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ABSTRACT OF THE DISSERTATION

Deterministic control of magnetism by multiferroic magnetoelastic effect

at the nano- and micro-scale

by

Hyunmin Sohn
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2017

Professor Robert N. Candler, Chair

Ferromagnetic materials are being incorporated into a wider range of emerging
applications of nanotechnology, which include memory, nanotweezers, microfluidics, and
biomedical applications. These newer applications exploit the favorable scalability of the
permanent magnetic diploes due to their relatively large energy density, in addition to their
compatibility with fluidic environments. Previously, two major approaches have been studied to
adapt magnetism at the nanoscale/microscale: scaling current-based magnetic coils, and
employing external magnetic fields. However, Joule heating causes significant limitations in
current-based magnetic devices, as devices are miniaturized below the microscale due to reduced
efficiency and challenges of heat dissipation. Use of external magnetic field control requires

external magnetic sources such as permanent magnets or electromagnetic coils, which do not



provide control at the individual element-level control and limit overall system scalability.
Therefore, control of magnetism is one of the major challenges when scaling magnetic systems

below the microscale

This work demonstrates a new approach to control of magnetization, or magnetic states in
ferromagnetic structures using electrically generated strain. Strain coupling can be achieved by
building ferromagnetic structures on piezoelectric substrates, which are called multiferroic
heterostructures. Magnetic states at the nano- and micro-scale are investigated with finite
element analysis (FEA) models. The magnetoelastic coupling of the magnetic states and
electrically generated strain are numerically predicted by a FEA that fully couples Landau-
Lifshitz-Gilbert micromagnetics with elastodynamics. This simulation results are validated by X-
ray magnetic dichroism photoemission microscopy (XMCD-PEEM), and magnetic force
microscopy (MFM). This work provides a new pathway to develop energy efficient magnetic

manipulation techniques at the nanoscale.
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CHAPTER 1
INTRODUCTION

1.1 Control of magnetism at the small scale

With advances in the understanding of fundamental magnetism, technological
applications of magnetism have become an integral part of modern life. It is not hard to find
magnetic applications in our daily life, such as high-power electro-motors, generators, hard
drives, medical magnetic resonance imaging (MRI), and magnetic levitation trains. With a
growing demand for portable electronics in recent years, researchers seek for a way to adapt the

prevalent electromagnetism at the micro- and nano- scale.

Recently, ferromagnetic materials are being considered for a wide range of emerging
nano- and micro- applications, such as magnetic-based memory[1, 2], nanotweezers[3, 4],
microfluidics[5, 6], and biomedical applications[7, 8], due to their ability to maintain
spontaneous magnetization, provide relatively large energy density[9], and their compatibility
with operation in fluids. Despite the growing need for magnetism at the small scale, control of
magnetism at this level is still one of the challenging engineering problems. In this work, we
demonstrate a scalable and energy-efficient way to control magnetism at the

nanoscale/microscale.



1.1.1 Previous approaches

Previously, two major approaches have been studied to adapt magnetism at the
nanoscale/microscale: scaling current-based magnetic coils[10], and employing external
magnetic fields[6, 11]. However, Joule heating causes significant limitations in current-based
magnetic devices, as devices are miniaturized below the microscale due to reduced efficiency
and challenges of heat dissipation. Use of external magnetic field control requires external
magnetic sources such as permanent magnets or electromagnetic coils, which do not provide
control at the individual element-level control and limit overall system scalability. Therefore, the
conventional control of magnetism has an apparent limit when scaling magnetic systems below

the microscale.

1.2 Strain-mediated multiferroic heterostructures

Multiferroics is the study of materials, composites, or laminates that possess more than
two ferroics properties, such as ferroelectricity, ferromagnetism, ferroeleasticity and
ferrotoroidicity. Two major categories of multiferroics exist: single-phase multiferroics and
multiferroic heterostructures. The history of multiferroics started with exploring single-phase
materials that exhibit high ferroic properties. However, single-phase multiferroic materials
intrinsically show the weak coupling between ferroic orders. Later, multiferroic heterostructures
were created by integrating ferroelectric and magnetic materials through the exchange of elastic,
electric, and magnetic energy[12]. Among many types of the multiferroic heterotructures, the

development of strain-mediated multiferroic heterostructures has shown promising results that



are able to maximize electromagnetic coupling at the small scale[13-16]. Researchers combined
ferroelectricity and ferromagnetism that are coupled via strain, called strain-mediated

multiferroic coupling. The conceptual coupling diagram is shown in Figure 1.

Strain-mediated multiferroic heterostructures consist of piezoelectric and magnetoelastic
materials that are coupled via strain transfer at their interfaces. Instead of using electric current or
an external magnetic field to manipulate magnetization in the material, multiferroic composites

use a piezoelectrically generated strain to control magnetization in nano/microstructures[17-25].

Because most of the previous studies adapted single crystal piezoelectric materials that
generate a large piezoelectric strain along specific crystallographic directions[25, 26], the control
of magnetism was confined by the crystallographic directions, with a lack of isotropic
controllability. More recently, researchers suggested a way to generate isotropic strains with
surface patterned electrodes on polycrystalline piezoelectric ceramics[27-30]. However, no
experimental work to date has verified this type of control of magnetization in micro- and

nanoscale structures.

Ferroelectric Ferromagnetic

Electrostatic

field Magnetization

P: polarization
E: electric field

H: magnetic field
M: magnetization

Strain

Figure 1 Diagram of strain-mediated multiferroic magnetoelectric coupling[13]



1.2.1 Magnetostrictive materials

Magnetostriction is a phenomenon found in ferromagnetic materials, such as Fe, Co, Ni,
and their alloys. Ferromagnetic materials in a magnetic field rearrange their crystal structures so
that an easy axis of magnetization is aligned with the field to minimize the free energy, which

causes a mechanical displacement. This is quantified by the magnetostrictive constant, A, defined
as the fractional mechanical displacement (Al/l). Depending on ferromagnetic materials, their

magnitude and sign of magnetostriction constant are different. In Table 1, magnetostriction
constants for selected ferromagnetic materials are shown. Th-Dy-Fe alloy, Terfenol-D, exhibits
the highest magnetostriction (A¢ = 996 ppm) but suffers from its brittle and highly reactive
properties. Fe-Ga alloys, called Galfenol, have also been discovered to show a large
magnetostriction up to 400 ppm. These rare earth alloys are promising candidates to maximize
the magnetoelectric coupling in the multiferroic composites but still need more investigation on

thin film deposition and microfabrication.

Reciprocally, applying a strain or stress on a magnetic material can change the magnetic
energy landscape and change preferred magnetization directions. This effect is also called Villari
effect. The Villari effect is the key to control magnetism in strain-mediated multiferroic
composites. Applying a mechanical strain on a ferromagnetic material generates a

magnetoelastic energy. The magnetoelastic energy in isotropic materials is given as

Epe = — %ASES cos? 0 (1)



, Where A is saturation magnetostriction, E is Young’s modulus, 6 is the angle between the
magnetization and strain, and s is the applied strain. The sign of A, determines whether

magnetization favors compressive strain or tensile strain.

In single crystals, the magnetostriction is anisotropic, which depends on the direction of
the crystal axes. Independent magnetostriction constants are defined along the principal axes, and
the magnetostriction constant in other directions is calculated by a linear combination of the
independent constants. For examples, in cubic materials, two independent 4,4, and 1,,; are

measured along the <100> and <111> directions, respectively.

Table 1 Magnetostriction constants for different materials

Metal Magnetostriction constants [ppm]
A100 M1 As
Fe 21 -21 -7
Ni -46 -24 -34
FeaxGax (0.17<x<0.19)
320 - -
[31]
Tbo.3Dyo.7Fe2 90 1600 996




1.2.2 Piezoelectric materials

Piezoelectric materials can create a mechanical deformation with the application of an
electric field. They also work in reverse, changing electric polarization with a mechanical strain

or stress. The piezoelectric effect was first discovered by Pierre and Paul-Jacques Curie in 1880.

The crystallographic symmetry of materials plays an important role in the piezoelectric
effect. The piezoelectric effect is only observed in non-centrosymmetric crystals. However, not
all non-centrosymmetric crystals show the piezoelectric effect. Of the 21 non-centrosymmetric
crystal classes, 20 classes may exhibit the piezoelectricity. Among the piezoelectric crystal
classes, 10 of them are pyroelectric, which possess spontaneous electric polarization, or net
electric dipole moment, that varies with temperature. If spontaneous electric polarization in a
pyroelectric material can be switched by an external electric field, this is classified in
ferroelectric materials. Ferroelectric materials possess spontaneous polarization that strongly
couples with crystal structures and mechanical deformation, and the polarization can be

controlled by an external electric field.

Ferroelectric crystals and ceramics are widely used for many applications due to the
linear electromechanical relationship. Ferroelectric ceramics consist of randomly oriented
ferroelectric crystal grains. Due to their polycrystalline structure, the macroscopic piezoelectric
constant is usually lower than that of ferroelectric crystals. However, compared to ferroelectric
crystals, which require complicated growth processes, ferroelectric ceramics are much less
expensive. In addition, because ceramics are macroscopically isotropic, ferroelectric ceramics

can be used to generate isotropic strain with an external electric field.



Various ferroelectric crystals that show a giant piezoelectric effect have recently been
discovered, such as PZN-PT and PMN-PT relaxor single crystals[26]. It was also shown that a
giant piezoelectric response can be observed by poling a ferroelectric crystal along certain

crystallographic directions[26].

The piezoelectric response can be calculated using the piezoelectric constitutive equations:

strain-charge form as

S=sg-T+d"-E (2)
D=d-T+¢gg-E (3)

, Where S is the strain, T is the stress, E is the electric field, and D is the electric displacement
field, se is the material compliance, d is the piezoelectric coupling coefficient, and &g is the

electric permittivity.

1.3 Micromagnetic simulations

Magnetic states in ferromagnetic structures at the small scale varies with their geometry.
We characterize and model the formation of magnetic states as a function of geometry using
micromagnetic object oriented micromagnetic framework (OOMMEF) simulations. With selective
magnetic states, we use a fully coupled finite element analysis model to predict the

magnetoelastic coupling in multiferroic heterostructures.

Both of the two simulations calculate the equilibrium magnetization based on Landau-
Lifshitz-Gilbert (LLG) equation. The LLG equation is a differential equation that describes the
dynamics of magnetization in a magnetic structure, which is given as

7



—

oM — = —  9M
= —uOnyHeff+a(M XE) (4)

where u, is the permeability of free space, y is the Gilbert gyromagnetic ratio, a is the Gilbert
damping constant, and M is the normalized magnetization. The effective magnetic field, ﬁeff,
includes contributions from the external field (ﬁext), exchange field (ﬁex), demagnetization field

(H,), and magnetoelastic field (H,,.) effects. It should be noted that due to the negligible
magnetocrystalline anisotropy in polycrystalline magnetic materials, the magnetocrystalline

anisotropy field is ignored in the effective magnetic field.

1.3.1 Object Oriented MicroMagnetic Framework (OOMMF)

OOMMF is used to study the geometric dependent formation of magnetic states in micro
magnetic structures [32]. OOMMEF determines the equilibrium magnetization of an object by
locally and globally solving the LLG equation at distinct locations along a three-dimensional
meshed grid of magnetic structures. The magnetization of each unit cell has three degrees of
freedom. Additionally, the exchange stiffness constant, A, and the saturation magnetization, Ms,
are specified in the modeling. Simulating a saturating magnetic field along one lateral axis
saturates the magnetization in the structures. When the field is removed, the magnetic state
evolves by an energy minimization process until the equilibrium state is achieved. We consider
only exchange and demagnetization energies in the total magnetic energy and ignore the effect of
magnetocrystalline energy. The magnetocrystalline anisotropy energy in polycrystalline
magnetic materials, which is the case for this study, is relatively negligible compared to other

energy terms.



1.3.2 Finite element analysis of magnetoelastic coupling

We use the numerical method[33] based on finite elements to fully-couple micromagnetic
simulations with elastodynamics in finite size 3D structures. The weak forms of micro-magneto-
electro-mechanical coupled equations are solved using finite element methods with an implicit
backward differentiation formula (BDF) time stepping scheme. In order to decrease solution time,
the system of equations with the dependent variables is solved using a segregated solution
approach, which splits the solution process into sub-steps using a damped Newton’s method. For
all numerical problems, convergence studies (i.e., mesh size and time steps) were evaluated to
ensure accuracy. The element size was chosen to be comparable to the exchange length and the
substrate and air were considered in the analysis. This coupled model provides an approach to
simultaneously solve the full strain and micromagnetic spin distribution in the composite system

as a function of position and time.

In order to adequately predict the magnetization states of the ferromagnetic ring
structures as a function of electric field, it is necessary to model the magnetization dynamics
using the LLG equation along with the mechanical stresses and strains via the equations of
elastodynamics in the rings. For the substrate on which the rings are deposited, a piezoelectric
model accounts for electric field effects using a quasi-static electric field approximation and for
displacement phenomena with the elastodynamics equations. The electrostatic assumption only
eliminates coupling with magnetic field components and does not limit the applicability of this

model to predict the dynamic response presented in this paper.

The theoretical framework for this problem reduces to seven coupled partial differential

equations (PDEs) that solve for magnetization, displacement, and magnetic potential in the



ferromagnetic rings and four coupled PDEs for the displacement and electric potential in the
piezoelectric substrate. Modeling assumptions include small elastic deformations, linear
elasticity, magnetostatics, electrostatics, and negligible electrical current contributions. The

governing elastodynamic equations are

0% =
p a—t” —V-a=0 (5)
where p is the density, o is the stress tensor, 4 is the displacement vector, and t is time. The LLG

micromagnetic relation in Equation (4) represents the second set of equations

The quasi-static Ampere’s law is Hy = —V¢,, where H, is the demagnetization field
vector and ¢,,, is the magnetic potential. This factor contributes significantly to the dipole-dipole
coupling and the effective field in the LLG equation. Combining this equation with the

divergence of magnetic induction equal to zero and the constitutive relation, B= uo(ﬁ + 1\7)

produces an equation for ¢,, in terms of the magnetization M. The magnetization couples with
the effective magnetic field through this demagnetization term. Further, substituting the
constitutive relations into the elastodynamics and LLG equations produces a cross-coupled set of

non-linear equations relating the displacements, the magnetization, and the magnetic potential as

follows:
pZE-v-c[E i+ (W)")|+ V- c(a¥iuT) =T ©6)
B = oy (M x (Hoxe + Hou(W) + Fa(b) + Fanis () + Fie (4, )) + x (1 x 31
(7)
V2pm = Ms(V-m) (8)

where C is the stiffness tensor and A" is the magnetostriction tensor.

10



In a similar fashion to the magnetic potential, the quasi-static Faraday’s Law implies that

E = —Vg, where E is the electric field and @ IS the electric potential. This equation coupled
with Gauss’s Law and a proper constitutive form provides for piezoelectric coupling within the
model. COMSOL is used to solve the weak form of these systems of partial differential
equations. This multiphysics solution produces point wise values for the mechanical
displacement, electric potential, magnetic potential, and magnetization throughout multiferroic

heterostructures.

1.4 Magnetic characterization techniques

There are various metrological techniques to measure nano- and micro- magnetization
(Table 2). The magnetic characterizations can be classified into two types: invasive and non-

invasive measurements.

The invasive measurements include superconducting quantum interference device (SQUID),
vibrating sample magnetometer (VSM), and magnetic force microscopy (MFM). These are not
able to visualize or image the orientation of magnetization. However, MFM is able to indirectly
image magnetization using magnetic interaction between magnetic stray field from the sample
and a magnetic tip on the tool. SQUID, and VSM are able to measure M-H curves with an
external electromagnet.

Magneto-optical Kerr effect (MOKE), X-ray magnetic circular dichroism-photo emission
electron microscopy (XMCD-PEEM), Lorentz transmission electron microscopy (Lorentz TEM),
and scanning electron microscopy with polarization analysis are metrologies that provide direct
imaging of magnetism. Except MOKE, for which resolution is limited by light diffraction, the

11



resolution of the direct techniques can resolve tens to hundreds of nanometers. However, they
require sophisticated systems, such as sources of fine X-rays or fine electron beams.
In this work, we use MFM and XMCD-PEEM to study magnetism in the multiferroic

heterostructures.

12



Table 2 Magnetic characterization techniques.

Type Name Source Resolution Measuring
Electromagnet +
superconducting loop
SQUID ~5u0e M-H loop
with 2 Josephson
junctions
Invasive
Electromagnet +
measurements VSM ~0.5uemu M-H loop
voltage pickup coil
Stray magnetic field
A few Magnetic contrast
MFM emitted from a
nanometers images
magnetized tip
Linearly polarized M-H loop, magnetic
MOKE ~1um
light contrast images
XMCD- Tens of Planar magnetic
Polarized X-rays
PEEM nanometers contrast images
Non- Quantitative
invasive SEMPA E-beam 10 ~50 nm | magnetization in the X,
meaurements y, and z axis
Distribution of
Lorentz transmitted electrons
E-beam ~10 nm
TEM that are affected by

Lorenz force

13




1.4.1 Magnetic force microscopy

Magnetic force microscopy is one of the scanning probe microscopy (SPM) techniques
that scans the surface of a sample with a magnetized tip and measures the magnetic interaction
between the tip and the stray field coming from the sample. Basically, the MFM tip is mounted
on a piezoelectric holder and oscillates at its resonant frequency. A laser beam reflects off the
surface of the tip to a photodiode detector that measures the response of the tip. By scanning the
tip over the surface of a sample, the photodiode detects shifts in phase (phase detection mode),
resonant frequency (frequency modulation mode), or oscillation amplitude (amplitude mode)
caused by magnetic interaction between the tip and the sample. The shifts are used to construct

magnetic structures in the sample. The schematic of MFM is shown in Figure 2a.

MFM can easily visualize simple submicron scale magnetic structures, such as magnetic
single-domain as shown in Figure 2c. However, since MFM only senses the stray field from a
sample, not direct magnetizations of the sample, it is an indirect measurement. Therefore, it is
not suitable for imaging complex magnetic structures. Also, MFM might cause an undesired

change in the sample due to the magnetic field emanating from the tip.

14



MFM

Cantilevertip

Magnetic

coating / \ Cantileverpath

- U1 ]=] 8]

Magnetic
domain

Figure 2 Schematic of MFM and its images (a) Detecting magnetic interaction between the stray
field from the sample and the magnetic tip (b) MFM image of 1 pm Ni rings forming magnetic
domain at the top and bottom. (¢) MFM image of a magnetic single-domain in 400 nm Ni disks.

1.4.2 X-ray magnetic circular dichroism-photo emission electron microscopy

X-ray magnetic circular dichroism-photo emission electron microscopy (XMCD-PEEM)[34,
35] is a direct measurement of the magnetization in a sample. In XMCD-PEEM, two opposite
circularly polarized x-rays have different x-ray absorption spectra depending on the
magnetization direction in a sample. This difference in x-ray absorption maximizes when the X-
ray energy is tuned at the L3 absorption edges for the 3d transition metals such as Fe, Co, and Ni.
When the X-rays are absorbed by the sample, 2p electrons are excited to unfilled states in 3d
level which bears magnetic configuration. By following Auger processes and inelastic electron
scattering, secondary electrons that hold the spin and orbital moments are emitted from the

15



sample to vacuum and collected by the PEEM optics. The PEEM optics analyze the collected
electrons and image nanoscale magnetizations. Depending on the magnetization direction in the
sample with respect to the X-ray propagation direction, the PEEM optic generates magnetic
contrast. Magnetization that is parallel to the X-ray propagation direction appears either black or
white, and magnetization that is normal to the X-ray shows gray. The several PEEM images are
shown in Figure 3. In Figure 3a, b, the magnetic states have a magnetic flux closure form and are
observed as a circular color gradient. In addition, magnetic onion state, which has two half
circular magnetizations heading toward one direction, is shown in Figure 3c.

The resolution of XMCD-PEEM can go down to 30 nm spatial resolution [36]. However,
it requires fine X-ray sources, which typically are generated by a synchrotron. Therefore, access
to XMCD-PEEM is limited. Some of the facilities with XMCD-PEEMs are Advanced Light
Source in Lawrence Berkeley Lab, USA; Swiss Light Source in Paul Scherrer Institut,

Switzerland; SOLEIL in Paris, France; BESSY Il in Helmholtz Zentrum Berlin, Germany.

16



PEEM Orientation

Landau state

Vortex state

o . I

Figure 3 XMCD-PEEM images of Ni microstructures (a) 2 um x 2 um Ni square showing
Landau closure state (b) 2 um outer diameter (OD)/1 pm inner diameter (ID) Ni ring presenting
vortex state; (¢) 2 um OD/ 1.4 um ID Ni ring demonstrating magnetic onion state.
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CHAPTER 2
NICKEL THIN FILM MICROSTRUCTURES

2.1 Magnetostrictive material: Nickel

Ni belongs to the 3d-transition metal group and exhibits ferromagnetic properties at room
temperature. Saturation magnetization of Ni is 486 emu/cc, exchange stiffness, 9 x 1012 J/m, and
exchange length, 7.72 nm. Ni behaves like a paramagnetic material above its Curie temperature,

355°C. Ni is also known for a magnetostrictive material. Its magnetostriction constants are
)\100 = _46 X 10_6 and )\111 = _25 X 10_6
Ay = —34 x107°

where A, and A;;; are the magnetostriction constant in [100] and [111] directions, and A, is the
saturation magnetostiction. This implies that Ni contracts in the direction of magnetization for
any direction. By inverse magnetostrictive effect, magnetization in Ni also changes its preferred

directions with an applied strain, favoring a contraction.

Among many magnetostrictive materials, thin film Ni is chosen in this study for initial
characterization of magnetoelastic coupling behavior. Ni has a decent magnetostriction, creating
an easy axis along compressive strain. In addition, unlike other metal alloys, Ni is relatively easy

to process and fabricate.
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2.2 Magnetic states in thin film structures

Magnetic thin film structures possess interesting properties. Since out-of-plane
magnetization is restricted by its high demagnetization factor, magnetic anisotropy is mostly
favorable in-plane. Because of the fewer degrees of freedom, control of magnetization in thin
film structures is predictable and deterministic, which are very important in many applications

such as magnetic storage, magnetic spintronics, and magnetic sensors.

At the macro scale, magnetic structures are mostly in multi-domain states. At the micro-
and nanoscale, forming multi-domains comes with higher exchange energy cost, and thin film
structures start to possess more uniform magnetizations. In magnetic ring structures, magnetic
“onion” state and vortex state are observable. In magnetic disk and ellipse structures,
homogenous magnetic domain, a magnetic single-domain state, is created and emits stray field
like a bar magnet. These magnetic states can be useful because they can store a bit data and has

ability to interact with external magnetic particles.

2.3 Magnetic states in Nickel ring structures

Ferromagnetic ring elements have been studied for their symmetric shape (yielding well-
defined and stable magnetic states), as well as their varied magnetic states[37]. At the large scale
(feature size > 4 pum), magnetic states in ring structures show multi-domain states (Figure 4c).
One interesting magnetic state available to the ring geometry is the magnetic “onion” state,
which is observed at the micron- or submicron-scale (Figure 3c and Figure 4b). A remnant onion

state can be formed under certain geometric and material constraints by applying a saturating
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magnetic field along an in-plane direction and then releasing the applied field[38]. The onion
state possesses two opposite circular magnetizations, and their direction depends on the previous
magnetization process. Due to its ability to maintain a magnetic state with no applied field, a few
studies have attempted to manipulate the onion state for possible application in magnetic
memory[39]. Reorientation of the onion state requires energy to overcome an energy barrier at

its energy minimum[18].

Another state that is observed with the onion state is the vortex state (Figure 3b and
Figure 4a). This vortex state is observable in the ring structures with wider width. However, due
to its closure form of magnetization, it has very small magnetic energy to emit any stray field, or
to interact with outer environment. Therefore, in this study, we limit our scope to the

characterization and control of onion state.

- Scaling down
PSR~
Vortex state

Onion state
Multi-domain states

Figure 4 PEEM of magnetic states in Ni ring structures with different geometries. (a) Magnetic
vortex state in a Ni ring with 2.0 um outer diameter(OD)/1 um inner diameter(ID). (b) Magnetic
onion state in a Ni ring with 2.0 um OD/ 1.4 um ID. (¢) Magnetic multi-domain states in Ni rings
with 4.0 um OD/ 2.0 um ID
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2.3.1 Characterization

To reliably obtain an onion state, we first characterize and model the formation of onion
state as a function of ring geometry both experimentally and with conventional micromagnetic
OOMMEF simulations[32]. Using electron-beam lithography, we fabricate a number of
ferromagnetic Ni rings (15 to 45 nm thick) with outer diameters (OD) ranging from 1 pum to 2
pm while systematically varying the ring widths (W) from 650 nm to 150 nm. XMCD-PEEM
[34, 35] is used to obtain magnetic contrast images of the ring structures.

Prior to PEEM imaging, each magnetic ring sample is initialized with a 3 kOe external
magnetic field, which is sufficiently large to saturate magnetization in Ni, to create an onion state.
The stability of the onion state upon removal of the initialization field depends on the ring
dimensions[40]. OOMMF micromagnetic simulations[32] were used to calculate the minimized
magnetic energy density as a function of the W/OD ratio after initialization in 30 nm thick rings
with an OD of 1.0, 1.5, 2.0, and 4.0 pum (Figure 5a) and in 15 nm thick rings with an OD of 1.0
and 2.0 um (Figure 5b). For the 30 nm thick rings (Figure 5a) we observe three distinct energy
density minima regimes with decreasing W/OD for each OD value: 1) the vortex state (i.e. where
the ring magnetization is circularly oriented along the circumference with no domain walls) in
the bottom right corner (shaded in green) representing the lowest total energy density on the plot,
2) the onion state in the middle of the figure (not shaded) that contains vortex-like domain walls,
and 3) the onion state in the upper left of the figure (shaded in blue) which contains transverse-
like domain walls and has the largest total energy density.

Figure 5c-e show XMCD-PEEM images while Figure 5f-h show simulated
micromagnetic images for 30 nm thick, 2 um OD rings with widths varying from 200 nm to 650

nm following initialization (as indicated on Figure 5a). The exchange (favoring parallel domains
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and local alignment of the magnetization) and demagnetization (favoring closure domains and
minimization of the stray magnetic fields) energies are the dominant contributions to the total
energy shown in Figure 5a and these compete to rearrange the micromagnetic magnetization
properties of the Ni rings into the lowest accessible energy state as indicated by the three regions
of Figure 5a. In the initialized state, there is a high local energy density associated with the ends
of the onion state where the magnetization vector fields point towards a ring wall (a large
demagnetization component). The redistribution of this high local energy density, upon removal
of the external 3 kOe magnetic field, is dependent upon the W/OD parameters of the ring. The
gradient of the local energy density relative to the energy density of a slightly perturbed
magnetization configuration represents the driving force on the magnetization causing it to move
to a stable or metastable state (i.e. if a slightly different magnetization configuration than the
current state has lower energy, the system experiences a force pushing it toward the new state).
The large initial demagnetization energy in wider rings dominates the exchange energy
component driving the ring into the vortex state (Figure 5e and h and bottom right of Figure 5a).
This vortex state forms because the demagnetization energy required to rotate the magnetization
180° for a wide ring is relatively low compared to the exchange energy. The high local energy
density of the initialized state can overcome the local exchange energy barrier and the
magnetization along one half of the ring flips direction producing a vortex ring state.

As the ring width narrows, the demagnetization energy required to rotate the
magnetization 180° becomes higher. This causes the perturbation states associated with rotating
the magnetization past a wall to be relatively high. As the ring width narrows to approximately
W/OD = 0.3 the driving force supplied by the demagnetization energy to rotate the

magnetization no longer overcomes the exchange energy and extrinsic domain wall pinning due
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to edge roughness leaving the ring in an onion state once the field is removed (Figure 5c, d, f, g).
The high energy density tends to redistribute into a local vortex domain wall. As the W/OD ratio
decreases further, the gradients between neighboring states continues to decrease and the onion
state itself becomes metastable (i.e. two possible domain wall types: vortex and transverse).
While these simulations show a transition between the domain wall type (vortex to transverse
domain wall) as a function of the ring geometry, they do not account for thermal effects which
can influence the nature of the domain walls at room temperature[41]. This, coupled with the fact
that the PEEM resolution limits our ability to identify the precise type of domain walls we obtain
in thinner rings that are 30 nm thick, means we cannot conclusively state where the precise
vortex to transverse domain wall transition occurs. Nevertheless, the simulations shown in Figure
5a are in qualitative agreement with our PEEM imaging measurements and the results confirm
stable onion states are achievable in 30 nm thick Ni rings with W/OD < 0.3 as identified by the
model in Figure 5a.

The OOMMEF simulations[32] of the 15 nm thick rings (Figure 5b) do not show a W/OD
dependence between onion states and vortex states in either the 1 pum or 2 pm OD rings up to a
WI/QOD of 0.4. Instead, in all cases an onion state with transverse domain wall type is observed.
These thinner rings are exchange dominated and do not possess the requisite demagnetization
energy required to flip the magnetization direction radially past a ring wall. From Figures 2a and
2b we find that the properties of the onion states are dependent on the ring thickness[42] with
thinner rings having a higher probability to form transverse domains (Figure 4c, f). Our OOMMF
model confirms a previous study[43] that found transverse domains produce stray magnetic

fields with larger magnitudes as indicated by the higher energy densities.
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Figure 5 Initializing a stable onion state (a,b) The total energy density (assuming room
temperature constants) calculated from micromagnetic simulations of (a) 30 nm thick, 1, 1.5, 2,
and 4 pm OD rings and (b) 15 nm thick, 1 and 2 um OD rings as a function of W/OD after the
application and removal of a 3 kOe field in the absence of a thermal environment. In () the three
distinct regions (highlighted in green, white, and blue) correspond to the three possible initialized
magnetization states: a vortex state, an onion state with vortex domains, and an onion state with
transverse domains. Dashed lines are a guide to the eye. (c-e) XMCD-PEEM images taken at
room temperature of 30 nm thick, 2 um OD rings with widths of 200, 300, and 650 nm,
respectively. (f-h) Complementary micromagnetic simulations for rings with identical geometries
in parts (c-e). Black and white contrast orientation is identical to PEEM images and the red and
blue colored arrows indicate the magnetic orientation of individual grid elements from the
micromagnetic simulation. The yellow circle, pink star, and black square indicate where each
simulated geometry (and W/OD ratio) is located on the graph in part (a).
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2.4 Magnetic states in Nickel disk structures

In a similar way as Ni ring structures, Ni disk structures create multi magnetic domains at
the micron scale. SD states in thin film ferromagnetic disks are achievable when the devices are
scaled to sub-micron length scales (Figure 6). The critical size to form a SD state depends on the
exchange length, saturation magnetization, and shape anisotropy of the material. For a 15nm
thick Ni disk, a SD state starts to form in disks with diameter less than 400 nm[44]. The SD state
in thin film disks possesses several useful properties for magnetic applications. First, due to its
homogeneous configuration of magnetization, the magnetic single-domain emits a stray
magnetic field at opposing sides of the disk, creating a dipole field for interaction with the
external environment (Figure 6). Second, the ferromagnetic structures have non-volatile,
spontaneous magnetization, which can serve as a constant magnetic source. In addition, due to its
symmetric circular shape, the disk structure does not possess shape anisotropy in the azimuthal
angle or any preferential easy axis in-plane. Therefore, we can achieve isotopic rotation of SD

states in the disks.

The magnetic energies that influence the SD state in the Ni nanodisks are the
magnetocrystalline energy, exchange energy, demagnetization energy, and magnetoelastic
energy. In this study, Ni disks are deposited by electron-beam evaporation and form
polycrystalline structures, which means the macroscopic magnetocrystalline anisotropy energy is
negligible compared to the other energy terms[45]. Therefore, creation of a magnetic SD state in
Ni disks can be determined by an energy minimization process and balance between the
exchange energy and demagnetization energy. After applying a saturating magnetic field, the

initial homogeneous magnetization in disk structures produces a large internal demagnetization
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field that tends to create multi-domains or a vortex state to reduce the large demagnetization
energy, which comes with increase of the exchange energy. Below a certain size scale, the
exchange energy dominates the demagnetization energy, reducing the favorability to form multi-

domain states.

Figure 6 shows the magnetic SD state in a Ni disk with 15 nm thickness and 400 nm
diameter using OOMMEF. Near the edge of the disk where the magnetic field comes in and out,
the magnitude of maximum magnetic field shows 2.8 kOe. This is sufficiently high to interact

with outer environment, such as magnetic particles.
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Figure 6 Magnetic single-domain state in a Ni disk with thickness of 15nm and diameter of 400
nm The result is obstained by Object Oriented MicroMagnetic Framework[32] (OOMMF).
Saturation magnetization Ms= 485 emu/cc, and exchange constant A= 9.0 x 10-12 J/m are used
in the simulation, and the disk emits maximum stray magnetic field of |Hmax|=2.8 kOe.

26



2.5 Control of magnetization in thin Ni structures with mechanical strain

By applying strain to magnetization, we can reshape the energy landscape through
control of the magnetoelastic energy. For polycrystalline thin film structures, we can assume in-

plane isotropic magnetoelastic energy, given as

Eme = — Z/’ISE(sx cos? 0 + s, sin?0) = — %ASE[(sx —sy) cos? 6 + s, (6)

, Where A iIs saturation magnetostriction, E is Young’s modulus, 6 is the angle between
magnetization and strain, and s, and s,, are strain in x, and y, respectively (Figure 7a). If the
applied strain provides sufficient energy to overcome the local energy barrier that is imposed by
the current exchange energy and demagnetization energy, the magnetization will realign toward
the new easy axis formed by the strain. To more effectively drive the SD states, we calculate the
optimal control angle to apply a strain with respect to a magnetic single-domain. This is found

by the magnetoelastic effective field,

1190
Uo T 00

~ ~3 11 .
(—VEpe)0 = —HEH—O;ASE(SX —s,)sin26 (7)

Hie =~ VEme. =

This effective field is the local field that the disks experience due to the applied strain. The
magnetic effective field is a function of (sx - sy) and sin 26. The maximum magnitudes of the
field are at £45°, or £135°. In addition, the effective field can be increased by a larger strain
difference, (sx — sy). Therefore, applying different polarity of orthogonal strains with (sxsy <
O) at +45° or -45° toward a magnetic single-domain maximizes the initial effective field that help

overcome the local energy barrier and reorient the magnetization toward the new easy axis. For

example, the magnetoelastic energy and magnetoelastic effective field for (sx — sy) < 0 and
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A < 0 are shown in Figure 7b. In this case, the minimum E, ., or easy axis, is created along the

x axis, and the maximum effective field is generated when magnetization with 8= £45°, £135°.

Eme.
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Figure 7 Calculation of the optimal angle to apply strain toward magnetization (a) Orientations
of strain and magnetization (strain in X, s,, strain in y, s,, magnetization, m, and angle
between s, and m, 8) (b) Orientations of the easy and hard axis when (sx - sy) < 0and A, < 0.
The easy and hard axis are created along the x and y axis, respectively (c) The magnetoelastic
energy and magnetoelastic effective field for (sx - sy) < 0and A, < 0. Magnetization at +45°
experiences the maximum effective field of F|Hmax|@ toward the closest easy axis, the +x axis.
If the magnetization was closer to the hard axis, away from +45°, the effective field decreases. At
+90° (i.e., the hard axis), and the magnetization is in a metastable equilibrium state. The
magnetization at the hard axis rotates either clockwise or counter-clockwise with a small
disturbance, which makes rotation non-deterministic.
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CHAPTER 3
CONTROL OF MAGNETIZATION USING PMN-PT SUBSTRATES

3.1 PMN-PT-based multiferroic heterostructures

Single crystal lead magnesium niobate-lead titanate, [Pb(Mg13Nb2/3)Os]x -[PbTiO3](1-x)
(PMN-PT, x = 0.34 in this study) is known to exhibit a high piezoelectric effect. Unlike
piezoelectric ceramics, which are made of small grains and not efficient to respond to electric
fields, PMN-PT is made of single crystal and generates large piezoelectric strain with response to
an applied electric field. This makes suitable piezoelectric materials to initially seek for the

possibility to manipulate magnetization in magnetic structures.

In this work, [011]-cut PMN-PT bulk substrates are used to generate large in-plane strain.
The strain curve in Figure 8 is measured using two strain gauges (Vishay EA-06-062AP-120)
that are attached on the surface of a 500 pm thick PMN-PT substrate along the two major crystal
directions, [011] and [011] directions. The polarity of ds1 and ds2 [011]-cut PMN-PT is opposite,
generating anisotropic strain in-plane. With a 0.8 MV/m of electric field across the 500 pm thick
PMN-PT, 1300 ppm of tensile strain in [011] direction and -4000 ppm of compressive strain in

[001] are generated (Figure 8).

We fabricate an array of ferromagnetic Ni rings with varying outer diameters (OD) and

widths (W) on the surface of a Pt-coated (front and back) 500 um thick PMN-PT substrate. The
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Pt acts as an electrode for the PMN-PT substrate. XMCD-PEEM[34, 35] is used to obtain

magnetic contrast images of our multiferroic heterostructures (Figure 9b)
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Figure 8 Strain curve of [011]-cut PMN-PT substrate measured with strain gauges
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Figure 9 PMN-PT-based multiferroic heterostructure and experimental method, PEEM: (a)
Schematic of a multiferroic heterostructure consisting of ferromagnetic Ni rings fabricated on the
Pt-coated surface of a PMN-PT substrate. (b) The magnetic properties of the Ni rings are
observed by XMCD-PEEM with an in-situ out-of-plane electric field applied across the substrate

as indicated
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3.2 Fabrication process

A 10 mm x 10 mm x 0.5 mm (011)-cut [Pb(Mg13Nb2/3)Os]o.es-[PbTiOz]o.3s (PMN-PT
from TRS Technologies) substrate is used as a piezoelectric material. On the top and bottom of
the PMN-PT substrate, 5 nm Ti/50nm Pt (adhesion layer/electrode) is deposited by CHA
electron-beam evaporator as shown in Figure 10a. A double layer of positive electron-beam
resists (MMA EL-6/PMMA 950) is spun on the PMN-PT substrate for a lift-off mask (Figure
10b). As shown in Figure 10c, the double layer of the resists provides an undercut resist profile,
which enable an easier lift-off process. Using electron-beam lithography, we pattern a number of
ferromagnetic Ni rings (15 to 45 nm thick) with outer diameters (OD) ranging from 1 pm to 2
pm while systematically varying the ring widths (W) from 650 nm to 150 nm on the PMN-PT.
Since the initial PMN-PT substrate has random orientation of polarization, initial poling process
results in remnant polarization and strain. To eliminate the remanent strain in the Ni structures,
the PMN-PT substrate is subjected to a 0.4 MV m™* out-of-plane electric field prior to Ni
deposition. Then Ni is evaporated on the Pt surface of the sample (Figure 10d). Following lift-off
process with acetone solution, the Ni ring structures are on the PMN-PT substrate (Figure 10e).

SEM images of fabricated Ni rings are shown in Figure 11.
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(c) E-beam lithographyand

(a) Deposition of Platinum (b) Coat PMMA and MMA EL-6
development

(d) Deposition of Ti/Ni (e) Lift-off process

Figure 10 Fabrication process flow of Ni ring structures on a PMN-PT substrate

J.s 1
10.0kV 13.1mm x50.0k 1.00um 10.0kV 13.1mm x50.0k 1.00um

Figure 11 SEM of 30 nm thick Ni rings on a PMN- PT substrate. (a) A Ni ring with 2.0 um OD
and 1.4 um ID. (b) A Ni ring with 2.0 pum OD and 1.6 um ID

32



3.3 Experimental results

Selecting 30 and 15 nm thick Ni rings with W/OD < 0.3, we experimentally demonstrate
deterministic rotation of domain walls by applying an electric field to the PMN-PT substrate.
The rhombohedral single crystal PMN-PT used in this study has a spontaneous polarization
along the <111> directions and the <011> cut of these substrates give large in-plane anisotropic
strains upon application of an electric field across the substrate[25]. Based on previous works[17,
18, 46], the electric field induced strain in the piezoelectric substrate modifies the magnetoelastic
energy component (H,,.) of the Ni to create energetically favorable conditions that can reorient
the domain walls toward the dominant compressive strain axis. Figure 13a shows the electric
field induced strain in the poled PMN-PT sample characterized with a strain gauge along the in-
plane [100] and [011] directions. A 0.8 MV m™ electric field produces a 4000 ppm of
compressive strain in the [100] direction and a 1300 ppm of tensile strain in the [011] direction
(Figure 3b). The hysteretic strain jump at E = 0.5 MV m™ is a result of a morphotropic phase
transition in the PMN-PT[47] sample but upon removal of the electric field the strain returns to
zero. The applied anisotropic strain state should produce a rotation of the domain walls toward
the [100] direction [18] due to the fact that Ni is a negative magnetostrictive material. In the

following analysis and discussion, we assume the deposited Ni structures are initially unstrained.

XMCD-PEEM[34, 35] (Figure 9b) is used to obtain magnetic contrast images of the
multiferroic heterostructures (Figure 9a). Figure 12 shows the 45° rotation of onion states with
an electric up to 0.52 MV/m. The onion state started to rotate at 0.40 MV/m. The ring of 2.0 um/
1.4 pm exhibited a more significant change than the ring of 2.0 pm/ 1.6 um, which started

reorienting at 0.44 MV/m. The difference in magnetization between the two rings was attributed
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to the ratio of the demagnetization energy to exchange energy. The ring with a wider width has a
less in-plane demagnetization factor, which is easier to reorient magnetization. In addition, in the
narrower ring, the domain wall pinning is severe due to a stronger interaction with edge

roughness that plays a relatively larger role compared to the wider ring.

0.0 MV/m 0.20MV/m 0.40 MV/m 0.44 MV/m 0.52 MV/m

Figure 12 PEEM images of nickel rings with increasing E-fields. (a) A Ni ring with 30 nm
thickness/ 2 um OD / 1.6 um ID (b) A Ni ring with 30 nm thickness/ 2 um OD / 1.6 pm ID

Figure 13c-f show the XMCD-PEEM images of initialized onion states in a 2 um OD,
300 nm wide and 1 um OD, 150 nm wide ring for both 30 nm (Figure 13c,e) and 15 nm (Figure
13d,f) thicknesses, respectively. The simulated images in Figure 13 are solved with the coupled
partial differential equations to determine the magnetization dynamics of the Ni ring geometries
with respect to the electrical response of the piezoelectric substrate. Initially a 3 kOe external
magnetic field is applied to each sample and simulation is initialized with an onion state at a 45°

angle relative to the [100] strain axis as indicated in Figure 13b. We note that the resulting onion
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state vortex domain walls have an equal probability of being clockwise or counter-clockwise
oriented (compare Figure 13c and k), however this domain helicity does not impact the magnetic
response due to strain. In the XMCD-PEEM study an image of the magnetic state of the rings is
recorded at 0.04 MV m? intervals up to a maximum electric field of 0.8 MV m™. Near the
critical electric field where the large strain jump occurs in Figure 13a, we observe a piecewise
domain wall reorientation along the compressive [100] strain axis of the PMN-PT substrate
indicated in Figure 13g-j for each ring respectively as compared to their initial states shown in
Figure 13c-f. This electrically generated piecewise domain wall rotation is also predicted in the
“simulated PEEM images” and their corresponding micromagnetic plots in Figure 13o0-r and
Figure 13w-z, respectively. The electrically-driven, strain-mediated domain wall rotation in the

simulated Ni rings agrees well with our experimental observations.

For both the simulations and experiment, no further domain wall motion is observed at
higher electric fields. The strain applied in the PEEM images is global and affects all the
patterned structures on the surface. The behavior we see demonstrates a deterministic
manipulation of the domain wall defined by the relative orientation of the initialized
magnetization direction and PMN-PT strain axis. However, similar experiments where the
domain walls were initialized 90° relative to the PMN-PT [100] axis showed little domain wall
rotation response. In this case, clockwise and counterclockwise domain wall rotations are equally
probable and experimental results for this initialization scenario have shown both a low tendency
to rotate and an approximately equal CW and CCW rotation in rings where significant rotation is
observed. Furthermore, micromagnetic/elastodynamic simulations of this case in a 30 nm thick,
2 um OD, 300 nm wide ring reveals no significant rotation of the initialized domain walls with a

strain of up to 10,000 ppm applied (more than twice the amount of strain we are experimentally
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capable of applying). Instead new domain walls are formed along the PMN-PT [100] axis 90°
offset from the existing initialized domain walls when a strain of 5000 ppm is applied. In general,

we have found it is experimentally challenging to rotate the domains walls from a 90° offset.
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Figure 13 Electrically-driven sub-micron domain wall rotation (a) A strain response along the
[100] and [011] directions of a PMN-PT substrate as a function of an out-of-plane electric field.
(b) Schematic illustrating the initialization field (Hinit) direction with respect to the PMN-PT [100]
and [011] directions and the compressive and tensile strain response along each direction at 0.8
MV/m. c-j) XMCD-PEEM images showing the initialized (c-f) and electrically rotated (g-j)
onion states in 30 and 15 nm thick rings with OD = 2 um, W =300 nm and OD =1 pm, W = 150
nm. k-r) Simulated images from the coupled micromagnetic/elastodynamic model of initialized
(k-n) and electrically rotated (o-r) rings with identical dimensions to the rings in parts c-j. The
color scale contrast of the simulated micromagnetic orientation is scaled to match the contrast
obtained with XMCD-PEEM. s-z) Micromagnetic plots from the same simulations shown in
parts k-r showing the orientation of individual grid elements from the model. Red and blue
arrows indicate the relative orientation direction. Dashed red lines are eye guides and indicate the
domain wall displacement for each ring after strain is applied.
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With the magnetic response to an applied electric field induced strain measured, we now
investigate the magnetic response as a function of Ni thickness and electric field cycling.
Ramping the electric field down to 0 MV m™ produces different final magnetic states depending
on the ring thickness, which can be explained in terms of induced strain. All the rings are subject
to shear lag effects[48, 49], where strain varies through a structure as a function of position from
a free edge. This shear lag effect is well known in the mechanics community studying finite size
structures. These shear lag effects attenuate the influence of the magnetoelastic coupling as a
function of ring thickness. It is also important to point out that XMCD-PEEM is a surface
sensitive technique which measures the magnetic orientation of only the top few nanometers in
the rings[50]. In Figure 14a-n, PEEM images are shown for a 2 um OD, 300 nm wide ring of
each thickness (15, 30, and 45 nm) at different applied electric fields. The domain walls in the 45
nm thick ring (Figure 14a, b) do not exhibit large movements in response to the electric field
induced strain. Upon applying the electric field, the relatively thicker ring has a large shear lag
dependence producing more inhomogeneous strains which reduce the effective strain present at
the Ni surface. Thus, we do not observe significant domain wall motion. Both the presence of an
inhomogeneous strain state and the inability to electrically move domain walls in 45 nm thick

rings has been confirmed with the micromagnetic/elastodynamic model.

38



Observed reversibility
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Figure 14 Thickness-dependent cycling behavior in Ni ring structures. Surface magnetic state for
rings with identical lateral dimensions (2 pm OD, 300 nm width) but with varying thicknesses 45
nm (a and b); 30 nm (c-f); and 15 nm (g-n) plotted as a function of electric field cycling. (a and b)
The 45 nm thick ring displays little to no rotation behavior upon the initial cycle. (c-f) For 30 nm
thick rings, we observe a domain wall rotation after the first cycle; however, the rotated domain
broadens back toward its initial state as the electric field is removed. This is due to magnetic
relaxation, possibly driven by local remanent strains, in the rings as the strain is removed.
Cycling the 30 nm thick ring a second time reproduces the rotated onion state state. (g-n) The 15
nm thick sample displays reproducible elastic domain wall rotation behavior over 4 cycles as a
function of the applied electric field. (o-t) Simulated images (0, g, and s) and micromagnetic
plots (p, r, and t). Parts o and p show an initialized 15 nm thick, 2 pum OD, and 300 nm width
ring. Parts g and r demonstrate magnetic domain wall motion and broadening as a result of a
simulated electric field of 0.8 MV/m. Parts s and t illustrate that the magnetization returns to a
state similar to the initialized state shown in parts o and p after the simulated electric field is
removed.
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As the thickness of the ring is reduced from 45 nm to 30 nm, the domain wall movement
response to the electrically-driven strain becomes more significant (Figure 14c-f). This domain
wall movement in the 30 nm ring is directly related to both the larger effective surface strain
(reduced shear lag) as well as the presence of a more homogeneous strain state through the
thickness. As can be seen in Figure 14d, the domain wall was successfully rotated by 45° toward
the PMN-PT [100] axis. Applying strain in this case introduces a tunable source of
magnetoelastic energy that competes with the existing shape anisotropy and exchange energies
of the initialized rings to reorient the magnet. As tensile strain, along the [011] axis, and
compressive strain, along the [100] axis, increase, an easy axis is created along the [100] axis
due to the inverse magnetostriction effect. This increases the magnitude of the magnetoelastic
energy, which is proportional to cos? 8 where 8 is the angle between the magnetization and the
compressive strain direction, making the Ni structures more energetically favorable to rotate
toward the [100] axis. This occurs as long as the change in the total magnetic energy due to the
magnetoelastic energy outweighs any significant changes to the exchange or demagnetization
energies present during reorientation. As shown in Figure 13, and Figure 14c,d for 30 nm thick
rings, and Figure 14g and h for 15 nm thick rings, when a strain is transferred more uniformly
through the thickness of the ring the onion states are more likely to rotate toward the new

magnetic energy minimum generated along the PMN-PT [100] axis.

In Figure 14e, we observe magnetic domains broadening when the electric field is
removed instead of remaining stationary. This broadening suggests that an elastic force is present
that drives a portion of the domain back towards its initial position. As previously stated, we
have assumed the Ni rings are initially unstrained and removal of the electric field should not

provide such a driving force. As shown in Figure 13a, we expect reducing the electric field
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returns the sample to a zero strain state, thus removing the contribution of magnetoelastic energy
to the overall magnetic energy. Assuming the exchange and shape anisotropies remain constant
and the absence of remanent strain, reducing the magnetoelastic energy should not alter the
magnetic domain wall orientation stabilized along the new energy minimum. Thus, this
observation of domain broadening suggests a re-evaluation of the zero initial strain assumptions

is required.

It is important to note that the influence of the electric field induced strain on the
magnetization of the fabricated structures critically depends on the initial value of the strain
imposed on the Ni structures at the time of deposition[17]. While the samples were pre-poled
prior to the Ni deposition step[25], the Ni rings still remain subject to local strain variations due
to the presence of micron scale ferroelectric domains in the PMN-PT[17]. It is reasonable to
assume that the 1 and 2 um OD Ni rings from our samples span multiple PMN-PT ferroelectric
domains which may be oriented along the two out-of-plane <111> polarization directions and
along the four in-plane <111> polarization directions. A reorientation of these domains along
different vectors after deposition and fabrication of the Ni rings (e.g. due to the application of
electric field) generates a localized remanent strain that has been previously reported[17, 25].
Although, we believe it is unlikely, another source of remanent strain may be attributed to our
fabrication process. After pre-poling the PMN-PT substrates, Ni films were electron-beam
evaporated onto these substrates at a process temperature of approximately 50 °C. This
temperature might have partially de-poled the substrate (i.e. reoriented the surface <111>

polarizations) resulting in a small remanent strain[26].
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Re-evaluating our system leads to the following assertion. Initializing the rings into the
onion state first creates a stable magnetization state in the presence of unintentional localized
remanent strains. Applying an electric field initially drives an onion state toward a new
orientation based along the dominant PMN-PT strain axis, as discussed before. However, when
the electric field is removed, rather than return to a net zero strain state it returns to a localized
remanent strain which provides a back driving force that serves to relax the local magnetization
towards its initial position and metastable energy minimum. Thus, the final magnetic state
observed in the 30 nm thick rings (Figure 14Error! Reference source not found.e) consists of a
omain broadened between the strain-generated easy axis along the PMN-PT [100] direction and

the initialized magnetic direction which is 45° from the [100] direction.

The 15 nm thick rings are subject to similar local strain cycling conditions; however, in
this case the relatively thinner layer (compared to the 30 nm thick rings) reduces the magnetic
relaxation degrees of freedom by favoring a more dominant exchange contribution to the total
magnetic energy at the expense of both the demagnetization energy and the electrically-
generated magnetoelastic energy contributions[42]. The strain-induced magnetoelastic energy
does not dominate the total magnetic energy for these rings, instead it perturbs the magnetic
domain to rotate slightly toward the [100] axis (Figure 14h) at 0.8 MV m™. Removing the
electric field appears to return the magnetic domain back to its original position (Figure 14i). It is
most likely driven back to its original state by the additional magnetic stiffness imposed by the
exchange and demagnetization conditions for this thickness as well as any unintentional
remanent strain contributions. Cycling the electric field in the 15 nm thick ring case (Figure 14g-

n) confirms the repeatability of this apparent elastic domain wall behavior.
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The elastic domain wall broadening that we observe in Figure 14e in the 30 nm thick ring
and the cyclical domain wall reorientation that we observe in Figure 14g-n in the 15 nm thick
ring are a result of the total magnetic energy rebalancing after the strain is tuned through multiple
cycles. This magnetic energy minimization process, induced by tuning the magnetoelastic energy,
forms the basis of the coupled micromagnetic/elastodynamic model used to verify the PEEM
results in Figure 13. We note that these simulations assume no initial strain and do not account
for the remanent strain and ferroelectric domains we experimentally observed. The majority of
our simulations did not exhibit the elastic relaxation behavior we observe with PEEM. Instead,
the magnetic domains remained fixed in their new positions. This is why we have attributed the
observed relaxation behavior to remanent strain. However, one simulation of a 15 nm thick, 2
pm OD, 300 nm wide ring (Figure 140-t) produced an elastic behavior despite the lack of initial
and remanent strain built into the model. It serves as an example to demonstrate the magnetically
stiff conditions in the 15 nm thick samples, created by the higher exchange energy contribution,
which can contribute to the elastic behavior of the domain wall as a function of electric field
cycling. After initializing the onion state (Figure 140,p), the additional magnetoelastic energy
produced by a simulated electric field of 0.8 MV m creates an easy axis (and energy minimum)
45° relative to the magnetic initialization axis and along the [100] direction (Figure 14q,r). A
domain forms in the simulation with domain walls at both the new energy minimum along the
[100] direction and along the initialized direction. Removing the simulated electric field
decreases the magnitude of the magnetoelastic energy in the system and the relative exchange
and demagnetization energies drive the domain to elastically return to its original configuration
(Figure 14s,t). We observe a relaxation of the magnetization back to an energy condition similar

to (but not identical with) the initialized state.
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3.4 Concluding Remarks

We conclude that the 45 nm thick rings, for the diameters studied, are too thick to
adequately transfer the strain to alter the magnetic energy landscape (i.e. shear lag effect). The
initialized domain walls in 30 nm thick rings, for the ring diameters studied, are sensitive to the
electrically-driven strain, but their relatively large thickness creates a less constricted magnetic
environment that leaves these rings susceptible to local environmentally-generated strains.
Finally, magnetic domains in the 15 nm thick rings, for the ring diameters studied, also show
electrically-driven domain wall behavior, but in this case the constricted magnetic environment
leads to an elastic-like domain reorientation upon cycling. We also note that based on the initial
orientation of the domain walls with respect to the PMN-PT [100] direction we can choose to
deterministically rotate the domain walls clockwise or counter-clockwise. Though we only show
data for one helicity, experiments for both helicities were performed and showed identical but
symmetric behavior. Finally, we note that the sample geometries used in this work are capable of
producing piecewise, sub-micron domain wall displacements, 700 and 350 nm in the 2 and 1 um

OD rings (Figure 13c, g and Figure 13e, i), without the assistance of an external magnetic field.
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CHAPTER 4
CONTROL OF MAGNETIZATION USING PZT SUBSTRATES

4.1 PZT based multiferroic heterostructures

In the previous chapter, we showed 45° rotation of onion state in Ni ring structures using
single crystal PMN-PT substrate. Additional rotation of the SD state beyond the initial 45° step
requires the generation of strains in multiple angles. The possibility of this is suggested by recent
studies[27-30], which analytically simulated the generation of orthogonal localized strains on a
500 nm thick PZT film with six surface patterned electrodes[28]. When applying a 10 MV/m
electric field between the electrode pair and bottom of the PZT film, ~1000 ppm of in-plane
anisotropic strain is generated at the center of the top surface of the electrodes, enabling

manipulation of the magnetic state in a single ring structure[28].

In this study, we use 300 um thick polycrystalline PZT substrates (PZT 610HD from
TRS Technologies) and pattern eight surface electrodes on the substrate (Figure 15a). The
polycrystalline PZT substrates show negligible macroscopic crystalline anisotropy, so they are
suitable to generate in-plane isotropic strains with the surface electrodes. Depending on the
thickness of a piezoelectric material, the optimal electrode distance to generate maximum strain
varies. As opposed to the thin film PZTs in previous studies[28-30], which have ~ 1 pum
electrode distance and non-uniform strain applied on the ferromagnetic structures, the bulk

substrates allow a larger dimension of surface electrodes that generates a more uniform strain
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near a substantially larger center area. The larger central strained area makes possible control and
observation of multiple SD states at the same time, by placing multiple disks in this center area.
Lastly, the eight surface patterned electrodes induce in-plane orthogonal strains every 45°, which

apply the maximum magnetoelastic effective field to SD state at each strain application step.

SEM of Ni disks

Array of Ni disks (Ni)
Planarization layer (Cyclotene) Ground layer (Pt) )
/ Electrodes (Pt) \ / IE >[\
F ¥ z‘
Array N Aray
j of . ) l o 4_
INi nanodisks| Ni nanodisk:

Ground layer (Pt) \ \ L /

Figure 15 Schematic of sample and generation of anisotropic in-plane strain. a. Schematic of the
PZT substrate with patterned electrodes. The top surface has 8 electrodes to generate anisotropic
in-plane strains in steps of 45°. The backside of the PZT has a Pt ground layer.; b. Schematic of
the multiferroic heterostructure that consists of the PZT substrate with patterned electrodes;
planarization layer; ground layer; an array of Ni nanodisks. Inset 1. Detailed configuration of Ni
disks in the center of the underlying electrodes. Inset 2: SEM image of 15 nm thick, 400 nm OD
Ni disks; c. Cross-sectional view of the multiferroic heterostructure. ; d. Generation of
anisotropic strain with an application of electric field on one electrode pair. Anisotropic in-plane
strain is generated by applying a voltage on one underlying electrode pair
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4.1.1 Challenges with PZT substrates

Fabricating surface electrodes and Ni nanodisks on PZT substrates and characterizing
their magnetic states present two crucial challenges. First, the PZT substrate has average surface
roughness of 2.83 nm with peak roughness greater than 20 nm (Figure 16 and Table 3), attributed
to the presence of polycrystalline grains[51]. The rough surface could cause magnetic pinning in
thin film magnetic structures, impeding reorientation of the SD state. Second, the exposed
surface electrodes cause issues with measurement. The exposed surface electrodes emit stray
electric fields when a voltage is applied to them, which might affect electric-field-sensitive
micromagnetic measurements such as X-ray photoemission electron microscopy (X-PEEM),
magnetic force microscopy (MFM), and scanning electron microscopy with polarization analysis
(SEMPA). For MFM, the measurement method used here, stray electric fields impose

electrostatic force on a MFM tip, altering the movement of the tip.

In order to overcome the problems of surface roughness and stray electric fields, we add a
planarization layer to flatten the surface of the PZT substrate and a top grounding layer to shield
the stray electric fields. After patterning electrodes on a PZT substrate, we spin-coat a 3 um thick
benzocyclobutene (BCB) layer as an insulator and planarization layer followed by a deposition
of 5 nm Al/5 nm Ti/50 nm thick Pt layer (radius of 3 mm) as a top grounding plane (Figure 15b).
The Pt layer provides a ground plane to shield stray electric field for stable measurement. On top
of the Pt layer, an array of 15 nm thick, 400 nm diameter Ni disks is fabricated in the center of
the underlying electrodes by electron beam lithography (Figure 15c). With the planarization and
the ground layer, the average surface roughness of 0.586 nm nm with peak roughness of 5.30 nm

(Figure 15, Figure 16 and Table 3). In addition, the BCB layer has the electrical breakdown field
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of 500 MV/m. Therefore, the 3 um thick BCB layer is able to withstand an electric field up to

1500 V.

Bare PZT PZT/BCB/Pt

+10 nm

-10 nm

Figure 16 AFM results of a bare 300 um thick PZT substrate and PZT/BCB/Pt structure.

Table 3 Comparison of PZT and PZT/BCB/Pt in surface roughness

Bare PZT [nm] PZT/BCB/Pt[nm]
Ra
2.83 0.586
(Arithmetic average)
Rq
2.19 0.467
(Root mean square)
Rmax
20.3 5.30
(Maximum peak to peak)
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4.2 Fabrication process

The multiferroic heterostructure is fabricated using 3 optical lithography processes and 1
electron beam lithography. On the back side of a PZT 610HD substrate (W 10 mm x H 10 mm x
T 0.3 mm), a 10 nm Ti/ 50 nm Pt ground layer is deposited by electron beam evaporation (Figure
17a). With the first optical lithography/lift-off process, eight 10 nm Ti/40 nm Pt/10 nm Al
surface electrodes are patterned on the front side by electron beam evaporation. A 3 pm thick
BCB planarization layer is then spin-coated on top of the PZT substrate and vacuum-cured at
250°C for 3 hours (Figure 17c¢). A second optical lithography process and 5:1 O2/CF4 plasma
etching open the 8 electric contacts for wire bonding (Figure 17d). After patterning the center
ground plane and the electric pads with a third optical lithography, a 5 nm Al/ 5 nm Ti/50 nm Pt
layer is evaporated on the center area and the contacts (Figure 17e). The Al layers improve
adhesion to the BCB, and the Ti layers promote adhesion to the PT, Ni and PZT substrate. Lastly,
electron beam lithography defines 400 nm OD disk structures in the middle, and a 3 nm Ti/15
nm Ni disks are fabricated with electron beam evaporation and lift-off process (Figure 17f). In
the electron beam lithography process, a double-resist technique (MMA EL-6/PMMA 950) is
used for better sidewall profile of the Ni structures. The cross-sectional view of the final

structure is shown in Figure 17g.
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Figure 17 Fabrication process flow of PZT-based multiferroic heterostructure
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4.3 Finite element analysis

We first characterize the strain response in the multiferroic heterostructure using a finite
element model. Figure 18a shows the schematic of the multiferroic heterostructures without Ni
disks. Eight Pt surface electrodes, 60 nm thick, are defined on a 300 um thick PZT substrate. To
maximize the generation of in-plane anisotropic strain for the 300 um thick PZT substrates, we
first find the optimal electrode configuration, specifically the width of the electrodes and the
distance between opposing electrode pairs. First, as long as the electrodes do not overlap together,
wider electrodes are desirable to increase area that has uniform strain configuration, in the space
between the electrodes. The wider area with uniform strain also allows more Ni structures in the
middle area. Second, the optimal electrode distance varies with the thickness of the PZT
substrate. When the distance is too close (d < 40 um in Figure 19), the middle area is more
affected by out-of-plane deformation of the active electrodes. When the distance is too far (d >
120 um in Figure 19), the piezoelectric deformation from the active electrode has little effect in
the middle area. Therefore, the optimal distance should be calculated to generate maximum in-
plane anisotropic strain in the middle area. The optimal distance between the electrode pairs is
obtained by varying the width and distance in the finite element model. The width of the
electrode, w, is linearly scaled with the electrode distance, deec, SO as not to be overlapped

together, given as

delec—16.544:107°
W= Round[ l 2.414-107° ] [wm] (8)

For example, 60 um, and 100 um of the electrode distances give 18 um, and 35 pum wide

electrodes, respectively.
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The average strain in the middle sweet spot at 1.33 MV/m is measured and plotted in
Figure S2. The optimal electrode distance for the 300 um thick PZT is found between 60 um and

100 um. In this study, we choose the 18 um wide electrodes/60 um electrode distance.
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Figure 18 Finite element analysis: strain response of the multiferroic heterostructure with a
voltage applied (a) Schematic of the multiferroic heterostructure. (b) Geometry of the underlying
electrodes. The enabled electrodes are highlighted in red color.; (c) Average strain response of
the center area, 15 pum x 15 pum, with an electric field.; (d) Strain profile in x at 1.33 MV/m; (e)
Strain profile iny at 1.33 MV/m; (f) Differential strain profile at 1.33 MV/m
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Figure 19 Optimization of the configuration of surface electrode (a) the schematic of the surface
electrodes. The optimal electrode distance, d, and the electrode width, w, are found for a 300 um
thick PZT substrate (b) average differential strain, (s, — s,), response of varying geometries
with electric field. (c) detailed comparison of average differential strain, (s, — s,), at 1.33 MV/m,

taken from Figure 19b.

On top of the electrodes and the PZT substrate, layers of 3.0 um thick BCB and 60 nm
thick Pt are patterned. A voltage is applied to one electrode pair (highlighted in Figure 18b), and
the rest of the electrodes and the bottom side of the PZT are grounded. In Figure 18c, the strain
response on the top Pt surface is calculated by averaging strains in the center 15 um x 15 um area,
where Ni disks are fabricated. At 1.33 MV/m (400 V across 300 um thick PZT substrate), the

center area of interest experiences a +90 ppm of tensile strain (s, > 0) along the active
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electrodes (standard deviation, ox= 1.70 ppm), and -100 ppm of compressive strain (s, <
0) normal to the active electrodes (standard deviation, oy= 3.91 ppm). The strain profiles in the x
and y axis at 1.33 MV/m are shown Figure 18d and e. The average differential strain, s, — s,, at
1.3MV/m is +190 ppm, as presented in Figure 18f. By applying a voltage on the other electrode
pair, the result shows generation of symmetric, in-plane orthogonal strains with respect to the
active electrode pair. Therefore, four different in-plane orthogonal strains can be generated by
separately enabling each electrode pairs: compressive strain along 0°/180°, 45°/225°, 90° /270°,

and 135°/315° and tensile strain perpendicular to the compressive strain.

The magnetoelastic behavior in Ni disks with thickness of 15 nm and diameter of 400 nm
is predicted by the following micromagnetic/elastodynamic simulation[33] that couples the
electrically generated strains with SD states in the disks. The four different orthogonal strains
with 1.33 MV/m that are obtained from the previous finite element model are sequentially
applied to the Ni disk. In Figure 20a’, prior to the strain application, an initial SD state is created
in the Ni disk after saturating the Ni disk magnetization in the +x axis. Then, the first anisotropic
strain that is created by applying a voltage to the A-A’ pair (Figure 20b). The anisotropic strain
induces a new easy axis in the direction of compressive strain, +45°, reorienting the
magnetization toward the easy axis. After releasing the strain, the exchange interaction work in
cooperation with the demagnetization field to form the stable SD state in 45° (Figure 20b’). In

Figure 20c’-¢’, further rotations are shown with different stain application steps and removal.
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Figure 20 Finite element analysis of magnetoelastic response in a Ni disk with thickness of 15
nm and diameter of 400 nm. (a)-(e) strain configuration with sequential voltage application steps
(a’) Initial magnetic SD state in the Ni disk (b’)-(e’) FEA simulation results of magnetoelastic
responses in the Ni disk.
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4.4 Experimental results

4.4.1 PEEM results

We fabricated 15 nm thick, 2 um OD nickel structures, disks and rings. The ring
structures were initialized to form onion states by applying 3 kOe of an external magnetic field
(Figure 21.2a). The first electrode pair was then actuated by 0.66 MV/m to generate anisotropic
in-plane strains in PEEM. Due to the negative magnetostrictive property of nickel, the domain
walls are reoriented toward the compressive directions in -45° and -135° as shown in Figure
21.2b and Figure 21.3b. In Figure 21.2b, the onion state showed the 45° rotation, which we had
seen in the Ni/PMN-PT experiment. Second, while the first electrode pair was on, another
electric field was applied to the second electric pair to give a smooth transition of strain steps.
Further domain wall motion was observed in the disk structures toward the new compressive
strain (Figure 21.3c). We could not observe further rotation in the ring structures with further
strain application. This is attributed to the presence of pinning effect caused by the imperfect
edge, which has more impact on the ring structures. Lastly, the electric field on the first electrode
pair was released, and this generated compressive strain in £90°. The domain turned more into
grey in the left disk in Figure 21.3d and the domain wall between the black and grey domain

became vertical, which verified the presence of vertical compressive strain.
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Figure 21 PEEM results of Ni rings and disks with applied strain (1) Measurement procedure of
sample with patterned electrodes. (2a) Initial onion states in nickel rings (Outer diameter: 2.0 pum,
Inner diameter: 1.4 um). (2b) 45° rotation of onion states in Ni rings after applying orthogonal
strains. (3) Domain wall motion in 2.0 um disks with strain steps

4.4.2 MFM results

After the FEA simulations, we fabricate the multiferroic heterostructures and
experimentally measure the step-wise 180° rotation of the SD State by MFM. Prior to the MFM
measurement, a 3 kOe of external magnetic field is applied to 15 nm thick, 400 nm OD Ni disks
to create a SD State. In Figure 22a’, MFM shows the initial SD State in two Ni disks that are
aligned at 0°. Due to risks of electrical breakdown in the MFM system, each MFM image in

Figure 22b’-¢’ is measured after applying 400 V from outside of the MFM. Figure 22b’ shows
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the rotation of SD State toward 45°/225° after applying orthogonal strains generated by A-A’ pair.
In Figure 22c’-¢’, the SD States align with 90°/270°, 135°/315°, and 180°/0° corresponding with a
series of voltage applications on the remaining electrode pairs (B-B’, C-C’, and D-D’,
respectively). We are unable to observe further rotations in the two disks after the 180° rotation
due to coupling of the magnetic MFM tip with the Ni disks, which alters the magnetic state in the
Ni disks. We use low-momentum MFM tips (MESP-LM-V2 from Bruker) to minimize the
magnetic interruption of the magnetic state, but magnetic interruptions are still observed during
measurement. We also note that, in general, stepping rotations of SD states are observed in most
of the disks. However, some of the SD states either fall in multi-domain state/vortex state, or are
pinned after several steps of strain applications. We attribute these issues to the presence of

defects, imperfect surface and edge as well as the undesired coupling with the MFM tip.
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Figure 22 MFM results of magnetoelastic response in Ni disks with thickness of 15 nm and
diameter of 400 nm. (a)-(e) strain configuration with sequential voltage application steps (a’)
Initial magnetic SD state in the Ni disk (b’)-(e’) MFM results of magnetoelastic responses in the
Ni disks.
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4.5 Concluding Remarks

In this chapter, multi-step rotation of magnetic states in Ni structures has been shown
using multiferroic magnetoelastic coupling. The polycrystalline PZT substrate was chosen to
generate isotropic strain in multiple directions. To alleviate the metrological issues resulted from
the polycrystalline substrate, an intermediate polymer layer was introduced. The generation of
multi-directional piezoelectric strains with surface patterned electrodes and the magnetoelastic
behavior in the nanodisks were predicted by fully coupled multi-physics finite elements
simulations. The PEEM and MFM experimental results showed the deterministic rotation of the

magnetic states in agreement with the simulation results.
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CHAPTER 5
FABRICATION OF TERFENOL-D MICROSTRUCTURES

5.1 Terfenol-D as a magnetostrictive material in multiferroic heterostructures

As we discussed in Chapter 1.2.1, Terfenol-D is known to have the highest
magnetoelastic coefficient. The saturation magnetostriction of Terfenol-D is more than 25 times
larger than that of Ni and the saturation magnetization of Terfenol-D is twice that of Ni. n the
previous studies[52, 53], the Ni/PZT/Ni laminate[52] and the Terfenol-D/PZT/Terfenol-D
laminate[53] showed the magnetoelectric coupling constant of 6-9 mVcm™Oe® and 4,800
mVem™Oe?, respectively. Although Terfenol-D is a good alternative to maximize the
magnetoelectric coupling in strain-mediated multiferroic structures, the usage of Terfenol-D is
currently limited due to its highly reactive property, which makes difficult to fabricate nanoscale
structures with the conventional fabrication techniques. Ty and Dy are electropositive metals that

are highly reactive with water and the halogen elements.

5.2 Fabrication of Terfenol-D structures

We developed a new way to fabricate nanoscale Terfenol-D structures using 100% Ar ion
etching and MaN-2403 e-beam resist. Firstly, a Ta/Terfenol-D/Ta film (barrier layer/

magnetostrictive material /capping layer) is deposited onto a piezoelectric substrate using a
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magnetron sputtering (Figure 23a). MaN-2403 is a negative tone resist for e-beam lithography. It
can resolve ~10 nm feature sizes, which is suitable to pattern fine shapes, such as rings with 50
nm width, and nanostructures. 300 nm thick MaN-2403 is spin-coated on the surface of the
sample (Figure 23b). With e-beam lithography and development process, MaN etch mask that
consists of nano- and microstructures are created (Figure 23c). Ar+ ion plasma is chosen to etch
the reactive Terfenol-D film. Ar is a noble gas, which is most stable and non-reactive. Ar ion
bombardment on Terfenol-D is 100% physical etching. Therefore, Ar ion plasma can
anisotropically etch Terfenol-D (Figure 23d). After the etch process, the remaining etch mask is
stripped with a Mr-Rem 700 resist stripper (Figure 23e). The fabricated 50 nm thick Terfenol-D

structures are shown in Figure 24.

d e

Terfenol-D
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Figure 23 Terfenol-D fabrication process flow
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Figure 24 SEM of 50 nm thick Terfenol-D structures on a PMN-PT substrate. (a) 2 um size
Terfenol-D square, disks, and rings with varying widths. (b) 800 nm size Terfenol-D square,
disks, and rings with varying widths
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CHAPTER 6
CONCLUSION

In the present work, the control of magnetic domain in ferromagnetic Ni structures at the
nano- and micro-scale was demonstrated. The multiferroic composites with ferromagnetic
structures on a piezoelectric material were developed for such deterministic control. Electric
field applied to the piezoelectric materials generated strain that coupled to the magnetic material
and reshaped the magnetoelastic energy landscape in the magnetic structures. Magnetic states in
ferromagnetic nano- and micro- structures were deterministically controlled with engineered

piezoelectric strain

In Chapter 2, the characterization and control of the magnetic states in thin film Ni
structures were investigated. To reliably obtain an onion state, the geometry of ring structures
was both numerically and experimentally characterized with the finite element model and
XMCD-PEEM. To maximize the magnetoelastic coupling with an applied strain, the optimal

strain angle was calculated with the effective magnetoelastic field.

In Chapter 3, the deterministic domain wall rotation in ferromagnetic Ni rings on single-
crystal PMN-PT substrates was presented. While imaging the Ni rings with XMCD-PEEM, an
electric field was applied across the PMN-PT substrate, which induced strain in the ring
structures that drove the rotation of the onion state toward the dominant PMN-PT strain axis by
the inverse magnetostriction effect. The rotation of the onion states was analytically predicted
using the fully coupled micromagnetic/elastodynamic finite element models, which verified the

experimental behavior.
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Chapter 4 demonstrated multi-step rotation of the magnetic magnetic domains in Ni
structures using multiferroic magnetoelastic coupling. The isotropic multi-directional
piezoelectric strain was generated with surface patterned electrodes on PZT piezoelectric
ceramics. The generation of piezoelectric strain and the magnetoelastic behavior in the Ni
structures are predicted by fully coupled multi-physics finite elements simulations. The
experimental results show deterministic rotation of the magnetic domains in agreement with the

simulation results.

Chapter 5 explored the fabrication of Terfenol-D structures to replace the Ni in the
multiferroic heterotructures. To overcome its highly reactive property of Terfenol-D, the 100%
physical Ar+ ion plasma etching process was developed, and the Terfenol-D nano- and
microstructures were successfully fabricated. This new Terfenol-D structures are expected to

maximize the magnetoelectri coupling and contribute to energy efficient multiferroic systems.

In summary, this new multiferroic approach to control of magnetism solely by electric
field could open new ways to locally control magnetism at the nanoscale without the scaling

limit imposed by Joule heating.
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