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ABSTRACT OF THE DISSERTATION

Magnetoelectric Devices and Multiscale Modeling

by

Yu-Ching Hsiao

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2022

Professor Christopher S. Lynch, Co-Chair

Professor Gregory P. Carman, Co-Chair

Multiferroic materials facilitate the novel development of magnetic devices. Extensive effort has
been devoted to the multiferroic field to overcome the scaling limitations in past decades. Likewise,
this work focused on increasing energy efficiency and density through the applications,
development, and fundamental studies of multiferroics. Application such as cell sorting was
proposed to resolve the cell aggregation problem of the conventional method through the
permanent magnet. Co/Ni multilayers exhibiting perpendicular magnetic anisotropy (PMA) were
designed, fabricated, and tested for the cell sorting application. The cell capture method
demonstrates a way towards compact lab-on-a-chip devices for more precise cell sorting control.
In this study, we observed an inhomogeneous response across these Co/Ni microdevices. This
drove us to investigate the roughness and magnetoelectric effects on the magnetic behavior across

the microdevices. The homogenous response is critical to reliable strain-mediated multiferroic

il



devices. We fabricated Co/Ni microdisks on the [Pb(Mgi3Nb23)03]o.7—[PbTiO3]03 (PMN-30PT)
substrate, and characterized them using magneto-optic Kerr effect (MOKE) method to obtain the
coercivity of each individual microdisks. The results were used to study the dependence on
roughness and electric field-induced strain in the substrate. This study aimed to assist the reliable
design of strain-mediated PMA based devices. Lastly, an atomic model was developed to
understand static and dynamic magnetic behaviors using a multiscale modeling approach. Two Co
adatoms on a Cu(100) substrate were modeled by incorporating the atomic displacement effects.
The parameters used in the model were extracted from the density functional theory (DFT)
calculation. Ferromagnetic to antiferromagnetic transition, and in-plane to out-of-plane switching
were observed with changes made to the atomic displacement and applied external field.
Additionally, the tunability of the resonance frequency of the two-adatom system was
demonstrated with the magneto-displacement effect. The outcome shows that the atomic level
devices are promising for the potential application of quantum computing and storage devices.
When viewed together, the studies provide the foundational tools to develop next-generation

multiferroic devices.
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Chapter 1. Introduction

1.1 Motivation

a. Strain-mediated device with perpendicular magnetic anisotropy (PMA)

Strain-mediated approaches utilizing ferromagnetic materials and ferroelectric substrates have
been demonstrated to be one of the most energy efficient methods for the control of magnetism
[1][2]. In these heterostructures, electric field induced strain generated in the ferroelectric substrate
is transmitted to a ferromagnetic thin film. The energy landscape of the ferromagnetic film is

altered due to magnetoelastic coupling, causing reorientation of the magnetization.

D.P Gopman demonstrated strain-assisted magnetic reversal in a Co/Ni magnetic film on a
ferroelectric PMN-PT substrate. He proposed its potential for applications in strain-mediated
memory storage devices [3]. Co/Ni multilayers have been widely studied due to their strong
perpendicular magnetic anisotropy (PMA). PMA describes the case where the easy axis of
magnetization is perpendicular to the plane of the heterostructure or film. Strong PMA provides
the advantage of high thermal stability. In patterned thin film structures, PMA results in relatively
uniform magnetization compared to in-plane anisotropy, especially at the edges of the patterned

microstructures [4].

Inspired by Gopman’s work, a magnetic bead capture device using patterned Co/Ni
heterostructures was developed, (discussed in Chapter 2). This work demonstrates voltage-assisted
magnetization reversal with a moderate magnetic bias field, resulting in a high PMA Co/Ni
multilayered film coupled with a ferroelectric substrate being a promising candidate for voltage-

assisted spintronic devices. In Chapter 3, the effect of interfacial and edge roughness on



magnetoelectric control of Co/Ni microdisks is investigated. The results provide guidance to future

design of strain modulated PMA based devices.

b. Atomic model with multiscale approach

The design of magnetic devices at small length scales requires phenomenological and
computational schemes that bridge different length scales. A multiscale modeling approach was
used that integrates the methods and bridges the gap between different scales to predict material
behavior. The materials multiscale simulations range from the quantum scale to mesoscale the
length scale ranges, and from picometer to micrometer. Several methods are very well-developed
at different scales[5]. For example, density functional theory (DFT) is one of the most-utilized
methods at the quantum level. Material properties can be obtained using DFT methods in terms of
electron densities. The quantum scale is limited to a small number of atoms due to computational
constraints. On the other hand, finite element methods are often used for continuum-level systems
to predict material behavior at mesoscales. At the research center, the Translational Applications
of Nanoscale Multiferroic Systems (TANMS), finite element methods and DFT have been
routinely applied to investigate multiferroic systems. In this work atomic scale simulations are
used to bridge between the quantum and mesoscales. Small scale devices (10 to 100 nm) are being
investigated, and atomic models are beginning to provide enhanced capability to study device

behavior across length scales.

Our phenomenological model at the atomic scale uses material constants calculated by the DFT
calculations. The atomic scale model is then employed to investigate statics and dynamics of
atomic magnetic moments. The combination of models at different scales significantly reduces the

computational cost. Without restarting each calculation from the quantum scale, the atomic model



using the DFT parameters as input to enable modeling of magnetic system dynamics. The

developed atomic model incorporated with the magnetostrictive effect is discussed in Chapter 4.

1.2 Background

a. Characterization of PMA heterostructure — magneto-optical Kerr effect (MOKE)

Magneto-optical Kerr effect (MOKE) is a technique used to characterize the change in polarized
light reflected from magnetized specimens [6]. There are three types of measurement based on
polarization states in MOKE, as illustrated in Figure 1.1. (1) Polar MOKE: the magnetization
direction is perpendicular to the surface. (2) longitudinal MOKE: the magnetization is parallel to
the surface and the plane of incident and reflected lights. (3) Transverse MOKE: the magnetization
is perpendicular to the incidence plane, and parallel to the surface. MOKE results are generally
demonstrated as a hysteresis loop with the Kerr signal plotted against the external magnetic field.

The orientation of magnetization determines the type of MOKE utilized for characterization.

(a) Polar (b) Longitudinal (c) Transverse
\\// N7
M M—

Figure 1.1 Schemes of three types of MOKE measurements. (a) Polar MOKE (b) Longitudinal

MOKE (c) Transverse MOKE.

One of the key magnetic properties, the coercive field, can be obtained in the MOKE hysteresis
loop. Coercivity describes the required external field to complete switching and saturate the
magnetization. In our work, Co/Ni PMA heterostructures are characterized using polar MOKE to

monitor both changes in the out-of-plane magnetization and coercivity.
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Atomic spin simulations were initially implemented based on density functional theory (DFT) in
1995 [7], [8]. Theories of magnetic Hamiltonians were widely studied in the beginning of 2000s
[9]. To reduce the computational cost, DFT calculations were subsequently combined with
classical Hamiltonians. The parameters extracted from DFT results or experiments can be used in
Hamiltonian models to speed up calculations. Based on the multiscale framework, several
packaged codes were developed such as ASD[10], SPIRIT[11], and VAMPIRE[12].

Atomic simulations (AS) provides the atomistic description of magnetization dynamics. Figure 1.2
shows the difference between atomic spin and macrospin in AS and micromagnetics. In the AS
system, each small spin is associated with each atomic site; whereas in micromagnetics, instead of

each individual atomic spins, macrospin represents the total spins in the sublattice.

(a) Atomic Spin (b) Macro Spin

N\

\
\

__/

Figure 1.2 The sketch of magnetic spins at different scales. (a) atomic spin (b) macro spin. The

figure is adapted from the paper written by Atxitia et al. [13]



Atomic simulation is governed by the LLG equation with an atomic spin M on cach discrete atomic
sites[14], whereas the magnetization in micromagnetics is a continuum scale volume average

effect.

_. oM (1.1)

where y is gyromagnetic ratio; « is the damping coefficient; H,f is the effective field.

The effective field is obtained by differentiating the Hamiltonian (H ) with respect to

magnetization

1 0H (1.2)
MOMS 61\7
where u, denotes permeability of the free space; M, is saturation magnetization.

Hepp = —

The Hamiltonian comprises different terms

H = }[ex + }[an + }[dd + }[ext + }[el (213)

(1) H,, is the interatomic exchange Hamiltonian.

(2) H,,, is the anisotropy energy term.

(3) H,4 is long range dipole-dipole term. The interaction between dipoles are either
attraction or repulsions.

(4) H,, 1s the external field energy term, also known as Zeeman energy

(5) H,; is the elastic energy term, mechanical energy in atomic system.



The exchange energy shows distinct differences in micromagnetic and atomic systems based on

the continuum and discrete magnetizations, respectively. In the micromagnetic system, exchange
energy (E,,) is approximated by taking the gradient of continuum magnetization. However, the

atomic model considers the interactions between each spins.

Micromagnetic:

M (1.3)
Eox = Aeyx (Vﬁs)z

Atomistic: 1 (1.4)
Hex = _EZ]” m;m,

i#)
where A, denotes exchange stiffness constant; i, j are atomic spin indices; J;; the strength of

exchange interaction.

The expressions for each of the energy term are discussed in Chapter 4.



Chapter 2. Capturing Magnetic Bead-based Arrays Using Perpendicular

Magnetic Anisotropy (PMA)

2.1 Introduction

Magnetic bead-based methods have facilitated many biomedical applications such as cell sorting
and separation[15]. The cell separation method was first developed by Miltenyi et al [16]. The
cell labeled with magnetic beads suspended in a fluid can be separated from the other unlabeled
ones using magnets. Conventionally, target cells are separated from suspension using external
magnetic field from hard permanent magnets or electromagnetic coils. However, the large external
magnetic field leads cells to aggregate to one location in the reaction chamber leaving limited
space for imaging and analysis to quantify different analytes simultaneously[17]. External
magnetic field-based microfluidic systems cannot currently assemble micromagnetic beads
uniformly in arrays to allow detection and analysis. Precise localization of magnetic beads at the

microscale is needed for precise cell localization.

This chapter demonstrates magnetic bead assembly in a uniform array using the magnetic force
produced by disk shaped heterostructures displaying perpendicular magnetic anisotropy
(PMA)[18]. PMA describes the case where the easy axis of magnetization is perpendicular to the
plane of the heterostructure or film. This effect occurs in certain ultrathin film systems and at the
interface of multilayers[19][20]. Co/Ni multilayers were selected for their large PMA compared
to other Co-containing multilayers such as Co/Ag and Co/Au[21][22]. Anisotropy energy and
saturation magnetization (M;) can be adjusted by modification of the relative thickness of the

layers[3]. In comparison to other methods[23]-[28], the PMA assisted capture method does not



require external fields or other energy to be supplied, simplifying its use. This has the potential to

enable lab-on-a-chip cell manipulation devices[29][30].

In this study, disk arrays with PMA were designed, fabricated, and demonstrated to be capable of
capturing micron scale magnetic beads suspended in a fluid [31]. In the next section, the model
used to simulate the capture force arising from a magnetic gradient generated by Co/Ni disk is
described. Heterostructures with PMA generate a magnetic field gradient in their vicinity that
attracts the magnetic beads. The PMA heterostructures were designed using the simulation results,
followed by fabrication and testing in a microfluidic platform. The outcome shows that the

majority of beads are trapped on the disk perimeter, which agrees with the modeling results.

2.2 The model

A numerical model was used to determine the distribution of bead trapping force produced by a
Co/Ni disk as well as changes in bead capture force due to varying the My value of the Co/Ni disk
[20][21][34]. A finite element approach was used to simulate the magnetic field distribution
around the Co/Ni disk and its interactions with a magnetic bead. The thickness of Co/Ni was set
at 4 nm and uniform out-of-plane magnetization with magnitude M, was initialized within the disk
resulting in a magnetic field exterior to the disk. The out-of-plane initialization of magnetization
duplicates the PMA effect. The magnetic force components on the bead were calculated at different
spatial positions within this field using the finite element simulations together with Egs. (2.1)-(2.4).
The calculated magnetic field distribution was used with post processing to determine the bead

capture force.

The capture force was calculated using Eq. (2.1):

Fpeaa = —VU (21)



where Fj .4 15 the capture force of the bead expressed as the negative gradiet of the potential

energy U.

The total magnetic potential energy, U, is an integration of magnetic energy density (u) over the

bead volume using Eq. (2.2).

U= [ff, uav (2.2)

The energy density was determined using Eq. (2.3):

u=-M-B (2.3)

where M is the induced magnetization in the magnetic bead and B is the magnetic flux generated

in the bead by Co/Ni disk. The relation between B and M is expressed by Eq. (2.4):

1 (2.4)
B = 1+ —|M
”J +x)
where p, is the vacuum permeability; X,,, is magnetic susceptibility [23][24][37]. From Egs. (2.1-

2.4), the capture force is related to the bead volume and magnetic flux generated from the Co/Ni

disk, proportional to M’ of Co/Ni disk.

For the simulations, the bead position was varied from coincident with the disk center to -3 um
horizontal displacement in 500 nm increments. Since the magnetic force is spatially symmetric,
calculations were only performed for one half of the disk. The net force was calculated for a series
of bead diameters and M; values of a prospective Co/Ni disk. Specifically, five values of M, {600,
700, 800, 900, 1000} kA/m, were selected. These choices were made because they span the
possible range of expected M, values for Co/Ni multilayers. The bulk M; values of Co and Ni are
1400 kA/m and 490 kA/m [38][39], respectively and can be achieved by varying the relative layer
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thickness. Each M, value was tested with four different bead diameters of {0.2, 0.4, 0.6, 0.8} um.
These bead diameters were chosen because smaller magnetic beads provide higher spatial
resolution when imaging the distribution of the magnetic beads in the testing section. A 4 um

diameter Co/Ni disk was used in all simulations.

2.3 Fabrication

Simulation results indicate that high M, yields larger trapping force on the bead. This can be
achieved via a high Co to Ni ratio. However, overly large Co to Ni ratio risks losing PMA
[3][40][41]. A Co (0.2 nm)/Ni (0.4 nm) structure was selected for its relatively high M, while
maintaining stable perpendicular magnetization. This structure was produced on a 0.5 mm thick
single crystalline Si (001) substrate by e-beam evaporation [42][43] at room temperature with a
base pressure of 2x1076 torr. Four repeated Co (0.2 nm)/Ni (0.4 nm) layers were grown on top of a
Pt (3 nm) buffer layer and a Ti (2 nm) adhesion layer. Pt was chosen as the seed layer because it
has been experimentally demonstrated to enhance the PMA in Co/Ni multilayers [44]. Ti was
chosen to improve adhesion of Pt to the substrate. For symmetry, an extra Co layer (0.2 nm) was
deposited on top of Co/Ni multilayers. The entire structure was then capped by a Pt (3 nm) layer
to prevent metal oxidation. Disks with 4 pm — 7 pm diameters and 12 um separation between the
centers of disks were patterned by a lift-off method using photoresist nLof2020. To benchmark
the relevant M; of this heterostructure, a full film sample was characterized by Superconducting
Quantum Interference Device (SQUID) in DC mode to confirm the presence of an out-of-plane

easy axis consistent with PMA.

2.4 Trapping of fluorescent beads
The structure was next tested for trapping fluorescent beads using a microchannel. A microfluidic

device was integrated with the Co/Ni disks and fluorescent magnetic beads were passed in a PDMS
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channel and imaged with a fluorescent microscope to observe the magnetic bead capture events.
The PDMS microchannels were fabricated with standard soft-photolithography. PDMS (Sylgard
184, Dow Corning, Midland, MI, USA) was mixed with a curing agent at a 10:1 weight ratio. The
mixture was poured onto the master wafer and degassed for one hour to remove air bubbles then
cured at 100°C overnight. Microchannel devices were cut out and aligned on the surface of Co/Ni
multilayer micropattern on silicon to test magnetic bead-based capture. Magnetic beads with
diameter of 0.4 um — 2.8 um (Spherotech, Libertyville, IL) were suspended in distilled water. The
magnetic microbead surface was functionalized with fluorescent dye to visualize localization of
beads on Co/Ni multilayer microdisks.

The specimens were viewed using an inverted microscope Nikon Ti-U (Nikon, Melville, NY)
illuminated by a mercury arc lamp with 10x and 40x objectives. Fluorescent micro and nanobeads
captured on a magnetic array were imaged with a CCD Coolsnap HQ2 camera (Roper Scientific,
Evry, France). Images were processed by NIS Elements software (NIS-Elements Package Ver.
4.00, Nikon) then analyzed using an in-house MATLAB code to overlay fluorescent images of

beads distribution on the Co/Ni multilayer micropattern.

2.5 Results

a. Simulated capture force

The simulated capture force vs. bead location profile for one combination of parameters is
presented in Figure 2.1(a). This shows the results for a Co/Ni disk with M of 800 (kA/m) and bead
diameter of 0.8 (um). The capture force rises as the bead is moved from the left side towards the
center of the disk and reaches a peak value at the disk edge (i.e. x = -2 um). The force falls as the

bead location is moved further to the right and approaches the center of Co/Ni disk. The maximum
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net force occurs at the disk edge where the largest magnetic flux gradient is from the disk is

generated.

The maximum force as a function of bead diameter at various M values is illustrated in Figure
2.1(b). The plot shows that maximum force does not change significantly with the bead diameter,
which provides flexibility in choosing the nanomagnetic bead size. This can be explained by
recognizing that the magnetic field from the Co/Ni disk is localized to the edge causing a
magnetization gradient in the bead. Consequently, the magnetized volume does not significantly
change even with increasing bead diameter. In contrast, the capture forces show high dependence
on the value of M,, which proves the magnetic flux is proportional to M; of the Co/Ni disk. For
example, the maximum force increases ~ 2 times when increasing the M; value from 700 kA/m to
1000 kA/m. The advantage of using a multilayer structure is that the relative thickness between
Co and Ni films is readily tunable. Hence, it is experimentally possible to modify the maximum

capture force by tuning the M; of the Co/Ni multilayers.
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Figure 2.1 (a) Force on a magnetic bead (0.8 um diameter) when placed at different locations. The

blue box indicates the half side of Co/Ni disk. (b) Maximum force determined from different M,
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values of Co/Ni disk as a function of each bead diameter. The maximum capture forces for (b)

were extracted from the peak value of a corresponding force profile similar to the one shown in

(a).

b. Hysteresis characterization of the PMA heterostructure

The presence of an out-of-plane easy axis consistent with PMA is confirmed in the hysteresis loop
characterized by SQUID shown in Figure 2.2. The out-of-plane (OOP) curve has much lower
saturation field and higher magnetic remanence than the in-plane (IP) curve. Furthermore,
experimental values for OOP M (870 kA/m) and IP (860 kA/m) are consistent with the theoretical
value 840 kA/m, which was obtained from the Co/Ni thickness ratio (1 : 1.6) by the rule of mixtures.
The bulk M, values of Co and Ni are 1400 kA/m and 490 kA/m [38][39], respectively. This
confirms that the desired M; was obtained by growing a film with the relevant Co to Ni thickness

ratio.

)

)
S
o

kKA/m
[@)]
3

o

o
o)
o)

Magnetization (

-1000
-1.5 - -05 O

05 1
Magnetic Field (T)

1.5

Figure 2.2 Magnetization versus applied field hysteresis loop for a full film Co (0.2 nm)/Ni (0.4

nm) heterostructure under in-plane (IP) and out-of-plane (OOP) applied fields.
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c. Fluorescent bead captured by Co/Ni disks

The disk array is shown in Figure 2.3(a). Magnetic beads were localized on the Co/Ni micro-
pattern array as shown in Figure 2.3(b). To provide further evidence to support bead-based capture
via PMA, the disk arrays were partially covered with a PDMS layer of 1 mm thickness prior to
introducing the magnetic beads in suspension. The beads were not captured by PDMS covered
disks, Figure 2.3(c).

The PMA field capture and localization were characterized by tracking magnetic bead binding
sites on the surface of Co/Ni disks. Micromagnetic beads (diameter = 2.8 um) labeled with red
fluorescent dye in fluid were introduced to Co/Ni disks (diameter = 7 um). Magnetic binding
locations were observed on the edges of the Co/Ni disks (Figure 2.3(d)). Specifically,
micromagnetic beads were equally distributed and localized at different angles (0) from the center
of each disk. This indicates a large magnetic field gradient associated with the magnetization field

produced on the perimeter of Co/Ni disks as suggested by the simulations.
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Figure 2.3 Co/Ni multilayer disks (diameter = 4.5 um) with PMA demonstrate high capture rate
of magnetic beads labeled with green fluorescence (diameter = 0.4 um). (a) Bright field image of
Co/Ni multilayer disks before passing fluorescent magnetic beads. (b) Overlay of bright field and
fluorescent images of magnetic beads on the Co/Ni disk array demonstrates localized capture. (c)
Partially covered substrate with PDMS layer shows selective binding and localization of fluid-
born beads on Co/Ni multilayer disks. (d) The location of magnetic bead-binding events at
different angle (0) with the polar coordinate system chosen at (1,0) on the circular surface of the

Co/Ni micro-disks.
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Smaller magnetic beads were used to increase the spatial resolution when imaging magnetic beads.
These fluorescent nanomagnetic particles (diameter = 400 nm-500 nm) were captured on the
previously tested Co/Ni disks (diameter = 7 um) (Figure 2.4(a)). Quantitative measurements of
nanomagnetic bead localization were made by image analysis of the fluorescent intensity
(grayscale) around the Co/Ni disks. An overlay image of the disks was generated, where pixels
with larger intensity corresponds to the location of nanomagentic beads (Figure 2.4 (b)). The
normalized image intensity map confirms that the most effective magnetic trapping region
coincides with the region of maximal magnetic field gradient at the perimeter of Co/Ni disks

(Figure 2.4 (c)).
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Figure 2.4 Quantitative image analysis of nanomagnetic beads distribution on the surface of Co/Ni

disks. (a) Fluorescent microscope image of nanomagnetic capture and build-up on 7 um Co/Ni
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disks. (b) Fluorescent intensity of an image overlay of Co/Ni disks (c) Normalized intensity map

of the image overlay show high magnetic trapping region on the perimeter of Co/Ni disks.

2.6 Summary

Multilayered Co/Ni disk arrays exhibiting PMA were designed, fabricated and demonstrated to
capture magnetic beads. Finite element simulations indicate that different M; values, which can be
modified by varying the relative Co/Ni thickness ratio, significantly change the magnetic capture
forces. Based on the modeling results, a Co (0.2 nm)/Ni (0.4 nm) multilayered structure was
selected due to its OOP easy axis and relatively large PMA. Patterned Co/Ni disks were tested in
a suspension of fluorescent magnetic beads in fluid, showing that the perimeter of disks trapped
most of the magnetic beads. This observation agreed with the modeling results that the maximum
capture force occurs at the edge of the disk. By eliminating the need for an externally applied field,
this approach to magnetic bead capture provides a promising pathway towards compact lab-on-a-

chip devices for more precise cell manipulation.
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Chapter 3. Effect of Interfacial and Edge Roughness on Magnetoelectric

Control of Co/Ni Microdisks on PMN-PT(011)

3.1 Introduction

Strain-mediated magnetoelectric (ME) heterostructures consisting of ferromagnetic (FM) and
ferroelectric (FE) constituent layers are being explored as an advantageous device structure for
local control of polarization, strain and magnetization at micron and sub-micron length scales[45]—
[47]. Small-scale magnetic structures have certain applications, such as cell-sorting[30], cancer-
cell destruction[48], bacteria isolation[49], and microsurgery[50], that would realize advances in
overall size, energy efficiency and precision by migrating from traditional coil-based techniques
to strain-modulated magnetization in such coupled FM-FE heterostructures[51]. Uniform
magnetic behavior among these ME heterostructures is critical to the large-scale manufacturability

of reliable strain-mediated devices [52], [53].

In ME heterostructures, the magnetization of an overlaid thin film can be manipulated using strain
from a FE substrate via magneto-elastic coupling. Single-crystal, relaxor ferroelectric (011)-
oriented [Pb(Mg13Nb23)O3]1.+—[PbTiO3], (PMN-PT) have been investigated in prior studies for
their in-plane anisotropic strain, i.e. compressive strain in the [100] direction and tensile strain
along the [01-1] direction. One recent study pointed to micrometer-scale variation in the strain
generated from the FE PMN-PT substrate limiting the degree of uniform remagnetization behavior
in an overlaid FM[54]. However, this inhomogeneous strain distribution may not be the only
contribution to non-uniform behavior. Other possible contributors include interfacial and edge
roughness[55]-[59]. Prototype ME heterostructures were desgined and fabricated to better

quantify these alternative contributors to non-uniform magnetization reversal behavior. Co/Ni
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microdisk heterostructures were patterned on PMN-30PT (011) and Si substrates to evaluate the
magnetic coercive field and its variation across substrates and under strains from applied electric

fields to the FE susbtrate.

Co/Ni multilayers exhibit strong perpendicular magnetic anisotropy (PMA)[3], [60], [61] that
arises from the surfaces and interfaces of the ultrathin Co and Ni layers, with each alternating layer
spanning less than 1 nm[18]. As interfacial effects dominate the magnetic anisotropy energy in
Co/Ni, the magneto-elastic coupling in Co/Ni is also predominantly originating from surfaces and
interfaces. Co/Ni films on PMN-30PT substrates have been shown to display a larger interfacial
magnetostriction than the volume contribution[62]. This work reported on in this chapter was
designed to explore the distribution of magnetic behavior across arrays of Co/Ni microdisks on a
given substrate and to clarify the relative contributions of surface roughness, strain, and
processing-induced lateral inhomogeneity that arises in the fabrication process. The coercivity of
each Co/Ni microdisk was measured using magneto-optical Kerr effect (MOKE) magnetometry.
Atomic force microscopy (AFM) was used to characterize the surface roughness of the Co/Ni
multilayers on PMN-30PT and Si substrates. Scanning electron microscopy (SEM) was used to
investigate the lateral inhomogeneity of patterned Co/Ni microdisks. The coercive field
distribution was measured in an unstrained (zero electric field) Co/Ni microdisk array grown on
PMN-30PT and compared to an identical array grown on a Si wafer to observe how the surface
roughness affected the coercive field and the coercive field distribution across each array. The
distribution of the coercive field among the heterostructures fabricated on the smooth Si is
attributed to variations introduced in the fabrication process. The difference in the median coercive

field between the smoother Si and rougher PMN-30PT specimens was attributed to surface
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roughness. Application of an electric field was used to study the influence of strain on the coercive

field response in the magnetostrictive Co/Ni heterostructures.

3.2 Fabrication

Co/Ni microdisks were patterned on a 500 pm thick PMN-30PT substrate (011) single crystal
(TRS Technologies, Inc., United States) as shown in Figure 3.1[63]. As depicted from the
coordinate axes of Figure 3.1, the Co/Ni disks were deposited over the (011)-cut PMN-PT
substrate, for which applied electric fields generate substantial expansion along the 01-1 axis with
a more modest compression along the 100 axis. Electric-field induced strains are transferred to the

films from the substrate and induce changes in the Co/Ni magnetization.

Electron beam evaporation was used for the deposition of Ti, Pt, Co, Ni, and Au at room
temperature at a base pressure 3 x 10 Pa (2 x 10 Torr). The top and bottom surfaces of the PMN-
30PT substrate were coated with 30 nm thick Au and Pt electrodes, respectively. The PMN-30PT
with the electrodes was poled along the [011] direction with an electric field of 0.8 MV/m across

the substrate for approximately one minute.
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Figure 3.1. The structure of Co/Ni microdisks on the PMN-30PT substrate
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The poled PMN-30PT substrate was cleaned using acetone, methanol, isopropanol, and a one-
minute oxygen plasma treatment (80 W radio frequency power, 500 Pa, 50 ‘C) prior to the
deposition of the Co/Ni films. A 2 nm thick Ti film was evaporated on the Pt electrode. Using a
known recipe that consistently delivers high perpendicular magnetic anisotropy, we employ here
three repeated Co(0.2 nm)/Ni(0.4 nm) bilayers followed by a Co(0.1 nm)/Ni(0.5 nm) bilayer were
grown on the Pt(2 nm) film. Pt was selected as a seed layer to enhance the PMA by promoting
face-centered-cubic (111)-textured growth of the Co/Ni films[64], [65]. Although certain layers
have attributed thicknesses below a single lattice spacing, it is understood that this refers to a
fractional monolayer coverage by that particular layer. The nominal layer thickness of Co and Ni
were obtained using a 6 MHz quartz crystal thickness monitor (Inficon, Inc., Switzerland). A
Co(0.2 nm) layer was added for symmetry and capped with 3 nm thick Pt layer to prevent metal
oxidation. The films were patterned into microdisks of 7 um diameter by a lift-off technique using
nLof2020 photoresist (MicroChemicals GmbH, Wiesbaden, Germany). Following the same
procedure, microdisks with identical 7 pm diameter were patterned on the 500 um thick single
crystalline Si (001) substrate without the electrodes to assess possible effects of the substrate

roughness.

3.3 Characterization methods
Various characterization methods were used to characterize the samples. In this section, we

introduce the measured physical quantities and describe how measurements were made.

a. Surface Roughness
A BRUKER ICON (Bruker, Goleta, CA) atomic force microscope (AFM) was used to measure
the surface roughness of the Pt film on the PMN-30PT and Si substrates by scanning regions of

lateral extent 20 pm x 20 pm and 10 um x 10 um respectively at 1 Hz in tapping mode. A CoCr-
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coated AFM tip with a resonance frequency of 75 kHz was used for imaging. The average
arithmetic roughness (R,) was calculated from 2.5 pm x 2.5 um area at five different locations on

the flattened image.

b. Shape variations in Co/Ni microdisks

A FEI Nova 230 scanning electron microscope was used to visualize the shape variation in Co/Ni
microdisks. Images were collected using an acceleration voltage of 3 kV following a working
distance of 5.7 mm. The ImageJ[66] software was used to determine the perimeter and area of 63
microdisks. The microdisk’s circularity (C) was calculated by the following Eq. (3.1),

4w Area (3.1)
~ (Perimeter)?

c. In-plane strain

Two axial strain gauges with a gauge factor of 1.51 and gauge resistance of 120 Q (Omega
Engineering Inc.) were used to measure electric field-induced strain in the PMN-PT substrate. The
change in the strain gauge resistance was monitored using an amplified signal from a Wheatstone
bridge and recorded by an analog to digital converter (NI DAQ with NI-9237 module in a quarter
bridge configuration). The strain gauges were bonded to the PMN-30PT substrates with top and

bottom electrodes and excited with a voltage of 375 V to generate an electric field of 0.75 MV/m.

d. Magnetization and magnetic anisotropy

A superconducting quantum interference device (SQUID) magnetometer was used to determine
the in-plane and out-of-plane magnetization of the films on PMN-PT. SQUID magnetometry was
performed using a Quantum Design MPMS©3 SQUID magnetometer at 298 K. The in-plane and

out-of-plane magnetizations were determined by sweeping the magnetic field from -1 Tto 1 T.
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e. Magnetic coercive field

A magneto-optic Kerr effect (MOKE) system was used to visualize the magnetization reversal
process in the Co/Ni microdisk arrays on both the PMN-30PT and Si substrates. The magnetic
field was applied perpendicular to the heterostructures while monitoring the real-time
magnetization reversal process. Magnetic domain imaging was carried out using a Leitz Orthoplan
polarizing microscope in reflection mode, monitored by a 4 Megapixel CCD camera (Thorlabs
4070M-USB). One full cycle of the recorded video was 100 seconds. The frame rate for video
recording was 12 frames per second with sweeping rate 1.85 mT/sec for the PMN-30PT samples.
Three frames were taken per second for the Si samples with sweeping rate 1.99 mT/s. The range
of the applied magnetic field was -46.20 mT to 46.20 mT with an interval 0.16 mT for the
microdisks on the PMN-30PT substrate, and from -49.79 mT to 49.79 mT with the interval of 0.67
mT for the microdisks on the Si substrate, respectively. The measurement was performed with five

values of electric field, {0, 0.2, 0.4, 0.6, 0.8} MV/m, applied to the substrate.

Figure 3.2(a) and Figure 3.2(b) show the MOKE images of the magnetization reversal under a time
varying magnetic field used to obtain the coercive field value of the individual microdisks. The
LoHc of the individual Co/Ni microdisks were obtained from images extracted from the video with
the applied magnetic field at different magnitudes. A curve of the contrast intensity (i.e. Kerr
intensity) as a function of the applied magnetic field was generated for each microdisk. The
magnetization reversal was often accompanied by more than one discrete remagnetization jump,
indicating significant domain wall pinning during reversal. When the hysteresis loop of a
microdisk displayed more than one magnetization jump during reversal, the final jump in the
magnetization within a transition (e.g. from up-to-down) was attributed to the coercive field («oHc)

value for the microdisk as depicted in Figure 3.3(a) and Figure 3.3(b). The slope observed in the

23



hysteresis loop is due to the Faraday effect and does not affect the coercive field measurement.
The median of upHc was calculated from the measured poHc values of the microdisks on the PMN-

30PT and the Si substrates.
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Figure 3.2. MOKE imaging of the microdisks on the PMN-30PT substrate under the magnetic
fields (a) 0 mT (b) 37.8 mT. The light and dark contrast corresponds to the magnetization

pointing up and down with respect to the substrate surface.
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Figure 3.3. Illustration of a MOKE hysteresis loop with (a) multiple jumps (b) single jump.
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3.4 Results and discussions

a. Contributors to non-uniform magnetization switching behaviors on PMN-30PT

A contour map was created to visualize the average coercive field of each disk to understand the
variation in the coercive field among the microdisks. The results are shown in Figure 3.4(a) and
Figure 3.4(b) for the eighty microdisks on the PMN-30PT substrates, respectively. The data on
PMN-30PT were acquired in the absence of an electric field. Lateral inhomogeneity in the
coercivity of Co/Ni microdisks is observed in both cases. The poHc median for the Co/Ni
microdisks on the PMN-30PT substrate was found to be 37.31 mT, whereas the poHc median for

the Co/Ni on the Si substrate was 29.95 mT, more than twenty percent lower in magnitude.
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Figure 3.4. The coercive field distribution of an 8 by 10 array of microdisks on (a) Si and (b)

PMN-30PT substrates. Each circle represents a microdisk.

In prior work, the laterally non-uniform behavior of the magnetization reorientation of
heterostructures on a PMN-30PT substrate was attributed entirely to local strain variations arising

from the domain structure in the PMN-30PT substrate[54]. However, here we have additionally
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demonstrated poHc variations across the arrays of the Co/Ni microdisks on both PMN-30PT and
Si substrates, where the Si substrate does not possess local variations in strain and has significantly
lower surface roughness. This indicates that there are additional contributions to the variations in
the coercive field across the microdisk arrays. Surface roughness of the substrate and lateral
inhomogeneity of the Co/Ni microdisks appear to be the most significant contributors to the non-

uniform poHc distribution.

Recent studies have shown that the coercivity of deposited films is affected by the surface
roughness of the substrate [57], [58], [67]. The average R. of Co/Ni microdisks on PMN-30PT
substrate was (2.8 + 0.4) nm and that of Pt film on PMN-30PT was (2.2 £+ 0.3) nm. Both are
significantly larger than that of Co/Ni film on Si, which was measured as (0.6 = 0.1) nm.
Uncertainties reflect the one sigma variance of the estimated arithmetic roughness. The higher
roughness of the PMN-30PT surface produces a higher local depinning field[58], defined as the
external magnetic field required to move domain walls from pinning sites. The nearly 25% increase
in coercivity for Co/Ni microdisks on PMN-30PT likely implies a larger depinning field for

domain walls than for microdisks grown directly on a Si substrate.

Lateral inhomogeneity in the coercivity of Co/Ni microdisks and roughness due to substrate choice
were addressed in the previous paragraph. In order to understand the inhomogeneity caused by
micromanufacturing, the dimensions of the 63 Co/Ni microdisks were measured by SEM. The
average circularity of the microdisks was (0.18 = 0.05), which is particularly low and is a strong
deviation from the nominal circular disk shape that was intended for the patterned disks.
Uncertainty reflects the one sigma variance of the estimated circularity across over 63 microdisks.

The nearly 30 % uncertainty of average circularity implies that variations and imperfections in the
y y g Yy 1mp p
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microfabrication process aids to the non-uniform u¢Hc distribution observed in the Co/Ni

microdisks.

b. Strain effect on the coercivity of the Co/Ni microdisks

Now that the underlying factors contributing to the non-uniform variation in the coercive field of
the microdisks on PMN-30PT have been articulated, the magnetoelectric performance of the
microdisks is examined. Figure 3.5(a) and Figure 3.5(b) show the change of poHc correlated to the
initial poHc at zero applied electric field for the entire family of 80 microdisks under electric fields
of 0.2 MV/m and 0.8 MV/m respectively. The corresponding strain values of the applied field to
the PMN-30PT substrate can be found in Figure 3.6. The red data points represent microdisks that
exhibited multiple jumps during the magnetization reversal process as seen in Figure 3.3(a). Figure
3.5(c) and Figure 3.5(d) shows the microdisks with single-jump magnetization reversal processes
denoted by blue dots to distinguish the coercive field distribution under the application of
increasing electric fields. After removing the red data points, it remains evident that the coercive
field distribution across the microdisks is shifted towards lower upHc values as the magnitude of
the applied electric field was increased from 0.2 MV/m to 0.8 MV/m, signifying the

magnetoelectric effect on microdisk reversal.
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Figure 3.5. Scatter plots of pOHC at zero applied E-field versus the pOHC difference under the
applied electric fields (a) between 0 MV/m and 0.2 MV/m (b) between 0 MV/m and 0.8 MV/m.

(c) and (d) represent the microdisks with a single pOHC value in (a) and (b), respectively.
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Figure 3.6 The in-plane strain components produced in the PMN-30PT as a function of out-of-
plane electric field in both [01-1] and [100] directions
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Figure 3.7 shows the calculated uoHc median for the microdisks with single jump magnetization
reversal versus the external applied electric field on the PMN-30PT substrate. The trend in Figure
3.7 reflects the magnetoelectric coupling between the PMN-30PT substrate and the
magnetostrictive Co/Ni microdisks. As the electric field-induced strain increases, the average
coercive field of the Co/Ni microdisk array decreases due to the change in magnetoelastic energy.
This corresponds to a reduction in the energy barrier for magnetization reversal, and a reduction
in the perpendicular anisotropy energy. The weakened PMA is consistent with the strain-induced
change in the magnetoelastic energy, and interfacial anisotropy modulation via strain has been
observed in other Co-based multilayers[68]. However, the largest change in xoHc under an electric
field is less than the difference between the coercive fields of the magnetic structures on the Si
substrate and the PMN-30PT substrate at zero applied electric field. The uoHc median of Co/Ni
microdisks on the Si substrate shows smaller coercivity than that of Co/Ni microdisks on the PMN-
30PT substrate under each applied electric field. This implies the surface roughness effect is larger

than the magnetoelastic effect on the coercivity of the patterned microdisks.

The standard deviations (SDs) of uoHc at a zero field were used as a comparison of the coercive
field dispersion across the arrays on both PMN-30PT and Si substrates. The wupHc standard
deviations of the microdisks on PMN-30PT substrate were [3.34, 3.15, 3.31, 3.29, 3.19] mT for
the applied field [0, 0.2, 0.4, 0.6, 0.8] MV/m respectively, and that on Si substrate was found to be
3.46 mT. The coercivity standard deviation values of 3.34 mT and 3.46 mT were found for Co/Ni
microdisks on the PMN-30PT under zero applied field and Si respectively. The difference among
the standard deviations for each of the applied fields were less than 0.2 mT. The values of uoHc
dispersions do not show strong correlation with either the substrate roughness or the strain. The

difference of the uoHc dispersions are more likely a consequence of edge roughness/circularity
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variation. The results indicate that surface roughness and strain shift the coercivity but do not affect

the poHc dispersions significantly.
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Figure 3.7. Median coercive field as a function of the applied electric field to the PMN-30PT and

Si substrates.

c. Magnetoelastic energy discussion

In this section, magnitude of magnetoelastic energy density is compared with anisotropy energy
density to understand the strain-induced coercivity. SQUID measurements were performed to
obtain anisotropy field (poHi) and saturation magnetization (M). Figure 3.8 shows the hysteresis
loop of Co/Ni films of both in-plane (IP) and out-of-plane (OOP) directions from the SQUID
measurements. The results indicate easy axis out-of-plane. The poHi was measured to be 0.4 T and

the M was found to be 910 kA/m.
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Figure 3.8. Hysteresis loop of Co/Ni films for both in-plane (IP) and out-of-plane (OOP) directions.

PMA Co/Ni films exhibit uniaxial anisotropy. The effective anisotropy energy density for the

Co/Ni films can be expressed by Eq. (3.2)

- (3.2)
Egnistropy = E#OMSHK sin? 6

where p, is permeability of free space; 8 is the polar angle relative to the orientation normal to the

sample. M and poHx were estimated as 910 kA/m and 0.4 T from Figure 3.8.

The magnetoelastic energy density change was determined using the following equations[68]:

B, + 2B
AE,., =t 1 2 (o _ (3.3)

B, 6V
(ex—gy) o [Bext ey +T——X (& tg)l ———5— (& — &)

1—v
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where &, and ¢, are in-plane strains in [100] and [01-1] directions. &, =-1500 p and &,= 500 p
under the field 0.8 MV/m can be found in supplementary information. Poisson’s ratio v = 0.3. B;
and B, are expressed as a function of magnetostriction (4;¢q, 4111) and elastic constants (c;4, €12,
c14) by Eq. (3.4) and Eq. (3.5)

3 (3.4)

B, = _51100(011 — C12)

By = —3c44l111 (3.5)

Elastic constants of Ni were chosen for the approximation of By and B2 (c11 = 250 GPa, c12 = 160
GPa, cs4 = 118.5 GPa), given that Ni and Co have comparable values of their elastic constant,
respectively. Magnetostriction in Co/X multilayers[69], where X=Pt, Cu, Ag, Au has been
observed with the order of magnitude 10™*. This value was used for the estimated value of 4,
and Ay11. Eqnistropy Was estimated to be on the order of 100 kJ/m?, which is significantly larger
than the contribution of magnetoelastic energy density (less than 10 kJ/m?) induced by the applied
electric field. This limited the total effect of magnetoelectric modulation on the Co/Ni microdisks,
particularly with respect to engineering any significant rotation of the Co/Ni magnetization away
from its out-of-plane easy axis. This is also consistent with the modest strain-induced 2.9%

reduction of coercive field at 0.8 MV/m electric field in the PMN-30PT substrate.

3.5 Summary
In this chapter, Co/Ni microdisks were fabricated on PMN-30PT (011) and Si substrates and the
effect of surface roughness, in-plane strain, and manufacturing defects were assessed. uoHc

variations across the Co/Ni microdisk arrays were observed on both the Si and PMN-30PT
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substrates with zero applied field, and the standard deviations of the uoHc distribution were
comparable for both arrays showing that surface roughness was not primary cause of the observed
dispersion in uoHc. This suggests that the uoHc variation was more likely the result of variations
introduced in the fabrication process. The poHc of Co/Ni microdisks on the PMN-30PT substrate
was larger than that on the Si substrate by nearly 25%. The larger uoHc observed for the Co/Ni
microdisks on the PMN-30PT specimen was attributed to an increase in the depinning field.
Coercivity was measured with different applied electric field to the PMN-30PT. The results
indicate that strain induced by the electric field lowers the poHc of Co/Ni. The strain induced
modulation of the coercivity is modest when compared to the contributions from surface roughness
and patterning-induced disorder. The estimated anisotropy energy density was larger than the
strain-induced energy density change with an order of magnitude difference. This also explains
the limited strain effect on the modulation of coercivity. Design of strain modulated PMA based
devices will require selection of material systems and processing technique that lead to lower
interfacial roughness, and improved edge/sidewall uniformity of microstructures, in order to

realize a smaller coercivity for strain induced coercive field modulation.
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Chapter 4. Magneto-mechanical Effects in Atomic Spin Model

4.1 Introduction

Manipulation of magnetic spins at the atomic level has become an important research topic due to
its wide range of potential applications such as the quantum simulator [70], quantum neuromorphic
computing [71], and atomic spin-wave memory [72]. Atomically-driven ultrafast control of
magnetization may lead to fast and energy-efficient data processing in the future [73]. As such, the
recent interest in versatile atomic spin-based applications has driven the need for magnetic
modeling techniques. Spin dynamics simulations were initially implemented based on density
functional theory (DFT) in 1995 [7]. The theory of magnetic Hamiltonian was then widely studied
in the early 2000s [9]. Combining DFT calculations and classical simulations helped reduce
computational costs. Parameters extracted from DFT simulation and experiments were used in the
simplified Hamiltonian to speed up calculations [5], [8]. Based on this multiscale framework,
several codes have been developed such as ASD[10], SPIRIT[11], and VAMPIRE[12]. However,
in existing atomic spin codes, exchange striction and magnetoelastic effects have not been taken
into account. These effects are important to the control of magnetization states and dynamics of

the atomic spin systems.

Exchange striction and magnetoelastic effects have been demonstrated to control magnetization to
facilitate development of next generation magnetic devices [74]-[76]. Magnetization switching
induced by magnetostrictive effects has been demonstrated in nanoscale magnetic heterostructures
promising low energy consumption spintronics [77]. Such effects can also be used to control
magnetizations at atomic scales. In addition, ferromagnetic resonance shows a strong dependence

on the magnetostriction [78]. Magnetic resonance-based quantum computers show promise for
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reliable quantum computing [79]. The frequency modes of the system modified via exchange

striction and magnetoelastic effects can be a promising way to control quantum bits[80], [81].

In this work, we study a system of two Co adatoms residing on a Cu(100) substrate. Such a system
has been widely researched using a variety of experimental approaches looking at the Kondo effect
and Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions between Co adatoms [82]-[85].
These works have successfully demonstrated lateral atom manipulation and single spin orientation

control in the Co/Cu system using the scanning tunneling microscope (STM) [86], [87].

Here, a phenomenological model of two Cu adatoms on a Cu substrate was developed using a
multiscale approach. The atomic spin model uses parameters obtained from DFT calculations.
Mechanical and magnetic degrees of freedom are coupled in the atomic spin model. Coupled
Landau-Lifshitz (LL) equation[88], governing the magnetization dynamics, and Newton’s
equation of motion to govern the mechanical behavior are studied to demonstrate the mutual
influence of magnetic and mechanical degrees of freedom. The exchange striction and
magnetoelastic effects are introduced as correction terms to both the exchange and anisotropy
constants. Correction terms are linearly dependent on the displacement between two adatoms.
Hence, exchange striction and magnetoelastic effects are referred to as the “magneto-displacement”
effect. The results demonstrate spin-flip and in-plane to out-of-plane transitions can be induced
with the change of distance between two adatoms. Resonant frequencies of the system are studied

and the manipulation of resonant frequencies is demonstrated.

4.2 Model
Multiscale modeling is performed from the quantum scale to the atomistic scale. Material

properties such as anisotropy and exchange constants are first obtained from DFT calculations at
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the quantum scale. The constants are then introduced to the atomic scale phenomenological model.
Force is exerted on the Co adatoms to change the atomic distance between them, and a magnetic
field is used to control their magnetization orientation. The ground states of two atomic spins are
obtained by minimizing the total energy of the system. The multiscale modeling enables the
investigation of both the equilibrium and the dynamic magnetization states under different

conditions.

a. Geometry

We consider a system consisting of two Co adatoms placed on a Cu(100) substrate as illustrated
in Figure 4.1(a). Two Co atoms are placed on top of the substrate. The distance between the
adatoms is d. Each Co atom possesses a magnetic moment. External magnetic field (B field) is
applied to the system along the z-direction to study in-plane (IP) to out-of-plane (OOP) magnetic
moment switching. Interaction of the adatoms with the substrate produces out-of-plane magnetic
anisotropy. The distance between the adatoms is small. Therefore, the exchange interaction may
exist between the adatoms. This interaction may appear through the conduction of electrons in the
substrate. System symmetry (existence of the vector connecting the adatoms) implies that there
could be in-plane uniaxial anisotropy contribution to the energy appearing due to spin-orbit

interaction and substrate conduction electrons.

36



(a) (b)

000000000
@ Co#1 () Culayer 1 000000000
© co#2 @ Culayer2 000000000
000090000
o 000000000
! M; 000000000
z (OOP) Ael_d‘_{ﬁz y 00000000
000000000 0000000 0 0|36k
y00©00000O0CO 000000000

X z (OOP)

Figure 4.1. Schematic illustration of the proposed model. (a) side view of the two Co atomic
spins on the Cu substrate. (b) top view of Co adatoms on the Cu substrate with an arrow

indicating the moving path of Co#1.

b. Phenomenological model
To describe the behavior of two Co adatoms system phenomenologically, we Hamiltonian
including spring energy, exchange interaction, and IP and OOP anisotropies. Magneto-
displacement effects were incorporated in the phenomenological model through the dependence
of the exchange and IP and OOP anisotropies on the distance between two Co adatoms. The
distance between two Co atomic spins is expressed as

d=dy(1+¢) 4.1)
where dyis the initial (equilibrium in the absence of forces) distance between two Co adatoms, €
is the normalized atomic displacement. The energy dependence on &€ was linearized, assuming
the change of distance is small.
In this work, the dipole-dipole interaction is not considered. Thermal effects were not taken into

account in the model. Co adatom has an atomic moment of 2 y;, (Bohr magneton). The
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orientations of atomic moments are defined by the angles 6; and 8, with respect to the y’ axis,
which is the axis connecting the two adatoms. M)l and Mz are normalized and expressed as
Ml = (0,cos 0, ,sin6,); Mz = (0,cos8,,sinb,); (4.2)
The total energy is the sum of exchange energy E,,, anisotropy energy Ejp;, spring energy Ey,
and external field energy E,,;
Etotal = Eex + Eqni + Esp + Eoxt (4.3)
The exchange energy E,, depends on relative atomic spin orientation and the displacement of the
adatoms,
Eex = —Uo +]15)(1\7i1 : M)z) (4.4)
where J, is exchange constant and J; is exchange striction constant. The anisotropy energy E,,;

includes in-plane (y'-axis) and out-of-plane (z-axis) contributions.

1 — 2 — 2 1 ! / — 2 — 2 4.5
Eam' = _E(KOZ + Klzg)(Mlz + MZZ ) _E(Kgl + K1y 5) (Mlyl + M2yr ) ( )

! !
where K and K¢ are anisotropy constants, K;’ and K7 are magnetoelasticity constants in both y’

and z directions, respectively. The Co adatoms have strong exchange coupling due to small

distance between them. Therefore, same anisotropy constants are used for both adatoms.
The spring energy Ej,, is given by

1 4.6
Egp = Ek (do €)* — fodoe (#6)

where £ is the spring constant of the system, and f; is the external force applied to the system.

Finally, the interaction with external field H is determined by the expression

Eext = _ITI) . zﬂb(ﬁl + Mz). (4‘7)
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Minimizing the energy over magnetization orientations and the distance between the adatoms
one defines the system equilibrium state. Beside the equilibrium state, the eigenfrequencies of

the system can be found by solving coupled Landau-Lifshitz and Newton’s equations.

oM _ = =1 4.8
atl - yMl X Heffa ( )
oM. 4.9
t 2 = yMZ X Heff: ( )
0E . 4.1
. at;tal — mcod' ( 0)

where y is the gyromagnetic ratio and m,, is the mass of Co atom. The effective fields for E)

and ﬁz) are given by

aE ota ! ' - N
Hopp = — =2t = (Jo + ie)M, + (K§ + K{e)My, + (Koy +K? g) M, +H @1
T4 aE ota 1 1 N -
ey = 2 g, + M, + (KZ + KZe)M,, + (Koy +K? g) My, +H. (12
The force acting on the second adatom is given by
_ aEtotal — (413)
s

Jo My My + (M, + My, ) + (M, + My, ) — kdZe + fody
Only linearized equations are considered here. The perturbation of the magnetic moments and

interatomic distance are given by m, , m;,, and ¢, giving

M = MSI + mleiwt, (4‘14)
MZ = MSZ + mzeiwt, (4.15)
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£ =g + gpe'®t, (4.16)

where w is eigenfrequency; M 1 and 1\_4)52 are the equilibrium magnetic moments of Co#1 and

Co#2 atoms; &, is the equilibrium atomic displacement.

c. Density functional theory (DFT) simulations

The parameters Jo, Ji, KZ, KZ, K ,KJ" in Eqgs. (4.4) and (4.5) are defined using the DFT
simulations. The simulated system is shown in Fig. 1(a) and (b). In our DFT model, the substrate
is a two-layer 9-by-9 grid of Cu atoms with a lattice constant of 3.6 A. The adatom Co#1 is fixed
in the simulations on top of the underlying Cu atom. The second adatom is moved along the line
show by the red arrow in Figure 4.1(b). This allows to change the inter-adatom distance d and
study the distance-dependent magnetic interactions. The lattice constant of the substrate did not
change and no substrate strain effect was involved in the DFT calculation. The position of both Co

adatoms was relaxed along z-direction (OOP). The simulations are performed at zero temperature.

Structural relaxation was carried out using the Vienna Ab initio Simulation Package (VASP) [89],
[90] within the generalized gradient approximation as parameterized by Perdew et al. [91] until
the largest atomic force was smaller than 0.01 eVA-1. The pseudopotential and wave functions
were treated within the projector augmented-wave method [92], [93]. A 15-A-thick vacuum region
was introduced to separate the periodic slabs along the stacking direction. The plane wave cutoff

energy was set to 500 eV.

For each position of Co#l, the total energy of the system was calculated for both ferromagnetic
(FM) and anti-ferromagnetic (AFM) ordering of the two Co adatoms, where in each case various
magnetization directions along [100], [010], [001], [110], and [1-10] were considered as an initial

condition for the relativistic DFT calculations. The total energy consists of four terms, e.g., spring
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energy, exchange interaction, IP anisotropy, and OOP anisotropy energy. We then used a linear
regression method to fit the results to a phenomenological model (described in the following
section) and found the coefficients for the exchange energy and anisotropies energies as a function
of the distance between two Co adatoms. The spring energy is independent of magnetic states. The
anisotropic exchange energy is negligible; thus, we show the anisotropy energy generated from
ferromagnetic ordering as the representative result for both IP and OOP anisotropy energy terms.

We found that the Co magnetic moments are close to 2 y;, (Bohr magneton).

4.3 Results

a. DFT results

In Figure 4.2, each energy is plotted against the distance between two Co adatoms. Figure 4.2(a)
describes the spring energy variations with the distance between two Co adatoms, and indicates
that the stable positions of two Co adatoms occurs when they are separated 3.6 A and 5.7 A apart.

The elastic constant (k) is found to be 3.6 eV by a second-order curve fitting with a function
;kx2 at the distance 5.7 A. Oscillation of the spring energy occurs obviously from periodicity of

the substrate lattice. The equilibrium positions corresponds to the first adatom located on top of

the place in between the Cu atoms (see Figure 4.3).
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Figure 4.2. The different energy terms as a function of the distance between the two Co adatoms.

(a) Spring energy (b) Exchange energy (c) OOP anisotropy (d) IP anisotropy.
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Figure 4.3. The dashed circles indicates two equilibrium positions of Co#2 at the distance of 3.6

and 5.7 A between two adatoms.

In Figure 4.2(b), the exchange energy starts positive and decreases as the adatoms are moved
further apart. Oscillations occur at larger atomic distances because the exchange interaction is
mediated by the conduction electrons in the Cu substrate. This mechanism is similar to RKKY.
Negative exchange energy gives an antiferromagnetic (AFM) stable state, and a positive value
leads to a ferromagnetic (FM) coupling. At the distance 5.7 A, the exchange energy oscillates
between positive and negative values. We focus on this region to investigate the FM to AFM
transition induced by the exchange striction effect. Jy is 0.003 eV and J; was found to be -0.077

eV at Co-Co distance around 6A, close to the equilibrium state.

The OOP and IP anisotropy energies versus the Co-Co distance are depicted in Figure 4.2(c) and
(d), respectively. The OOP anisotropy oscillates between positive and negative numbers, whereas
IP anisotropy reduces to near zero as the Co-Co distance increases. The oscillation of OOP
anisotropy is attributed to the bonding between Cu substrate and Co adatoms. The two minimum

energy points observed at 3.6 or 5.7 A agrees with the spring energy results in Figure 4.2(a). IP
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uniaxial anisotropy is associated with the interaction between two Co adatoms. As the distance

increases, the anisotropy reduces to zero. For the equilibrium state around 5.7A, the values of

anisotropy constants are K2 = 0.5 meV, K? = —8.5meV, K& = —1meV,K? = 12 meV.

b. FM to AFM transition (spin flip)

The phenomenological model with the parameters obtained with DFT simulations was used to
study equilibrium state and resonance frequencies of two adatoms as a function of displacement.
There is no external magnetic field applied to the adatoms. A force term is introduced to the
phenomenological Newton’s equation Eq. (4.13) to change the distance between the adatoms.
Figure 4.4 illustrates the transition from the FM to AFM state as the distance between the two Co
adatoms is increased. In Figure 4.4(a), the magnetic state is initialized with the FM state at € = 0.
As Co#tl and Co#2 are separated farther, the positive exchange constant becomes negative. One
of the atomic spins flips 180 degrees and transitions to an AFM state. In this region, the value of

exchange constant spans positive to negative values.

The magnetoelastic effect can assist the FM to AFM transition. In Figure 4.4(b), the external

force f is varied while monitoring the change of €. f, and ¢ are approximately linearly related,
except an abrupt change between € ~0.038 to 0.040. This abrupt change in Figure 4.4(b) occurs
at the magnetization transition from FM to AFM in Figure 4.4(a), confirming that the magnetic

state transition affects the effective spring constant of the system.
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Figure 4.4. FM to AFM transition assisted with exchange striction effect. (a) Co atomic

magnetization orientation as a function of normalized Co-Co displacement (b) Normalized Co-

Co displacement response to an external force applied to the system.

The phenomenological model enables us to study the dynamic magnetic behavior of the system.
The system has three degrees of freedom, which gives three resonance frequencies. Figure 4.5
shows the three eigenfrequencies of the system and their dependence on €. While all degrees of
freedom are coupled but not purely mechanical motion and purely magnetic oscillations, we are
still able to distinguish predominantly magnetic and predominantly mechanical oscillations. Two
“magnetic frequencies” are mostly related to exchange and anisotropy energies. The “mechanical”
frequency is mostly related to spring energy. The exchange mode corresponds to out-of-phase
magnetization precession of two magnetic moments. One can estimate it as (J, + J1€)/(2yup).

The anisotropy mode corresponds to in-phase precession of magnetic moments. This frequency is
defined by the anisotropy constants (K& + Kf¢)/(2yu,) and (Kg' 4 Ky 'e) /yup) .
Mechanical frequency describes the mode of vibrations and is determined by the spring constant.
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As we change the distance between the adatoms, the magnitude of mechanical frequency is the
largest and remains constant due to the weak influence of the magnetic degrees of freedom on the
mechanical mode. Exchange frequency reaches a minimum where the FM to AFM transition

(Jo+J18)

happens and the exchange coupling constant becomes close to minimum ~—”
b

. For the

anisotropy frequency, the anisotropy effect reduces with the increase of atomic distance.

25 ) T T T

—¥— Mechanical Freq
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Anisotropy Freq

Resonant Frequency (Hz)

O 1 | | 1
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Normalized Co-Co Displacement

Figure 4.5. “Mechanical”, “exchange”, and “anisotropy” frequencies as a function of normalized
Co-Co displacement. They are named based on their main contributions. Mechanical frequency
is dominated by the mechanical interaction between two adatoms; exchange frequency is mainly
contributed by the exchange interaction of two atomic spins; anisotropy frequency is largely

attributed to magnetic anisotropy.
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c. In-plane (IP) to out-of-plane (OOP) switching assisted by magneto-displacement effect

Here we consider the case where the out-of-plane magnetic field (z-direction) is applied to the in-
plane magnetic state (along the y-axis) to investigate IP to OOP switching. The values of the
parameters are the same as those used in the cases above. Two cases with different displacement

are studied. At € = 0, the values of anisotropy constants for OOP and IP orientation are K* =
—1meV and K¥' = 0.5meV , respectively. At € = 0.056, the corresponding anisotropy

constants are K? = —0.3meV and K¥' = 0.02 meV. Figure 4.6(a) shows the orientation of
atomic magnetic moments as a function of the applied field at € = 0. In this case the zero applied
field state is the FM state. As the external field is applied Co magnetic moments stay in the FM
state, but the orientation becomes canted with respect to the substrate plane. The IP to OOP state
transition completes at the external field of 13 T. In the second case the normalized atomic
displacement (¢ = 0.056) is introduced. The equilibrium state in this case if the AFM one (Figure
4.6(b)). The field required for the IP-OOP transition in this case is about twice high as the one
without the applied €. This is because the external field has to overcome both magnetic anisotropy

and the AFM exchange interaction to attain the transition to OOP state.
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Figure 4.6. Magnetic moment orientations of two Co atoms as a function of external magnetic

field in the z-direction with positive Jo, negative Ji, and (a) € = 0 (b) € = 0.056.

Next, we investigate the other hypothetical case where we reverse signs of the constants Jo and J;
and the anisotropy terms remains the same as the previous case. In this case the system is initialized
with AFM ground state. Dependence of the magnetic state on the external field is shown in Figure
4.7. For zero relative displacement (¢ = 0), IP to OOP switching occurs at an external applied
field of 64T. After applying the atomic displacement (¢ = 0.056), the required field significantly
reduces to 3T (Figure 4.7 (b)). The reduction of the required field needed for the AFM to FM
transition is much greater than that in the previous case with FM state. In both cases, we find that
the required magnetic field for switching can be significantly changed due to magneto-

displacement effects.
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4.4 Discussion

The adatom manipulation discussed in the present work can be realized experimentally using the
tip of scanning Tunneling Microscope (STM). It was first used to demonstrate lateral positioning
of atoms on the surface by Eigler and Erhard [94]. The STM technique enables a Co adatom to
move on the Cu substrate and manipulate the lateral atomic distance between two Co adatoms by
tip-induced potential [86]. Spin-polarized STM (SP-STM) has been used to image atomic spin
direction with a polarized tip [87]. SP-STM is a potential technique to monitor the magnetization
transition of Co atomic spins. In addition to the static magnetization measurements, magnetic
resonance of single atomic spin can be obtained by combining STM and electron spin resonance
(ESR) [95]. This allows monitoring the resonant frequency change of the system. Another option
to manipulate the distance between the adatoms is through the applied mechanical strain to the
substrate. This can be done by integrating with a piezoelectric layer under the Cu substrate. This
work does not incorporate an induced strain in the substrate. However, the same phenomenological
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model can be used to study the strain effects, providing a set of DFT parameters are generated

under varying lattice constants of the substrate.

4.5 Conclusion

A model of two Co adatoms residing on a Cu(100) substrate was developed incorporating
magneto-displacement effects as correction terms to the exchange and anisotropy constants in a
phenomenological model. The parameters used in the spin model were extracted from DFT
calculations. Coupled LL equation and Newton’s law governed the dynamics of the system. We
observed a FM to AFM transition as the distance between the two Co adatoms was increased. A
wide range of resonance frequencies of the system can be tuned with the change of atomic distance.
The required magnetic field to achieve IP to OOP transition is significantly reduced by changing
the interatomic distance. The results provide an understanding of the displacement effect on the

atomic magnetization behavior that can assist the advancement of atomic-scale devices.
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Chapter 5. Conclusion and Outlook

This dissertation focused on the development of magnetoelectric microdevices and multiscale
modeling. Specifically, multilayer Co/Ni was studied due to its large PMA and tunability of
saturation magnetization. Patterned Co/Ni multilayers were proposed for a cell sorting application.
Integrated Co/Ni devices were further studied to better understand the roughness and
magnetoelectric effects on the uniformity of magnetic response. In the modeling work, the
magnetization state and dynamics of the atomic spin systems were investigated incorporating

magneto-displacement effects using the multiscale modeling approach.

In Chapter 2, patterned multilayer Co/Ni microdisks were designed, fabricated, and tested for the
bead capture application. Conventionally, the cell capture method has used an external magnetic
field from permanent magnets or electromagnetic coils, which leads cells to aggregate to one
location. This limits the space for cell imaging and analysis. Our proposed Co/Ni cell capture
method demonstrates a way towards compact lab-on-a-chip devices for more precise control. In
this work, finite element simulations were performed to assist the Co/Ni heterostructure design. A
Co (0.2 nm)/Ni (0.4 nm) heterostructure was fabricated and tested in a suspension of fluorescent
magnetic beads in a fluid. Magnetic beads were captured by the Co/Ni microdisks and mostly
trapped at the perimeter of the disks, which agrees with the simulation results. Future studies need
to be performed on releasing the magnetic beads with the designed materials structure of

comparably small coercivity and the assistance of magnetoelectric effects.

In Chapter 3, magnetoelectric Co/Ni microdevices were fabricated on both Si and PMN-30PT(011)
substrates to understand the roughness and magnetoelectric effects on the uniformity of magnetic
response. We observed a non-uniform response on both Si and PMN-PT specimens. This further

shows that inhomogeneous strain from PMN-PT substrate is not the primary cause of the observed
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dispersion. We observed a larger coercivity of Co/Ni disks on the PMN-PT than those on the Si
substrate, which was attributed to the surface roughness effect. The strain-induced coercivity is
modest when compared to the contributions from surface roughness and fabrication-induced
imperfection. Anisotropy energy calculation was performed to explain the limited strain effect on
the change of coercivity. Future design of strain modulated PMA based devices will require
selection of material systems and processing techniques that lead to lower interfacial roughness,
and improved edge/sidewall uniformity of microstructures, to realize a smaller coercivity for

strain-induced coercive field modulation.

In Chapter 4, an atomic model was developed to understand static and dynamic magnetic behaviors
using a multiscale modeling approach. A model of two Co adatoms residing on a Cu(100) substrate
was studied incorporating the magneto-displacement effect. The parameters used in the
phenomenological model were extracted from the DFT calculation. Coupled Newton’s law and
the LL equation governed the dynamics of the system. We observed an FM to AFM transition and
change of eigenfrequencies of the system when increasing the distance between two Co adatoms.
Moreover, displacement-assisted in-plane to out-of-plane switching was demonstrated. In the
AFM case, the required external field to achieve IP to OOP switching significantly decreases from
64 T to 3 T. The outcome shows atomic level devices are promising for the potential application
of quantum computing and storage devices. The future challenge of this atomic model is to expand
from two to a large number of atoms. An approximation of the interactions between adatoms needs
to be made to increase the calculation speed. Alternatively, molecular dynamics and other
simulation methods can be implemented based on the results of this model for a large number of

atoms.
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This work covers fundamental studies and practical applications of multiferroics. Versatile
multiferroics are an exciting and promising interdisciplinary research field. Practical multiferroic
applications are very challenging. Extensive research efforts have been devoted to this field. I hope

this work brings some inspiration to the readers.
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