetization rotation was achieved from two
subsequent 180° rotations, each induced by application of the
same piezoelectric strain field. A movie of the magnetization
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response during Ons < ¢ < 100ns can be found at supple-
mentary movie 2. The micromagnetics simulations demon-
strate the function of the ME device with the engineered ‘cat-
eye’ nanomagnet.

The dCSigIl parameter S Louter, Lnarrowests Lwidest’ enarrowest’
Owidest and d can be changed and optimized according to
target device function. The ‘cat-eye’ shape has a wide range
of scalability, since the ‘onion’ state exists among magnetic
rings with outer diameter from a few hundred nanometers up
to a few microns. By changing the strain rate of the applied
load, the speed of domain wall motion can be controlled. The
relative positions of the two widest/narrowest ring sections
do not have to be center-symmetric for a functioning device.
The wide availability of the design parameters increases the
applicability of the ‘cat-eye’ shape nanomagnets for various
spintronic devices.

4. Engineering principles

The engineering principles we followed in designing the ‘pea-
nut’ and ‘cat-eye’ shapes are summarized. The conventional
approach for nanomagnetic device research is: (1) bring up a
nanomagnet in a certain shape; (2) investigate its magnetic
anisotropy; and (3) design a device with this nanomagnet for a
certain function. In this article, we adopted a reversed approach:
(1) design a nanomagnetic device with a certain function (180°
magnetization switching in response to a single piezostrain
pulse); (2) determine the desired magnetic anisotropy (EA and
HA not perpendicular to each other) that leads to this type of
functionality; and (3) architect the shape of the nanomagnet to
obtain this magnetic anisotropy (through the mechanism brid-
ging geometric shape and magnetic behavior). Since the new
approach provides a guideline for engineering novel shapes for
a targeted device function, only a few micromagnetics simula-
tions are needed to fine tune the design and produce a shape
with the desired functionality.

This idea of engineering nanomagnets in novel shapes
could be implemented with computer-assisted topological
optimization techniques. The ‘peanut’ shape parametric study
(see supplementary note 1) has demonstrated that varying the
geometric shape parameters (Lmajors Lminors Omajors Ominor and
d) can affect the function of the device. These shape para-
meters can be optimized. The optimization rules can be set as
tailored magnetic anisotropy, thermal stability requirement
(>40 k;T), certain amount of applied magnetic field/piezo-
strain/spin-polarized current and magnetization switching
time, etc. After the topological optimization process, engi-
neers can find improved nanomagnet designs with optimized
device performance.

5. Discussion

In this article, we architected the shape of nanomagnets with
tailored magnetization behavior. We presented novel ‘peanut’

and ‘cat-eye’ shaped nanomagnets, both demonstrating the
ability to accomplish strain-mediated CW 180° magnetization
rotation like magnetic ratchets. Magnetic anisotropy with
non-perpendicular EA and HA can achieve deterministic 180°
magnetization switching in response to piezoelectric biaxial
strain. In order to incorporate this type of magnetic anisotropy
in nanomagnets, we modified the geometric shape based on
the mechanism bridging geometry and magnetic behavior.
The ‘peanut’ and ‘cat-eye’ shapes were then produced. A
strain-mediated ME device was designed with the ‘peanut’
and ‘cat-eye’ shaped nanomagnets and a PMN-PT piezo-
electric  substrate. ~Micromagnetics simulations  were
employed and the results demonstrated the performance of the
device, achieving deterministic CW 180° magnetization
rotation upon a single piezostrain pulse, and a total of 360°
magnetization rotation by applying the same strain field twice.

A number of challenges have been encountered by the
authors in the development of similar sized ring structures.
High resolution electron beam (e-beam) lithography is
required to precisely define the shape of the nanomagnets.
PMN-PT tends to accumulate charges during lithography due
to its dielectric properties. These charges were found to
deflect the e-beam, inducing an ill-defined structure with
notches as magnetic pinning sites. To dissipate the charges, a
conductive layer (e.g., Snm of Au) sputtered above the
e-beam resist is suggested. Besides, orientation of the nano-
magnets needs to be accurately aligned with the PMN-PT
substrate, with EA and HA in between the compressive and
tensile strain directions. However, the alignment may fail due
to the piezoelectric domains (about 1 m in size) on piezo-
electric substrate, providing uncertain strain magnitude and
direction for nanomagnets deposited on these domains [14]. A
thick (several microns) and relatively soft strain-mitigation
layer deposited above the PMN-PT and electrodes may
average the various strain fields from piezoelectric domains.
Nanomagnets could be fabricated on top of this layer. These
development efforts are ongoing.

The ‘peanut’ and ‘cat-eye’ shaped nanomagnets provide
a simple and effective design for developing future spintronic
devices, e.g. non-volatile memory bits. The engineering
principle implemented in this article starts from a target
device function down to nanomagnets in novel shapes. This
method may be coupled with topology optimization techni-
ques to achieve optimized nanomagnet shapes. This approach
opens a broad design space for next generation spintronic
devices with nanomagnets in novel shapes taking advantage
of magnetic shape anisotropy.
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