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Abstract
Electric Field Control of Ferromagnetism and Magnetic Devices Using Multiferroics
by
John Thomas Heron
Doctor of Philosophy in Engineering - Materials Science and Engineering

University of California, Berkeley

Professor Ramamoorthy Ramesh, Chair

This dissertation presents a study of a heterostructure composed of room tempera-
ture magnetoelectric multiferroic BiFeO3 and ferromagnetic Co goFe 19, with specific
interest in understanding the interfacial coupling mechanisms in this system and es-
tablishing the electric field control of a magnetization and spintronic devices. The
field of spintronics has been plagued with the problem of a large energy dissipation
as a consequence of the resistive losses that come during the writing of the magnetic
state (i.e. reversing the magnetization direction). The primary aim of the work pre-
sented here is to investigate and understand a novel heterostructure and materials
interface that can be demonstrated as a pathway to low energy spintronics. In this
dissertation, I will address the specific aspects of multiferroicity, magnetoelectricity,
and interface coupling that must be addressed in order to reverse a magnetization
with an electric field. Furthermore, I will demonstrate the reversal of a magnetization
with an electric field in single and multilayer magnetic devices. The primary advances
made as a result of the work described herein are the use of epitaxial constraints to
control the nanoscale domain structure of a multiferroic which is then correlated to
the domain structure of the exchange coupled ferromagnet. Additionally, the magne-
tization direction of the ferromagnetic layer is controlled with only an applied electric
field at both macroscopic and microscopic scales. Lastly, using this electric field con-
trol of ferromagnetism, the first demonstration of a magnetoelectric memory bit is
presented.
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MFM images taken of downward oriented magnetization before (h) and
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M(H) curves measured at room temperature from Co goFe 19/BiFeO3
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(a) (a-b) Magnetic hysteresis curves from the CogoFe g (2.5 nm)/
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(a) XMLD-PEEM image of the BiFeOj3 film when the X-ray polariza-
tion is oriented along one of the BiFeO3 {110} directions. The direction
of the linear polarization of the X-rays are indicated by the double-
headed green arrow. The direction of the beam is indicated by the red
arrow labeled k. (b) XMLD-PEEM image of the BiFeOg film when
the X-ray polarization is oriented along the BiFeO3 [001] direction. (c)
A zoomed in image of (a) near the Pt electrode for later comparision
with a in-plane PFM image (d) to correlate order parameter directions
in each BiFeO3 domain. . . . . . . . . ... ... ... ... .....
Transmission electron microscope (TEM) image of the heterostruc-
ture. Inset: High resolution image of the CogoFe o / BiFeOs inter-
face. Electron energy loss spectroscopy (EELS) curves taken accross
the CogoFe 19 / BiFeOjs interface. EELS curves correspond to the re-
gions labeled 1-8 in the high resolution TEM image. . . . . . . . . ..
(a) In-plane PFM image of BiFeOs. (b) XMCD-PEEM image of the
CogoFe 19/BiFeO3 heterostructure. The blue and black arrows in (a)
correspond to the in-plane projections of the polarizations in each of
the ferroelectric domains of BiFeOs. The blue and black arrows in
(b) correspond to the directions of the magnetic moments in the white
and black domains in the Co goFe 19 layer, respectively. There is a clear
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mapping of the domain structures in the images. Scale bars are 500 nm. 49

(a) In-plane PFM image of the BiFeOj ferroelectric domain structure.
(b-d) XMCD-PEEM images of the CogoFe 9 domain structure from
the same area that is shown in (a). The X-ray is directed at 45°
(b), 90° (c) and parallel (d) to Pperp. (e-h) A zoom-in of the areas
encompassed by the black squares in (a-d). The arrows labeled P1 and
P2 in (e) show the in-plane projection of the polarization within each
of the domain variants. The arrows labeled 1 and 2 in (f-h) are the
directions of the moment at the location of P1 and P2 in (e). The
contrast observed in each image is described below each image with
the colored arrows and the orange arrow that shows the direction of
the incident X-ray. . . . . . . . . ..o L
SEMPA image of the domain structure of CoggFe 1 in a CogoFe g /
striped 71° BiFeOj3 heterostructure. The color wheel gives the direction
of the local moment. Large white arrows show the direction of the
macroscopic magnetization in eac of the domain variants. The local
moment rotates by 90° across each domain. . . . . . . . ... ... ..
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(a) Schematic illustrating the magnetic interface coupling and (b) pos-
sible configuration after an in-plane electric field is applied. The crystal
structures show the orientations of the polarization (white arrows, P),
the antiferromagnetic axis (yellow double arrows, L), the canted mo-
ment (red arrows, M.), and the (111) plane (orange) within each of
the domain variants in the BiFeO3 system. The CogoFe 19 moments
couple with the in-plane projection of the canted moment within each
of the BiFeO3 domains. If the BiFeO3; domain variants individually
undergo a 71° switching event such that P, p reverses direction, the
net magnetization of the CogoFe 1o layer can be reversed due to the
coupling with the canted moment in BiFeOs. . . . . . . . . .. .. ..
[ustrations of the magnetoelectric switching events possible in the
BiFeOj3 system. The white arrows give the direction of the <111> ori-
ented polarization. The (111) oriented magnetic plane is orthogonal to
the polarization and is shown in yellow. An externally applied electric
field directed in-plane (along the [110] or the [110]) will lead to either
a 71° or 109° in-plane (IP) switching event. A [001] oriented electric
field can permit 71°, 109° or a 180° out-of-plane (OP) switching events.
The 180° switching event leaves the (111) magnetic plane invariant.

Multiferroic switching events for the in-plane and out-of-plane switch-
ing events. The 71° in-plane and the 109° out-of-plane switching events
are the only switching events that rotate the in-plane components of
the polarization (P) and the antiferromagnetism (L). Since the canted
moment (M,) is orthogonal to L, the 90° in-plane rotation of L imposes
the condition such that the canted moment also is expected to rotate
in-plane. . . . ...

Image of the device to probe the magnetization of Co ggFe 1y dot using
AMR after in-plane electrical poling of the BiFeOs. The definition of
AMR is given in the equation and the definition of the angles of the
magnetization and applied magnetic field during the AMR measure-
ment are defined in the device image. . . . . . . . . .. .. ... ...
Simulations of AMR curves for different orientations (0°, 90°, and 180°)
of the magnetic easy axis with respect to a reference orientation which
is oriented at a 45° from the applied current using an applied mag-
netic field (H,)that is much smaller than the magnetic anisotropy field
(H,). This ensures that the magnet cannot be switched by the applied
magnetic field during the AMR measurement, rather the magnetiza-
tion wiggles about its magnetic easy axis. Also shown is the equation
of the AMR behavior and the energy landscape which is given by the
Stoner-Wolfarth model. . . . . . . . . ... ...

23

54

5}

60



4.3
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(a) Experimental high field (500 Oe, black open triangles) and low field
(20 Oe, blue open squares) AMR curves of the device.(b) Low field (20
Oe) AMR curves in the as-grown state (red open circles) and after
switching the Co goFe 19 magnetization state by 180° using an applied
magnetic field (black open circles). . . . ... ... L.
(a-b) In-plane PFM images before (a) and after (b) removal of the
CogoFe g dot from an as-grown AMR structure. The white arrow
gives the direction of P,.;p underneath the CogoFe o dot. (c) Af-
ter the application of a 130 kV/cm pulse (oriented from left to right)
and subsequent etching of the magnet, the ferroelectric architecture
underneath the CogoFe 19 dot corresponds to a reversal of Prp. (d)
IP-PFM image where both as-grown and reversed states of P,.;;p co-
exist. The 90° in-plane rotation of each single ferroelectric domain is
represented by the colored arrows (black and blue to green and purple,
respectively) and correspond to in-plane 71° 3-D vector rotations. (e)
Another structure which has been switched first by a 130 kV/cm pulse
and followed by a -130 kV/cm pulse. The ferroelectric configuration
reverts back to the as-grown state. (f-i) Phase field simulation of the
ferroelectric switching of a multidomain BiFeOj film under an in-plane
electric field (420 kV/cm) applied to the right. (f) is the as-grown
state and (g-i) show the switching as a function of increasing time and
under constant electric field, leading to the 180° switch of P,,;;p. The
author aknowledges K. Ashraf and S. Salahuddin for the phase field
simulations; similar work is given in reference [130]. . . . . . .. . ..
(a-b) Out-of-plane (a) and in-plane (b) PFM response of the AMR
structure after etching the CogoFe 9 dot. (c) Schematic of the fer-
roelectric architecture corresponding to the in-plane PFM caption in
(b). (d-e) Out-of-plane (d) and in-plane (e) PEM response of the AMR
structure after the application of a 130 kV /cm pulse and the removal of
the CogoFe 19 dot. Two different ferroelectric switching events are ob-
served. Under the dot, the domain walls do not change direction from
the as-grown state, however, the direction of P,.;p changes by 180°.
On both sides of the transport leads, where there was no Co ggFe 19
during the application of the electric field, the domain walls reorient
by 90° in-plane which results in a 90° switch of P,,.;;p. This configura-
tion is illustrated in (f). The direction of P, p at the location where
the Co ggFe 19 dot once was, is given by the white arrows. The colored
arrows in (c¢) and (f) give the directions of the in-plane polarization in
each of the single ferroelectric domains. The scale bars are 1 um.
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The possible in-plane polarization variants and their projection on the
(001) surface of BiFeOs. An in-plane electric field directed along Py
causes all of the other polarization variants to switch by either 71° or
109 in 3-dimensions. These 71° and 109° switches project onto the
(001) surface as 90° and 180° rotations. . . . . . . . . . ... .. ...
Table listing the calculated coercive fields and switching times for the
71° and 109° switching events. The 109° switch has a larger coercive
field and a switching time roughly twice the 71° switching time. The
author aknowledges K. Ashraf and S. Salahuddin for the phase field
simulations; similar work is given in reference [130]. . . . . . . . . ..
The lifetime of 180° switch of P,.;;p on the BiFeO3 (001) surface. (a)
The in-plane polarization directions in the as-grown state. (b) Initial
switching begins at the domain walls when an electric field is applied
in-plane and to the right with strength above the coercive field of the
71° switch and below the 109° switch. (c) Later, the vertical polar-
izations (red domains) switch to right oriented polarizations (orange
domains). (d) The head-to-head configuration between the orange and
light blue domains causes the light blue domains to switch by 71° to
dark blue domains at the domain walls. (e) The dark blue domains
continue to grow, creating the favored head-to-tail configuration be-
tween orange and dark blue domains. (f) After the lifetime of the
dark blue domains has been reached, the dark blue domains switch by
71° to orange domains, eventually creating a monodomain state. The
author aknowledges K. Ashraf and S. Salahuddin for the phase field
simulations; similar work is given in reference [130]. . . . . . . . . ..
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(a) Initially an up directed polarization (red domain) is taken as the
monodomain and a right directed polarization (yellow domain) is taken
as a seed domain. An in-plane electric field is applied towards the right.
The strength of the applied field is lower than the coercive field for any
switching, both at the domain wall and within the domain and is used
to drive the system forward so that relaxation can be achieved within
a reasonable simulation time. (b) As expected, domain wall switching
from the up domain to the right domain begins quickly due to the sys-
tem being far from equilibrium. (c, d, e) Eventually a quasi-periodic
domain pattern is obtained that consists of up and right oriented do-
mains and the domain walls are oriented along a line going across the
body diagonal of the simulation grid. In the specific case of our in-plane
switching and subsequent 90° rotation of net in-plane polarization, the
right oriented polarization acts as the majority domain and the up
domain acts as the seed. The right oriented polarization originates
due to the switching along that direction and the up directed seed do-
main is already present in the regions adjacent to the electrodes where
switching has not occurred. The author aknowledges K. Ashraf and
S. Salahuddin for the phase field simulations; similar work is given in
reference [130]. . . . . . . ..o
(a) Open black circles show the high field (2000 Oe) AMR response (top
panel). The low field (20 Oe) AMR response for the as-grown state is
plotted with the open red circles (second panel from top). The open
blue circles show the low field AMR after pulsing an electric field of 130
kV/cm in zero magnetic field (second panel from bottom). Application
of a-130 kV /cm electric field pulse at zero magnetic field results in the
recovery of the phase of the as-grown low field AMR response (open
green circles - bottom panel). (b) Representation of the one-to-one
magnetic interface coupling in the BiFeO3 / Co goFe 19 heterostructure
in the as-grown state, after pulsing an electric field of 130 kV/cm, and
130 kV/em. Lo
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4.11 All AMR measurements were performed under a 20 Oe magnetic field.

5.1

5.2

5.3

5.4

(a) AMR measured from a Co goFe 19 (2.5 nm)/ SrTiO3 (2 nm)/ BiFeOs
heterostucture in the as-grown state (open red circles - top panel) and
after switching the magnetization of the Co ggFe 19 dot using a -2000 Oe
magnetic field. (b) Schematic of the heterostructure with the SrTiO3;
layer inserted in between the CogoFe 9 and the BiFeOjs layers giv-
ing the relative directions of the moment in the magnet and the net
in-plane polarization in BiFeOs. (¢) AMR measured in the same ar-
chitecture in the as-grown state (open red circles - top panel) and as a
function of applied voltage (open blue and green circles - middle and
bottom panels). No change in the phase of the AMR signal is observed
for any of the voltage pulses. (d) Schematic of the structure. Reversing
Petrp reorients the magnetic order in the BiFeOg layer, however, the
inserted layer prevents the magnetization reversal. . . . . . . . . . ..

PFM image of the BiFeO3/SrRuQO3/DyScO3 heterostructure revealing
the characteristic 71° stripe-like ferroelectric domains (white and black
stripes). The white arrows indicate the in-plane projections of the
polarizations associated with each domain variant. . . . . . . . . . ..
(a) MFM image of the CogoFe 1y domain structure when coupled to
BiFeOs. A stripe-like domain structure is clearly revealed. (b) Fourier
analysis of the spectrum of the domain widths reveals that the domain
widths observed by PFM and MFM are correlated with most domains
having a width ~ 150nm. . . . . .. . .. .. ...
(a) A schematic of the device used for studying the switching of the
BiFeO3 underneath the CoggFe 19 dot using out-of-plane voltage. The
voltage is applied through the thickness of the BiFeOjs layer using
the SrRuO3 and CogoFe 1y / Pt as bottom and top electrodes. The
CogoFe 19 / Pt was thren removed using Ar ion milling. (b) and (c)
show the in-plane PFM images of the BiFeO3; domain structure after
(b) one switch with negative voltage and after (c) two switches (one
negative, then positive). . . . . . . ... oo L
In-plane and out-of-plane PFM images of a region that contains both
the as-grown and switched regions. The switched region has been
switched with the application of a negative voltage. Arrows represent
the in-plane component of the ferroelectric polarization in its associ-
ated domain. . . . ..o
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5.5

5.6

6.1

6.2

6.3

(a) SEMPA image of the AMR device structure in the as-grown state.
The net magnetization (M, ) direction is indicated by the white arrow.
The color wheel indicates the orientation of the local magnetic moment.
(b) SEMPA image after a -7V voltage pulse. M,,; has reversed direc-
tion and the striped domain pattern is preserved after the pulse. (c)
A closer look at the domain structure in (b) to show the local orienta~
tion of the magnetic moments in each domain. (d) An in-plane PFM
image of the region shown in (c¢) after the removal of the Co goFe 1.
The images in (c) and (d) reveal that the correlated domain structure
is preserved after the electrical switch. Furthermore, the comparison
of the images in (c¢) and (d) reveal that the collinear alignment of the
in-plane projection of the polarization and the CogoFe 19 moment is
also preserved after the switch. . . . . ... .. ... ... .. ....
In-plane and out-of-plane PFM images of a region that contains both
the as-grown and switched regions. The switched region has been
switched with the application of a negative voltage. Arrows represent
the in-plane component of the ferroelectric polarization in its associ-
ated domain. . . . ...

The two proposed device schemes for combining magnetoelectrics and
spintronic devices. The two concepts use magnetoelectrics as an elec-
trically controllable (a) tunnel barrier and (b) pinning layer. Figure
from [61]. . . . ...
Schematic of the proposed magnetoelectric memory and its operation.
The voltage applied to the magnetoelectric multiferroic causes the po-
larization to reverse, reversing the magnetic structure in th multiferroic
at the multiferroic/ferromagnet interface. This results in the reversal
of the magnetization of the pinned magnetic layer in the spin valve
due to the interface exchange coupling. Since the free layer is now the
reference layer, and remains fixed, the resistance of the device changes.
The resistance versus the applied voltage loop reveals the hysteretic
switching of the multiferroic and leads to the two stable resistance
states at zero magnetic field. Figure from [142]. . . . . . ... .. ..
Schematic of the multiferroic - spin valve device. The voltage is applied
through the film thickness of the BiFeOgs film. The two wire resistance
measurement of the spin valve device is oriented such that the current
is applied into the plane of the spin valve interfaces (CIP). . . . . ..
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6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

Example of a typical magnetoresistance hysteresis curve found in these
devices when the magnetic field is oriented along the easy axis of the
magnetic layers. Schematics in the graph indicate the orientations of
the magnetizations in the top and bottom magnetic layers as the field
is cycled. Note that the bottom layer is in contact with the BiFeOs
surface. . ... L
Magnetoresistance curves of an as-grown device illustrating the uni-
axial magnetic anisotropy of both magnetic layers. 0° indicates the
direction of the applied magnetic field during the growth of the mag-
netic layers (and net in-plane polarization direction in the as-grown
state) which coincides with the magnetic easy axes of the magnetic
layers. . . . ..
A description of the magnetoresistance hysteresis curve found in these
devices with respect to the domain structure of the two magnetic layers.
The numbers in the graph refer to the schematics which illustrate the
domain structure and magnetization directions of the top and bottom
magnetic layers as the field is swept from positive to negative values.
Note that the bottom layer is in contact with the BiFeOj3 surface and
has the quasi-periodic striped magnetic domain pattern. Also note
that R, and R, are defined by states 2 and 4. . . . . .. ... .. ..
Typical ferroelectric hysteresis loop from a BiFeOgs-spin valve device
structure. Inset: Electric pulse width dependence of the ferroelectric
switching. . . . . . . . .
Magnetoresistance curve in the as-grown state when the applied field
is oriented along the easy axis of the device (left) and a plot of the
device resistance as a function of the amplitude of a 1us voltage pulses
(middle). (right) The device resistance as a function of time after
electrically poling it into the R, resistance state. The dashed purple
lines are guides to theeye. . . . . . . . . . ... ... L.
Schematic of the measurement-pulse sequence used to obtain the data
in Figure 6.8. . . . . . . . .
Magnetoresistance curves taken (from a sample similar to the one
shown in Figure 6.8) along the easy axis of the as-grown (open black
triangles) and electrically switched (open orange triangles) states by
sweeping the magnetic field from 0 Oe to 200 Oe and back to 0 Oe
(orange arrows associate resistances with the field sweep). The sharp
switching around 80 Oe in the switched curve indicates that the layer
in contact with BiFeOjs is the one that reorients due to the applied
voltage. . . . . ..
Complete hysteresis of the device resistance obtained at room temper-
ature as the amplitude of a 1us voltage pulse is cycled while under zero
magnetic field. . . . . ...
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6.12 (a) Complete hysteresis of the device resistance obtained at room tem-

Al

A2

A3

A4

A5

A6

perature as the amplitude of a 1us voltage pulse is cycled while under
zero magnetic field. The red line represents the ferroelectric loop of the
device. To correlate the resistance states in the R(V) loop to the mag-
netic configuration of the device, the magnetoresistance of the device
is also plotted. (b) Multiple switching cycles are shown in the green

plot. Below is the schematic of the cycling measurement using +,- 8V.

Schematics of nanostructured composites. The nanostructures (grey)
reside in a thin film matrix (orange) that is deposited on a substrate
(blue). (a) nanosheets, (b) nanopillars, (¢) nanoprecipitates and (d)
laminar thin films. . . . . . .. ..o oo
Schematic of the route to electric field control of magnetism for mul-
tiferroic composites. The coupling is mediated through the sharing of
the lattice by which strain can be transferred from the piezoelectric
matrix to the magnetostrictive ferromagnet. . . . . . . . . ... ...
(a) Schematic of the interface electronic orbital reconstruction, with
hybridization, (b) Proposed interface spin configuration and coupling
mechanism with dx?-y? orbital ordering in the interfacial LSMO. (c)
Schematic of the origin of the interface magnetism. Taken from refer-
ence [156] . . ..
(a) Shows the gate-voltage-pulse sequence used for the measurements.
(b,c) Measurements of normalized exchange bias and peak resistance
for the gate-pulse sequence. The exchange bias modulates with fer-
roelectric polarization; the data shown for (b) were obtained with a
negative remanent magnetization in the LSMO channel whereas the
data shown for (c) were obtained in positive remanent magnetization.
(d,e) Examples of individual MR curves from the two resistance states.
Taken from reference [127]. . . . . . . . . .. ...
A schematic of the metal-oxide-semiconductor structure used to ac-
cumulate or deplete holes from a magnetic semiconductor (InMnAs)
using a gate voltage. The black dots are representations of holes in the
magnetic semiconductor while the black arrow represents the magni-
tude of the magnetization. Taken from reference [113] . . . . . . . ..
(Top) The magnetic field at which AR,, (the difference between R,
(H) and R,, (H = 0)) peaks is a measure of the perpendicular uniaxial
anisotropy field. Magnetic field dependence of AR, for different val-
ues of electric field in MV em™! at 5 K. The anisotropy field becomes
lower when a positive electric field is applied and becomes higher when
negative E is applied. (Bottom) Perpendicular anisotropy field as a
function of the sheet hole concentration and applied voltage. Taken
from reference [112]. . . . . . . . ...
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AT

A8

A9

Schematic of a magnetic tunnel junction with a thin magnetic layers
showing perpendicular magnetic anisotropy. The electric field is ap-
plied through the thickness of the films. Taken from reference [158]. .
(a) Schematic of voltage pulse profile used. (b) Simulations of mag-
netization precession as a function of pulse width. (c¢) Experimental
configuration for pulsed measurements. (d) Toggling of the magnetic
state of the magnetic tunnel junction with positive voltage. (e) Sta-
bility of states under applied negative voltage. Taken from reference

Demonstration of the current driven switching as a function of current
pulse width. Taken from reference [149]. . . . . .. ... ... .. ..

A.10 Giant spin Hall effect switching of an in-plane magnetic tunnel junction

B.1

B.2

device. Taken from [134]. . . . . . . . ... ...

(left) Schematic of the PEM measurement with tip, sample, 4-quadrant
photodiode detector, laser, AC voltage and lock-in amplifiers. (Right)
(a,b) Piezo-distortions from a ferroelectric sample with out-of-plane
polarization variants due to a out-of-plane oriented electric field (ds3)
with corresponding motion of the PFM tip. (c,d) Piezo-distortions
from a ferroelectric sample with in-plane polarization variants due to a
out-of-plane oriented electric field (ds;). (e) Tip motion and detection
from a polarization with both in-plane and out-of-plane components.
Image taken from [164].. . . . . . . .. ...
(a) AFM image of the surface topology (b) out-of-plane (OOP) PFM
image. White contrast corresponds to polarization directed into the
page and black contrast out of the page, (¢) in-plane (IP) PFM image.
The white stripes indicate a in-plane polarization that points down and
the no contrast (darker domains) have a in-plane polarization compo-
nent that points to the left. . . . . . ... .. ... ... ... ....
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Chapter 1

Introduction

In this chapter I will provide a brief background to the key definitions and concepts
that are referred to frequently in this thesis. The central theme of the work presented
in this dissertation is to establish the electric field control of ferromagnetism (and
magnetic devices) at room temperature. The theme of this work extends to address
the questions of whether the ferromagnetism be reversed with an electric field and if
such a system can be integrated into a device for spintronics applications. To begin,
the work presented in this dissertation is motivated by a discussion of the idea of es-
tablishing the electric field control of ferromagnetism in light of fundamental scientific
inquiry and technological demand. What follows is the introduction to multiferroics,
magnetoelectrics and exchange coupling in antiferromagnet-ferromagnet heterostruc-
tures. Finally, this chapter ends with an outline that will organize the remainder of
this thesis and summarize the contents of each section.

1.1 Importance of the electric field control of fer-
romagnetism

1.1.1 Motivation: a physical perspective

Before the early 1800’s, electricity and magnetism were believed to be derived
from distinct forces. Due to the works from the likes of Oersted, Faraday, Henry and
Maxwell, the deep connections between electricity and magnetism were revealed and
we now understand that both electricity and magnetism result from a single electro-
magnetic force. The impact of this connection has broadened with time, moving from
a physics discovery to technological applications. The classical relations of Ampere’s
law and Faraday’s law of induction are heavily integrated into modern electromagnetic
devices. In devices such as antennas, magnetometers, motors, magnetic memories and
electromagnets, electromagnetic fields are created or detected through the flow of a
current. Issues with the use of electrical currents create technological issues result-



ing from resistive heating. With the use of classical electromagnetism, the complex
interactions between fields, charge carriers, and spins in solids as a means towards
establishing new connections between electricity and magnetism, have largely been
neglected. A desirable effect would establish the link between a voltage and magnetic
field without the flow of current.

Furthermore, in the classical laws of electromagnetism, there is a clear connec-
tion between the symmetry broken by the applied field or current and the field that
manifests (see Figure 1.1). From Ampere’s law

RN dq

F B di = L = o (1.1)
it is seen that the motion of electrons breaks time reversal symmetry and results
in the manifestation of a magnetic field, which also breaks time reversal symmetry.
Similar to a current, the spin angular momentum of the atoms in a ferromagnet or an-
tiferromagnetic crystal break time reversal symmetry. An electric dipole is classically

expressed as .
P=qd (1.2)

where d is the spatial separation between charges. An electric dipole breaks spatial
inversion symmetry (since the direction of d changes the direction of p). Since the
electric dipole is linearly proportional to the elelctric field, an electric field also breaks
spatial inversion symmetry. Since the classical laws require a current to couple charge
to magnetism, it becomes a question of physics whether an electric field can be used to
control magnetism. An exploration of this question in solid state systems is necessary.

1.1.2 Motivation: a technological perspective

The importance of the connection between electricity and magnetism in this in-
formation age can be seen by the abundance of electromagnetic devices. This rela-
tionship, however, requires the flow of an electrical current. This fact accounts for
several technological issues. To date the most relevant issue arises from the energy
loss due to Joule heating (resistive losses = I*R). Joule heating presents two problems.
The thermal energy that is created is lost to the environment and is irrecoverable.
The resistive losses will heat other components in the device making thermal man-
agement a critical component to device functionality and lifetime. Lastly, because
the thermal energy cannot be recovered, the thermal dissipation of the electrical en-
ergy is essentially wasted energy, energy that is not used by the system to provide
functionality:.

Historically, magnetic bits have been used to store information via the ability to
retain two remnant magnetization directions. The first magnetic memory (magnetic
core memory) was made in the 1950’s to improve the speed and reliability of earlier
computer memory. [1] In this memory, tori of magnetic materials (cores) were used
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Symmetry breaking in crystals
Figure 1.1: Time (or time reversal) and spatial inversion symmetries in electro-
magnetic equations and ferroic crystals. A current breaks time reversal symmetry
while preserving spatial inversion symmetry. An electric dipole breaks spatial inver-
sion symmetry while preserving time reversal. As a consequence, magnetic fields and
magnetic moments break time inversion symmetry. Similarly, the electric field can be
expressed in terms of an electric dipole and hence the electric field also breaks space
inversion symmetry. Taking this understanding to the macroscopic orders in mag-

netic and ferroelectric crystals, ferromagnetic and antiferromagnetic crystals break
time inversion symmetry and ferroelectric crystals break space inversion.
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Figure 1.2: (a) Image of early magnetic core memory. World lines and read lines are
strung through the cores to read and write the magnetic information. (b) Close up
of the magnetic core memory architecture. Figure from [2].

to store binary information using the remnant magnetization. Currents were run
through wires that were strung through the holes of the core to write and access the
data stored in the cores (see Figure 1.2). Two lines were used to generate magnetic
fields that would toggle the magnetization between remnant states. A third wire was
used to read out the information via inductance. [2]

While the magnetic core memory has forever changed computer memory, it has
since been long abandoned due to its inefficient use of energy and space. The constant
demand for faster and higher memory density has made this architecture a display
for a museum in just about 20 years (1950 - 1970). [2] As the bits were packed closer
and closer together, the magnetic fields generated to switch an individual bit began
to fringe into other neighboring bits, creating an issue with the ability to store the
information without an error and preventing further scaling of the bit density.

This issue has been circumvented with a memory based on spin transfer torque
(STT) [3, 4], where a spin-polarized current is injected into the magnetic layer to write
the magnetic state. The remnant magnetic state of the bit is determined through the
device resistance since it is dependent on the orientation of the magnetization (magne-
toresistance). The limiting factor in the further miniaturization of these technologies
lies in the significant energy losses that occur from the increased resistive losses as
the size of the technology is decreased. While STT memories provide the historical
advantages of magnetic based memories such as high speed, high density and high
endurance in a non-volatile technology, it does not sufficiently address the major con-
cern of substantially lowering energy dissipation and write energies to levels required
to revolutionize memory. Furthermore, the large current is damaging to the memory
device and ultimately reduces the lifetime of the memory bit significantly. [5] Prob-



lems of reliability are still hindering serious commercialization of STT based memory
[5], and by the time of its commercialization, other memory technologies will likely
be competitive on the basis of energy per bit.

Looking beyond magnetic memory, electromagnetic devices such as antennas and
electromagnetic motors are some of examples of where a current is supplied to create
or control a magnetic field or magnetic device. Similar to magnetic memories, as
the dimensions of these devices are scaled down further, the implications of the re-
sistive losses becomes impractical and represents a scientific barrier that inhibits the
advancement of commercial electromagnetic devices. This has led to the pursuit of
discovering mechanisms by which magnetic anisotropy and the magnetization direc-
tion in magnetic materials can be tailored without the flow of electrical current. The
appeal of this new idea lies in the significant ramifications that a direct electric field
control of magnetism has on the further miniaturization of electromagnetic devices.

From the previous discussions, it is clear that the pursuit of the electric field con-
trol of magnetism is an important question both fundamentally and technologically.
The question is, how do we now go about approaching the electric field control of
magnetism in the solid state?

1.1.3 Pathways to the electric field control of ferromagnetism

In the solid state there can be electron correlations that lead to the coupling of
spin, orbital, lattice and charge degrees of freedom. Such correlations have opened
up exciting fields of research in the areas of high temperature superconductivity [6],
metal-inslator transitions [7], and colossal magnetoresistance [8, 9]. This concept has
been pursued beyond correlations of bulk systems to the correlations at interfaces as
well. [10, 11] Figure 1.3 shows an example of such a concept.

For the work presented herein, we are concerned with the coupling between spin,
lattice and charge. Figure 1.4 shows a map that illustrates the routes that can be taken
to establish the electrical control of magnetism in the solid state using the coupling
between each of these degrees of freedom. Of primary interest is the piezoelectricity
or ferroelectricity (the coupling of charge to lattice/strain), magnetostriction (cou-
pling of spin and lattice), magnetoelectricity (coupling of charge and spin) and the
inverse of these properties. It is important to note the possible paths that can be
taken on this map as well as the map’s handedness. With the electric field as the
input, a clockwise or counterclockwise path towards the control of magnetism can be
chosen. A counter clockwise path connects an electrical input to magnetism through
the lattice/strain, while a clockwise path is more direct, connecting charge and spin
orders directly through magnetoelectricity. While each path has its advantages and
disadvantages, the handedness of the map is determined by the symmetry that is
broken by the mechanism by which the coupling is driven. A counter clockwise ro-
tation utilizes piezoelectricity to create a distortion of the lattice which then changes
the magnetic anisotropy through inverse magnetostriction. Magnetostriction is phe-
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Figure 1.3: Example of the interplay that can exist in materials that show strong
correlations.

nomenon due to the spin-orbit interaction and hence does not break time reversal
symmetry. Additionally, neither the applied electric field nor the piezoelectric effect
breaks time reversal symmetry. It is for this reason that devices based on clockwise
handedness are not able to reverse a magnetization but are limited to rotating the
anisotropy by 90 degrees or less. If the clockwise path is chosen, it is then possible for
the coupling mechanism to break time reversal symmetry, depending on the order of
the magnetoelectric coupling, which could allow for the electric field induced reversal
of a magnetization.

While the map can be used to establish connections between charge and spin
orders for a great deal of material configurations, however for the applications that
are considered here, a non-volatile technology is desired. The idea of data storage
has resulted in the integration of single phase and composite systems that have more
than one ferroic order parameter (multiferroics). In this chapter I will discuss only
single phase multiferroics, which are magnetoelectric (coupled magnetic and electrical
order parameters - counterclockwise path). Composite multiferroics, where no indi-
vidual component is magnetoelectric or multiferroic (clockwise pathway on map) are
discussed, along with other other pathways to the electrical control of magnetism, in
Appendix A.



Figure 1.4: Roadmap of the routes to electrical control of magnetism.

1.2 Magnetoelectrics and multiferroics

Over the past 10 years there has been a revival of interest in materials or het-
erostructures that possess more than one ferroic parameter, largely due to the interest
in studying the correlations between two or more ferroic orders [12] as well as the pos-
sibility to demonstrate next generation devices using these correlations. Materials of
this class are deemed multiferroic. [13, 14] Originally the definition of multiferroics
was limited to single phase materials which simultaneously display one of the four
ferroic orders: ferroelectricity, ferromagnetism, ferroelasticity, and ferrotoroidicity.
[15] This definition has been broadened to include materials that possess antiferroic
order, such as antiferromagnetism rather than ferromagnetism, as well. In this dis-
sertation, the focus is on multiferroics that possess ferroic or antiferroic electrical and
magnetic orders. Furthermore, the coupling between these two ferroic orders (magne-
toelectricity /magnetoelectric multiferroics) is also of primary interest. In this section,
magnetoelectric multiferroics are briefly introduced with an emphasis on how they
can be used to establish the electric field control of magnetism at room temperature.

1.2.1 Magnetoelectrics

From a scientific perspective the excitement behind magnetoelectrics or the mag-
netoelectric effect in materials is the possiblity to magnetically control a polarization
[16] and the inverse (electrical control of ferromagnetism). Most of the research focus
has been driven by the prospect of the electric field control of magnetism for low-
power applications. While the magnetoelectric effect has recently become the focus
of much theoretical and experimental investigation, the magnetoelectric effect was
proposed long ago by P. Curie in 1894 [17] but was not experimentally verified for
nearly 70 years later in CryO3. [18, 19, 20, 21, 22]

A clear understanding of the magnetoelectric effect can be obtained from the



expansion of the free energy, expanded in E and H (the electric and magnetic fields),
as shown in [23].
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To obtain the expression for the thermodynamic order parameter (i.e. P(E, H) and
M(E, H)), the free energy expansion is differentiated by the thermodynamic driving
parameter (i.e. E or H).
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The terms with the «;; coefficients describe the linear magnetoelectric effect and
the higher order magnetoelectric terms are given byf3;;, and ;;;, are typically smaller
than the linear term, and thus not refered to when the magnetoelectric effect is
discussed.

As alluded to already, for applications, the interest in multiferroics is largely due
to the potential to utilize a large magnetoelectric effect. Limitations of the magne-
toelectric response were determined early on, in an attempt to maximize the effect.
This limiting relationship is easily be determined from the definitions of the electric
and magnetic susceptibilities.

Py = XeuiiEj (1.6)
M; = Xm,ijH,; (1.7)
since the magnetoelectric effect is dominated to first order, only the linear term
is considered
M; = o B (1.8)
Then by substitution we have that

gy < XeiiXmii (1.9)

where Y. and Y,, are the electric and magnetic susceptibilities. Hence, the mag-
netoelectric effect is expected to be large in ferroelectric and ferromagnetic materials.
[24] Two classes of multiferroics that display large magnetoelectric coupling are com-
posites, where the magnetoelectric effect is the product property of magnetostrictive



and piezoelectric materials, and single phase multiferroics, where the magnetoelectric
coupling is intrinsic. Large magnetoelectric effects were observed in multiferroic bulk
crystals and composites with the largest magnetoelectric response deriving from a
system consisting of a ferroelectric piezoelectric and a ferromagnetic magnetostric-
tive metal. Since the 1970’s, magnetoelectric materials and composite multiferroics
have been used create a wide range of devices. Devices and applications such as: field
sensing [25], current sensing [26, 27, 28], transformers [29, 30], amplifiers and gyra-
tors [31, 32], tunable microwave devices [33, 34], spin wave signal processing [35], and
antennas. [36] The demonstration of so many devices clearly exemplifies the interest
and the importance of the magnetoelectric effect.

1.2.2 Multiferroics

The use of the magnetoelectric effect, discussed previously, has led to the demon-
stration of a wide variety of next-generation devices. These devices, however, have
been demonstrated using bulk systems. With the need to provide solutions for micro-
and nanoelectronics, multiferroics need to be in thin film form. Due to this reasoning,
one of the big accomplishments of multiferroics research was the ability to produce
thin films of single phase [37] and nanostructured composite [38] multiferroics. For
instance, the discovery that single phase multiferroic BiFeO3 could be grown in thin
film form demonstrated that thin film, non-equilibrium phases of materials could be
deposited and their properties could be tailored with epitaxial strain. [37] These latter
facts have led to a renaissance of multiferroics research that was done in the 60’s and
70’s. Since the revival, researchers have proposed sensors [39], transducers, spintron-
ics [40, 41] and heterogeneous read/write memory devices as the suggested technical
implementations of thin film magnetoelectric multiferroics and some researchers have
demonstrated that these applications are viable. Note that thin films lag behind the
bulk studies as far as demonstrations of functional applications; however it is be-
lieved that thin films can be used for the same applications as bulk systems with the
additional benefit of microelectronics integration.

The limited availability of single phase multiferroic materials originates from sym-
metry conflicts. In these compounds both time reversal and space inversion sym-
metries are broken to allow the establishment of magnetic and ferroelectric orders.
The first discoveries of single phase magnetoelectric materials CroO3 (magnetoelec-
tric) [18, 19, 20, 21, 22] and Ni3B7;0131 (magnetoelectric multiferroic) [42], created
the interest to pursue other multiferroic magnetoelectric materials with the hopes of
understanding the unique coupling in these systems in addition to pursuing other
materials with larger critical temperatures.

There are two classes of single phase magnetoelectric multiferroics: proper and
improper. [43] Proper multiferroics are characterized with generally higher transition
temperatures of the magnetic and electrical orders and the ordering of one parameter
does not induce the ordering of the other parameter as with improper multiferroics.
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BiFeOs is a proper magnetoelectric multiferroic and is the only well-established mag-
netoelectric multiferroic at room temperature. BiFeOs is a model multiferroic and
because of it, has received much attention in both bulk crystal and thin film forms.
[44, 45] The bulk phase is ferroelectric with a canted G-type antiferromagnetic struc-
ture in which a canted ferromagnetic moment forms a spin cycloid magnetic structure
that propagates along one of the {110} directions. In the thin films, the spin cycloid
is broken by the epitaxial strain, while preserving the G-type antiferromagnetism,
and weak magnetic moment is stabilized. Like most single phase magnetoelectric
multiferroics (due to the conflicting mechanisms that drive ferroelectricity and fer-
romagnetism) [46], BiFeOy is both ferroelectric and antiferromagnetic. Single phase
multiferroics are typically criticized for the antiferromagnetic ordering is not ideal
for spintronics applications. Furthermore, the coupling of the electrical and mag-
netic orders in proper multiferroics is typically mediated by the spin-orbit based
Dzyaloshinskii-Moriya (DM) interaction. [47, 48, 49, 43] The DM interaction is an
asymmetric, anisotropic exchange between two spins or magnetic moments (S;) which
are bonded neighbors in a lattice without an inversion center. The DM interaction is
expressed as:

E = Dj; - (Si x 5)) (1.10)

—

The direction of the DM vector (D;;) is governed by the symmetry of the lattice and
is thus subjected to the following symmetry constraints [49]:

1. When there is an inversion center at the midway point of the line that connects
Si and Si7

—

Dy; =0 (1.11)

2. When a mirror plane passes through the midway point of the line that connects
S; and S; perpendicularly,

—

D;; lies in the mirror plane (1.12)

3. When there is a mirror plane that includes 571 and S:,

D_;jJ_ to the mirror plane (1.13)

4. When there is a two-fold rotation axis that passes through the midway point of
the line that connects S; and S;,

D_;jJ_ to the two-fold axis (1.14)

5. When there is a n-fold rotation axis (n > 2) along the line that connects S; and
S;

—

D;; is parallel to the n-fold rotation axis (1.15)



11

In the case of BiFeOs, the polar distortion is along the [111] direction and is respon-
sible an axis of 3-fold rotational symmetry. The DM vector then points along this
symmetry axis and the magnetic structure of BiFeOj is orthogonally coupled to this
DM vector. [50, 51, 52] Thus by reorienting the polarization, it is possible to reorient
the magnetic plane, either reorienting the antiferromagnetic structure or the canted
moment. [53, 54]

While the magnetoelectric coupling of improper multiferroics is much larger than
that of proper multiferroics, improper multiferroics are confined to low tempera-
tures and are not considered a solution to the low magnetoelectric coupling of its
single phase counterparts. Single phase multiferroics have unique advantages over
improper and composite multiferroics in that they can exist at room temperature
and intrinsically break time reversal symmetry, necessary ingredients to electrically
driven magnetization reversal at room temperature.

1.3 Exchange coupling in ferromagnet - antiferro-
magnet heterostructures

Of additional importance to the understanding of this dissertation is a background
in the manifestations and mechanisms of interface exchange coupling in ferromagnet-
antiferromagnet heterostructures. Exchange coupling is an integral part of this thesis
largely due to the fact that BiFeOjs is the only well established room temperature
multiferroic and has antiferromagnetic order. The push is for a room temperature
demonstration of the electrical control of magnetism; however, since BiFeOj is antifer-
romagnetic, it is not easy to measure the magnetic properties. Furthermore, the active
layers in magnetic devices are typically conducting and ferromagnetic. [55, 56, 57]
This is to exploit the ease of resistance based measurements for applications and to
use the significant spin polarization (spin dependent conduction channels) found in
ferromagnets as the mechanism of electron scattering in these devices. [58, 59, 60] For
these reasons, magnetoelectric mulitferroics have been proposed in structures where
the antiferromagnetic multiferroic is in contact with an active ferromagnetic layer.
[40, 41, 61] The primary visions of multiferroics in spintronic devices has been either
to function as an electrically controllable tunnel barrier or an electrically controllable
pinning layer. While there has been much recent success integrating multiferroics (and
ferroelectrics) as electrically active tunnel barriers [62, 63, 64, 65, 66], the objective of
the work presented in this dissertation has been to establish the electrical control of
magnetism using the multiferroic as an electrically controllable pinning layer. Aside
from device applications, the magnetization of the exchange coupled ferromagnet can
be used to investigate the magnetic order of the antiferromagnet by essentially serving
as a spin amplifier by tracking the direction of a weak moment or mapping the antifer-
romagnetic domain structure. Thus, a ferromagnet-antiferromagnet heterostructure
can aslo be used as a scientific tool. In this dissertation, the ferromagnet-multiferroic
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heterostructure is used for both the demonstration of a potential application and the
investigation of the multiferroics magnetic structure.

Throughout this dissertation, the relevant magnetic anisotropies will be discussed.
How these different magnetic anisotropies alter the magnetic properties and the en-
ergy landscape of the magnetization is important for the understanding the quasi-
statics of magnetic materials and heterostructures. For this reason, the model for
determining the orientation of a magnetization from energy considerations is first
discussed.

1.3.1 Stoner-Wohlfarth model

The Stoner-Wohlfarth model is developed by the name sakes to model quasi-static
magnetic processes. [67, 68] The model considers energy terms from the applied
magnetic field (Zeeman energy) and any revelent magnetic anisotropy energies (i.e.
those resulting from strain, magnetic field annealing, crystallinity, etc). The energy is
expressed as if the magnet were a single magnetic moment (or monodomain) and thus
the Stoner-Wohlfarth model does not account for domain formation and domain wall
motion. As a consequence, it will over predict coercive field values of multidomain

films.
As an example, lets consider a single domain magnet with uniaxial anisotropy.

Ey = —puoH,M;cos(0, — 0) + K,sin*(0, — 0) (1.16)

The first term is the Zeeman energy and the second is the uniaxial anisotropy
term. p is the permeability of free space, H, is the applied magnetic field, My is the
magnetization of the magnetic film and K, is the uniaxial anisotropy strength. The
angles 0, 6,, and 0, are the angle of the mangetization, angle of the applied field, and
the angle of the uniaxial anisotropy all with respect to the same reference direction.

To determine where the magnetization will point (i.e. @), the stability condition
must be applied to the equation of state (Ey ). This requires:

OEy

— =0 1.17
50 (1.17)

0By ”

1.1
50 0 (1.18)
This leads to the following relations:

—poH Mysin(b, — 0) + 2K, sin(0, — 6)cos(6, —6) =0 (1.19)
poH,Mpcos(8, — 0) — 2K,,c0s*(0, — 0) + 2K, sin*(0, — ) > 0 (1.20)

Solving these relations yeilds the angle #. From here magnetic hysteresis loops can
be modeled with the knowledge that the measured moment in magnetometry is the



13

longitudinal component of the magnetization (M;,,, = Mfcos(6,-0)). The coercive
field can also be calculated from the first of the stability criteria.

Additionally, magnetization dependent conductivity measurements can aslo be
modeled using this model. For instance, the anisotropic magnetoresistance observed
in ferromagnetic materials is expressed as

R(0) = Ry + 6 Reos* (0 — ;) (1.21)

Using the Stoner-Wohlfarth model to obtain #, the anisotropic magnetoresistance
of a magnetic sample can be modeled.

Other systems that possess anisotropies other than a simple uniaxial anisotropy
can also be considered. While the model may become a more complicated, the com-
petition between anisotropies can be understood.

1.3.2 Meiklejohn-Bean Model

The interest in ferromagnetic-antiferromagnetic heterostructures occurs from the
initial discovery of exchange bias by Meiklejohn-Bean in 1956 [69] and its pervasive
use in the magnetic read heads found in computer hard drives. [70, 71] Exchange
bias manifests as a shift (either positive or negative) in the ferromagnetic hysteresis
loop of the ferromagnetic-antiferromagnetic heterostructure, breaking the symmetry
about zero magnetic field. [72] The phenomenological description of exchange bias is
illustrated in Figure 1.5. Figure 1.5(1) shows the magnetic hysteresis and spin con-
figuration of a ferromagnet-antiferromagnetic heterostructure at a temperature above
the ordering temperature of the antiferromagnet but below the ordering temperature
of the ferromagnetic layer. The antiferromagnetic layer is in a paramagnetic state at
this temperature and thus the magnetic hysteresis is dominated by the ferromagnet,
yeilding the typical feromagnetic hysteresis.

As the sample is cooled below the antiferromagnetic critical temperature (Ty)
while under a magnetic field (Hg¢), the antiferromagnetic spins order along the axis
of the applied magnetic field. Figure 1.5(2-5) show the magnetic hysteresis and spin
configuration of the heterostructure below the ordering temperature of the antifer-
romagnet. Illustration 2 shows the spin configuration at the cooling field. The field
orders the antiferromagnetic spins along this axis, with all of the spins at the antiferro-
magnetic surface pointing along the field direction and direction of the ferromagnetic
moments. It is assumed that the exchange bias interaction occurs at the interface of
the ferromagnetic and antiferromangetic layers. As the field is applied in the nega-
tive direction, at a value significant enough to cause switching (illustration 3), the
ferromagnetic spins begin to collectively rotate while the spins in the antiferromag-
net remain fixed. This continues out to larger negative field to the point where the
ferromagnetic spins point along the field direction and antiparallel to the antiferro-
magnetic spins at the interface. One the reversed field sweep, the ferromagnetic spins
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Figure 1.5: Phenomenological model of exchange bias. Figure 1 shows the high
temperature spin configuration and magnetic response. Figures 2-5 show the magnetic
response and the spin configurations at several points as in the magnetic hysteresis,
taken after cooling below the Néel temperature in a magnetic field. Taken from [79].

begin to switch and even return to a parallel configuration with the antiferromag-
netic spins at the interface before a positve field value is reached as if an internal
magnetic field were present. This early switching is driven by the interaction between
the ferromagnetic and antiferromagnetic spins at the interface which prefer a parallel
configuration to minimize the interface exchange energy.

This phenomenological model was proposed by Meiklejohn-Bean in 1956 [69].
They were able to correctly assess that the exchange bias effect was a new source
of magnetic anisotropy and then used a Stoner-Wohlfarth model with an additional
anisotropy term to predict exchange bias fields. The additional anisotropy term they
added was of the form of a magnetic field (cosf dependence) since it manifests in the
loop as a magnetic field. Since the interaction was assumed to be from the interface,
the mathematical expression to determine the state of the system is given by the
energy per unit area:

Ey = —puoH,Mytscos(0, — 0) + KutfsinQ(Hu —0) — Jepcos(Oep — 0) (1.22)

where t; is the thickness of the ferromagnetic layer, J., and 0., are the strength
and direction of the effective exchange field. The stability conditions require:

—poH Mysin(b, — 0) + 2K, sin(6, — 0)cos(0y, — 0) — Jezsin(fe, —0) =0 (1.23)
poHoMpcos(0, — 0) — 2K ,,c08% (0, — 0) + 2K ,,8in* (0, — 0) + Jercos (0o — 0) > 0 (1.24)



15

Solving these equations for the coercive and exchange fields leads to the useful
relationships:

2K,

H,. = 1.25

to My (1:25)
Jex

ex — 1.26

poMjyty (120

There are a few interesting points to note from these equations. The first is
that both the coercive and exchange bias fields are inversely proportional to the
saturation magnetization of the ferromagnet. Secondly, the coercive field is directly
proportional to the anisotropy of the ferromagnetic layer. Note that the strength of
the antiferromagnetic anisotropy is not considered directly in this model and thus
does not have an influence on the coercive field. Thirdly, the sign of the exchange
bias is determined by the sign of J.,. In the case of Co/CoO and Co/CuMn, the
exchange bias is positive [73, 74], however, in FeFy the sign of the exchange bias
can be both positive and negative, depending on the cooling field. [75, 76] Lastly, the
exchange bias field scales inversely with the thickness of the ferromagnetic layer. This
is considered to be one of the tradtional signs of exchange coupling in these bilayer
systems and has been extensively invesigated in the Co/CoO systems [77, 78, 72].

While this model was able to qualitatively explain the observed anisotropy, it was
immediately known to make bias field predictions 1-2 orders of magnititude larger
than observed values. [69] The Meiklejohn-Bean model makes several assumptions
about the system which may be the cause of the large over predictions of the model.

1. The ferromagnetic layer rotates as a whole, no formation of a domain wall or
partial domain wall.

2. Both magnetic layers are monodomain.
3. The interface is atomically flat.

4. The interface of the antiferromagnet is fully uncompensated, and thus has a
surface magnetic moment.

5. The antiferromagnetic spins are rigid and do not rotate during the process or
cant.

6. A higher order magnetic anisotropy of the antiferromagnet is not considered.

7. The effect is strictly an interface effect, no consideration of the bulk order.

Additional anisotropies and magnetic moments can be added to address some of
these issues. In the next section, the antiferromagnetic anisotropy and moment will
be considered in this Stoner-Wolfarth type model. This addition can not only predict
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exchange bias, but also predicts another manifestation of exchange coupling known
as exchange enhancement. This advanced Stoner-Wolfarth model and other proposed
mechanisms of exchange bias are considered in the next two subsections.

1.3.3 Exchange bias and exchange enhancement

The prediction of the two macroscopic manifestations of exchange coupling can
be predicted using a Stoner-Wohlfarth model that includes an anisotropy term for
the antiferromagnet. [79, 72, 80] The equation used in [79] is given as:

EA = —,uoHaMfthOS<0a — 9) + K%fthZ'nQ(emf — 9)

+Ku,aftaf5in2<8u,af - 6) — JezCOS<9 — B) (127)

Here the antiferromagnetic spins are characterized by the angle g and are assumed
to have a uniaxial anisotropy. In this case, the stability condition must be met for
both the ferromagnet and the antiferromagnet, leading to the system of equations

[79]:

B sin(0, —0) + sin(0 — 5) =0 (1.28)
Rsin(28) — sin(60 — ) =0 (1.29)
where 7

HMB — "% 1.30
“ poMyt s ( )

Ku aftaf
R=—"—"" 1.31
. (1.31)

The distinguishing physical parameter in this model is the R parameter, which
is the ratio of the antiferromagnetic anisotropy energy to the interface exchange en-
ergy. In fact, three distinct regions of magnetic response can be found based on this
parameter. [79, 81, 80, 82]

1. When R > 1. In this region the antiferromagnetic anisotropy is much stronger
than the interface exchange energy. In this situation the exchange bias follows
the prediction made by the Meiklejohn-Bean model when R = oo (no rotation of
B). In this region, the antiferromagnetic spins rotate reversibly and the rotation
angle is set by the size of R. The exchange bias is smallest when R = 1. See
Figure 1.6.

2. When 1/2 <R < 1. The coercive field is non-zero and has a strong R dependence
while the exchange bias is zero. Furthermore, the antiferromagnetic spins rotate
hysteretically (irreversibly) with the coupled ferromagnetic magnetization. The
discontinous jumps in 3 are seen in the modeled magnetic hysteresis loops.
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Figure 1.6: (Left) Simulations of the magnetic hysteresis loops for the 3 different
regions of R. (Right) The corresponding rotation of 5 as the magnetization () is
rotated. Taken from [79].

3. When R < 1/2. In this region there is no irreversible switching of the anti-

ferromagnetic spins, rather they rotate smoothly with the ferromagnet magne-
tization. Again, there is no exchange bias but a coercive field is present. In
this region the coercive field varies as, H. % and thus the width of the
ferromagnetic hysteresis is no longer dependent on the anisotropy of the fer-
romagnetic layer but rather the antiferromagnetic layer. This is an important
realization largely due to the fact that the anisotropy energy of antiferromag-
nets are typically larger than that of ferromagnets. Thus we should expect that
the coercive field of a ferromagnet should be enhanced or broadened when it is
in contact with an antiferromagnet. Aside from exchange bias, this is the other
manifestation of exchange coupling in an ferromagnetic-antiferromagnetic het-
erostructure and is an important realization when considering the Co goFe 19 /
BiFeOj3 heterostruture.
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Model Name | Direct Spin-Flop | Properties
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Figure 1.7: Different mechanisms of exchange bias. The mechanisms are distinguished
by whether the mechanism describes the coupling at an uncompensated (Meiklejohn-
Bean and Mauri) or compensated (Malozemoff, Koon-Butler, and Suess) surface.

1.3.4 Other models of interface exchange

The Meiklejohn-Bean model has been criticized for over predicting the value of
exchange bias. Furthermore, it bases its prediction on coupling to a fully uncompen-
stated surface of the antiferromagnetic layer and further predicts that the exchange
bias with a fully compensated surface should be zero. As a result, other models of
exchange bias were developed to understand the mechanism of reduced exchange bias
and exchange bias observed with fully compensated surfaces. The other models of
exchange bias are listed in Figure 1.7. In addition to the Meiklejohn-Bean model, the
Mauri model was developed using uncompensated surfaces while making more realis-
tic predictions of exchange bias fields. The other three models of exchange bias were
developed to understand the mechanism behind the observed exchange bias found
in heterostructures with a fully compensated antiferromagnetic surface. Figure 1.7
also highlights each model. The Suess model will not be reviewed here since we are
concerned with single crystal antiferromagnetic specimens.
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Mauri model

The Mauri model, proposed in 1987, is a model of exhange bias that considers
a flat, fully uncompenstated, antiferromagnetic surface. [83] The Mauri model is an
attempt to gain a better quantitative understanding of exchange bias. The Mauri
model proposes that the antiferromagnetic structure is rigid and will rotate to form
a domain wall in the antiferromagnet as the ferromagnetic spins are rotated. An
illustration of the process is given in Figure 1.8. The spins in the antiferromagnet,
at the ferromagnet-antiferromagnet interface, follow the spins in the antiferromagnet
while the spins at the other end of the antiferromagnet remain fixed. This forms a
domain wall parallel to the ferromagnet-antiferromangetic interface. Using a Stoner-
Wohlfarth model, however, this time adding an energy term for the formation of a
domain wall in the antiferromagnet leads to an energy per unit area of the form [79]:

Ey = —poH, Myt icos(0, — 0) + K, st5in* (0. — 0) — Jewcos(0_3)

+24/Auf Ko (1 — cos()) (1.32)

where the last term is the energy required to form the domain wall or partial
domain wall and A,y is the exchange stiffness in the antiferromagnetic layer. Thus
the exchange bias field will be expressed as

i OEow [ AuKa(1 = cos(9) o

2,[1,0Mftf a ,LL()Mftf

Malozemoff model

The Malozemoff model was proposed in 1987. Here, the exchange anisotropy
was postulated to be due from a randomization of the local exchange interactions.
[84, 85, 86] More importantly, it highlights the influence of defects. An illustration
of the Malozemoff random field model (roughness model) is shown in Figure 1.9.
Figures 1.9(a~c) show the number of frustrated local exchange interactions at the
ferromagnet-antiferromagnet interface (marked by the x) due to an imperfect surface.
Figure 1.9(a) shows the number of frustrations due to a surface imperfection at a site
that preserves the antiferromagnetic order. 5 frustrated interactions are created in
such an arrangement. In Figure 1.9(b), the antiferromagnetic state is broken creating
a frustrated magnetic interaction in the antiferromagnet, however, the number of
frustrated interactions at the interface is reduced to 2. Clearly, the lowest energy
case is that which is shown in Figure 1.9(c). In the case where the antiferromagnetic
exchange in the antiferromagnet is preserved and frustrated interactions due to surface
imperfections are 0. In this case, the surface imperfection actually reduces the overall
energy (compared to a perfect surface) by reducing the number of frustrated interface
interactions that would be found at a perfect interface. This means that there is a
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Figure 1.8: Illustration of the Mauri model mechanisms of exchange bias. The model
describes the formaton of a domain wall in the antiferromagnet as the cause for the
preferential direction of the magnetization. The exchange bias field can be estimated
by the cost in energy to form the domain wall.

preferred order to the antiferromagnet and the ferromagnet which is the ultimate
driver of the exchange bias. Figure 1.9(d) illustrates the global effect of a random
surface roughness. In this case it is preferential for the antiferromagnet to break
up into domains, if necessary, to promote the condition observed in (c¢) since this
configuration is significantly lower in energy than the other two alternatives.

Koon-Butler model (spin-flop coupling)

Koon reported a microscopic explanation of exchange bias at fully compensated
antiferromagnetic interfaces. His calculations showed that it was energetically pre-
ferred for the antiferromagnet to cant, creating a small ferromagnetic moment that
the coupled ferromagnetic magnetization would couple to. This is schematically il-
lustrated in Figure 1.10. The effect creates a perpendicular orientation between the
ferromagnetic and antiferromagnetic axes.[87]

This canted moment will couple to the ferromagnet and leads to spin-flop like
interaction. Using this energy, the Stoner-Wohlfarth energy becomes:

Ey = —poH,Mytscos(0, — 0) + K%ftfsm?((?u,f —0) — Jepcos(0 — B)

+21/Aup Koy (1 — cos(B)) + Jop (MyM.)*cos*(0 — ) (1.34)

where the last term is the spin-flop coupling term.
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Figure 1.9: Illustration of the Malozemoff model of exchange bias. The model de-
scribes exchange bias through the formation of vertical domain walls in the antiferro-
magnet to reduce a possible high energy coupling state at the interface due to surface
roughness. Taken from [84].

Koon proposed that this mechanism would result in an exchange bias anisotropy,
largely due to the mechanism being Mauri-like, in that it requires the partial longitudi-
nal domain wall formation in the antiferromagnet. [87] In 1998 Butler and Schulthess
[88] performed microscopic exchange calculations that included magnetostatic inter-
actions. When perfectly flat interfaces were considered, the spin-flop coupling did not
show exchange bias. They determined that the canted ferromagnet moment would
switch between its degenerate states before a domain wall in the antiferromagnet
is formed. Butler’s calculation did however show that this induced a large uniaxial
anisotropy in the ferromagnet which gives rise to the large coercive fields (exchange
enhancement). [88] To predict an exchange bias, a Malozemoft (surface roughness)
component was required in the model.

1.3.5 Additional mechanisms of induced anisotropy

There are several other ways to induce a magnetic anisotropy into a ferromagnetic
layer. The magnetic anisotropy is largely dominated by the spin-orbit interaction
in the ferromagnetic material. Thus, a magnetic anisotropy can be induced into
the ferromagnetic system with any external parameter which can influence the spin-
orbit interaction. This could be a magnetic field, electric field, and stress amoungst
other possibilities. In most cases a magnetic field is applied during the growth of
ferromagnetic layers to induce a uniaxial magnetic anisotropy. The magnetic field
induced anisotropy (or magnetic annealing) will be discussed due to its use in this
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Ferromagnet

Antiferromagnet

Figure 1.10: Illustration of the Koon-Butler model of exchange bias, which is more
commonly known as spin-flop coupling. The model describes exchange bias through
the formation of a canted magnetic moment in the antiferromagnet to reduce the
overall energy.

dissertation. Additionally, it is important to consider other mechanisms by which
an magnetic anisotropy can be induced into a ferromagnetic layer. BiFeOs is also
ferroelectric and ferroelastic, meaning that there is a stress along the axis of the
ferroelectric polarization. This stress could induce be a source of magnetic anisotropy
in a feromagnetic-multiferroic heterostructure. Stress induced magnetic anisotropy
will briefly be discussed here as well.

Magnetic annealing

When a magnetic field is applied to a magnetic material at high temperature or
during a growth process like sputtering, where the atoms have large effective tem-
peratures, and short range diffusion is possible, the magnetic field can induce several
microscopic effects. The effects are as follows [89]:

1. The directions of bonds between similar and dissimilar species make take on
aysmmetric ordering (also known as directional pair ordering). This is the most
dominant effect of magnetic annealing. Typically this mechanism is found in
the annealing of polycrystalline and amorphous alloys.

2. If the interation between one species is much larger than its interaction with
another, atoms of the minority species may coalesce into fault planes.

3. An applied magnetic field can have the strenth to physically reorient structural
features of magnetic materials and thus can have a significant influence over the
microstructure of the material. This could influence the macroscopic magnetic
anisotropy if the magnetic field can create a texturing.
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4. In two phase alloys, a textured or anisotropic structure may evolve.

Since the mechanism of directional pair ordering is the most dominant and likely
to be cause of anisotropy in amorphous films, only this mechanism will be discussed
in further detail.

The bonding of atoms in an alloy can be preferential if the interaction energies
between species are different and if the atomic radii are significantly different. The
ordering of the species will be such to reduce the bonding energy and the local mag-
netostriction will determine the direction of the magnetization. An applied magnetic
field forces the magnetization of the sample along this direction. The local magne-
tostrictive energy will be minimize if the boding stress is either along or orthognonal
to the magnetization direction depending on the sign of the magnetostriction coeffi-
cient (\g). The minimization of the local magnetostriction energy will preferentially
order the bonding. Once the sample is cooled and the bonds are set, the macroscopic
effect is a induced uniaxial anisotropy.

The strength of this effect can be estimated by calculating the magnetocrystalline,
strain, and magnetostrictive energies at the local scale. Considering an binary alloy
of A;_,B, and the above energies, the strength of the field induced anisotropy varies
as:

K,

= kBlTa Wb) 2] mgf

where T, is the annealing temperature, My(T) is the saturation magnetization at
the given temperature and x is the fraction of the B constituent in atomic percent
[89]. In the dilute limit, x is much less than 1, the anisotropy strength varies as x.
The angular dependence of the varies as a uniaxial anisotropy with the preferential
axis being set by the direction of the anealing or growth field. Mathematically, this
anisotropy is expressed as:

] (1 — x)? (1.35)

By = Kus5i*(0 — Oapnear) (1.36)

where 6 and 0,,,.; are the angles of the magnetization and the annealing field with
respect to a common reference. Thus the magnetization favors a collinear alignment
with the axis set by the annealing field.

Since the work presented in this dissertation heavily relies on thin sputtered films
of CoggFe 1y that are grown in a 200 Oe magnetic field, the induced anisotropy was
measured by taking magnetic hysteresis loops along and orthogonal to the magnetic
field applied during the growth of the film (see Figure 1.11). The loop along the
growth field direction shows a clear hysteretic opening and sharp switching between
M, and -M; states, confirming that the axis of the growth field is the magnetic
easy axis. Orthogonal to the growth field direction, the magnetic hysteresis shows
no opening and no sharp switch, rather a smooth transition between M, and -M;
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Figure 1.11: Magnetic hysteresis loops of a 2.5nm Co goFe ;¢ film that was grown on
an non-magnetic substrate (SrTiO3) under a 200 Oe magnetic field. Loops taken
along the growth field direction show the easy axis behavior (sharp switching and
clear opening). Orthogonal to the growth field direction displays hard axis behavior
(no sharp switching and no opening).

states, and confirming the hard axis behavior. The anisotropy of the loops confirms
the induced uniaxial magnetic anisotropy is induced in our CoggFe ¢ films by the
magnetic growth field. I will use this fact in chapter 3 to test the interface coupling
between Co goFe 19 and BiFeOs.

Stress annealing

When a stress is applied to a material, an anisotropic ordering in the material
can occur when the atoms have enough energy to quickly diffuse. This can be dur-
ing a growth process like sputtering, where the atoms have large effective tempera-
tures. The exact nature of the anisotrpoy will be alloy dependent, but regardless, an
anisotropy will develop from a preferential ordering either along or perpendicular to
the stress axis. In the case of a magnetic material, the anisotropic ordering or bond-
ing will change the local spin orbit interaction and ultimately creates a macroscopic
magnetic easy axis for the magnetization. Stress annealing can also be viewed as an
inverse magnetostriction effect (Villari effect). The energy relationship of the Villari
effect can be expressed as F = %)\sasin29. An elongation of the magnetic material
will cause the magnetization to orient along the stress axis if A\ is positive and or-
thogonal to the stress axis if A4 is negative and in both cases the induced anisotropy
is uniaxial.

The stressed induced magnetic anisotropy can be significantly larger than the
anisotropy induced by magnetic annealing. In the case of a solid solution of Fe 95 Al 75,
it was foung that a stress of 140MPa produces an easy axis along the stress; having
a anisotropy constant of 170x10% J/m?® (twice as large as the anisotropy constant
obtained from field annealing. [90] Likewise, a stress induced anisotropy can influence
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Figure 1.12: Laminar stripe domain structure induced by stress (a) in a nanocrys-
talline FeCuNbSiB alloy the where the induced magnetic anisotropy is arranged trans-
verse to the stress direction, that is, parallel to the easy magnetic direction. Taken
from [91] (b) Ferroelectric (FE) domain pattern of BaTiOs, showing the two ferro-
electric domain variants. The ferrmagnetic domain structure of the Co goFe 49 layer
closely follows the domain structure of the BaTiO3 due to the large magnetostriction
coefficient of this particular composition of CoFe. Taken from [94].
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the magnetic domain structure of the material. In the cases of the nanocrystalline
FeCulNbSiB alloy and a 15nm Co goFe 4 layer on ferroelectric BaTiO3, laminar striped
domain structures were observed (see Figure 1.12). In the case of the FeCuNbSiB
alloy, the stress determined the easy axis, which is along the length of the striped
domains, however, the stripes form due to the minimization of the magnetostatic
energy. [91]

In the case of the Co goFe 49 layer on ferroelectric BaTiOs, the large magnetostric-
tion and small magnetocrystalline anisotropy of the CogoFe 4o layer [92, 93] causes
it to couple to the stress in each ferroelectric domain. [94] Since the ferroelectric
domains have a laminar striped structure, the Co goFe 4o layer adapts the same mag-
netic domain structure. Note here that the laminar structure formed in this structure
is not created by magnetostatics but rather by the laminar domain structure of the
ferroelectric.

1.4 Organization of the dissertation

The remainder of this dissertation is organized as follows:

Chapter 2 is a compilation of the previous work towards the electric field control
magnetism using the room temperature multiferroic BiFeO3. The focus of this chap-
ter not only be to summarize the knowledge gained by past experiements but to also
highlight the difficulties and challanges faced in these experiments. Highlighted will
be the dependence of manifestation of the interface exchange coupling on the BiFeO3
domain structure and interface quality. Lastly, the electric field control of antiferro-
magnetic domains, the electric field control of ferromagnetism using nanopillars and
a thin metallic layer will highlight the importance of symmetry.

Chapter 3 will begin with the investigation of the exchange coupling between a
ferromagnetic metal and BiFeOgs. I present the evidence for the one-to-one domain
coupling between ferromagnetic Co ggFe 19 and a (001) oriented 2-variant BiFeOs film
that is composed of long 71° striped domains. The discussion and the results in this
chapter will emphasize the importance of domain coupling rather than domain wall
coupling for the electric field control of ferromagnetism.

Chapter 4 will discuss the electric field control of ferromagnetism using an in-plane
electric field. Presented in the chapter is the use of the one-to-one domain coupling be-
tween ferromagnetic Co goFe 19 and a (001) oriented, 2-variant BiFeO3 film, discussed
in chapter 3, to enable the magnetization reversal of the net Co goFe ;90 magnetization
in a device architecture. The local ferroelectric and magnetoelectric switching are
determined through magnetotransport and piezoresponse force microscopy measur-
ments. The chapter ends with a discussion that motivates the pursuit of the electric
field control of magnetism using an out-of-plane electric field.

In chapter 5 I will show that the net magnetization of the CogoFe 1y can be
reversed in this heterostructure with an out-of-plane voltage. This reversal only
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requires the application of a single digit voltage. The anisotropic magnetoresistance is
used to reveal this reversal and its reversibility. Domain imaging after the electrically
induced reversal shows that the striped 2-variant domain structure is preserved after
the switch. At the end of the chapter I will motivate the electric field control of a
traditional spintronic device (spin valve), which is the topic of the proceeding chapter.

Chapter 6 presents the evidence for the electric field control of a spintronic device.
Using magnetotransport measurements to correlate the orientation of the magnetic
layers with respect to one another, the orientation of the magnetization as a function
of the applied voltage to the BiFeOj film is determined. The resistance state of the
spin valve device is shown to switch from low to high resistance states (magnetizations
parallel to antiparallel) with a single digit voltage. Furthermore, it will be noted that
no where in the writing or readout of the device is an external magnetic field required.

Chapter 7 briefly summarizes this entire dissertation and leaves the reader with
suggeted directions for future investigations in this area of research.
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Chapter 2

Previous work

This chapter summarizes the relevant work performed on BiFeO3 and BiFeO3 het-
erostructures with a ferromagnetic metal. It was found that the ferroelectric domain
structure of the BiFeOj film could easily be controlled with epitaxial growth condi-
tions. Films with different fractions of the three possible domain walls could all be
achieved by tuning the growth conditions. In addtion to BiFeO3 having 3 macroscopic
order parameters, these studies highlighted the heavy correlations in BiFeO3 with the
observations that the three possible domain walls in BiFeOj3 are all varying degrees
of magnetic and conductive. Early work on the magnetic exchange coupling with a
ferromagnetic metal primarily focused on using a single epitaxial condition imposed
on the BiFeO3 which displayed 4 or 8 different domain variants with each variant
having 3 macroscopic order parameters. Additionally, the 4 and 8 variant films have
different mixtures of all 3 possible domain walls. This convolutes the interpretation of
the mechanism of the magnetic exchange coupling. Despite this heavy convolution,
it was still determined that BiFeOj3 films with a high degree of 109° domain walls
showed both an enhanced coercivity of the ferromagnetic layer and also an asymme-
try of the magnetic hystersis. If was also found that the size of the asymmetry scaled
with the length of the 109° domain walls. However the mechanism for the coercivity
enhancement was unknown. The electric field control of magnetism was shown us-
ing a CogoFe 19 / BiFeOs heterostructure as well as a CoFe;O, / BiFeO3 nanopillar
structure. The former exploited the magnetic interface exchange coupling, which can
break time reversal symmetry, while the latter was a strain/lattice-distortion medi-
ated effect. The results of which highlights the fact that to reverse a magnetization,
time reversal symmetry must be broken.

2.1 Introduction to BiFeO;

BiFeO3 has been investigated since the late 1950’s and recieved much attention
for the same reason that it recieves so much today. That is, the interest is in the
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G type Antiferromagnetic
(AFM) Order

Figure 2.1: (a) Schematic of the rhombohedral BiFeOj3 unit cell (outlined in yellow).
The unit cell can be pictured in a pseudo-cubic structure which is outlined in blue.
Two pseudo-cubic structures are needed to describe the rhombohedral unit cell. (b)
Schematic of the magnetic lattice of BiFeOs, G-type antiferromagnetism (all nearest
neighbor spins are antiparallel). The Fe spins reside in the pseudo-cubic (111) plane.

(c) Schematic of the arrangement of the macroscopic order parameters (P, L, and M)
of thin film BiFeOs.

magnetoelectric coupling of its macroscopic order parameters. [95] These early studies
investigated bulk crystals of BiFeOg, in contrast to much of today’s work which is
dominated by BiFeOjs thin film research. Early on, the crystal structure of BiFeOgs
was determined to be a rhomboherally distorted perovskite [96, 97] with a ferroelectric
hysteresis [98] and G-type antiferromagnetic lattice with a small canted moment that
forms a long range spin spiral [99, 100].

Figures 2.1(a) and (b) show the rhombohedrally distorted perovskite cystal struc-
ture and G-type antiferromagnetic order of BiFeOj. Figure 2.1(a) shows the BiFeO3
crystal structure in two different bases. The crystal structure outlined in yellow is
the the rhombohedral unit cell, while the structure outlined in blue is a pseudo-cubic
structure. In recent literature, the crystal axes and planes are typically referred to in
the pseudo-cubic basis. In this thesis, all references to crystal directions and planes
will be made in the pseudo-cubic basis. The ferroelectric polarization points along the
direction of the rhombohedral distortion (the [111] direction) and a T, near 1100K.
98] Figure 2.1(b) shows the antiferromagnetic structure of BiFeO3. BiFeOs has been
determined to have a G-type antiferromagnetic order in both thin films and in bulk
crystals [101, 53], where all nearest neighbor spins point (arrows represent Fe spins)
antiparallel to one another and the (111) planes are ferromagnetically aligned, and
a Néel temperature of 643K. Additionally, it was found in the bulk that the antifer-
romagnetic order would rotate around the <110> directions with a period of 62nm.
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71° domain walls 109° domain walls 180° domain walls

Figure 2.2: Schematics illustrating the three possible domain walls permitted in
BiFeO3 and other rhombohedral ferroelectrics. The domain walls are distinguish
by the angle of rotation made by the polarization going from one domain to the next.

[100] Furthermore, symmetry also permits the formation of a weak magnetic moment
through a canting of the antiferromagnetic lattice. The canted moment flows the
rotation and period of the antiferromagnetic spin cycloid. [102, 103] In thin films,
however, the spin cycloid is broken given rise to a homogenous canted moment and
antiferromagnetic axis. [104] Figure 2.1(c) is a schematic that illustrates the configu-
ration of the polarization (P), antiferromagnetic vector (L), and the canted moment
(M) in the thin film limit. The polarization is oriented along the [111] direction while
the magnetic vectors are confined to the (111) plane, with all three vectors being
mutually orthogonal. [51] The antiferromagnetic vector, L, is defined by M; - My and
the canted moment, M, is defined by M; + M.

Since BiFeOs is a rhombohedral ferroelectric, its ferroelectric polarization can
point along any one of the eight degenerate [111] directions. This degeneracy permits
the posible formation of 3 types of domain walls which are classified by the angle by
which the polarization rotates when traveling from one domain to the next (i.e. 71°,
109° and 180°). The domain walls are illustrated in Figure 2.2.

In the BiFeOj3 system, the type of domain wall present can determined by mapping
the directions of the polarization in all of the domains. To determine the local po-
larization direction, a scanning probe microscopy technique known as piezoresponse
force microscopy (PFM) is employed. The PFM technique is briefly reviewed in Ap-
pendix B. The the local polarization vector and domain structure of BiFeOgs films
grown on SrTiO; substrates are shown in Figures 2.3 (a) and (b). The films come in
two different flavors, those being 4-variant striped (Figures 2.3 (a)) and mosaic (Fig-
ures 2.3 (b)) BiFeOs. The flavor of the BiFeOs film is determined by the kinetics of
the growth. The mosaic samples are more chaotic than the 4-variant films and hence
require higher growth rates than the 4-variant films. Figures 2.3 (c¢) and (d) trace
out the the various domain walls present in the 4-variant striped and mosaic films.
[105] It was found that the 4-variant films are primarily composed of 71° domain walls
while the domain walls in mosaic samples are largely 109° (Figures 2.3 (¢) and (d)).
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71° 109° 180°

Figure 2.3: (a and b) In-plane and out-of-plane (insets) PFM images of a (a) 4-variant
striped and (b) a mosaic BiFeOj3 film grown on (001) oriented SrTiO3. (¢ and d) maps
of the domain walls for the boxed regons in (a) and (b). Blue, red, and green lines
trace the 712, 109°, and 180° domain walls. The 71° domain walls are heavily present
in the film shown in (a) while 109° domain walls are heavily present in the film shown
in (b). Taken from [105].

The question then was, how will each of these domain structures influence and
exchange coupled ferromagnetic layer and what is responsible for such a coupling?

2.2 Previous exchange coupling studies

2.2.1 Effect of domain walls

Heterostructures of CoggFe 1o and BiFeO3; where made with both the 4-variant
and mosaic films. Figure 2.4 shows the magnetic hysteresis loops for CogoFe 109 /
BiFeOj; heterostructures with (a) 4-variant and (b) mosaic films plotted with the
magnetic hysteresis of CogoFe 9 deposited on a SrTiOj3 substrate as a control. In
both cases, the coercive field of the Co goFe 1o is enhanced when exchange coupled to
either BiFeOg film. The striking difference, however, is the large exchange bias present
in the hysteresis loops in the heterostructures with mosaic BiFeOj3. In fact, those early
researchers even found that the magnititude of the exchange bias is determined by
the overall length of the 109° domain walls present in the mosaic films. [105]

The exchange bias observed with the mosaic films is desired for the electric field
control of an exchange coupled magnetization, unfortunately the 109° domain walls
are metastable and are erased when an electric field is applied. While the highly
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Figure 2.4: (a) In-plane PFM image of a 4-variant BiFeO3 (BFO) film grown on
SrTiO3 (STO). 4-variant BiFeOs (BFO) films grown on SrTiOj contain primarily
71° domain walls. The magnetic hysteresis loops from CogoFe ;o (CoFe) / 4-variant
BFO / STO and CoFe / STO heterostructures. (b) In-plane PFM image of a mosaic
BiFeO; (BFO) film grown on SrTiO3 (STO). Mosaic BiFeO3 (BFO) films grown on
SrTiO3 contain primarily 109° domain walls. The magnetic hysteresis loops from
CogoFe 19 (CoFe) / mosaic BFO / STO and CoFe / STO heterostructures.
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desirable exchange bias is absent in the 4-variant films, there is still a significant
effect from the exchange coupling. The corecive field of the CogoFe 1o has increased
by several times. More importantly, the 71° domain walls are stable and will not
be erased with an applied voltage. This makes the striped 4-variant film the film of
choice for the early electric field control of ferromagnetism experiments.

2.3 Towards the electrical control of magnetism

Now that clear evidence for the coupling between BiFeO3 and Co goFe 19 has been
presented, it is a question if whether the magnetic moment of the CogoFe 9 can
be controlled with a voltage applied to the BiFeOjs layer. Before this, the electric
field control of BiFeO3’s magnetic order must be demonstrated. This section begins
with the investigation of the evolution of BiFeOj’s antiferromagnetic order due to
an applied electric field. This section ends with the demonstration of the electrically
assisted magnetization reversal and the electric field control of magnetism using two
fundamentally different ferromagnet-BiFeOs heterostructures. The fundamentals are
discussed in terms of the symmetries broken by the mechanism that couples the
ferromagnets magnetic order to BiFeOs.

2.3.1 Electrical control of antiferromagnetism

The first experimental evidence of the electrical field induced evolution of the
antiferromagnetic ordering in the BiFeOj thin films employed a combination of PFM
and photoemission electron microscopy techniques (PEEM). [53] Figure 2.5 shows the
primary discoveries of the work. The correlation between the ferroelectric domain
structure and the antiferromagnetic domain structure is evident by the the X-ray
magnetic linear dichroism (XMLD) PEEM (Figure 2.5(a)) and in-plane PFM (Figure
2.5(c)) images. The two images are taken a the same location on the sample. A close
look at the images shows that the domain structure is the same for the two orders.

The region of the sample enclosed by the yellow boxes is where the voltage was
applied. Figures 2.5(b) and (d) show modified domain orders in both the PEEM
and PFM images. By looking at very specific regions (labeled 1-4) in the figure, the
type of ferroelectric switch undergone at that location can be determined. Locations
1 and 2 underwent a 109° ferroelectric switch while regions 3 and 4 underwent 71°
and 180° ferroelectric switching events. A clear change in the antiferromagnetic axis
direction is presented in the regions that underwent a 109° ferroelectric switch, while
no change was observed for the regions of 71° and 180° switching. Illustrations of
the polarization and magnetic plane are shown for the 71° and 109° rotations of the
polarization in BiFeOgs unit cells are shown in Figure 2.5. A 180° rotation does not
change the magnetic plane, and hence does not change the antiferromagnetism. The
109° switch rotates the (001) projection of the magnetic plane while the 71° switch
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Figure 2.5: (a and b) XMLD PEEM images before (a) and after (b) poling of the
same region. The red arrows in the white inset show the X-ray polarization direction
during the measurements. (¢ and d) In-plane PFM images before (c¢) and after (d)
poling of the same region. The arrows show the direction of the in-plane component
of ferroelectric polarization. Regions 1 and 2 (marked with green and red circles)
correspond to 109° ferroelectric switching, whereas 3 (black and yellow circles) and 4
(white circles) correspond to 71° and 180° switching. In regions 1 and 2 the PEEM
contrast reverses after electrical poling. Taken from [53]

leaves the projection invariant.

This demonstration of the ability to electrically control the magnetic order in
BiFeO3 thin films suggests that the electrical control of a coupled ferromagnet is
possible. Since in a ferromagnet-BiFeO3 heterostructure, where the coupling is driven
by exchange between the two magnetic systems, the electrical field control of the
magnetic order of BiFeOj suggests that the exchange coupling in a ferromagnet-
BiFeOj3 heterostructure can be altered with an applied electric field. Altering the
exchange coupling across the interface is expected to lead to a change in the magnetic
order (magnetization rotation or change in anisotropy) of the ferromagnetic layer. The
remainder of this chapter covers the early works that investigated this possibility.

2.3.2 Electrical control of local ferromagnetism

In this section two early and fundamentally different approaches to the electric
field control of magnetism will be highlighted. The first mechanism employs the
interface magnetic exchange coupling between BiFeOs and ferromagnetic Co goFe 1.
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The second mechanism illustrated is mediated by strain. The fundamental difference
between these two mechanisms arises from the underlying symmetry broken. The
interface exchange coupling has the potential to break time reversal symmetry and it
is often modeled as an ficticious magnetic field. The lattice/strain coupling preserves
the time reversal symmetry and thus no deterministic reversal of a magnetization is
possible.

Exchange coupling driven

The observation of the electric field control of the antiferromagnetism in BiFeOs
thin films set the stage for the electric field control of a ferromagnetic layer exchange
coupled to the BiFeOj film. A single-phase multiferroic composite, consisting of
Co goFe 19 and multiferroic magnetoelectric BiFeOs, was then created in order to probe
the ability to electrically control the ferromagnetic state.

In order to probe the ability to electrically control the ferromagnetic state of
the CogoFe o layer, simple device structures were designed to ensure the proper
ferroelectric switch to enable a magnetic change (i.e. a rotation of the magnetic
plane). Additionally, the structures were scaled down to illustrate local functionality
and reduced switching voltages. The device shown in Figures 2.6(a-b) illustrates the
device layout and how the electric field is applied in the plane of the BiFeOs film (red
in the figure). [54] The lateral distance between the SrRuOj3 poling electrodes (blue)
is 6 microns and in between the poling electrodes, but on top of the BiFeOj3 film,
resides a small Co ggFe 1o dot that is capped with a thin Pt layer to prevent oxidation
of the CoggFe 9. The idea behind this device is to then apply an in-plane electric
field to the BiFeOjs layer which is below the CogoFe 19 dot (see Figure 2.6(b)) that
reorients the BiFeO3 domain structure.

The devices were created by first growing a thin layer (~50nm) of StRuO3 on a
SrTiO3 substrate by pulsed laser deposition (PLD). Following this growth, optical
lithography is used to define the poling electrodes. The unwanted SrRuQOj is removed
using an Ar ion mill, exposing the underlying StTRuQOj3 substrate and leaving only the
SrRuOs electrodes. After this step, the sample is covered with a blanket BiFeOg3 layer
of roughly 150nm. Following the growth the BiFeOs, the films are characterized within
the regions of interest (i.e. the region between poling electrodes). Figures 2.6(c-e)
show in-plane PFM images of the BiFeO3 domain structure in the region between
the two SrRuOj poling electrodes. No CogoFe 1o is present in these images. The
striped like ferroelectric domain structure is observed in between the poling electrodes.
The polarization and orientation of the ferroelectric domain walls were intentionally
oriented at a 45 degree angle with respect to the direction of the applied electric
field (i.e. normal to the SrRuOj; poling electrodes) to induce 71° in-plane switching
events at each domain and an overall 90° rotation of the in-plane component of the
macroscopic polarization. The regions of interest are exposed to cycling voltage pulses
to cycle the BiFeO3 domain structure to ensure the expected switching event. After
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(a) Device BiFeO,
Structure

2nd Ejectrical Switch

Figure 2.6: (a and b) Schematics of the device structure used in [55]. The schematic
shows the STRuOj3 electrodes in blue which are separated by 6 um and buried under
a BiFeOj film (Red). On top of the BiFeO3 and inbetween the SrRuOj electrodes is
a CogoFe 19 / Pt dot. The electric field is applied in the plane of the BiFeOj film and
under the CogoFe 19 / Pt dot. (c -e) are PFM images of the BiFeO3 surface at the
device structure before the CoggFe 19 / Pt dot is deposited. The structure is imaged
in the (c) as-grown state and after the (d) first and (e) second electrical switches.
Taken from [54].

each voltage pulse, the remnant ferroelectric domain structure within the swicthing
region is imaged with PFM. One complete switching cycle is shown in Figures 2.6(c-
e). Following the characterization of the BiFeOj film, the samples have the Co goFe 19
/ Pt dots deposited on top the BiFeOj film. [54]

Chu et al. first probed the magnetization and domain state of the CogoFe 1o /
Pt dot. The magnetic state of the Co goFe 1o feature in the as-grown remant state is
imaged using XMCD-PEEM at the Co L3 edge (Figure 2.7(a)) and a schematic of the
observed magnetic domain structure is given in Figure 2.7(d). The Co goFe 19 has two
domain variants (grey and black regions in schematic and image; the corresponding
arrows give the direction of the associated magnetization) with a net magnetization
(blue arrow) and a domain structure which are oriented at 45° angles with respect to
the SrRuOj3 electrodes. These two facts are in agreement with the BiFeO3; domain

structure shown in Figure 2.6(c).
To detect the electric field control of these small Co ggFe 19 dots, XMCD PEEM
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Figure 2.7: (a - ¢) XMCD-PEEM images of the CogoFe 19 / Pt dot when the device
is in the (a) as-grown state, (b) after the first switch, and (c) after the second switch.
(d - f) schematics illustrating the XMCD contrast, domain structure, and net mag-
netization direction (blue arrows) for each of the states shown in (a - ¢). Taken from

[54].

images are taken after poling of the BiFeOj layer. The resulting magnetic domain
structure and magnetization directions after one voltage pulse is imaged Figure 2.7(b)
and schematically depicted in Figure 2.7(e). The color of the XMCD-PEEM contrast
has changed with respect to the as-grown image (Figure 2.7(a)) and the orientation of
the magnetic domain structure has rotated by 90°. This is schematically illustrated in
Figure 2.7(e). The reorientation of the mangetic domains by 90° correlates with the
observation where the BiFeO3 domain structure and net in-plane polarization rotate
by 90° after the first switch (Figure 2.6(d)).

Furthermore, it was shown that this 90° reorientation of the magnetic domain
structure is reversible, just as the 90° rotation of the BiFeO3 domain structure and
net in-plane polarization are reversibily switched with the voltage. Figures 2.7(c) and
(f) show the XMCD PEEM image and the illustration of the XMCD PEEM data.
Again the XMCD PEEM contrast has changed from the first switch. The domain
structure and the net magnetization have reverted back to the direction that was
observed in the as-grown state illustrating the reversible nature of the switch and the
correlation to the multiferroic domain structure.

Lattice/strain driven

Another mechanism for the electric field control of magnetism is one that is driven
by strain. This mechanism differs fundamentally from the exchange coupling mecha-
nism in that strain does not break time reversal symmetry, and thus no deterministic
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magnetization reversal is possible with soley an applied electric field. The pioneering
work by Zavaliche et al. demonstrates this very clearly. [106] In this work a nanos-
tructured system of CoFe;O4 / BiFeOs where nanosized pillars are embedded into a
BiFeO3 matrix. The CoFe;O,4 is a magnetostrictive material with a negative magne-
tostriction coefficient, in that an applied tensile stress along the length of the pillar
will drive the magnetization to the plane perpendicular to the length of the pillar.
When such a stress is removed, the magnetization has a 50% probability of returning
to the upward state along the pillar length and a 50% probability of returning to the
downward state along the pillar length. A compressive stress keeps the magnetization
along the pillar length. These latter points are schematically illustrated in Figures
2.8 (a - d), with the applied stress being driven by the piezoelectric distortion of the
BiFeO3 matrix in response to an applied electric field.

Time reversal symmetry can be broken with the application of a magnetic field
(see Figure 1.1 for a discussion). To illustrate the necessity of time reversal symmetry
breaking, an electric field was applied to the CoFe,O4 / BiFeO3 heterostructure using
a PFM tip while under (Figures 2.8(f) and (g)) H =0 and H = 700 Oe (Figures 2.8(h)
and (i)). When the voltage was applied, under zero magnetic field, to a CoFeyOy
/ BiFeOjs heterostructure that was magnetically saturated in the upward direction
(see before and after boxed regions in Figures 2.8(f) and (g)) some of the moments
reorient into a downward direction while others remain unchanged. Figure 2.8(g)
shows a roughly even mix of up and down states. [106]

The switching was then performed on the heterostructure when it was initially
magnetically saturated in the downward direction while under an applied field of 700
Oe, which is much smaller than the coercive field. A comparision of Figures 2.8(h) and
(i) reveal that more than 80% of the switched region has reversed its magnetization
direction. This clearly illustrates the need for time reversal symmetry breaking for
deterministically reversing a magnetization.

2.3.3 Concluding remarks and summary of the issues

Chu et al. demonstrated the electrically induced magnetization rotation in rather
large devices (um scale). [54] Large voltages of 200V were applied to see this effect,
and the net magnetization rotated by 90 degrees. While a 90° rotation of the mag-
netization can be quite desirable for nanomagnetic logic and electrically controlled
magnetic sensors. A 180° degree rotation of the magnetization, however, is what is
valued from the perspective of magnetic memories. In memory, a trilayer is used to
form the bit and the resistance of the device is given by R = Rg - ARcos(#). Where 6 is
the angle between the magnetizations of two magnetic layers. Thus a 180° separation
gives the maximum change in resistance between the two states (parallel magneti-
zations and antiparallel magnetizations). We have discussed the need to break time
reversal symmetry in order to reverse a magnetization (i.e. a 180° rotation), now
the question is: Can we electrically reverse the magnetization?. Additionally, can we
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Figure 2.8: (a- d) Schematics of the electric field control of magnetism in the CoFeyOy4
/ BiFeOj3 heterostructure. (a) The initial state of the system. The polarization of
BiFeO3; and the magnetization of the CoFe,O,4 are indicated. (b) increased perpen-
dicular magnetic anisotropy due to the compressive stress following the spontaneous
distortion in the BiFeO3 matrix when the polarization is switching due to an electric
field, (c) fourfold in-plane magnetic anisotropy induced by the tensile piezoelectric
deformation in the matrix when the polarization and the applied electric field are
parallel, and (d) final configuration with perpendicular magnetic anisotropy. The
magnetization of the CoFe;O4 can choose either the up or down state because time
reversal symmetry is not broken. (e) Experimental configuration for the data pre-
sented in (f-1). A magnetic field is applied to break time reversal symmetry as an
electric field is applied. MFM images of upward oriented magnetization before (f)
and after (g) the application of a voltage under zero magnetic field. MFM images
taken of downward oriented magnetization before (h) and after (i) the application of
a voltage and an upward oriented magnetic field. Taken from [106].
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then integrate this reversal into a prototype magnetoelectric device?
To begin such an endeavor, we should first highlight some of the issues faced in
the previous work.

e Mosaic domain structure: very complex domain structure, exchange coupling
mechanism unclear

e 4-variant BiFeO3 domain structure: complex domain structure, exchange cou-
pling mechanism unclear

e Magnetization only rotated by 90° and determined by non-quantitative tech-
nique

e High voltages required (~200V) for switching
e In-plane switching: non-ideal geometry of memories

The multiferroic domain structures (mosaic and 4-variant) are complex and the
domains are not well ordered. The high degree of correlations found in the BiFeOs
system make the domains and domain walls possible sources of exchange coupling.
This makes an interpretation exchange coupling studies difficult.
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Chapter 3

Exchange coupling with ordered
BiFeO3; domains

The previous chapter summarized the work and understanding that derived from
the early experiments of exchange coupling in CogoFe 9 / BiFeOjs heterostuctures
with 4-variant and mosaic BiFeOs films. Additionally, the early demonstrations of
the electric field control of antiferromagnetism and local ferromagnetism were shown
using the 4-variant BiFeOjs films. The work presented in this chapter was intended to
build upon and use the information from the previous work to uncover the difference
between exchange coupling with a BiFeO3 domain and a BiFeO3 domain wall through
the use of a more simplified/ordered BiFeOj system. As part of the understanding
of the exchange coupling with a BiFeO3; domain, the objective is to uncover the
directionality of the relevant order parameters (P,LL,M) of BiFeOj. Lastly, the work
in this chapter was searching for an eligible pathway to an electric field induced
magnetization reversal. Indeed, a possible pathway emerged.

3.0.4 BiFeOj3; domains, domain walls and domain wall order-
ing

In order to study the properties of domain walls, it is imperative that their for-
mation be controlled. Furthermore, the effect of the multiferoic domains and domain
walls can be determined if the domain walls can be ordered. Controlled arrays of 71°
domain walls in BiFeOj3 thin films can created. This is achieved through the control
over the growth and elastic boundary conditions in BiFeO3 / StRuO3 / DyScO3 (110)
heterostructures. [107] The DyScO3 (110) provides a small anisotropic strain to the
BiFeO3. To minimize the in-plane strain, the BiFeOs orders into a quasi-periodic,
striped array of domains/domain walls.

A BiFeOj film predominantly comprised of 71° domain walls is described in Figures
3.1(a~d). Figure 3.1(b) is a detailed representation of the polarization directions in
each domain in this structure while Figure 3.1(a) illustrates a homogeneity of the
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71° DWs  IP-PFM

Figure 3.1: (a) Schematic of 71° domain pattern. Domain colors are following from
IP-PFM image as shown in (b). Green arrow shows the net IP ferroelectric polariza-
tion. (b) Schematic of detailed 71° domain structure with blue arrows showing the
ferroelectric polarization components in [001]pc and [010]pc planes. (¢ and d) OP
and [P-PFM images of 71° domain pattern.

macroscopic, net in-plane polarization. The out-of-plane PFM image (Figure 3.1(c))
of such a 71° domain wall sample shows a uniform contrast, indicating a single out-
of-plane polarization component which is directed downward, into the substrate. The
in-plane PFM image (Figure 3.1(d)) shows a stripe pattern that is composed of two
contrasts, dark (black) and neutral (brown) contrast. The black contrast corresponds
to domains with the in-plane component of the polarization directed to the right
while the direction for the brown contrast is oriented upwards. The net in-plane
polarization, P,.;p, points orthogonal to the length of the domain wall and along a
[100] direction.

Ferromagnet - antiferromagnet heterostructure with ordered striped 71°
domain walls

Here I will discuss the magnetic properties of a Co ggFe 10/BiFeO3 heterostructure
with the BiFeOj layer having a simple, quasi-periodic, ferroelectric domain architec-
ture with only two 71° ferroelectric polarization variants, as in Figure 3.2(a). The sum
of these two polarization variants leads to a well-defined in-plane projection of the
net polarization (P, p) which points along [1-10] direction of the DyScOj3 substrate
(Fig. 3.2(a)).

The striped 71° BiFeOj3 films were immediately inserted into a vacuum sputtering
chamber with a base pressure of ~3x10~% Torr. Here, Co goFe 1o (2-3 nm) layers were
grown by DC magnetron sputtering under a 200 Oe magnetic field and capped with
Pt (3 nm) to prevent oxidation. To probe the interfacial coupling of the ferromagnet-
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Figure 3.2: M(H) curves measured at room temperature from Co goFe ;9/BiFeO3 het-
erostructures where the Co goFe 19 growth field was applied along (black open circles)
or perpendicular (red open circles) to the net in-plane polarization direction (Peirp)-
The samples were rotated every 45° in-plane from the growth direction.

multiferroic heterostructure, a 200 Oe magnetic field was applied parallel and per-
pendicular to (P,erp). Figure 3.2(b) presents the in-plane hysteresis loops, obtained
by vibrating sample magnetometry (VSM), taken from samples where the growth
field was applied perpendicular (red circles) and parallel (black circles) to (Ppeirp)-
The data in Figure 3.2(b) clearly illustrate that irrespective of the orientation of
the growth field, the anisotropy is always uniaxial and along the axis corresponding
to the direction of (P,ep). This trend is observed regardless of the orientation of
the BiFeO3 growth terraces with respect to the ferroelectric domain walls. These het-
erostructures show an enhancement of the coercive field, when compared to Co ggFe 19
grown on the DyScOj substrate, and negligible exchange bias anisotropy (See Figure
1.11).

3.1 Determination of coupling mechanism: micro-
scopic origins of coupling with striped 71° films

The (110) DyScOj3 substrate was used to reduce the complexity of the resulting
BiFeO3 so that the interface coupling mechanism with an exchange coupled Co goFe 19
layer could be determined. While the DyScOg3 substrate has reduced the number of
possible coupling mechanisms, there still remains possible pathways for exchange cou-



44

pling in this simplified system. Those being: (1) stress induced by the ferrodistortion
of the BiFeO3 due to the ferroelectricity, (2) the easy axis of the antiferromagnetic
spins (L) in the BiFeO3 domains, (3) the canted moment (M) in each of the BiFeO;
domains, (4) the 71° domain walls and (5) an oxidized or rough interface. In each of
the following subsections, a possible coupling mechanism will be eliminated to reveal
the microscopic origin of the exchange coupling in this heterostructure. Additionally,
the magnetic order of BiFeO3 will be determined beyond the argument of a (111) easy
magnetic plane to the point were the direction of the antiferromagnetic easy axis and
the canted moment is determined.

3.1.1 Elimination of stress induced anisotropy by polariza-
tion

To test the the possibility of a stress induced anisotropy as a result of the ferroe-
lastic distortion, the insertion of a fully strained, epitaxial SrTiO3 (2 nm) or StRuO3
(2 nm) spacer between BiFeO3 and Co ggFe 19 was used to break the magnetic inter-
face coupling while preserving the stress from the BiFeOgs film. The insertion of a
non-magnetic spacer layer resets the easy axis of the Co ggFe 1o films to the direction
of the applied growth field, ruling out magnetostriction and stress induced magnetic
annealing as the causes of this preferential anisotropy axis. Figures 3.3(a) and 3.3(b)
show data taken from two CogoFe g (2.5 nm)/ SrTiO3 (2 nm)/ BiFeO3 heterostuc-
tures and are plotted with the data presented in Figure 3.2(b) for comparison. The
magnetic field applied during the growth was fixed at 200 Oe for all of the curves. For
the curves in Figure 3.3(a), the growth field was applied parallel to the net in-plane
polarization (P,ep) direction. The growth field was applied perpendicular to the
Preirp direction for the curves in Figure 3.3(b). A comparison of the two curves in
Figure 3.3(a) reveals that the CogoFe 1o coercivity is reduced, compared to Figure
3.2(b), with the insertion of a fully strained SrTiOj layer in between Co goFe 19 and
BiFeO3. Furthermore, a comparison of the curves with the SrTiOj3 interlayers in Fig-
ures 3.3(a) and 3.3(b) show the easy axis becomes insensitive to the P,.p direction.
The observed uniaxial anisotropy imposed by the underlying multiferroic BiFeO3 film
indicates a strong interfacial magnetic coupling in this system.

3.1.2 Determination of antiferromagnetic easy axis (L) and
canted moment (M) directions

The magnetic order of the BiFeO3 must be determined in order to decouple the
magnetic nature of the exchange coupling with a CoggFe 19 layer. Since canted mo-
ments are very difficult to detect with a direct means due to the small size of the
moment, typically the antiferromagnetic easy axis is first determined using X-ray
magnetic linear dichroism (XMLD)-photoemission electron microscopy (PEEM). Be-
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Figure 3.3: (a) (a-b) Magnetic hysteresis curves from the Co goFe 19 (2.5 nm)/ BiFeO3
heterostuctures from Figure 3.2b (open black and red circles) and a CogoFe 1o (2.5
nm),/ SrTiO3 (2 nm)/ BiFeOj3 heterostuctures (open magenta and blue circles). The
200 Oe growth field was applied parallel to the direction of P,,.;;p for both heterostruc-
tures in (a) and perpendicular to P,rp in (b).
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ginning with this approach, the XMLD-PEEM of a BiFeOjs film was imaged at the
Fe Ly-edge (See Figure 3.4). Figure 3.4(a) shows the XMLD-PEEM image when the
X-ray polarization (double-headed green arrow) is oriented along one of the BiFeOs
{110} directions. In the image, the black domains show the contrast, revealing that in
the black domains the antiferromagnetic easy axis (L) has a component which is par-
allel to the X-ray linear polarization. To determine if L has a out-of-plane component
the X-ray beam polarization was oriented along the [001] direction. The out-of-plane
XMLD-PEEM image is shown in Figure 3.4(b). There is little contrast in this di-
rection revealing that the antiferromagnetic easy axis lies completely in the BiFeOj
(001) plane. Since the BiFeOj3 polarization is known to be along the <111> direction
and the magnetic order parameters of BiFeO3 are required to lie in the {111} plane
in a configuration where the polarization, antiferromagnetic easy axis and the canted
moment are mutually orthogonal [51], the precise direction of the antiferromagnetic
axis is then determined to be along the [110] type directions. Figure 3.4(c) shows
orientation of the antiferromagnetic easy axis in each of the two BiFeO3 domain vari-
ants. The polarization points along a <111>, L points along a <110> and thus, the
canted moment must point along a <112>. This means the (001) projection of these
vectors will lead to a configuration where the canted moment and the polarization,
in each of the BiFeO3 domain variants, project parallel to each other while the anti-
ferromagnetic easy axis is orthogonal to both. To confirm such a picture, PFM was
performed at the same location of the XMLD-PEEM image shown in Figure 3.4(c)
to confirm that the in-plane polarization component will be orthogonal to the an-
tiferromagnetic easy axis in each associated domain. Using lithographically defined
Pt electrodes to align the images of Figures 3.4(c) (XMLD) and 3.4(d) (PFM), the
domain structures in both images can be aligned. Then comparing the direction of
the in-plane component of the polarization with the antiferromagnetic easy axis in
each domain, it is clearly seen that the two order paramemters are orthogonal on the
(001) surface (Compare Figures 3.4(c) and 3.4(d)). The 3-D construction of the order
parameters in BiFeO3 and the projections onto the (001)surface are illustrated later
in Figure 3.9.

3.1.3 Examination of the CoggFe;, / BiFeOj; interface

To probe the sharpness of the CogoFe 9 / BiFeOjs interface as well as the oxida-
tion state of the CoggFe 1y at the interface, a combination of transmission electron
microscopy (TEM) and electron energy loss spectroscopy (EELS) were employed.
Figure 3.5 shows the TEM image of the full Pt/ Co goFe 1o / BiFeO3 / DyScOj stack.
A high-resolution image of the CogoFe 19 / BiFeOj interface is shown in the inset on
the left. It is seen in this high resolution image that the Co ggoFe 1y is amorphous and
the Pt capping layer is nanocrystalline. The BiFeOg3 surface is smooth having only a
single unit cell step. To more accurately illustrate the sharpness of the interface as
well as to probe the oxidation state of the Co goFe 19 so as to verify CoO was not being
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Figure 3.4: (a) XMLD-PEEM image of the BiFeOj film when the X-ray polarization
is oriented along one of the BiFeO; {110} directions. The direction of the linear
polarization of the X-rays are indicated by the double-headed green arrow. The
direction of the beam is indicated by the red arrow labeled k. (b) XMLD-PEEM image
of the BiFeOj film when the X-ray polarization is oriented along the BiFeOgs [001]
direction. (c¢) A zoomed in image of (a) near the Pt electrode for later comparision
with a in-plane PFM image (d) to correlate order parameter directions in each BiFeOj3
domain.
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Figure 3.5: Transmission electron microscope (TEM) image of the heterostructure.
Inset: High resolution image of the Co goFe 19 / BiFeOj interface. Electron energy loss
spectroscopy (EELS) curves taken accross the CogoFe 1y / BiFeOs interface. EELS
curves correspond to the regions labeled 1-8 in the high resolution TEM image.

formed, EELS was performed accross the CogoFe 19 / BiFeOjs interface and is shown
on the left of Figure 3.5. The EELS curves correspond to the regions labeled 1-8 in
the high resolution TEM image. Two things become clear in this data set. One is
that the inteface is sharp as can be seen by the abrupt enhancement of the Fe L3 peak
when going from 4 to 5. Addtionally, the EELS spectra at the Co L3 edge reveal the
peak shape for metallic Co rather than insulating CoQO, revealing that the Co has not
been oxidized in this heterstructure. The combination of TEM and EELS across the
CogoFe 19 / BiFeOs interface has illustrated that the interesting magnetic exchange
interactions in this materials system is not attributable to a extreme roughness or
oxidation of Co into the strong antiferromagnet CoO. [81]

3.1.4 Determination of Co goFe ;) moment direction

The magnetic state of the Co goFe ¢ layer was imaged using X-ray magnetic cir-
cular dichroism (XMCD)-photoemission electron microscopy (PEEM) at the Co L3
-edge. The BiFeOg ferroelectric domain structure was imaged by PFM following the
removal of the Co ggFe ;¢ by ion milling. As shown by the correspondence of the PFM
and PEEM images in Figures 3.6(a) and 3.6(b), a clear matching of the magnetic
and ferroelectric domain architectures is observed. The growth field for the Co goFe 19
layer shown in Figure 3.6(b) was oriented along the direction of P, p. The XMCD
Co images were obtained from the ratio between PEEM images taken with right and
left polarized X-rays, which results in a 2-D map of projected magnetization of the
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Figure 3.6: (a) In-plane PFM image of BiFeO;. (b) XMCD-PEEM image of the
Co goFe 19/BiFeOj3 heterostructure. The blue and black arrows in (a) correspond to
the in-plane projections of the polarizations in each of the ferroelectric domains of
BiFeOj;. The blue and black arrows in (b) correspond to the directions of the magnetic
moments in the white and black domains in the Co goFe 1o layer, respectively. There
is a clear mapping of the domain structures in the images. Scale bars are 500 nm.

ferromagnetic Co domains along the direction of incident X-rays.

Furthermore, XMCD-PEEM images were taken at different orientations of the
sample relative to the incoming X-rays to distinguish the orientation of magnetization
within each domain. Figure 3.7 shows the in-plane PFM image of a BiFeOj film
and the corresponding XMCD-PEEM images of Co after CogoFe 1y was deposited
on the film. The electrodes were used to create a shared reference frame between
the PFM and PEEM images. A comparison of Figures 3.7(a) and 3.7(c) reveals a
one-to-one mapping of the magnetic and ferroelectric contrasts. The ferromagnetic
Co images in Figures 3.7(b-d) were taken with the incident beam at 45° (b), 90° (c)
and parallel (d) to P,ep. Figures 3.7(e-h) correspond to the black boxes in Figures
3.7(a~d). The images in Figures 3.7(b) and 3.7(f) exhibit two contrasts corresponding
to ferromagnetic domains aligned along the direction of the k vector (white) of the
X-ray and at 90° from the k vector direction (grey). To distinguish the direction of
the magnetic domain (labeled 1) in Figures 3.7(b) and 3.7(f), the angle of the X-ray
beam with respect to the P, p direction was increased to 90° (Figures 3.7(c) and
3.7(g)). The contrast changes to a darker grey indicating the upward-right orientation
of the ferromagnetic domains labeled 1 in Figure 3.7(f). The X-ray beam was then
oriented parallel to the P, p direction (Figures 3.7(d) and 3.7(h)). The absence of
contrast indicates that both ferromagnetic domains have a component that points to
the right in the Figures 3.7(d) and (h).

This rotational dependence reveals that there is a one-to-one domain correlation
between the ferroelectric domain structure of BiFeO3 and the magnetic domain struc-
ture of the coupled Co ggFe 1o layer. Additionally, a collinear arrangement is observed
between the in-plane projection of each polarization variant and the moment from the
corresponding Co goFe 19 domain. The directions of the underlying ferroelectric do-
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Figure 3.7: (a) In-plane PFM image of the BiFeOy ferroelectric domain structure. (b-
d) XMCD-PEEM images of the Co goFe 19 domain structure from the same area that
is shown in (a). The X-ray is directed at 45° (b), 90° (¢) and parallel (d) to P,erp.
(e-h) A zoom-in of the areas encompassed by the black squares in (a-d). The arrows
labeled P1 and P2 in (e) show the in-plane projection of the polarization within each
of the domain variants. The arrows labeled 1 and 2 in (f-h) are the directions of the
moment at the location of P1 and P2 in (e). The contrast observed in each image is
described below each image with the colored arrows and the orange arrow that shows
the direction of the incident X-ray.
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Figure 3.8: SEMPA image of the domain structure of CogoFe g in a CogoFe o /
striped 71° BiFeOg3 heterostructure. The color wheel gives the direction of the local
moment. Large white arrows show the direction of the macroscopic magnetization in
eac of the domain variants. The local moment rotates by 90° across each domain.

main polarizations and Co goFe 19 domain magnetizations are given in Figures 3.6(c)
and (d) respectively.

To verify the direction of the local moment, a technique with a higher resolution
was employed to image the local moment direction. A scanning electron microscope
with polarization analysis (SEMPA) can image the local magnetic moment with a
resolution of ~20nm. For an excellent review of the SEMPA technique see references
[108, 109]. Figure 3.8 is an image of the magnetic domain structure of the Co ggFe 19
film in a CoggFe 1o / striped 71° BiFeOj3 heterostructure. The striped domain struc-
ture induced by the BiFeOs is clearly seen. Looking at the moment rotation when
moving from one domain to the neighboring domain, the moments rotate such that
the macroscopic moment at each domain is paralell to the in-plane component of the
polarization in the associated BiFeO3; domain. The large white arrows in Figure 3.8
represent the macroscopic moment in its representative domain.

Lastly I end with end argument that the magnetic interface exchange coupling
cannot be due to the 71° domain walls since the clear one-to-one domain correlation
and the collinear arrangement of the CogoFe;y moments to the in-plane polariza-
tion in each domain implies that the coupling is due to a order parameter in each of
the BiFeO3 domains. Since the Co goFe 19 moments were found to couple collinearly
with the in-plane polarization and we have eliminated the polarization, the antifer-
romagnetic easy axis, the 71° domain walls and the possibility of roughness or metal
oxidation at the interface between BiFeOs; and Co ggFe 19, it is concluded that the
Co.goFe 1o moments couple to the canted moment (M,) in each domain. This agrees
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with the observation of the collinear alignement of the in-plane polarization and the
CogoFe 19 moments in each domain and the determination of the direction of the
canted moment direction to be along the <112> directions that projects parallel to
the polarization onto the (001) plane.

3.1.5 Coupling mechanism and pathway to the electric field
control of magnetism

In BiFeOg3 bulk, the antiferromagnetic structure is described as a cycloidal G-
type. [100, 103, 45] In thin films, a weak canted ferromagnetism emerges from the
breaking of this cycloid and is perpendicular to both the ferroelectric polarization and
the antiferromagnetic axis. [51] Considering a single unit cell within a single BiFeO3
ferroelectric domain variant with a polarization (P) pointing along a <111> direction,
the canted moment (M.) and the antiferromagnetic axis (L) lie perpendicular to
each other in the (111) plane. This is schematically illustrated in Figure 3.9(a).
The one-to-one correlation between the direction of the magnetic moments within
each ferromagnetic domain and the ferroelectric polarization within each ferroelectric
domain observed in Figures 3.6(c) and Figure 3.6(d) leads us to infer that a BiFeOj
canted moment is pointing along the <112> which projects parallel to the polarization
on the (001) BiFeOj surface (Figure 3.9(a)). The collinear correlation of the Co goFe 19
moments with the projected direction of the canted moment and the orientation of
the ferromagnetic domains results in a parallel in-plane arrangement of both P,.p
and the net Co goFe 19 magnetization as shown in Figures 3.6(a) and 3.6(b).

This interfacial coupling between the ferromagnet and BiFeOs, described in Figure
3.9(a), combined with the intrinsic correlation between the ferroelectricity and the
antiferromagnetism in the multiferroic film [53], imply that the magnetization of the
ferromagnet can be controlled within the realms of ferroelectric switching allowed in
BiFeOg3. Since the polarization of a single ferroelectric domain in the BiFeOg3 system
must be along one of the eight possible <111> directions, the polarization can only
be switched by 71°, 109° or 180°. [110]

Figure 3.10 represents the ferroelectric switching events possible within a single
polarization variant in the BiFeOgs system when an electric field is applied in-plane
(along the BiFeOs [110] and [110] directions) or out-of-plane (along the [001] direc-
tion). White arrows give the direction of the polarization pointing along the <111>
BiFeOj directions. The orthogonal (111) magnetic plane, in which the mutually or-
thogonal antiferromagnetic axis and the weak canted moment lie, is given in yellow.
An in-plane 71° ferroelectric switching event is accompanied with the corresponding
rotation of the magnetic (111) plane. Both the ferroelectric polarization and the
magnetic plane projections on the (001) plane rotate by 90° (from the [110] to [110]
in the case of the magnetic plane). This rotates the antiferromagnetic axis (which
was initially along the [110]). A reorientation of the canted moment (initially along
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Figure 3.9: (a) Schematic illustrating the magnetic interface coupling and (b) possible
configuration after an in-plane electric field is applied. The crystal structures show the
orientations of the polarization (white arrows, P), the antiferromagnetic axis (yellow
double arrows, L), the canted moment (red arrows, M..), and the (111) plane (orange)
within each of the domain variants in the BiFeOjs system. The Co goFe 19 moments
couple with the in-plane projection of the canted moment within each of the BiFeOj3
domains. If the BiFeO3 domain variants individually undergo a 71° switching event
such that P,.p reverses direction, the net magnetization of the Co goFe 19 layer can
be reversed due to the coupling with the canted moment in BiFeOs;.
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Figure 3.10: Illustrations of the magnetoelectric switching events possible in the
BiFeO3 system. The white arrows give the direction of the <111> oriented polar-
ization. The (111) oriented magnetic plane is orthogonal to the polarization and is
shown in yellow. An externally applied electric field directed in-plane (along the [110]
or the [110]) will lead to either a 71° or 109° in-plane (IP) switching event. A [001]
oriented electric field can permit 71°, 109° or a 180° out-of-plane (OP) switching
events. The 180° switching event leaves the (111) magnetic plane invariant.

the [112], reorients to the [112]) in BiFeOj is expected as a consequence of the change
in the antiferromagnetic axis orientation. This corresponds to a 90° change in the
projection of the canted moment on the (001) plane. The projected directions of the
polarization and the canted moment are collinear in this case. On the other hand, the
109 in-plane switching event does not change the projection of the antiferromagnetic
axis on the (001) plane.

Considering an electric field applied out-of-plane, a reorientation of the (001) pro-
jected antiferromagnetic axis only occurs after a 109° switching event. This projected
reorientation is a 90° rotation that will also affect the direction of the weak ferromag-
netic moment. The two other attainable ferroelectric out-of-plane switching events
(71° and 180° change) do not change the projected direction of the antiferromagnetic
order. A 180° rotation of the polarization leaves the magnetic plane invariant. A
summary of the magnetoelectric switching is given in Figure 3.11.

Thus, a in-plane 71° switch should induce an associated rotation of the in-plane
projection of the canted moment. Furthermore, the rotation of the canted moment
produces an effective torque on the coupled CogoFe 19 moments that causes these
ferromagnetic moments to rotate with the same sense as the canted moment and
P,eirp in BiFeOs. Using a striped two-variant BiFeOs film the combination of each
of the polarization variants rotating by 71° (i.e. 90° in-plane - one rotates clockwise



Switching In-plane rotationof | In-plane rotation of the In-plane component of
event the polarization (P) | antiferromagnetism (L) canted moment (M)
expected to rotate?
71° In-plane 90° 90° Yes
109° In-plane 180° 0° Unknown
71° Out-of-plane 0° 0° Unknown
109° Qut-of-plane 90° 90° Yes
180° 180° 0° No

Figure 3.11: Multiferroic switching events for the in-plane and out-of-plane switching
events. The 71° in-plane and the 109° out-of-plane switching events are the only
switching events that rotate the in-plane components of the polarization (P) and the
antiferromagnetism (L). Since the canted moment (M,) is orthogonal to L, the 90°
in-plane rotation of L. imposes the condition such that the canted moment also is
expected to rotate in-plane.

while the other rotates counter clockwise), can lead to a unique path of a reversal
of Pyetrp (compare Figures 3.9(a) and 3.9(b)). That is, 90° rotations of the in-plane
projection of the polarization within each domain and summed over adjacent domains
leads to a reversal of P,.rp. Due to the one-to-one magnetic interface coupling in
this heterostructure, a reversal of P,;;p in this way implies that a reversal of the in-
plane projection of BiFeOj3’s magnetic order and the magnetization of the exchange
coupled Co goFe 1y layer is also possible (Figure 3.9(b)). If one can deterministically
and reliably switch BiFeOs3 in such a way that these two 71° rotations are preferred,
a roadmap to the robust electrical control of magnetism can be created.

3.2 Concluding remarks

In this chapter I have shown that BiFeOj3 thin films with well-ordered striped
domains with 71° domain walls can be grown through the control of epitaxial condi-
tions. 71° domain walls are stable after the application of an electric field. This is
the primary reason for the use of the 4-variant films in the previous demonstrations
of the electric field control of antiferromagnetism and local ferromagnetism. [53, 54]
Heterostructures of Co goFe 1o and 71° striped domain BiFeO3 show no exchange bias,
but rather an exchange enhancement and uniaxial anisotropy. Even despite the per-
turbation of the applied magnetic field during the growth of the CoggFe 19 in these
heterostructures, the uniaxial anisotropy follows the axis determined by the direction
of BiFeO3’s macroscopic order parameter P,.;p. An investigation of the coupling at
the microscopic scale reveals a clear one-to-one correlation of striped domains in both
subsystems. The moments in the Co goFe ;9 domains were found to follow the in-plane
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projection of the polarization in the BiFeOs3. Experiments to test the mechanism of
the coupling, which required inserting thin layers to break magnetic coupling and
imaging the antiferromagnetic axis of BiFeO3 at each BiFeO3 domain, revealed that
the local Co gpFe 19 moments couple to the in-plane projection of the BiFeOs canted
moment. Since such a clear coupling exists with the 71° domain structure, which is
stable after the application of an electric field, implies that the electric field control
of ferromagnetism is possible in this system. Such a clear coupling also suggests that
this system can be used to investigate the magnetoelectric switching characteristics
of BiFeO3 and the reorientation of the ferromagnetic moments is governed by the
reorientation of the in-plane polarization.
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Chapter 4

Electric field control of
ferromagnetism: In-plane switching

Current spintronics applications utilize either an externally applied magnetic field
or a large current density to achieve a magnetization reversal, which are accompanied
by significant energy dissipation. This energy cost could be reduced if the reversal
of a magnetization only required the application electric field. In this chapter I will
demonstrate a new means of non-volatile, room temperature magnetization reversal
using purely electric fields in a ferromagnet-multiferroic system. Using a combina-
tion of ferromagnetic and ferroelectric domain imaging techniques, a strong interfacial
magnetic coupling, that mediates the reversal, is revealed. Anisotropic magnetoresis-
tance measurements show that this electrically-driven 180° reorientation of the net
magnetization is reversible. This materials configuration opens exciting, new avenues
towards next-generation, low-energy consumption spintronics.

4.1 Introduction

In the push for low-energy consumption memory and logic applications, the field
of spintronics has focused on establishing control of a magnetization without the
need of a magnetic field. [111, 112, 113, 114, 115] Of these, a magnetization reversal
requires the injection or the accumulation of spin-polarized carriers to create an ef-
fective spin-orbit field, transfer of angular momentum to the macroscopic spin state
[3, 116, 4] or to establish a large chemical potential gradient through non-local dif-
fusion. [117] While these methods are effective, large current densities are required
and a significant energy loss results from Joule heating. Promising alternatives and
a rich field of physics now reside in the use of correlated systems such as multiferroic
magnetoelectrics. [118, 119] In these materials an electric field can be applied to the
multiferroic to alter its magnetic order. [120, 121, 122] To support both ferroelectric
and magnetic orders, multiferroics are typically insulators with an antiferromagnetic
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spin arrangement. [43, 46] Hence, multiferroics are used in ferromagnet-multiferroic
heterostructures to establish the conductivity and spin polarization necessary for
spintronics applications.

Most of the existing work has focused on modulating the exchange bias that is
often observed in these heterostructures. For example, electrical reversal of exchange
bias and magnetization has been reported in multiferroic magnetoelectric LuMnO3
and YMnOgs-based structures at low temperatures where the pinning moments in
clamped antiferromagnetic domain walls are unclamped by the electric field and later
re-clamped under a magnetic field near the coercive field of the ferromagnet. [123, 124]
At room temperature, a magnetoelectric switching of exchange bias was observed
in Pt(Pd)/Co/Cry03 heterostructures. [125, 126] However the use of such a non-
multiferroic magnetoelectric requires a combination of electric and magnetic fields
for the isothermal change in the sign of the exchange bias field. Magnetoelectric
multiferroic BiFeO3s-based heterostructures have been utilized to demonstrate a strong
correlation between its antiferromagnetic-ferroelectric orders and the magnetization
(in addition to the exchange bias field) of a coupled ferromagnetic layer that can be
modified electrically. [127, 54, 102]

Despite these advances, a 180° reversal of a magnetization state by applying solely
an electric field is yet to be achieved in any material system. Such a reversal is,
of course, the underpinning physics behind a broad range of magnetic devices. In
the following, I will show the anisotropic magnetoresistance (AMR) of a Co goFe 1o
layer in intimate contact with the room temperature magnetoelectric multiferroic
BiFeOg3. The reversible and deterministic reversal of the ferromagnet’s magnetization
through the application of an electric field to the Co goFe 19 / BiFeOgs heterostructure,
under zero magnetic field, is demonstrated at room temperature and is quantitatively
determined by AMR measurements.

4.2 Experimental Methods

The BiFeOj3 (001) thin films (70-120 nm thick) used for this study were fabricated
by pulsed laser deposition (PLD) using a KrF laser on single-crystalline (110) DyScOs3
substrates. [107] For PLD, a substrate temperature of 700 °C was used in an oxygen
pressure of 100 mTorr, at a repetition rate of 8 Hz with a laser fluence of 1.1 J/cm?.
After growth, the samples were cooled to room temperature in an O? pressure of 750
Torr. The topography and ferroelectric domain architecture of the BiFeOj3 films were
probed using a combination of atomic force microscopy (AFM) and piezoresponse
force microscopy (PFM). The anisotropic strain from DyScOj substrates results in
the formation of a simple, quasi-periodic, ferroelectric domain architecture with only
two 71° ferroelectric polarization variants. The sum of these two polarization variants
leads to a well-defined in-plane projection of the net polarization (P,p) which points
along the [110] direction of the DyScOj substrate (Figure 3.2(a)). The magnetic
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coupling is then confirmed by VSM magnetometry. To probe the evolution of the
magnetization after the application of an electric field, a device was designed to
enable such a measurement.

4.3 Device design and characterization

4.3.1 Design considerations

The device architecture shown in Figure 4.1 was designed for angle-dependent
anisotropic magnetoresistance (AMR) measurements, used to probe the magnetic
state of the Co ggFe 19 dots as a function of applied electric field to the BiFeO3 layer.
Two outer electrodes on the surface of BiFeO3 are dedicated to the in-plane ferro-
electric switching of BiFeO3;. Two leads make contact to a 2x4 um? CogoFe 1o dot
positioned at the center of the gap, in-between the poling electrodes. The direction of
the applied current was oriented at a 45° angle to the P,,;;p which coincides with the
macroscopic easy axis of the CoggFe 9. A 45° angle was specifically chosen for two
reasons. The first is that the sensitivity of the AMR measurement is maximized in
this geometry. The second reason stems from simulations of the AMR as a function
of the reorientation of the magnetization. Since the reorientation of the magneti-
zation after an applied electric field to the BiFeO3 must be quantified, the AMR
measurement must be sensitive to any such reorientation. A quick look at the AMR
equation suggests that an arbitrary reorientation of the magnetization with respect
to the current (i.e. a arbitrary change in #) should not be quantifiable due to the
180° periodicity of the cos?d. To determine if any reorientation of the magnetization
can be detected, simulations of the AMR resistance were performed using a Stoner-
Wolfarth model under the condition that the applied magnetic field was well below
the magnetic switching field as to prevent magnetization switching from the applied
field.

Figure 4.2 shows simulations of AMR curves for different orientations (90° and
180°) of the magnetic easy axis with respect to a reference orientation which is ori-
ented at a 45° from the applied current. An applied magnetic field (H,)that is much
smaller than the magnetic anisotropy field (H,) was used to generate a torque on
the magnetization. This ensures that the magnet cannot be switched by the ap-
plied magnetic field during the AMR measurement, rather the magnetization wiggles
about its magnetic easy axis. The energy landscape is given by the Stoner-Wolfarth
model which consists of two terms since no exchange bias anisotropy has been ob-
served in this system (see Figure 4.2). [105, 128] The first term is the Zeeman energy
which causes the preferential alignement of the applied magnetic field (H,) and the
magnetization (M). The second term is a uniaxial magnetic anisotropy term whos
strength is governed by the uniaxial anisotropy field (H,). The energy is minimized
with respect to the angle of the magnetization to determine 6. Beginning with the



60

Switching
electrode

AMR p=pL+ (p” - pl)60329

Figure 4.1: Image of the device to probe the magnetization of Co goFe 1y dot using
AMR after in-plane electrical poling of the BiFeOs. The definition of AMR is given
in the equation and the definition of the angles of the magnetization and applied
magnetic field during the AMR measurement are defined in the device image.

uniaxial anisotropy at a 45° from the applied current, that is 6, = 45°, as our ref-
erence state, we see that the low field AMR is not 180° periodic but more akin to a
360° periodic curve (see black curve in Figure 4.2). Now if we rotate the anisotropy
axis by 90° from the reference direction (blue curve) the curve is nearly 90° out of
phase with the reference AMR curve and maintains the 360° periodic nature. Finally,
as the magnetization starts 180° from the reference direction the simulation predicts
a AMR curve (red curve) that is 180° out of phase with the reference AMR curve
and, again, preserves the 360° periodic nature. In fact, the angle of rotation of the
magnetization reflects as a phase shift of the low field AMR curve with respect to
the reference direction. Thus in this device configuration, any angle of magnetization
rotation after the applied electric field can be detected as long as the direction of the
magnetization of the reference state is known. In the case of the Co goFe 19 / BiFeO3
system, the reference direction can be determined by knowing the direction of P,rp
and applying a growth field, during the Co goFe 19 deposition, along this axis to set
the direction.

4.3.2 Device characterization

Device characterization was performed to verify the proper functionality of the
device as well as to verify the predictions of the Stoner-Wolfarth simulations of the
AMR. Figure 4.3 shows the device characterization verifying the AMR response and
the response to a reorientation of the CoggFe 19 magnetization by 180°. In Figure
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Figure 4.2: Simulations of AMR curves for different orientations (0°, 90°, and 180°)
of the magnetic easy axis with respect to a reference orientation which is oriented
at a 45° from the applied current using an applied magnetic field (H,)that is much
smaller than the magnetic anisotropy field (H,). This ensures that the magnet cannot
be switched by the applied magnetic field during the AMR measurement, rather the
magnetization wiggles about its magnetic easy axis. Also shown is the equation of
the AMR behavior and the energy landscape which is given by the Stoner-Wolfarth
model.

4.3(a) high field (500 Oe, black open triangles) and low field (20 Oe, blue open squares)
AMR curves of the device are shown. At 500 Oe the Zeeman energy dominates the
energy landscape and thus # = 6, (angle of the applied field w.r.t. the applied
current direction). Thus if = 6, then the high field AMR curve should follow a
cos?6, dependence, which is observed by the 180° periodicity and the large amplitude
of the resistance oscillations. At low field the Zeeman energy is significantly smaller
than the anisotropy energy and the result is that the magnetization simply wiggles
about its anisotropy axis without switching. At small applied magnetic field the
approximation can be made that 6, - # is small and therefore the uniaxial anisotropy
term can be rewritten in the form of a unidirectional anisotropy (See Appendix B).
This can easily be rationalized with the following argument. At low magnetic field,
where the magnetization cannot be reversed by the small field due to the larger
uniaxial barrier, the magnetization is essentially pinned to one direction, emulating
an exchange bias anisotropy. This fact is what causes the change in the AMR phase
at low field (refer to appendix B for illustrative derivations and schematics) and has
been measured in other metal-oxide exchange bias systems. [129, 123]
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Figure 4.3: (a) Experimental high field (500 Oe, black open triangles) and low field
(20 Oe, blue open squares) AMR curves of the device.(b) Low field (20 Oe) AMR
curves in the as-grown state (red open circles) and after switching the CogoFe 19
magnetization state by 180° using an applied magnetic field (black open circles).

To verify the validity of the predictions made by the Stoner-Wolfarth simulations
of the device resistance after the magnetization has been reoriented, the AMR was
measured at 20 Oe in the as-grown state, which serves as the reference state (red open
circles in Figure 4.3(b)). After the as-grown measurement, the magnetic field was set
to -3000 Oe to reverse the magnetization direction, and then reset to 20 Oe to perform
the AMR measurement. The resulting AMR curve is plotted in the open black circles
in Figure 4.3(b). Comparing the as-grown and magnetically switched AMR curves
shown in Figure 4.3(b), it is clearly seen that there is a 180° phase difference between
the two curves. Since the magnetization was reversed (180° rotation) from the as-
grown state, the 180° phase difference in the AMR curves confirms the predictions
made by the Stoner-wolfarth model of the resistance. Thus we conclude that this
device is capable of measuring any reorientation of the net magnetization of the
CogoFe 1o after an electric field has been applied to the multiferroic BiFeOg layer.

4.3.3 Electrical switching of BiFeO3; under the Co gFe;, dot

In this AMR structure, after each electric field pulse applied to the BiFeOs, the
Co goFe 19 dot was removed by Ar ion milling to reveal the ferroelectric state of the
multiferroic film underneath the CogoFe 9. Figures 4.4(a) and 4.4(b) show the in-
plane PFM images of an as-grown AMR structure before and after the etching of
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Figure 4.4: (a-b) In-plane PFM images before (a) and after (b) removal of the
Co goFe 19 dot from an as-grown AMR structure. The white arrow gives the direction
of Pperp underneath the CogoFe 1o dot. (c¢) After the application of a 130 kV/cm
pulse (oriented from left to right) and subsequent etching of the magnet, the ferro-
electric architecture underneath the Co goFe 19 dot corresponds to a reversal of P, 1p.
(d) IP-PFM image where both as-grown and reversed states of P, rp coexist. The
90° in-plane rotation of each single ferroelectric domain is represented by the colored
arrows (black and blue to green and purple, respectively) and correspond to in-plane
71° 3-D vector rotations. (e) Another structure which has been switched first by a
130 kV/cm pulse and followed by a -130 kV/cm pulse. The ferroelectric configura-
tion reverts back to the as-grown state. (f-i) Phase field simulation of the ferroelectric
switching of a multidomain BiFeOy film under an in-plane electric field (420 kV /cm)
applied to the right. (f) is the as-grown state and (g-i) show the switching as a func-
tion of increasing time and under constant electric field, leading to the 180° switch
of Ppetrp. The author aknowledges K. Ashraf and S. Salahuddin for the phase field
simulations; similar work is given in reference [130].
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Figure 4.5: (a-b) Out-of-plane (a) and in-plane (b) PFM response of the AMR struc-
ture after etching the CogoFe 19 dot. (c¢) Schematic of the ferroelectric architecture
corresponding to the in-plane PFM caption in (b). (d-e) Out-of-plane (d) and in-
plane (e) PFM response of the AMR structure after the application of a 130 kV/cm
pulse and the removal of the CogoFe 19 dot. Two different ferroelectric switching
events are observed. Under the dot, the domain walls do not change direction from
the as-grown state, however, the direction of P,;;p changes by 180°. On both sides
of the transport leads, where there was no Co goFe 1y during the application of the
electric field, the domain walls reorient by 90° in-plane which results in a 90° switch of
Pretrp. This configuration is illustrated in (f). The direction of P, rp at the location
where the Co goFe 19 dot once was, is given by the white arrows. The colored arrows
in (c¢) and (f) give the directions of the in-plane polarization in each of the single
ferroelectric domains. The scale bars are 1 pm.
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the ferromagnetic dot. The dashed open white arrows give the directions of P,.p
under the CoggFe 19 dot. The continuity of the 71° ferroelectric domain stripes af-
ter removing the CoggFe 1y proves that this controlled etching allows us to clearly
visualize the domain configuration underneath the ferromagnet without altering the
ferroelectric domain state. After a 130 kV/cm pulse, no domain wall reorientation
occurred underneath the dot but the in-plane contrast change in Figure 4.4(c) reveals
that P,.p has rotated by 180° with respect to the as-grown state. Importantly, no
change in the out-of-plane polarization direction was observed (Figure 4.5). Figure
4.4(d) presents the ferroelectric architecture of the BiFeOs film where both as-grown
and 180° switched states coexist. The continuity of the ferroelectric domain walls
across the boundary between as-grown and switched regions reveals that the 180°
switch of P, p consists of two 71° (i.e. 90° in-plane; one clockwise and the other
counterclockwise) rotations of the single ferroelectric domains and confirms the 180°
switching event of P,.;;p illustrated in Figure 3.9. The reversibility of the switching
event is illustrated in Figure 4.4(e) which presents the observed domain configuration
from a third structure after two successive switching pulses (130 kV /cm followed by
-130kV /cm) were applied. The orientation of the 71° stripes revert homogeneously
back into a direction parallel to the as-grown state.

The overall reversal of P,.;;p under the magnetic dot results as a consequence of
two successive 71° in-plane switching events. Figures 4.5(a) and 4.5(b) show the out-
of-plane and in-plane PFM captures from an AMR structure in the as-grown state
after the Co ggFe 19 dot has been removed. The out-of-plane contrast is uniform and
indicates that the out-of-plane component of the net polarization is pointing down
into the film. The schematic in Figure 4.5(c) indicates the direction of the polarization
in each single ferroelectric single domain (colored arrows) corresponding to the PFM
capture in Figure 4.5(b). These lead to the defined net in-plane polarization (white
arrow).

When a 130 kV/em pulse is applied to the BiFeO3 and again the CogoFe 19 dot
is removed, no out-of-plane change of contrast is observed (Figure 4.5(a) and (d)).
The ferroelectric switching event is purely in-plane. The contrast change observed in
Figure 4.5(e) is represented in Figure 4.5(f). The net in-plane polarization switches
by 180° with respect to its direction in the as-grown state. However, outside of the
area formerly covered by the magnet, the domain walls reorient by 90°, leading to
a 90° in-plane rotation of the net polarization. This different ferroelectric behavior
observed on both sides of the leads between the poling electrodes is attributed to the
absence of screening that favors the reorientation of the domain walls. This fact is
discussed later in this chapter.
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4.4 Phase field simulations of the electrical switch

Electric-field driven phase field simulations reveal the origin of the observed P,,.;rp
reversal underneath the CogoFe 19 dot. [130] Prior studies have shown that the 71°
and 109° switching event in BiFeO3 are characterized by two different coercive fields
with E. 710 < E.1090. [131] Considering the as-grown 71° striped BiFeOj configuration
represented in Figures 3.9(a) and 4.4(f), the high saturation polarization of BiFeOj
causes all of the domains to arrange in-plane in a head-to-tail configuration so that the
dipole-dipole energy is minimized. For an applied electric field of strength E, 1990 >
Eapplied > Ec 710, the time evolution of the system demonstrates that the ferroelectric
domains with an in-plane polarization oriented perpendicular to the applied elec-
tric field align first towards the direction of this external field (Figure 4.4(g)). This
corresponds to a 71° switching event due to the applied field (90° in-plane). This
switching, which had originally nucleated at the domain wall, generates an energet-
ically unfavorable head-to-head configuration. Adjacent domains originally oriented
antiparallel to the electric field then switch in-plane by 90° (corresponding to a second
71° switching event) under this dipole-dipole field to recover the preferred head-to-tail
configuration of the polarizations (Figure 4.4(h)). P, p changes by 180°, permitting
the in-plane projection of the antiferromagnetic order to reverse without domain wall
reorientation (Figures 3.9(b) and Figure 4.4(1)).

4.4.1 Phase field simulations: switching thresholds

Ferroelectric switching thresholds are determined by the coercive fields of individ-
ual domains, the domain wall energy and the duration of the applied electric field
pulse. As described earlier, the BiFeO3 polarization within a single ferroelectric do-
main variant must point along one of the <111> directions of the crystal. There
are four in-plane polarization variants on the (001) plane of BiFeO3. These different
polarization variants are labeled Pq, Py, P3 and P4 and are shown in the Figure 4.6.

When an in-plane electric field of sufficient strength is applied along the [110]
direction (along Pp), the polarizations along Py, P, and P3 will switch to P;. In the
switching process, Py and P4 switch by 71° while P3 switches by 109°. The projection
of the 71° and 109° switches onto the (001) plane are 90° and 180° respectively.
Figure 4.7 lists the calculated coercive fields and switching times for the 71° and 109°
switching angles.

The coercive field of the 71° switch is significantly lower compared to the 109°
switch. Consistent with previous phase-field simulations of BiFeOs, the coercive field
of the 71° switch is significantly lower than the 109° switch. [131] Thus, an in-plane
90° (corresponding to the 71° switch) switch occurs faster and at a lower coercive
field than an in-plane 180° switch (109°).
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Figure 4.6: The possible in-plane polarization variants and their projection on the
(001) surface of BiFeO3. An in-plane electric field directed along Py causes all of the
other polarization variants to switch by either 71° or 109° in 3-dimensions. These 71°

and 109° switches project onto the (001) surface as 90° and 180° rotations.

Switch Coercive field | Switching time
(kV/cm) (unit)
71 420 63.1
109° 490 127.2

Figure 4.7: Table listing the calculated coercive fields and switching times for the 71°
and 109° switching events. The 109° switch has a larger coercive field and a switching
time roughly twice the 71° switching time. The author aknowledges K. Ashraf and
S. Salahuddin for the phase field simulations; similar work is given in reference [130].
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4.4.2 ferroelectric switching at low electric field (E. 090 >
Eapplied > Ec,?l")

Simulation of the BiFeOs (001) surface in the as-grown state is shown in Figure
4.8(a). Two domain variants are present. The application of an in-plane electric field
above the coercive field of the 71° switch causes the vertically directed polarizations
in the red domains to switch to the right (orange domains in Figure 4.8(c)), a 71°
switch. [130] Since the 109° switch is significantly slower compared to the 71° switch,
the left oriented domains (light blue) do not switch within the time that the red
domains switch. Note that the domain wall direction has not changed due to the first
switch. The theoretical maximum limit of the dipole-dipole fields at these domain
walls can reach up to ~104 kV/cm due to the induced charge. To recover a head-
to-tail configuration and minimize dipole-dipole field, the left oriented polarizations
(light blue domains) switch downward (dark blue domains) by another 71° switch
(Figures 4.8(d) and 4.8(e)). [130] If the applied field is kept on, then downward
oriented polarizations (dark blue domains) will switch to the right oriented orange
domains within 63.1 [time units| at the coercive field. The lifetime of the dark blue
domains decreases with increasing applied electric field. Note that the dark blue
domains will be stabilized if the applied field is turned off before its lifetime. In that
case, the net in-plane polarization performs a 180° in-plane switch.

4.4.3 Switching at high electric field (Eqppiicq > Ec1000 > Ec710)
in two variant films

In this regime, both 109° and 71° switching will occur. The configuration shown in
Figure 4.8(a) will evolve to a monodomain state as in Figure 4.8(f). Once the system
has reach a monodomain state, the ferroelectric architecture will break into domains
as the field is turned off. The domain walls and hence the net in-plane polarization
will rotate by 90° in-plane. [130] This is illustrated in Figure 4.9.

4.5 Electric field induced magnetization reversal

The combination of phase field modeling and direct imaging of the ferroelectric
domain structure of the same location before and after the application of the electric
field establishes the notion that P,.;p rotates by 180° underneath the Co goFe 1q.
The consequential effect on the canted moment in the BiFeOg layer (and thus on the
Co goFe 1o magnetic moment) was probed using angle-dependent AMR measurements.
It is well known that the AMR in a conventional ferromagnet follows a R(6) = Ry +
(R// - Rg) cos®(6) dependence, where 6 is the angle between the magnetization and
the current, while Ry and R/, are the resistances when 6 = 90° and 0°. [132] High
magnetic field (2000 Oe) resistance data taken from the as-grown state indeed show
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Figure 4.8: The lifetime of 180° switch of P,p on the BiFeOs (001) surface. (a)
The in-plane polarization directions in the as-grown state. (b) Initial switching begins
at the domain walls when an electric field is applied in-plane and to the right with
strength above the coercive field of the 71° switch and below the 109° switch. (c)
Later, the vertical polarizations (red domains) switch to right oriented polarizations
(orange domains). (d) The head-to-head configuration between the orange and light
blue domains causes the light blue domains to switch by 71° to dark blue domains
at the domain walls. (e) The dark blue domains continue to grow, creating the
favored head-to-tail configuration between orange and dark blue domains. (f) After
the lifetime of the dark blue domains has been reached, the dark blue domains switch
by 71° to orange domains, eventually creating a monodomain state. The author
aknowledges K. Ashraf and S. Salahuddin for the phase field simulations; similar
work is given in reference [130].
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Figure 4.9: (a) Initially an up directed polarization (red domain) is taken as the
monodomain and a right directed polarization (yellow domain) is taken as a seed
domain. An in-plane electric field is applied towards the right. The strength of the
applied field is lower than the coercive field for any switching, both at the domain
wall and within the domain and is used to drive the system forward so that relaxation
can be achieved within a reasonable simulation time. (b) As expected, domain wall
switching from the up domain to the right domain begins quickly due to the system
being far from equilibrium. (c, d, e) Eventually a quasi-periodic domain pattern is
obtained that consists of up and right oriented domains and the domain walls are
oriented along a line going across the body diagonal of the simulation grid. In the
specific case of our in-plane switching and subsequent 90° rotation of net in-plane
polarization, the right oriented polarization acts as the majority domain and the
up domain acts as the seed. The right oriented polarization originates due to the
switching along that direction and the up directed seed domain is already present in
the regions adjacent to the electrodes where switching has not occurred. The author

aknowledges K. Ashraf and S. Salahuddin for the phase field simulations; similar work
is given in reference [130].

E
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a cos?(6,) dependence (black curve in Figure 4.10(a)), where 6, is the angle of the
applied magnetic field, indicating that, at this large magnetic field, the Zeeman energy
dominates the other anisotropies and thus the Co goFe ;p magnetization follows the
applied magnetic field (i.e. € ~ 0,). In contrast, at a low magnetic field of 20 Oe, the
resistance follows a cos(6,) dependence; in this case, the magnetization simply wiggles
about the dominant anisotropy axis, which makes an angle of 45° with respect to the
direction of the current. This cos(f,) dependence is plotted as the open red circles
in Figure 4.10(a) and has been observed in other AFM/FM systems. [129, 123] The
deduced orientation of the magnet with respect with the P,.;p is in agreement with
the interfacial coupling evidenced previously and schematically represented in Figure
4.10(b). The AMR after the BiFeOys is electrically switched with a field of 130 kV /cm
(and under zero magnetic field) is presented as the blue circles in Figure 4.10(a). The
AMR retains the cos(f,) type behavior; however, there is a 180° phase shift in the
AMR curve compared to the as-grown state. This 180° phase change is the result
of a change in the sign of the magnetic torque experienced by the magnetization,
due to a magnetization reversal. Furthermore, below ~100 kV /cm no change in the
AMR response was observed. The data in Figure 4.10(a) is a representative of a large
sample set (~20 samples) where such a switching has been observed. Finally, the
magnetic field was again turned off and the BiFeO3 was poled with a -130 kV/cm
pulse. The -130 kV/ecm AMR data is plotted in green in the bottom panel of Figure
4.10(a) and is seen to be in phase with the as-grown curve. This illustrates that the
magnetization has again reversed by 180°, back into the as-grown direction.

4.5.1 Addressing magnetostriction

No change in the low field AMR curve after poling was observed for a heterostruc-
ture where a 2 nm SrTiO3 spacer was inserted in between BiFeOsz and Co ggFe g,
indicating that magnetostriction is not the origin of this effect. AMR measurements
were performed under a high (2000 Oe) and low (20 Oe) magnetic field on a Co goFe 19
(2.5 nm)/ SrTiO3 (2 nm)/ BiFeOj3 heterostucture and are shown in Figure 4.11. Fig-
ure 4.11(a) shows the AMR data from the as-grown state (open red circles). The
growth field was applied along the direction of P,.;;p. The signal plotted in the lower
panel (open black circles) was obtained after the application of -2000 Oe magnetic
field to reverse the magnetization of the dot previously oriented along the growth
field. The 180° shift of the AMR curve with respect to the as-grown curve is a result
of a change in the sign of the torque felt by the reversed magnetization from the 20
Oe applied magnetic field. The schematic in Figure 4.11(b) represents the relative
directions of the Co goFe 19 moment and BiFeO3 net in-plane polarization.

The open red circles in the top panel in Figure 4.11(c) are the data from the as-
grown state. After removing the magnetic field and the application of a 130 kV/cm
pulse, the AMR signal plotted in the middle panel (open blue circles) was obtained.
No phase difference between the 130 kV/cm and the as-grown curves is present,
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Figure 4.10: (a) Open black circles show the high field (2000 Oe) AMR response (top
panel). The low field (20 Oe) AMR response for the as-grown state is plotted with
the open red circles (second panel from top). The open blue circles show the low field
AMR after pulsing an electric field of 130 kV/cm in zero magnetic field (second panel
from bottom). Application of a -130 kV /cm electric field pulse at zero magnetic
field results in the recovery of the phase of the as-grown low field AMR response
(open green circles - bottom panel). (b) Representation of the one-to-one magnetic
interface coupling in the BiFeOs / Co goFe 1o heterostructure in the as-grown state,
after pulsing an electric field of 130 kV/cm, and -130 kV /cm.
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Figure 4.11: All AMR measurements were performed under a 20 Oe magnetic field.
(a) AMR measured from a CogoFe;o (2.5 nm)/ SrTiOs (2 nm)/ BiFeOs heteros-
tucture in the as-grown state (open red circles - top panel) and after switching the
magnetization of the CoggFe 19 dot using a -2000 Oe magnetic field. (b) Schematic
of the heterostructure with the SrTiO33 layer inserted in between the Co goFe 19 and
the BiFeOg layers giving the relative directions of the moment in the magnet and the
net in-plane polarization in BiFeOs. (¢) AMR measured in the same architecture in
the as-grown state (open red circles - top panel) and as a function of applied voltage
(open blue and green circles - middle and bottom panels). No change in the phase of
the AMR signal is observed for any of the voltage pulses. (d) Schematic of the struc-
ture. Reversing P,,.;;p reorients the magnetic order in the BiFeOj3 layer, however, the
inserted layer prevents the magnetization reversal.
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indicating that the magnetization has not rotated from the as-grown direction. The
bottom panel shows the AMR data obtained after applying a -130 kV/cm pulse
under zero magnetic field. Again, this curve shows no phase difference compared
to the as-grown measurement. Since the magnetization was not rotated during this
measurement, we conclude that the observed magnetization reversal shown in Figure
4.10 is not an effect of magnetostriction. The independence of the switching events
in the BiFeO3 and the direction of the CoggFe 1y moment is represented in Figure
4.11(d).

4.6 Concluding remarks and issues

The robust, one-to-one magnetic coupling between a ferromagnetic layer and the
multiferroic magnetoelectric BiFeO3 and its use to cause the 180° reversal of the mag-
netization in the ferromagnet is a seminal development for the use of multiferroics in
future applications. This new method of magnetization reversal is a critical advance-
ment to the field of spintronics since it provides an additional pathway to all electrical
based spintronics and, uniquely, it relies solely on the application of an electric field.
This ferromagnet-multiferroic system creates a pathway to the realization of room
temperature, non-volatile, and low-power consumption spintronics devices.

Nonetheless, there are still several short comings in our demonstration in light of
possible applications. Those being:

1. Each domain rotates 90° and sum to yeild a 180° reversal. In an ideal case the
device would be small enough to reside in a single multiferroic domain, hence a
180° at the domain scale is required.

2. From the phase field simulations, it is clear that the electric field for switch-
ing requires special consideration in terms of amplitude and time of voltage
application.

3. Large in-plane voltages are still needed. While reduced from ~200V, 70V is
still too large for applications.

4. The in-plane device geometry requires a large surface area making high density
devices unlikely.
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Chapter 5

Electric field control of
ferromagnetism: out-of-plane
switching

In the previous chapter it was shown that by using the one-to-one correlation be-
tween ferromagnetic and multiferroic domains in a Co goFe 10/BiFeO3 heterostructure
the magnetoelectric switching and single domain order parameters of BiFeO3 were
investigated. Additionally, an in-plane oriented electric field causes the projected
polarization and canted moment to rotate 90° within each domain. To continue the
investigation of the magnetoelectric switching of BiFeOs, we now head in the direc-
tion of applying an out-of-plane voltage. This geometry has additional technological
benefit as as well, namely the voltage will be applied through the thickness of the
BiFeOj3 film (150nm) reducing the require voltages from 70V to single digit voltages
and the removal of in-plane electrodes greatly reduces the size of the device.

5.1 Experimental methods

5.1.1 Details of BiFeO3; / SrRuOj; growth

The (001) oriented films used in this study were fabricated by pulsed laser depo-
sition (PLD) using a KrF laser on single-crystalline (110) DyScOg substrates. First
a thin layer of conducting SrRuOj3 (5nm) was deposited and followed by the BiFeOj
thin film (70-120 nm thick). A substrate temperature of 700 °C was used in an
oxygen pressure of 100 mTorr, at a repetition rate of 8 Hz with a laser fluence of 1.1
J/ecm?. After growth, the samples were cooled to room temperature in an O? pressure
of 750 Torr. The DyScOj3 provides a small anisotropic strain to the rhombohedral
BiFeO3 resulting in an induced anisotropy in the BiFeO3; domain structure which is
composed of two polarization variants. The SrRuOj layer was deposited as a con-
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Figure 5.1: PFM image of the BiFeO3/SrRuQO3/DyScOj; heterostructure revealing
the characteristic 71° stripe-like ferroelectric domains (white and black stripes). The
white arrows indicate the in-plane projections of the polarizations associated with
each domain variant.

ducting layer to be used as a back electrode for the application of vertical electric
fields. Figure 5.1 shows a piezoresponse force microscopy (PFM) image performed
on the BiFeO3/SrRuO3/DyScOj3 heterostructure and the characteristic 71° stripe-like
ferroelectric domains. [107] Each of the ferroelectric variants projects at 90° from each
other onto the (100) surface (white arrows in Figure 5.1). For each of these ferroelec-
tric domains there is an associated canted moment that points along the [11overline2]
whose projection onto the (100) surface is parallel to the projected polarization. The
average domain width in as-grown films are 150-250nm. The (001) projections of the
two ferroelectric variants add up to a macroscopic polarization (P,;p) that points
perpendicular to the domain walls. [128]

5.1.2 Details of CogiFe g / Pt growth

After the growth of the BiFeOj3 films, they were immediately inserted into a vac-
uum sputtering chamber with a base pressure of ~3x107® Torr. CogoFe 1o (2.5nm)/
Pt (2.5nm) layers are deposited by DC magnetron sputtering onto the BiFeOj films
at room temperature in a argon background of 8x10~% Torr. The Co goFe 1o layer is
deposited under a 200 Oe growth field that is oriented along the P,.;p direction of
the BiFeO; film. The device is capped with Pt (2.5 nm) to prevent oxidation of the
other layers. As shown in previous chapters, the domain structure of the multiferroic
can be induced in an exchange coupled Co goFe 1 layer by coupling to the weak ferro-
magnetic moment in each domain of the BiFeOg. [128, 50] and this coupling results
in a one-to-one mapping of the induced ferromagnetic domains in Co goFe 19 to the
multiferroic BiFeO3 domains. This coupling can be confirmed easily using magnetic
force microscopy (MFM) where the MFM tip is senitive to the out-of-plane compo-
nent of the magnetization. [50] Figure 5.2(a) shows the MFM image obtained from
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Figure 5.2: (a) MFM image of the CogoFe 9 domain structure when coupled to
BiFeOj3. A stripe-like domain structure is clearly revealed. (b) Fourier analysis of
the spectrum of the domain widths reveals that the domain widths observed by PFM
and MFM are correlated with most domains having a width ~ 150nm.

the surface of the CogoFe 1y / BiFeOjs heterostruture. Stripe-like domains are cleary
observed. The MFM contrast is observed from the fringing magnetization emerging
from the magnetic domain walls since the MFM tip is only sensitive to out-of-plane
components of magnetization and the moments in the CogoFe ;o domains lay in the
plane of the film. To determine the population of domain widths in the multiferroic
and in the CoggFe 19, Fourier analysis of the MFM and PFM images were perfomed
(see Figure 5.2(b)). The spectrum of the two images are closely correlated and share
a peak around 140-150nm. This clearly illustrates the domain correlation between
the two layers.

5.1.3 Patterning of Co g)Fe ;) dots and definition of contacts

The CogoFe 9 / Pt layers are then patterned into dots with areal dimensions of
2x6 pum?, 6 pm diameter and 16 pm diameter circles using photolithography and
argon ion milling. These bits are defined by etching the surrounding metallic layers
down to the underlying BiFeOjs film. Then, electrical contact is made to the dots
with Cu/Pt contacts using a photolithographic liftoff process.

5.1.4 Resistance measurements

The devices were measured using a simple two wire geometry using a keithely
220 current source and a keithely 181 nanovoltmeter. Typical device resistances were
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between 90 and 200 ohms and displayed linear I(V) curves within our applied current
range (1pA - 5uA). The devices are measured in a system where an in-plane magnetic
field can be applied to the sample and the sample can be rotated as the resistance is
measured. This allows us the flexibilty to measure the device resistance as the device
is rotated in a constant magnetic field or to measure the device resistance as the
magnetic field is swept, keeping the angle of the sample with respect to the applied
magnetic field constant.

5.2 Experimental results and discussion

5.2.1 Switching under the Co yjFe

To understand any evolution of the CoggFe 1y magnetization in response to a
vertically applied electric field, BiFeO3’s response to the voltage must first be known.
To determine the response to the voltage, a simple device was used (Figure 5.3(a)).
The device consists of a 2x6 um? dot of CogoFe 9 / Pt on top of BiFeOs with a
SrRuOj3 back electrode. Using a PFM tip to apply a voltage to the CogoFe g / Pt
while keeping the SrRuOj3; at ground, an electric field can be applied through the
thickness of the BiFeOs;. Two devices were used to switch the BiFeOs. The first
device was switched once with a negative voltage (-V) while the second was switched
twice, first with negative voltage and then followed with a switch with a positive
voltage (-V, +V), where V = 9V. To unveil the BiFeO3 underneath the Co goFe 19
/ Pt, a soft Ar ion milling was performed to remove the CogoFe ;o / Pt. After the
removal, the two devices were imaged by PFM.

Figures 5.3(b) and (c) show the in-plane PFM images obtained from the device
that was switched (b) once and the device that was switched (c) twice. The striped
domain structure is preserved after one switch, however, the color contrast of the
stripes has changed from black to white. The direction of P,;p (large white arrows)
is reversed in the region of the applied voltage, when compared to the as-grown state
surrounding the switched region (Figure 5.3(b)).

The striped domain structure is preserved after 2 switches (Figures 5.3(c)). Af-
ter two switches, the PFM contrast at the electrically cycled region is the same as
the contrast of the as-grown region. This reveals that the P,.p is parallel for the
electrically cycled and as-grown regions and additionally reveals that P,.;;p can be
reversibily switched with an out-of-plane single digit voltage.

5.2.2 Domain evolution from out-of-plane voltage

Figures 5.3(b) show that the orientation of the striped domains remained un-
changed after a applied voltage. It is another question, however, to ask what the evo-
lution of the ferroelectric polarization when going from the as-grown to the switched
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Figure 5.3: (a) A schematic of the device used for studying the switching of the
BiFeO3 underneath the CogoFe 9 dot using out-of-plane voltage. The voltage is
applied through the thickness of the BiFeOj layer using the STRuO3 and CogoFe 19 /
Pt as bottom and top electrodes. The Co goFe 19 / Pt was thren removed using Ar ion
milling. (b) and (c) show the in-plane PFM images of the BiFeO3 domain structure
after (b) one switch with negative voltage and after (c) two switches (one negative,
then positive).

state. Figure 5.4 shows a detailed PFM analysis that illustrates the nature of the
ferroelectric switching event within each ferroelectric domain. In Figure 5.4 the in-
plane and out-of-plane PFM images show a region where the switched and as-grown
regions meet. A close inspection of the in-plane PFM images reveal that the fer-
roelectric domains remain coherent across the boundary of switched and as-grown
regions. Both the in-plane and out-of-plane components of the polarization switch
by 180° with respect to its neighboring as-grown domain. In the previously reported
planar electric field geometry [54, 128], the reversal consists of two 90° rotations of
the in-plane component of the polarization in adjacent ferroelectric domains. The
coherent transition of the domains and domain walls from the as-grown to switched
regions also suggests that electrical switching occurs within each domain rather than
by the movement of the ferroelastic 71° domain walls.

The next step is to address if this switching is magnetoelectric. Next, the focus
is on the absolute direction of the magnetization vector in each of the Co ggFe 19 do-
mains. This is imaged using scanning electron microscopy with polarization analysis
(SEMPA). The X and Y in-plane components of the Co goFe 19 layer’s magnetization
can be resolved below the length scale of a single domain (~150nm). Figure 5.5(a)
shows the as-grown configuration of the magnetic domains. A striped domain con-
trast is observed. The direction of the local moments are given by the color wheel
and the moments sum to a net magnetization (M,;) direction (given by the white
Arrow).

The SEMPA image obtained from the device after applying a -7V voltage pulse
across the BiFeOs is shown in Figure 5.5(b). The orientation of the striped magnetic
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Figure 5.4: In-plane and out-of-plane PFM images of a region that contains both
the as-grown and switched regions. The switched region has been switched with the
application of a negative voltage. Arrows represent the in-plane component of the
ferroelectric polarization in its associated domain.

SEMPA post switch PFM post switch

Figure 5.5: (a) SEMPA image of the AMR device structure in the as-grown state.
The net magnetization (M,,;) direction is indicated by the white arrow. The color
wheel indicates the orientation of the local magnetic moment. (b) SEMPA image
after a -7V voltage pulse. M,,.; has reversed direction and the striped domain pattern
is preserved after the pulse. (c) A closer look at the domain structure in (b) to show
the local orientation of the magnetic moments in each domain. (d) An in-plane PFM
image of the region shown in (c) after the removal of the Co goFe 19. The images in (c)
and (d) reveal that the correlated domain structure is preserved after the electrical
switch. Furthermore, the comparison of the images in (c) and (d) reveal that the
collinear alignment of the in-plane projection of the polarization and the Co ggFe 1o
moment is also preserved after the switch.
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domains remains unchanged after electrical switching, however, the color contrast
of the domains has changed. An inspection of the color wheel shows that the net
magnetization (M,,;) direction reverses from the as-grown direction. This is a clear
demonstration that the macroscopic magnetization can be reverse with a mere -7V
in this geometry. To correlate the macroscopic switching with the switching at the
domain scale, a combination of SEMPA and PFM imaging is employed.

The ability to induce a local 180° polarization switching in the BiFeOj layer
(Figure 5.4) and the one-to-one domain structure with Co goFe 19 (Figure 5.2), makes
the heterostructure the ideal system to probe the effect of a 180° polarization switch
on the canted moment. After the application of the -7V voltage pulse, the SEMPA
contrast has changed from blue to red while keeping a coherent stripe like domain
structure (Figures 5.5(a) and (b)). A detailed analysis of the corresponding SEMPA
contrast and BiFeOs ferroelectric domains (Figures 5.5(c) and (d)) show that the
collinear arrangement of the ferromagnetic moments and the ferroelectric ordering is
preserved after the application of an electric field. Therefore, at the single domain
scale, a 180° out-of-plane ferroelectric switching event corresponds to an in-plane 180°
reversal of the magnetization direction.

5.2.3 Electrical control of a magnetotransport device

The net magnetization reversal was probed by measuring the anisotropic mag-
netoresistance (AMR) at a magnetic field of 20 Oe, below the coercive field of the
system. This effectively keeps the net magnetization pinned about its remnant direc-
tion. The top panel of Figure 5.6 shows the AMR curve while the system is in the
as-grown state (open blue circles). The AMR shows a cos(d,) like dependence similar
to that observed in Figure 4.10. After the application of -7V across the thickness of
the film, at zero magnetic field, the low field AMR is recorded as the orange curve
shown in the middle panel of Figure 5.6. This curve is phase shifted by ~180° with
respect to the as-grown AMR curve indicating that the magnetization orientation of
the Co goFe 19 domains evolved in such a way that the net magnetization state has re-
versed. The reversibility of the switching was investigated with AMR measured after
the application of the opposite polarity (7V) pulse. The curve is shown in the bottom
panel (open purple circles) and is now in phase with the as-grown curve revealing
that the magnetization has reversed back to its original direction. Figure 5.6 also
shows in-plane PFM images of two AMR devices that have ben etched to remove the
CogoFe 19 and open the BiFeOs; domains for PFM imaging. One device was etched
after the observation of a single magnetization reversal while the other was etched
after the observation of two magnetization reversals (a complete electrical cycle). In
both cases the evolution of the ferroelectric domain structure, P,;7p, and M,,.; follow
the observations made in Figures 5.3 and 5.5(b).
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Figure 5.6: In-plane and out-of-plane PFM images of a region that contains both
the as-grown and switched regions. The switched region has been switched with the
application of a negative voltage. Arrows represent the in-plane component of the
ferroelectric polarization in its associated domain.

5.3 Discussion: Mechanism of reversal

A reversal of the antiferromagnetic axis being energetically unlikely [51], this ob-
servation reveals that the ferromagnetic moments can be reversed as the canted mo-
ment vector rotates by 180° due to the electrical reversal of the polarization. Projected
90° in-plane rotations of this vector have been deduced from previous observations
involving 71° ferroelectric switching events [54, 128] and can be attributed to a ro-
tation of the polar axis containing the non-polar distortion. For a 180° switch, two
mechanisms can be at the origin of the polar inversion effect on the canted moment’s
direction. The anisotropic strain state imposed by the DyScOj substrate could fa-
vor a coupling between rotational and polar distortions, which is a necessity for the
electrically induced reversal [51, 52, 133]. An alternative to such a linear magneto-
electric coupling based mechanism involves a sequential rotation of the polar axis.
Sequential switching, consisting of successive out-of-plane 71° and 109° events have
been reported [131] as composing a 180° ferroelectric switching event. The 71° and
109° events have corresponding rotations of the non-polar distortion, thus carrying
the uniaxial anisotropy and magnetization with the polarization rotation, leading to
a switch of the canted moment and a magnetization reversal.

5.4 Issues, outlook, and concluding remarks

In summary, it has been shown that using the imprint of the multiferroic domain
structure into the ferromagnetic architecture of an exchange coupled Co goFe ¢ layer,
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yields a domain structure of nanosized stripes that provide a map of the underly-
ing canted moment. The out-of-plane configuration reduces the magnetic switching
voltage by an order of magnitude when compared to the planar configuration. The
electrically induced reversal of the magnetization of the Co goFe 1o layer is due to the
local magnetization reversal at the domain scale (~150nm). This observation illus-
trates, from fundamental and application point of views, the potential for the control
of nano-sized magnetic junctions using magnetoelectric multiferroics. Furthermore,
the ability to induce the formation of electrically controllable ferromagnetic domains
in a Co ggFe 1o layer offers new opportunities for magnetoresistive devices.

Before this observed electrically driven magnetization reversal can impact tech-
nology, several issues which were encountered in this study must be addressed.

1. Mechanism: As it was discussed in the previous section, the mechanism of the
magnetization reversal is not understood fully and is theoretically forbidden for
a 180° ferroelectric switch. The magnetization reversal at the single domain
scale has been revealed through SEMPA imaging. The ferroelectric switching
process driving such a reversal is not clear from the techniques presented in this
chapter. For this reason, two possibilities are proposed. The first being that a
coupling between the polar and non-polar distortions exists in this epitaxially
constrained thin film. The theoretical arguments presented in [51, 52, 133]
stem from a unstrained rhombohedral unit cell and with no consideration of the
switching dynamics during the ferroelectric switch. The question is, can the
epitaxial constraints alter these assumptions, leading to a pathway of electric
field reversal of a magnetization?

2. Robustness: Earlier it was shown that the magnetization can be reversed with
the polarization reversal. Many cycles of such an observed magnetization re-
versal are needed to impact technology and lead to an insight of the physical
mechanism driving such a reversal. Cycling beyond 10 switches has been a chal-
lange in these devices. Such a robustness issue can come from BiFeO3 and back
electrode quality (leakage, ferroelectric imprint). Breakdown of the ferroelectric
is a common occurance and large internal biases has alos been observed, mak-
ing ferroelectric switching quite challanging. Ferroelectric/metal interfaces have
plagued applications due to the trapping of defects at the ferroelectric/metal
interface causing internal electric fields that freeze the polarization. Optimiza-
tion of the BiFeOs to reduce defect related issues is required. Additionally,
the quality of the BiFeO3/CogoFe 1o is to be considered. Ideally, high quality
BiFeO3; and Co goFe ¢ layers would be deposited in-situ to keep the interface
free from atmospheric conditions and hydrocarbons.
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Chapter 6

Demonstration of a energy efficient
magnetoelectric memory

6.1 Background and motivation

Aside from understanding the physics that bridges electricity and magnetism in
materials, the motivation for the electric field control of magnetism lies in the obstacles
to the development of spin based memory and logic devices (i.e. the need for a
large current to generate the spin injection or accumulation necessary to reverse a
magnetization). This large current is responsible for the significant energy dissipation
and material degradation issues that face spin based technologies. While discoveries
such as the giant spin Hall effect have demonstrated a way to generate a spin torque
that is expected to minimize barrier degradation in magnetic tunnel junctions, a
current density that is of the same order as conventional spin transfer torque is still
required. [134, 135] To eliminate these issues, the ideal control of magnetic devices
would employ an electric field, rather than current, for switching. [136] Attempts to
demonstrate the electric field control of magnetic tunnel junctions with perpendicular
magnetic anisotropy (PMA) have demonstrated an electric field assisted magnetic
switching and a reduced current to induce spin transfer switching through electric
field modulation of the PMA. [137, 138] These methods, however, still require an
external magnetic field, increase the overall energy consumption of the device.

Multiferroics present themselves as an energy efficient solution to the issues of
current based spintronics due to the magnetoelectric interactions that link the fer-
roelectric and (anti)ferromagnetic orders in these materials. This is one of the
driving factors which has brought about the renaissance of multiferroics research.
[119, 118, 43, 23] Furthermore, these interactions enable the electric field control of
magnetic order. [120, 139, 121, 140, 53] In the previous chapter, we showed that
the magnetization of a CoggFe ¢ layer in contact with two variant BiFeO3 can be
reversed (on both microscopic and macroscopic scales) with a small voltage pulse. It
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is interesting to see if this materials system can be integrated into spintronic devices
whereby the low-energy energy control of these devices can be demonstrated. of such
a device.

The concept of integrating magnetoelectrics and multiferroics into spintronic de-
vices was first proposed by Ch. Binek and B. Doudin.[61] They proposed two pri-
mary schemes of integration. The first is when the magnetoelectric is inserted in
between two ferromagnetic layers to form a magnetoelectric magnetic tunnel junc-
tion. Magnetic tunnel junctions (MTJs) are a stacked materials sequence in the form
of FM /Insulator/FM. These structures display large changes in the electrical resis-
tance across the insulating layer as a magnetic field is cycled and the electrons must
tunnel across the insulating layer to the opposite ferromagnetic layer in order to have
electrical conduction. The changes in resistance are quantified in terms of a resistance
ratio known as the tunneling magnetoresistance ratio (TMR), which can be as large
as ten thousand percent. For more on MTJs see ref. [141]. Ch. Binek and B. Doudin
propose that the resistance state of a magnetoelectric magnetic tunnel junction can
show two different resistance states at zero magnetic field depending on how a voltage
would be applied to the tunnel barrier. This construction would permit the electric
field control of the device resistance and hence no external magnetic field or large
currents are necessary for the writing of the device state.

They also propose that a magnetoelectric multiferroic can be used as an electrically
controllable pinning layer, which magnetically pins one of the magnetic layers (also
refered to as the pinned layer) in a magnetoresistive (MR) based device, such as
an MTJ. The electrical control of the MR device is mediated by the electric field
manipulation of the magnetization of the pinned magnetic layer through interface
exchange coupling with the multiferroic. This latter case is the approach that I have
been pursuing throughout this work. These two proposed devices are shown in Figure
6.1.

The concept of using a magnetoelectric multiferroic as an electrically controllable
pinning layer was taken a step further by M. Bibes and A. Barthelemy [142] in light
of the results shown by Y-H. Chu et al.[54] Here they propose a structure similar
to what was proposed in [61]. However, they include a conducting back electrode
for the application of a voltage and call it a magnetoelectric memory or possible
magnetoelectric random access memory (MERAM). Their sketch, shown in Figure
6.2, shows the hysteretic behavior of the resistance as a function of the voltage applied
to the multiferroic layer and shows the device in the two resistance states allowed at
zero magnetic field. The appeal of this device, and those proposed in [61], in theory,
is that it combines the advantages of ferroelectric RAM (FeRAM), such as quick and
low-power writing, and magnetic RAM (MRAM), such as non-volitility and easy read-
out of the state, and eliminates either of their individual disadvantages (destructive
reading of the state and high-energy writing).

There have been some notable attempts to realize this magnetoelectric memory
at room temperature. Their attempts have several barriers that have prevented them
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Figure 6.1: The two proposed device schemes for combining magnetoelectrics and
spintronic devices. The two concepts use magnetoelectrics as an electrically control-
lable (a) tunnel barrier and (b) pinning layer. Figure from [61].

Resistance

Voltage

Figure 6.2: Schematic of the proposed magnetoelectric memory and its opera-
tion. The voltage applied to the magnetoelectric multiferroic causes the polariza-
tion to reverse, reversing the magnetic structure in th multiferroic at the multifer-
roic/ferromagnet interface. This results in the reversal of the magnetization of the
pinned magnetic layer in the spin valve due to the interface exchange coupling. Since
the free layer is now the reference layer, and remains fixed, the resistance of the device
changes. The resistance versus the applied voltage loop reveals the hysteretic switch-
ing of the multiferroic and leads to the two stable resistance states at zero magnetic
field. Figure from [142].
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from realizing such a device. There have been reports of controlling or modulating
a spin valve device using the piezoelectric property of ferroelectrics [143, 144] or the
magnetoelectric coupling of BiFeOg. [145, 146] The demonstration of the control in
ref. [143] is quite robust. The use of mechanical strain is inhibited with the ability
to rotate a magnetization a maximum of 90° as a consequence of preserving time
reversal symmetry. This ultimately reduces the differential resistance between on
and off resistance states. While the use of mechanical strain can still be quite useful,
the percent changes in resistance can be greatly increased if the magnetizations can
be electrically switched between parallel and antiparallel states. This is the intention
behind using BiFeOj based spin valves, but the approach used in [145] has been
to electrically control the spin valve through the observed exchange bias between
BiFeO3 and a pinned ferromagnetic layer. This methodology suffers from the issue
of the exchange bias driven by the magnetic and metastable 109° domain walls in
BiFeOs. [145, 147, 105, 148] Upon application of a voltage, the 109° domain walls
begin to be wiped away and the preferred 71° domain walls appear. The consequence
results in the decrease of the exchange bias to near zero and reduction the MR in a
non-reversible fashion.

As presented in the previous chapters, I approach the electrical control of an
exchange coupled ferromagnetic layer from the basis of a domain coupling to BiFeOj
rather than a domain wall coupling. This allows the electrical poling to stable states.
In this chapter, I will discuss the work that shows the electric field control of a
multiferroic-spin valve device by simply applying small voltages (4-9V) to reverse the
magnetization of the pinned layer. This ultimately demonstrates the concept of a
magnetoelectric memory. Lastly, I compare the energy consumption of our writing
process to that of well established memories. This demonstration is already an order
of magnitude more energy efficient than optimized spin transfer torque while still
providing simple pathways to reduce this energy consumption even further.

6.2 Experimental methods

6.2.1 Details of BiFeO3; / SrRuO; growth

The (001) oriented epitaxial BiFeO3 (200-300 nm thick)/SrRuOg3 (8nm) thin films
used for this study were fabricated by pulsed laser deposition (PLD) using a KrF
laser on single-crystalline (110) DyScOg3 substrates. For PLD, a substrate temper-
ature range of 690-710 °C was used in an oxygen pressure of 100 mTorr, at a rep-
etition rate of 8 Hz with a laser fluence of 1.1 J/cm?. After growth, the samples
were cooled to room temperature in an Oy pressure of 750 Torr. The DyScOj3 pro-
vides a small anisotropic strain to the rhombohedral BiFeOjs resulting in an induced
anisotropy in the BiFeOs; domain structure which is composed of two polarization
variants. [107, 110] The SrRuOj layer was deposited as a conducting layer to be
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used as a back electrode for the application of vertical electric fields. The surface
topography and the ferroelectric domain structure were imaged using atomic force
(AFM) and piezoresponse force (PFM) microscopies. The film surface displayed a
terraced/stepped like surface topology with an RMS roughness of .2nm ((a)). The
in-plane components of the polarizations in each of the two multiferroic domain vari-
ants are shown in ((b)). The polarizations in each domain have the same out-of-plane
component (not shown), pointing down into SrRuQOj3 layer, while the in-plane com-
ponents are 90° separated, forming a quasi-periodic structure.

6.2.2 Details of CogFe;y / Cu / CogFe;y / Pt multilayer
growth

The domain anisotropy in the multiferroic can be induced in an exchange coupled
Co goFe 19 layer through coupling to the weak ferromagnetic moment in each domain
of the BiFeOj3. [128, 50| This coupling results in a one-to-one mapping of the induced
ferromagnetic domains in CoggFe 19 and the domains of the multiferroic BiFeOg,
leading to a macroscopic easy axis that is parallel to P p. [128, 50] After the
BiFeO; films were grown, they were immediately inserted into a vacuum sputtering
chamber with a base pressure of 3x10~® Torr. Spin valve devices in the sequence
of CogoFeqg (2.3nm)/ Cu (4-Tnm)/ CogoFe o (2.5nm)/ Pt (2.5nm) are deposited
by DC magnetron sputtering onto the BiFeO3 films at room temperature in a argon
background of 8x10~* Torr. The Co goFe ;¢ layers are deposited under a 200 Oe growth
field that is oriented along the direction of P,,.;;p. The growth field is used to induce
a magnetic easy axis in the free layer that is parallel to the magnetic easy axis of
the pinned layer in contact with BiFeOs. The device is capped with Pt (2.5 nm) to
prevent oxidation of the other layers.

6.2.3 Definition of the device

The metallic multilayers are then patterned into a bit the areal size of 2x6 jm?
using photolithography and argon ion milling. The bits are defined by etching the
surrounding metallic layers down to the underlying BiFeOj3 film. Then, electrical
contact is made to the bit with Cu/Pt contacts for current in-plane measurements
(CIP) using a photolithographic liftoff process. The schematic presented in Figure 6.3
illustrates the completed multiferroic-spin valve device architecture, showing that the
voltage is applied through the thickness of the multiferroic layer and the resistance
measurement of the spin valve device is in-plane.

6.2.4 Resistance measurements

Resistance measurements were configured in a simple two wire geometry using
a keithely 220 current source and a keithely 181 nanovoltmeter. Typical device re-
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Figure 6.3: Schematic of the multiferroic - spin valve device. The voltage is applied
through the film thickness of the BiFeOg film. The two wire resistance measurement
of the spin valve device is oriented such that the current is applied into the plane of
the spin valve interfaces (CIP).

sistances were between 10 and 60 ohms and displayed linear I(V) curves within our
applied current range (1pA - 20pA). This measurement system allows for the flexi-
bilty to measure the device resistance as the device is rotated in a constant magnetic
field or to measure the device resistance as the magnetic field is swept keeping the
angle of the sample with respect to the applied magnetic field constant.

6.3 Experimental results and discussion

6.3.1 Device characterization: magnetotransport

The devices were found to have a maximum giant magnetoresistance ratio (GMR)
between 1 % and 3 %. Typical magnetoresistance (MR) data for these devices is
shown in Figure 6.4. The purple open circles show the data going from positive to
negative magnetic field while the red open circles are the data going from negative
to positive magnetic field. Going from positive to negative, the free layer (2.5nm
CogoFe 10 ) switches first, creating a rise in the resistance until the resistance reaches
a saturation value. Upon decreasing the magnetic field further, the magnetic layer
in contact with BiFeO3 switches due to its enhanced magnetic anisotropy from the
exchange coupling, resulting in a decrease in the device resistance.

To confirm the induced uniaxial anisotropies, angular dependent MR curves were
taken. In Figure 6.5, the MR curves taken as the applied magnetic field is angled
away from the direction of the growth field (net in-plane polarization) direction are
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Figure 6.4: Example of a typical magnetoresistance hysteresis curve found in these
devices when the magnetic field is oriented along the easy axis of the magnetic layers.
Schematics in the graph indicate the orientations of the magnetizations in the top
and bottom magnetic layers as the field is cycled. Note that the bottom layer is in
contact with the BiFeOjz surface.

shown. Along the growth field direction (0°) there are two sharp switches indicative
of the easy axis for both layers. The resistance saturates very clearly indicating that
the true antiparallel state has been reached.

90° from the growth direction gives a MR curve that well represents a hard axis
for both layers. The change in resistance is quite smooth with the peak resistance at
H = 0 (in one direction) and the H = 0 axis serving as an axis of symmetry confirming
that this axis is the hard direction for both magnetic layers.

Rotating 180¢ from the growth direction yields a MR curve that is very sharp and
that quite closely resembles the curve taken at 0°. The symmetry in the magnetic
hysteresis with a 180° rotation indicates that the two layers have uniaxial anisotropy
and confirms our expectation of the device’s magnetic anisotropy considering the
direction of the growth field and the anisotropy direction imposed by the BiFeOs.

Due to the size of the magnets and the induced domain structure in the pinned
layer from the BiFeOg, the relevant resistance states of our multidomain device deviate
from conventional parallel and antiparallel resistance states and so a description of
the MR curve with respect to the domain structure of the two layers is deserved
(see Figure 6.6). Following the purple curve, at high positive field (numbered 1) both
saturated magnetizations are parallel and thus the device resistance is low. As the field
is decreased to H = 0, the resistance begins to increase due to the formation of domains
in the layer exchange coupled to BiFeO3 (numbered 2). Domain formation in the free
layer at zero field is expected to be small due to the high remnant magnetization of
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Figure 6.5: Magnetoresistance curves of an as-grown device illustrating the uniaxial
magnetic anisotropy of both magnetic layers. 0° indicates the direction of the applied
magnetic field during the growth of the magnetic layers (and net in-plane polarization
direction in the as-grown state) which coincides with the magnetic easy axes of the
magnetic layers.
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Figure 6.6: A description of the magnetoresistance hysteresis curve found in these
devices with respect to the domain structure of the two magnetic layers. The num-
bers in the graph refer to the schematics which illustrate the domain structure and
magnetization directions of the top and bottom magnetic layers as the field is swept
from positive to negative values. Note that the bottom layer is in contact with the
BiFeOj3 surface and has the quasi-periodic striped magnetic domain pattern. Also
note that R, and R,, are defined by states 2 and 4.

our unpinned CogoFe 19, as seen in Figure 1.11. This state, the R(H = 0) state, is
what we refer to as the R, state, where the essentially saturated free layer is parallel
to the net magnetization of the pinned layer but to neither of the 2 magnetization
variants in the pinned layer.

As the magnetic field is decreased further, the free layer switches first due to its
low anisotropy. As the free layer switches around 12 Oe (there is a sharp increase
in resistance), domains form in the free layer, increasing the overall resistance. This
region is labeled 3 in the figure and is enclosed by the purple box. The resistance
increases until a saturation resistance value is reached due to the magnetization sat-
uration of the free layer. We refer to this resistance state as R,;,. While the free layer
is saturated, the layer pinned to BiFeOj is still in a quasi-periodic domain pattern
with the net magnetization pointing in the positive field direction. As the magnetic
field is decreased further, the magnetic layer in contact with BiFeOs switches at sig-
nificantly higher field (typical coercivity in the range of 40-90 Oe) due to its enhanced
magnetic anisotropy from the exchange coupling. At higher negative magnetic field,
both magnetizations are truly parallel once again and the lowest device resistance
is reached. A similar sequence follows when increasing the magnetic field from this
state back to high positive field.
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Figure 6.7: Typical ferroelectric hysteresis loop from a BiFeO3-spin valve device struc-
ture. Inset: Electric pulse width dependence of the ferroelectric switching.

6.3.2 Device characterization: ferroelectricity

Now that the magnetic device is fully characterized, we are set to determine the
electrical switching properties of the multiferroic BiFeO3 in our device. In Figure 6.7,
a typical ferroelectric hysteresis loop from these devices is presented. The ferroelec-
tric switching was typically found to have coercivities between 4-9 V depending on
film thickness and the duration of the voltage pulse (see inset). The loops show ferro-
electric saturation with negligible leakage current. Now that we have seen that both
individual ferroic components (magnetic and ferroelectric) operate independently, we
are now set to demonstrate their coupling.

6.3.3 Electric field control of spin valve resistance state

In the previous chapter, I have shown that the net magnetization of a Co goFe 19
layer coupled to BiFeOjs can be reversed with the application of a small out-of-plane
voltage. Here I have added additional layers (Cu/Co goFe 19/Pt) on top of the ex-
change coupled CoggFe o layer to form a spin-valve structure where the electrical
control the exchange coupled Co goFe 1o layer with out-of-plane voltages to the BiFeOs
is expected. Advantages to this approach reside in the fact that the magnetization
state of the bottom layer can be read out without the application of a magnetic field
(required for AMR) and the writing voltage is greatly reduced (from 70V to 7V). To
begin our study of the electrical control of the resistance state of a spin valve device,
the state of the device is prepared by running a MR measurement along the easy
axis of the device, which simultaneously tells us the resistance values of the R, and
R, resistance states (see right plot of Figure 6.8). After finishing the scan at high,
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Figure 6.8: Magnetoresistance curve in the as-grown state when the applied field is
oriented along the easy axis of the device (left) and a plot of the device resistance
as a function of the amplitude of a 1us voltage pulses (middle). (right) The device
resistance as a function of time after electrically poling it into the R,, resistance state.
The dashed purple lines are guides to the eye.

positive magnetic field, the magnetic field is set to zero. The resistance of the device
is then measured after a 1us voltage pulse is applied to the BiFeO3 (middle - Figure
6.8). A schematic of the R(V) measurement used to obtain the data in Figure 6.8
is shown in Figure 6.9. The voltage pulses start from zero amplitude and decrease
to -9V. From V = 0 to V = -7V the resistance of the device is roughly constant at
the value of R, (use purple dashed line as a guide to the eye). The resistance of the
device begins to increase as the voltage amplitude is decreased further. By -9V the
resistance has reached the R, resistance value, revealing that one of the two magne-
tizations has reversed. The R, resistance state after switching is stable upon pulsing
with negative voltages back to V = 0.

For memory applications, a non-volatile memory bit is highly desired so that the
data can be accessed after long periods of time. That is to say, since BiFeOjs is
a magnetoelectric multiferroic with stable, electrically switchable states [53], and if
the CoggFe 1o is coupled to the canted moment in each domain, then we expect any
electrical control of the coupled ferromagnet to be non-volatile. To illustrate the non-
volatility of the switch, the stability of the R,, resistance state after switching was
measured over long periods (right panel). The device is stable in this state under H
= 0 Oe for a measurement period of 6hrs. In other devices the stability has been
measured for more than 12 hrs. This clearly illustrates the non-volatile nature of the
electrical switching of our device.

Now that the spin valve resistance state can be switched with an electric field, it
must be verified that it is indeed the layer that is in contact with the BiFeOg3 that
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Figure 6.9: Schematic of the measurement-pulse sequence used to obtain the data in
Figure 6.8.

is undergoing the electric field induced reversal. To investigate this, a sample with
similar characteristics to the sample shown in Figure 6.8 was prepared. In Figure 6.10,
the state of this sample in the as-grown state is swept from H = 0 to H = 200 Oe and
back to H = 0 while measuring the resistance of the device (open black triangles in
the figure). After the measurement of the as-grown state, the sample is pulsed with
-7V at H = 0. The data after the voltage pulse is shown in the open orange triangles.
The initial resistance at H = 0 has increased from the as-grown value to a R,, value.
As the field is increased, there is a switching to the low resistance state near 80 Oe,
the coercive field of the bottom Co goFe 1o layer in contact with BiFeOs. This clearly
reveals that the layer in contact with the BiFeOj3 layer is the magnetization that is
electrically reversed.

Now that we have shown that the bottom layer is the layer that is electrically
controlled, presented in Figure 6.11 is a completed resistance versus voltage loop
(open red circles) along with the ferroelectric loop (open violet triangles) to correlate
the multiferroic switching events to the switching events in the spin valve resistance.
The measurement scheme of this magnetoelectric device is the same as that present
in Figure 6.9. The loop begins at V = 0 and decreases to -7V where the voltage
then starts to increase to complete the hysteresis cycle. There is a clear correlation
between the ferroelectric switching of the multiferroic and the switching between the
R, and R,, resistance states. The slight voltage asymmetry in the ferroelectric loop
(1V shift) is closely mimicked by the device resistance. The switching fields for the
ferroelectric and resistance states are clearly correlated (V. = -4V and 5V while for
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Figure 6.10: Magnetoresistance curves taken (from a sample similar to the one shown
in Figure 6.8) along the easy axis of the as-grown (open black triangles) and electri-
cally switched (open orange triangles) states by sweeping the magnetic field from 0
Oe to 200 Oe and back to 0 Oe (orange arrows associate resistances with the field
sweep). The sharp switching around 80 Oe in the switched curve indicates that the
layer in contact with BiFeOj is the one that reorients due to the applied voltage.

the device R, = -3.5V and 4.5V). The loop closes with a small gap between the initial
and final resistance states, which may be due to a lack of saturation on the positive
side of the loop and thus the lowest resistance state may have not been reached. This
loop is a clear demonstration of an operational magnetoelectric multiferroic memory
bit at room temperature.

Figure 6.12(a) shows the measured ferroelectric loop from another device and is
plotted with the resistance of the spin valve as the voltage is pulsed. Again, a clear
correlation of the switching voltages is illustrated. Additionally, the magnetoresis-
tance of the device is plotted to the right to correlate the resistance states of the
R(V) loops to the magnetic state of the device. The device is switched between R,
and R, states. Figure 6.12(b) shows the cycling of the device and the measurement
sequence used with the application of +,- 8V.

6.4 Discussion: Energy consumption

Since the motive of combining multiferroics and spintronics research has been
to find low energy solutions for spintronics applications, the energy consumption of
this primitive device is quantified. Furthermore, I compare the energy loss to that
of the spin transfer torque (STT) method of reversal because of its advantages over
other methods of data storage, such as high speed, high density, high endurance, low
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Figure 6.11: Complete hysteresis of the device resistance obtained at room temper-

ature as the amplitude of a 1us voltage pulse is cycled while under zero magnetic
field.

energy dissipation and non-volatility. At this time, the state of the art STT device
requires 49uA of current through a 40nm diameter device (9.7x10° A/cm?) which
lead to an energy dissipation per unit area of 3mJ/cm?. [149] If we consider the
average switching voltage of our devices to be 4.5V, the energy lost in our device
is (4.5V)100pC/cm? = .450mJ/cm?, roughly an order of magnitude lower than an
optimized spin torque device. Futhermore, our primitive memory has the traditional
advantages of magnetic memory, such as non-volatility and low reading energy.

It is noted that our energy consumption can be decreased easily through fine
control of BiFeOj3 film quality leading to thinner BiFeOj thicknesses and reduced
switching voltages. [150] Furthermore, doping to reduce the ferroelectric coercivity
and polarization of BiFeO3 will further reduce the switching voltage and energy con-
sumption. [151] While our device is still in its primitive stages, the fact that the
writing is done by the multiferroic and is then essientially governed by a ferroelectric
switch, the switching speed can be as fast as 100ps but has yet to be determined
in these devices. If the switch could be done at these time scales, ultra-low power
devices could be demonstrated.

6.5 Concluding remarks and outlook

BiFeOj3 has long been proposed to influence traditional spintronic devices due to
its high temperature magnetoelectric-multiferroic properties. Barriers hindering this
impact have been driven by the desire to control the magnetization through the control
of exchange bias, which is caused by metastable 109° domain walls. [145, 152, 153]
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Figure 6.12: (a) Complete hysteresis of the device resistance obtained at room tem-
perature as the amplitude of a 1us voltage pulse is cycled while under zero magnetic
field. The red line represents the ferroelectric loop of the device. To correlate the
resistance states in the R(V) loop to the magnetic configuration of the device, the
magnetoresistance of the device is also plotted. (b) Multiple switching cycles are

shown in the green plot. Below is the schematic of the cycling measurement using
+,- 8V.
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Here I have demonstrated the ability to reversibly control the resistance state of
a GMR structure solely with a small voltage pulse. By exploiting the magnetic
coupling between a ferromagnetic layer and the magnetoelectric multiferroic BiFeOs,
which is driven by an intrinsic mechanism (coupling to the BiFeO3’s canted moment
in each domain), a magnetization of a ferromagnet is controllably reversed in this
traditional spintronic device with soley an applied electric field. Only voltage pulses of
relatively small amplitudes (4-9V) are required to control the resistance state when the
voltage is applied across the thickness of the BiFeOjs film. This non-volatile electrical
switching between R, and R, resistance states, using only small currents for reading
and voltage for writing, demonstrates a low energy dissipation memory. These latter
points make this magnetoelectric memory architecture more advantageous, in the
energy dissipation basis, for industrial applications than piezo- and current driven
approaches.

At this time, the state of the art STT device requires 49uA of current through a
40nm diameter device (9.7x10% A /cm?), which leads to an energy dissipation per unit
area of 3mJ/cm?. [149] Considering the average switching voltage of our devices to
be 4.5V, the energy lost in our device is (4.5V)100uC/cm? = .450mJ/cm?, roughly
an order of magnitude lower than an optimized spin torque device. Our device the
first clear demonstration where BiFeO3 has been intergrated into a spintronic device
without the loss of magnetic capability. Futhermore, it has been demonstrated that
our primitive memory has the traditional advantages of magnetic memory such as
non-volatility and low reading energy.

Transitioning fundamental discoveries to real products is a monumental challenge
due to the growing number of processing and financial obstacles. While there is
still a long road to travel before such a magnetoelectric device will impact magnetic
technology, this work already illustrates its potential from the following viewpoint.
As we discussed, our approach is already more energy effiecient than current based
approaches, however, for the further advancement of this approach several issues
remain which must be tackled.

1. Switching below 1V: It’s clear that the future steps must be to show that the
magnetization can be reversed below 1V via an out-of-plane electric field. This
can theoretically be achieved through the control of the BiFeOjs film quality
and thickness. Additionally, the chemical doping of 10-15 percent La reduces
the ferroelectric polarization and the switching voltage of BiFeOg3 films. Bring-
ing these together can lead to the lower switching voltages and lower energy
consumption magnetic switching.

2. Robustness-BiFeO3; quality and interface cleanliness: Earlier it was
shown that the magnetization can be reversed with the polarization reversal.
Many cycles of such an observed magnetization reversal are needed to impact
technology and lead to an insight of the physical mechanism driving such a
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reversal. Issues of the robustness in these devices can come from BiFeOs; and
back electrode quality (leakage, ferroelectric imprint). Ferroelectric/metal in-
terfaces have plagued industrial applications due to the trapping of defects at
the Ferroelectric/metal interface causing internal electric fields that freeze the
polarization. Optimization of the BiFeOj3 to reduce defect related issues. Ad-
ditionally, the quality of the BiFeO3/CogoFe 9 is to be considered. Ideally,
high quality BiFeO3; and CoggFe 1o layers would be deposited in-situ to keep
the interface free from atmospheric conditions and hydrocarbons.
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Chapter 7

Conclusion and future directions

Our ever increasing consumption of energy (and other resources) has led to situa-
tions of unmet demand and raised awareness of conservation practices to protect our
global resources. At the same time, there is an ever increasing need for information,
leading to the push for faster technology with a larger information storage capacity.
Spintronics has emerged as a flourishing field of theoretical and experimental research
that is, at its core level, focused on meeting these technological and energy demands
by integrating additional functionalities into electronic devices through the electron’s
other degree of freedom: the spin. While this field has made a significant impact
on technology over the past 20 years, the largest has been in the sectors of memory
and sensing (both RAM, hard disk, and read heads). Currently these technologies
have been bottle necked by issues of scalability and energy dissipation due to the
current needed to generate external magnetic fields. Advances, such as the discovery
of the spin transfer torque, have improved device scalability but still suffer because
the device operation requires large currents. This leads to a large energy waste and
a host of material degradation issues. The ideal approach to this dual-fold problem
is to use electric fields rather than electrical currents. Such a control of magnetism
has, therefore, aroused significant interest in recent years and has led to the revival
of multiferroics research. Thus, in this dissertation it was my effort to explore room
temperature magnetoelectric multiferroic oxides and heterostructures as a means to
overcome the issues faced by modern spintronic technologies. Furthermore, this dis-
sertation presents the demonstration of the electrically induced bistable magnetization
switching at room temperature — a necessary requirement for magnetic data storage
— and the demonstration of a magnetoelectric memory.

There are two crucial aspects to researching the electric field control of mag-
netism using heterostructures with multiferroics. Those are the investigation of the
heterointerface and multiferroic itself (magnetoelectric switching events, direction of
multiferroic parameters, strain effects, etc). Here, the interface exchange coupling
mechanism via the manifestations in the magnetic domain structure and magnetic
anisotropy of a Co ggFe 19 in contact with an epitaxially strain engineered multiferroic
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BiFeOj3 layer. I have highlighted the importance of the epitaxial constraints on the
domain structure of the multiferroic layer due to its transferability to an exchange
coupled ferromagnetic layer. The observation of the one-to-one domain correlation
between the multiferroic and the ferromagnet has allowed for the interface exchange
coupling mechanism, the direction of the magnetic order parameters, and the mag-
netoelectric switching events of the multiferroic BiFeO3 to be determined. Using a
combination of XMCD, XMLD, and PFM, the one-to-one domain correlation was
used to show that CoggFe 19 moment couples to the weak ferromagnetic moment of
BiFeO3 whereby then the CoggFe 1o essentally acts as a spin amplifier of the multi-
ferroic’s weak ferromagnetic moment.

The design and fabrication of a simple magnetoelectric device that uses this ef-
fective amplification to reveal the magnetoelectric switching events in BiFeO3 due
to applied in-plane and out-of-plane electric fields was illustrated. Furthermore, the
technological appeal of these investigations is highlighted by the fact that no applied
magnetic field is needed to control the ferromagnet. The feromagnetic magnetization
can be reversibly cycled and, in the case of the out-of-plane switching, only requires
a small voltage. Finally, I ended with the demonstration of a true low-energy magne-
toelectric device where both the read and write processes were done electrically and
without an applied magnetic field. In essence, the progress in the field of BiFeOsj
from the view point of the electrical control of magnetism has been reviewed. It is
my hope that this thesis has captured all of the excitement, fascinating ideas, and
nuances that have been used recently in this pursuit and have highlighted its viability
to impact technology.

Transitioning fundamental discoveries to real products is a monumental challenge
due to the growing number of processing and financial obstacles. As a testament to
the achievement of becoming an industry technology, spin torque still faces functional
issues that are hindering a strong adoption of the technology despite its ten year
tenure. While there is still a long road to travel before multiferroics will impact
magnetic technologies, the work presented in this thesis has illustrated their potential
impact from two viewpoints. 1) The ability to reverse a magnetization with an applied
electric field has been questioned from symmetry considerations. Here it was shown
that multiferroics have the capability of reversing a magnetization with an applied
electric field at both macroscopic and microscopic scales. 2) A magnetization can be
reversed in a single or multilayer device with an applied single digit voltage. The
energy dissipation is assumed to come from the ferroelectric hysteresis and, therefore,
in this magnetoelectric device structure the energy loss is roughly .45mJ/cm?; roughly
an order of magnitude lower than spin torque.

With these studies setting the stage, there are several interesting research endeav-
ors and issues that can be pursued from both scientific and applications perspectives.
Such endeavors are presented here for the direction of future efforts.

1. Tuning the spin-orbit interaction in BiFeOj3: As I have discussed through-
out this dissertation, the pathways to the electrical control of magnetism involve some
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manifestation of the spin-orbit interaction. In BiFeOjs, the Dzyaloshinskii-Moriya in-
teration is the spin-orbit interaction that links the macroscopic charge order to the
macroscopic spin order. There have been attempts to influence the magnetic order
and the degree of spin canting in BiFeOg3 through chemical doping (i.e. Mn incorpora-
tion). [154] There have been no attempts to strengthen the spin-orbit interation and
the magnetoelectric coupling in this room temperature magnetoelectric multiferroic.
It seems that doping the B site with heavy elements which have partially filled d
or f shells could strengthen the spin-orbit interaction while still providing spins for
enhanced magnetic interactions. Possible elements could be Gd, Ir, Eu and Sm.

2. Dynamics: The speed of the electrical switching of the magnetization is a
critical experiment for the understanding of the physical mechanisms of the reversal
and the determination the technological viability of the electrical control. Of course,
the speed of the writing is critical, most especially in RAM applications where the
information is called quickly. In the case of spin transfer torque, the switching of
the magnetization can be done in the range of 1-.1ns. The switching of ferroelectrics
due to an applied electric field can also be in this range. As it was described in the
simulations of the in-plane ferroelectric switching of BiFeOjs for the in-plane magne-
toelectric device structure, the switch has a 'relaxation’ like component. The time
scale of relaxive switching can be much longer, even up to seconds in cases. Clearly
then, the speed of the switch will reveal the rate limiting step in the observed reversal
and indicate the the magnetoelectric switching mechanism in BiFeOs3 by which the
magnetization is reversed. That is to say, is the reversal due to the sharp switch from
the applied electric field or some kind of slow relaxation switching?

3. Device size and the single domain switching: Areal space in modern
memory is precious realestate and memory bits on the order of microns are far too
large. To have an impact on technology, the devices will need to be decreased into
the 100-10nm range. Shrinking the device down to this size does a couple things.
The magnets at this scale are monodomain and hence there is no convolution from
multidomain state in the magnetoeresistance. Also the magnetic bits can then fit into
a single BiFeO3 domain. These two facts allow for experiments that investigate the
magnetic coupling between the ferromagnet and the multiferroic within an individual
multiferroic domain and the switching processes that happen at the single domain
scale.

4. Futher reduction of the energy and voltage requirements: While the
control of a magnetization with a mere 4-7 volts was shown, this value is still con-
sidered to be large in the microelectronics industry. More importantly, there are
pathways to reduce this switching voltage further, while opening up some interesting
multiferroic materials questions. Previous reports on the substitution of 10 percent
La can reduce the remnant polarization and coercive field of the BiFeOs. [151] The
questions are whether the magnetoelectric properties and the coupling with the ferro-
magnet are similar enough to the undoped case such that the observed magnetization
reversal is still possible.
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5. Long term reliability: While reversibilty was shown throughout this work,
issues of long term device reliability (switching greater than 10° cycles) still remain.
Issues of imprint, BiFeO3 and BiFeO3/Co goFe 19 quality are areas that can be the
focus for improved device performance. Such a research endeavor should focus on the
growth of BiFeO3 and Co ggFe 1o in situ for the highest quality interface.

Listed above are just a few of the unexplored questions regarding the magneto-
electric nature of multiferroic complex oxides and many others exist. As these posed
questions are answered, new questions will undoubtedly arise. The pursuit to the
answers of such questions is a worthy quest. I believe that answering such questions
is relevant to both a fundamental understanding of magnetoelectric multiferroics as
well as to the applications of low-energy spintronics.
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Appendix A

Other methods of electric field
control of magnetism

In this thesis I have focused on using the intrinsic magnetoelectric coupling in
proper single phase multiferroics, via the Dzyaloshinskii-Moriya interaction, as the
bridge between electronic and spin orders to enable the electric field control of mag-
netism. The focus of this thesis is on single phase multiferroic composites where
a combination of the intrinsic magnetoelectric coupling and interface magnetic ex-
change coupling are used to establish the electric field control of large magnetization.
It is important to spend some time reflecting on other pathways that have shown an
electrical control of magnetism. Note: I will broaden our discussion here to include
some current driven techniques that are quite robust or show a low-energy control
of a magnetic phenomenon regardless if they are multiferrous or non-multiferrous
materials. Additionally, I encourage the reader to reflect on the possibility of other
mechanisms that can bridge the link between an electric field and magnetism in the
solid state.

A.1 Composite multiferroics

Composite multiferroics are material composites that combine ferroelectric/ferroelastic
materials with ferromangetic materials. An examble could be a Fe film on BaTiO3.
Typically the route to the electric field control of ferromagnetism is through lattice
coupling where the ferroelectric distorts the lattice and through lattice coupling, the
lattice of the ferromanget as well. The magnetization and magnetic anisotropy of
the magnet will rotate in response to the lattice distortion through the inverse mag-
netostriction effect. Composite multiferroics have received so much attention due
to the deficiencies of single phase multiferroics - namely low T.s and, generally, low
magnetic moments. With the capabilities of room temperature functionality, ease
of growth, and large magnetoelectric coupling coefficients, researchers of composite
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(b) (d)

Figure A.1: Schematics of nanostructured composites. The nanostructures (grey)
reside in a thin film matrix (orange) that is deposited on a substrate (blue). (a)
nanosheets, (b) nanopillars, (¢) nanoprecipitates and (d) laminar thin films.

multiferroics have been able to demonstrate magnetoelectric functionalities in a wide
variety of device applications (at least in bulk). [36] Composite multiferroics can be
created in a variety of structural variants using controlled growth conditions. Simi-
lar to composite systems that can be created in bulk, self-assembly can create thin
film nanoscale composites in the form of nanopillar, nanosheet and nanoparticulate
composites. Due to immiscibility, the two components of the composite will sepa-
rate forming the nanoscale composite system. This is common in perovskite - spinel
composite systems, where the spinel phase separates into one of the nanostructures
embedded in the perovskite matrix. An additional benefit of the composite system is
the high surface to volume ration of the nanostructures that are formed in these sys-
tems. This high surface area means a greater lattice coupling to the matrix state and
in these nano-phase separated thin film systems the adverse effect of lattice clamping
from the substrate is greatly reduced, providing a significant magnetoelectric cou-
pling. Figure A.1 gives simple examples of such composite structures.

Furthermore, a controlled growth process can produce laminar thin film het-
erostructures. Laminar thin film heterostructures come with a huge advantage of
the easy deposition of materials and a broad materials selection to build a composite
multiferroic. This has largely been the reason why this approach has been favored
over phase separated composites. However, this composite geometry suffers from the
fact that the substrate clamps the piezoelectric thin film, inhibiting the lattice ex-
pansion and strain produce from an applied voltage. This limitation can reduce the
magnetoelectric coefficient by a factor of five.

Despite the structural variation, the pathway to the electrical control of magnetism
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Figure A.2: Schematic of the route to electric field control of magnetism for multi-
ferroic composites. The coupling is mediated through the sharing of the lattice by
which strain can be transferred from the piezoelectric matrix to the magnetostrictive
ferromagnet.

is the same in each case. Figure 5 illustrates this common pathway on our map of the
electrical control of magnetism. In this case the common point of both subsystems is
the lattice. Since both layers share the same lattice, they are then coupled through
this means. The ferroelectric or piezoelectric will have its lattice distorted with an
applied electric field; therefore the lattice of the ferromagnetic subsystem will also
have its lattice distorted. When the ferromagnet displays the magnetostrictive effect
(or more properly, the inverse magnetostrictive effect) the lattice distortion in the
ferromagnet induces a change in its magnetic anisotropy. A rotation of the magnetic
anisotropy is accompanied by a rotation of the magnetization between 0 and 90
degrees. In order to reverse a magnetization, a small magnetic field must be applied
to break the time reversal invariance.

While the benefits of this approach are quite valuable, it is not an approach that
allows for a binary switch of the magnetization by 180. As we discussed previously,
this is due to the lack of symmetry breaking by the coupling mechanisms. Lastly we
will discuss an approach will combine the benefits of single phase and composite mul-
tiferroics, which enables the 180 reversal of a magnetization with an applied electric
field.

A.2 Orbital coupling

One other degree of freedom is the orbital degree of freedom. The study of this
freedom as a pathway to the electrical control of magnetism is relatively scarce due to
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Figure A.3: (a) Schematic of the interface electronic orbital reconstruction, with
hybridization, (b) Proposed interface spin configuration and coupling mechanism with
dx?-y? orbital ordering in the interfacial LSMO. (c) Schematic of the origin of the
interface magnetism. Taken from reference [156]

the lack of room temperature capability. Nonetheless, it is a pathway which has shown
that the electric field control of magnetic properties in a single phase multiferroic
composite system composed of two perovskite oxides can be established. In the
study of the La 7Sr 3sMnO3 (LSMO) / BiFeO3 heterostructure at low temperature, an
interface ferromagnetic ordering in the BiFeO3 was discovered and attributed to an
orbital reconstruction induced by the orbital ordering in the manganite (see Figure
A.3). [156] This leads to a significant exchange bias interaction across the interface.
Figure A.3(a) shows the proposed band alignment at the interface, keeping the Fermi
energy continuous across the interface.

Then using the Goodenough-Kanamori-Anderson rules, the superexchange inter-
actions between the Fe3* and Mn3t (4+) are ferromagnetic while the superexchange
interaction between the interface Mn and the bulk Mn in the LSMO layer is anti-
ferromagnetic (Figure A.3(b)). Figure A.3(c) summaries the results in terms of the
BiFeO3; magnetic structure at the interface of the heterostructure. The competition
between the bulk antiferromagnetic order and the induced ferromagnetic order due to
the orbital ordering leads to a significant canting of the BiFeO3; magnetic structure.
Then using this interface coupling through the Mn and Fe d-orbitals, the intrinsic
magnetoelectric coupling of the BiFeO3 was electrically manipulated to determine if
the interface magnetic/orbital coupling could be changed. Indeed, researchers have
shown that the exchange bias amplitude can be modulated reversibly with reversible
cycling of the ferroelectric polarization of BiFeOs. [127] As shown in Figure A.4 the
exchange bias is modulate with the sequential voltage pulse, however this can be
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Figure A.4: (a) Shows the gate-voltage-pulse sequence used for the measurements.
(b,c) Measurements of normalized exchange bias and peak resistance for the gate-
pulse sequence. The exchange bias modulates with ferroelectric polarization; the
data shown for (b) were obtained with a negative remanent magnetization in the
LSMO channel whereas the data shown for (c¢) were obtained in positive remanent
magnetization. (d,e) Examples of individual MR curves from the two resistance states.
Taken from reference [127].

in-phase or out of phase with the change in the sheet resistance depending on the
orientation of the magnetization of the LSMO layer.

Clearly this is a pathway that needs further scientific exploration. If such a cou-
pling could be observed at room temperature, a great deal of excitement could be
generated in this area. In the ideal case, the electrical control of magnetism and
orbital order could be extended outside of heterostructures to single layer films such
as the manganites which display large magnetoresistance due to a magnetic phase
transition.

A.3 Carrier mediation magnetism

In magnetic semiconductors such as GaMnAs, the magnetism is mediated through
a hybridized exchange interaction, such as a p-d interaction, between the charge
carriers and the d electrons of the Mn. In the case of GaMnAs the carriers are holes
and in the dilute limit it has been found that the Curie temperature scales as p'/?,
where p is the concentration of the holes. In these systems, the magnetism can be
controlled simply by accumulating or depleting electrons in the semiconductor using
a conventional MOSFET like structure like the one shown in Figure A.5. [113]

Researchers have shown that the ferromagnetic phase can be quenched completely
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Figure A.5: A schematic of the metal-oxide-semiconductor structure used to accumu-
late or deplete holes from a magnetic semiconductor (InMnAs) using a gate voltage.
The black dots are representations of holes in the magnetic semiconductor while the

black arrow represents the magnitude of the magnetization. Taken from reference
[113]

and that the magnetization, through control of the magnetic anisotropy, can be elec-
trically controlled by modulating the carrier concentration with the applied voltage.
The electrical control of magnetism has been shown in IV and III-V based magnetic
semiconductors such as InMnAs, GaMnAs, GeMn. In the case of GaMnAs (Figure
A.6), it was shown that the perpendicular anisotropy field can be modulated with
an electric field and showed that the effect is dependent on the carrier density which
they were able to saturate to a minimum value. [112]

Carrier mediated ferromagnetism has proven to be a quite robust technique for
manipulation of magnetism with electric fields, but it is not without its short comings.
Primarily, the curie temperatures of magnetic semiconductors are capped at 180K,
significantly below room temperature. Additionally, the modulation of anisotropy
cannot reverse a magnetization without the aid of an external magnetic bias; a simi-
lar issue arises in composite multiferroics. Additional benefits to the carrier mediated
approach exist due to the ability to transfer angular momentum to the magnetization
through light and the spin polarized current. This, of course, has led to the obser-
vation of magnetization switching and precession via optical and current driven spin
torques. [157, 116]
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Figure A.6: (Top) The magnetic field at which AR, (the difference between R,, (H)
and R,, (H = 0)) peaks is a measure of the perpendicular uniaxial anisotropy field.
Magnetic field dependence of AR,,, for different values of electric field in MV cm™!
at 5 K. The anisotropy field becomes lower when a positive electric field is applied
and becomes higher when negative E is applied. (Bottom) Perpendicular anisotropy
field as a function of the sheet hole concentration and applied voltage. Taken from
reference [112].
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Figure A.7: Schematic of a magnetic tunnel junction with a thin magnetic layers
showing perpendicular magnetic anisotropy. The electric field is applied through the
thickness of the films. Taken from reference [158].

A.4 Surface Magnetocrystalline Anisotropy (SMCA)

In this section, the idea behind the electrical control of magnetism is very similar
to the approach used in carrier mediated ferromagnetism. In very thin magnetic met-
als, the surface magnetocrystalline magnetic anisotropy (SMCA) dominates over the
bulk anisotropy and favors an out-of-plane magnetization or what is referred to as a
perpendicular magnetic anisotropy. The bulk anisotropy and the magnetostatic en-
ergy favor an in-plane magnetization direction. The strength of the surface anisotropy
is very sensitive to the carrier density at the surface. The strength of the SMCA is
dependent on the occupation of surface states which can be depleted with a voltage
since an electric field can penetrate a metal for a few Angstroms. Thus the anisotropy
and hence the magnetization can be toggled between in-plane and out-of-plane by de-
pleting carriers from the surface with an applied voltage. There have been several
examples of this kind of switching reported recently using magnetic tunnel junctions
such as that shown in Figure A.7. [158] Furthermore, by cleverly tuning the width
of the voltage pulse applied, the remnant magnetization of the thin magnetic layer
can be reversed. [159] However, in order to obtain deterministic switching of the
magnetization, a small magnetic bias must be applied and thus this approach is not
truly a electric field control of ferromagnetism.

Figure A.8 shows the work of Shiota et al., from reference [159]. In Figure A.8(a)
is a schematic of the voltage pulses that are used in the magnetic simulations of
(b) and the pulses used in (d) and (e). In Figure A.8(b) they use micromagnetic
simulations to determine how far the magnetization will rotate under the duration of
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Figure A.8: (a) Schematic of voltage pulse profile used. (b) Simulations of magne-
tization precession as a function of pulse width. (c¢) Experimental configuration for
pulsed measurements. (d) Toggling of the magnetic state of the magnetic tunnel
junction with positive voltage. (e) Stability of states under applied negative voltage.
Taken from reference [159].

the applied bias, I.S. stands for initial state and F.S. stands for final state. The voltage
pulse creates a small out-of-plane anisotropy, bringing the magnetization out of plane
slightly. The magnetization precesses about the out-of-plane direction causing the
magnetization to change direction in-plane. Depending on the width of the pulse
the in-plane component can be reversed or rotated 360 degrees or more. Using a
.b8ns negative voltage pulse, the authors were able to show that the resistance state
of the magnetic tunnel junction could be toggled using this magnetization precession
(Figure A.8(d)). Using a positive voltage does not toggle the state due to the inability
to increase the strength of the SCMA.

A.5 Current Driven Techniques - Spin torque and
Giant spin Hall effect

While we understand that a discussion of current driven techniques is a small
deviation from our main objective, we include a short discussion of some techniques
here since it fits with the global theme of low energy control of magnetization and due
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Figure A.9: Demonstration of the current driven switching as a function of current
pulse width. Taken from reference [149].

to its impact on sience and memmory technology since its discovery in 1999. [111]
As we discussed early in this chapter, the most energy effiecient spin torque device to
date has shown a energy dissipation of 3mJ/cm? in a device size of 49nm. [149] Figure
A.9 shows some results presented in [149]. As it can be seen the energy consumption
is low but the power consumption is still rather high.

We have seen that spin torque uses a ferromagnet to spin polarize a large current
density which is then directed at another ferromagnetic layer and is able to reverse the
magnetization of this non-polarizing magnetic layer. However there are other ways to
create a spin current. The spin Hall effect was first observed using optical methods
in GaAs in 2004. [160] Shortly after, this effect was observed in metals. Recently,
intrinsic and extrinsic spin-orbit effects have generated a large field of excitement.
This is largely due to the observations of the spin Hall and inverse spin Hall effect
in metals with a significant spin-orbit interaction such as Pt and Ta. [161, 134]
Interestingly, the spin Hall effect observed in Ta was observed to be giant. In fact
researchers have shown that by injecting a small current into a strip of Ta with a
magnetic tunnel junction ion to of it (Figure A.10) that the magnetization of the
bottom magnetic layer and hence the resistance state of the tunnel junction can be
reversed. [134] while at the current state the energy dissipation is of the same order
as spin torque switching, by tuning the geometry of the Ta and hence the resistance
of the device, it is believed that the energy consumption can be reduce by at least
one order of magnitude.
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Figure A.10: Giant spin Hall effect switching of an in-plane magnetic tunnel junction

device. Taken from [134].
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Appendix B

Piezoresponse force microscopy:
PFM

Details of the PFM technique are given due to the significance of the PFM mea-
surements in the works presented herein. The details of the measurements have been
reported previously by Zavaliche et al.,. [162] A DI-Veeco multimode AFM equipped
with a Nanoscope IV controller was used to simultaneously image the surface topog-
raphy, out-of-plane piezoresponse, and in-plane piezoresponse of BiFeOj3 films and the
CogoFe 19 / BiFeO3 devices. Images were taken at ambient condtions using a 6.3kHz

AC bias.

B.1 Basics

Piezoresponce force microscopy (PFM) begins with a metal coated tip that is
in contact with the film under test. PFM measures the mechanical response when
an electrical voltage is applied to the sample surface with a conductive tip of an
AFM. In response to the electrical stimulus, the sample then locally expands or
contracts as shown in Figure B.1. When the tip is in contact with the surface,
the local piezoelectric response is detected as the first harmonic component of the
tip deflection. The phase of the electromechanical response of the surface yields
information on the polarization direction below the tip. An AC voltage is applied
between the tip and the back of the film as a laser is reflected from the back of the
tip to a 4-quadrant photodetector. If the polarization has a out-of-plane component,
an applied electric field can either cause a out-of-plane expansion or contraction of
the lattice depending on the orientation of the applied electric field with respect to
the polarization direction. Figures B.1(a) and B.1(b) illustrate this effect. Now,
since an AC voltage is applied, the out-of-plane lattice parameter will expand and
contract but the two polarization directions can be distinguished because the two will
respond oppositely to the applied voltage. The photodiode will detect a signal that
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is in phase with the applied ac voltage while for the other polarization variant, the
detected signal will be out of phase with the applied voltage. This difference in phase
is plotted as a color contrast in the out-of-plane PFM image.

If there are in-plane components, an out-of-plane electric field causes the regions
to shear differently, resulting in the PFM tilting either to the left or the right de-
pending on the polarization direction (see Figures B.1(c) and B.1(d)). The difference
again results in the photodiode detecting a phase change with respect to the applied
voltage and the phase contrast is plotted in the in-plane PFM image. Note that no
contrast is obtainable along the long axis of the PFM tip. In order to determine the
third component of the polarization vector, the same region of the sample previously
measured must be measured again after rotating the sample by 90° (since the tip
cannot be rotated in this system). [163] Finally, piezoelectric response can be probed
a DC bias on the tip has been applied. This can provide information on ferroelec-
tric switching as well as more complex electrochemical and electrocapillary processes.
[165, 166] For a comprehensive introduction to PFM, see the article by Balke et al.,.
[164]

When considering a PFM image of BiFeQOg, there are only eight possible directions
in which the polarization can point due to the rhombohedral symmetry of BiFeOs
with the rhombohedral distortion along the pseudocubic <111> directions. So when
considering in-plane and out-of-plane PFM images of the two variant (001) BiFeOj
on DyScOs3 as in Figure B.2, the fact that the polarization must point along a pseu-
docubic <111> direction quickly determines the direction of the polarization in each
domain. The out-of-plane PFM contrast shown in Figure B.2(b) is primarily white
contrast indicating that the out-of-plane polarization of the film is largely pointing
down into the substrate. There are some regions where the polarization points out of
the film surface, but these domains are of small volume fraction and are like present
due to defects in the film. The in-plane PFM image is shown in Figure B.2(c). Here
it is clearly seen that there are two contrasts that form long striped like ribbons.
One contrast is white while the darker contrast is the grey scale of this image and
thus indicates a no contrast region. The white domains have a in-plane polarization
direction that points down in the image and is indicated by the white arrow in the
image. The long axis of the tip is along the x-axis of the image (left-right), thus
a polarization along this direction cannot be determined from this image alone and
appears as a no contrast in this image. The direction of te polarization in this domain
is easily determined by rotating the sample by 90° and imaging the same region, to
reveal that the polarization in the no contrast domain points to the left in Figure
B.2(c) and is represented by the black arrow in the figure.
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Figure B.1: (left) Schematic of the PFM measurement with tip, sample, 4-quadrant
photodiode detector, laser, AC voltage and lock-in amplifiers. (Right) (a,b) Piezo-
distortions from a ferroelectric sample with out-of-plane polarization variants due to
a out-of-plane oriented electric field (ds3) with corresponding motion of the PFM tip.
(c,d) Piezo-distortions from a ferroelectric sample with in-plane polarization variants
due to a out-of-plane oriented electric field (ds;). (e) Tip motion and detection from
a polarization with both in-plane and out-of-plane components. Image taken from

[164].
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Figure B.2: (a) AFM image of the surface topology (b) out-of-plane (OOP) PFM
image. White contrast corresponds to polarization directed into the page and black
contrast out of the page, (c) in-plane (IP) PFM image. The white stripes indicate a
in-plane polarization that points down and the no contrast (darker domains) have a
in-plane polarization component that points to the left.
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Appendix C

From 180° to 360° periodic AMR

In Figure 4.3 I showed the device characterization verifying the AMR response at
high field (500 Oe, black open triangles) and low field (20 Oe, blue open squares). At
500 Oe the Zeeman energy dominates the energy landscape and thus 6 = 6, (angle
of the applied field w.r.t. the applied current direction). Thus if § = 6, then the
high field AMR curve should follow a cos?f, dependence, which is observed by the
180° periodicity of the curve and the large amplitude of the resistance oscillations
(see Figure 4.3(a)).

However, what is interesting is what happens at low magnetic field. At low field
the Zeeman energy is significantly smaller than the anisotropy energy and the result
is that the magnetization simply wiggles about its anisotropy axis without switching.
At small applied magnetic field the approximation can be made that 6, - 8 is small
and therefore the uniaxial anisotropy term can be rewritten as:

MH,

sin? (0, — 0) ~ M (g, — §)? (C.1)
0 —0)2
= MH,(-1+1+ @397

~ MH,(cos(f, —0) — 1) (C:S)

When the magnetization only wiggles slightly from the uniaxial anisotropy direc-
tion, the effective energy landscape has a cos(6, - ) dependence. A unidirectional
anisotropy is modeled with a cos(0ey pias - 0) term. Hence, at applied magnetic fields
that are significantly lower than the anisotropy field, the uniaxial anisotropy effec-
tively acts like a unidirectional anisotropy in that the uniaxial energy barrier is to
large for switching and the magnetization wiggles about its equillibrium direction.
[79] This fact is what causes the change in the AMR phase at low field. [129, 123]
The 360° periodicity can be derived easily now that its understood that the anisotropy
is effectively unidirectional at small field. With that, we can write the total magnetic
field felt by the magnetization to be:
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(C.4)

The magnetization will point along this effective field direction. Thus we can
determine the angle of the magnetization with respect to the applied current, 8, with

the following:

M (] Ht:;ml = MHtotalCO‘S(H)

cos*(6) = (Happlieacos(0a) + Hanisotropy€03(6))?

(H2 lied T Hgnisotropy + 2Happli6dH(lni80t7‘0pyCOS(ea - 9“))

app
(hcos(0,) + cos(0y))?
~ (h2 + 1+ 2hcos(6, — 0,))

(C.5)

(C.6)

(C.7)

Now since the applied field is much smaller than the anisotropy field, h is much
smaller than one. Terms in h? are negligible and 1+2hcos(6,-0,) is approximately

equal to 1 since h is small and cos < 1. This leaves us with

cos*(0) = 2hcos(0,)cos(0,,) + cos*(.,)
which has a 360° periodicity in 6, and 6, is fixed by the BiFeOs.

(C.8)





