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Abstract
The route to enhanced functionality in electronic and magnetic devices is often through
materials engineering and the use of new materials structures. Oxides, in particular, exhibit
a wide range of highly tunable properties due to the interplay of lattice, orbital, charge and
spin degrees of freedom. Recently, a new paradigm for epitaxy has been studied, where two
oxide phases self-assembled into a vertical columnar morphology, with epitaxially strained
interfaces perpendicular to the substrate. Through appropriate materials selection and strain
tuning, the interfaces in these vertically aligned nanocomposites exhibit exciting properties
such as high conduction at interfaces, enhanced ferroelectricity and magnetoelectric
coupling, which are often absent or occur at a lower magnitude in single phase materials.
In particular, magnetoelectric multiferroics, materials that exhibit two or more ferroic orders
(such as ferromagnetism and ferroelectricity) and also exhibit electric field control of
magnetism, have been widely explored, due to their utility in realizing novel low power
multifunctional devices. Few materials exhibit robust room temperature multiferroicity, and
thus vertical nanocomposites such as BiFeO 3-CoFe2O4 (BFO-CFO) which consist of
magnetic CFO pillars in a matrix of ferroelectric BFO coupled via strain provide an exciting
path to create artificial magnetoelectric multiferroics.
In this thesis, we explore the magnetic, multiferroic and magnetoelectric properties of BFOCFO nanocomposites. Exploiting the rich strain tunability of BFO, we utilize different ways
to modulate the structure of BFO in the BFO-CFO nanocomposites. Using different crystal
substrates, we demonstrate that the presence of CFO offers additional parameters by which
to tune the structure of BFO.
In order to enable reliable device use, we need to understand and control the various
interactions in BFO-CFO system. We demonstrate that composition tuning is an effective
way to systematically tune the anisotropy of the magnetic pillars, thereby controlling their
magnetostatic interactions. We probe the magnetoelectric coupling between the BFO and
CFO phases by using Scanning Probe microscopy.
By demonstrating tunability of the ferroelectric and magnetic phase of BFO-CFO
nanocomposites and exploring the quantification of magnetoelectric coupling at the
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nanoscale, this thesis could enable intelligent design and optimization of the multiferroic and
magnetoelectric properties in oxide nanocomposites.

Thesis Supervisor: Caroline A. Ross
Title: Toyota Professor of Materials Science and Engineering
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1.1
1.1.1

Introduction
Motivation
New paradigm for devices: magnetoelectric coupling?

Devices based on electronic and magnetic materials are ubiquitous in today's age. The
demand for smaller, faster, low power devices with reduced joule heating is ever increasing.
This has spurred interest in multifunctional devices where more than one operation can be
performed by a single device, such as a device that combines memory and logic function.
The ability to engineer materials to exhibit new and diverse functionalities is critical in
achieving these technological goals. In this context, the study of complex oxides could be
very fruitful due to their versatile nature and high tunability of their properties. They exhibit
several diverse properties such as high dielectric constant, superconductivity, colossal
magnetoresistance, piezoelectricity and also display ferroic behavior such as ferroelectricity
and ferromagnetism. The development of thin film deposition techniques, specifically
molecular beam epitaxy (MBE) and pulsed laser deposition (PLD), has accelerated the
success of oxides by allowing the growth of high quality crystalline oxide films as well as
complex heterostructures comparable in quality to their semiconductor counterparts.
One of the ways to introduce multifunctionality in a device is by achieving magnetic control
of polarization or electrical control of magnetization in a material. This property, known as
magnetoelectric coupling, the ability to influence magnetization (polarization) by electric
(magnetic) fields can help engineer several new functionalities for applications in
transducers, magnetic field sensors and devices for information storage. For example, by
controlling magnetization of bits of information by electric fields, we can envision a memory
21

device in which data can be written electrically and read magnetically. Existing memory
technologies include ferroelectric random-access memory (FeRAM)

and magnetic

memories. FeRAM facilitates fast write operations since large magnetic fields do not have
to be applied, however read operations are inherently destructive due to the electrical nature
of the device. Magnetic memories suffer from the disadvantage of needing large magnetic
fields for writing data, however are superior in their non-destructive magnetic read
operations. Since the use of magnetoelectrics enables magnetic reading and electrically
writing of data, it combining the benefits of the two aforementioned technologies without
incorporating any of their disadvantages. It is therefore immensely advantageous to engineer
materials and device structures to give the largest magnetoelectric response.
In the past decade, research has been focused on a special type of magnetoelectric that is
also multiferroic in nature. Multiferroic materials are those which are both ferroelectric
(polarization hysteretically switchable by an electric field) and ferromagnetic (magnetization
hysteretically switchable by magnetic fields). This enables the existence of two stable states
of polarization as well as magnetization. This offers additional degrees of freedom in device
functionalities such as the possibility of having a four-state memory device.
Such multiferroic material are inherently hard to find in naturally occurring materials, since
the structural and crystal symmetry requirements for magnetic and ferroelectric generally
preclude the presence of the each other. One way to circumvent this problem is to artificially
engineer composite materials consisting of a ferroelectric and a magnetic phase.
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1.1.2

Engineering magnetoelectric materials: Development of oxide nanocomposites

Composites, or combinations of two or more materials, have been used by mankind for
hundreds of years. By artificially engineering different materials into one, we can obtain
totally different properties and enhanced functionalities compared to those of the individual
constituents. Over the years, the use of composites has become widespread in a range of
industries such as space, aircraft and sports, where, for example, light weight but strong
materials are highly desirable.
In recent decades, several advances in nanotechnology, due to our ability to manipulate and
characterize materials at nanoscale and atomic scale, have allowed the study and
development of nanocomposites, where the two materials are in contact at the nanoscale
lengths. Materials often exhibit very interesting and unique properties at the nanoscale that
are quite different from the bulk materials. In particular, oxide materials exhibit a large
tuneability in their properties, especially when grown on crystal substrates as thin films
compared to their bulk crystalline properties. When deposited atom by atom onto a crystal
substrate to form a thin film, the oxide forms an interface with the crystal substrate it has
grown on. Depending on the relative crystal structures of the two phases, the oxide material
might be placed under a strain due to the mismatch with the crystal lattice of the substrate.
This strain can be used to tune its properties since oxides are highly correlating systems,
where charge, spin and lattice are inextricably linked. Bringing more than two oxides
together results in even more startling changes in properties. A prime example of this is the
highly conductive interface between two strongly insulating oxide materials. Such properties
are possible due to the symmetry breaking at the interface.
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Using this concept of nanocomposites, magnetoelectric materials have thus been
successfully engineered by bringing a ferroelectric and magnetic phase in close nanoscale
contact. One of the widely studied materials system is a magnetoelectric by combining a
ferroelectric (BiFeO 3) BFO with a magnetic (CoFe20 4) CFO phase. There can be several
strategies to achieve this. A magnetic film can be grown on a ferroelectric film or vice versa.
A different morphology altogether can also be imaged, where the two phases grow with
vertical interfaces perpendicular to the substrate. This would allow increase in the total
interfaces compared to a layered structure, thereby enhancing the functionalities of such
films. In this thesis, we focus on such an architecture, a vertical morphology of BFO-CFO
nanocomposites.

1.2

Thesis layout

The thesis begins with a background review in Chapter 2. We begin the review by covering
general concepts of multiferroic and magneto-electric materials. We then go over thin film
growth and deposition, focusing on the growth and properties of vertically aligned
nanocomposites. We cover the multiferroic properties of BFO-CFO composites and end with
a discussion on the mechanism and work relating to magnetoelectric coupling in
nanocomposites.
In Chapter 3, we go over the key experimental techniques used in this thesis to grow and
characterize the oxide nanocomposites.
In Chapter 4, we study the interactions between the magnetic CFO pillars, templated into
ordered arrays in BFO-CFO nanocomposites. We modulate the composition of the pillars,
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in order to tailor the magnetostatic interactions in the pillar arrays. We obtain a state where
magnetostatic interactions dominate over the individual switching fields. Further, we use a
simple Ising model to understand the behavior of the nanopillar arrays.
In Chapter 5 and 6, we study the growth of BFO-CFO on different crystal substrates, LaAlO3
(LAO) and (LaAlO3)o.3(SrAlo.5Tao.5 O3)o. 7 (LSAT), as well as different orientations of LAO
in order to modulate the structure of BFO. We study the impact of the change in structure of
BFO on the magnetic and ferroelectric properties of the BFO-CFO system.
In Chapter 7, we quantify the magnetoelectric response of nanocomposite thin films using
nanoscale techniques.
In Chapter 8, we study the properties of sputtered BFO-CFO nanocomposites.
A summary of the work, as well as future directions is provided in Chapter 9.
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2 Background research
2.1
2.1.1

Multiferroic magnetoelectric materials
Overview

Multiferroic materials, and specifically those that exhibit magneto-electric coupling, have
been intensely studied over the last two decades for application in multifunctional next
generation devices. A number of reviews have tackled the different aspects of multiferroics
[1], [2], [11]-[16], [3]-[10]. As the name suggests, multiferroic materials are those where
two or more ferroic orders co-exist. Ferroic ordering refers to the existence of long range
order with respect to a specific property, and the ability to switch this property between some
bi-stable states using a field. Ferromagnetism and ferroelectricity, are examples for ferroic
ordering of materials, where in the former, a magnetic field can switch the long range
magnetic ordering, and in the latter, an electric field is need for switching long range electric
polarization. Multiferroicity is not limited, however, to ferromagnetic and ferroelectric
ordering, and can include ferroic ordering such as ferroelastic, ferrotoroidal and even
antiferromagnetic ordering.
Magnetoelectric materials are those that can exhibit a change in electric polarization on
application of a magnetic field or a change in magnetic polarization on application of electric
fields. The direct coupling of magnetic and electric order parameters is rare (see section
2.1.2), and magnetoelectricity could be a result of an indirect route. For example, an electric
field induced change in magnetization could occur through an indirect mechanism involving
a combination of a piezoelectric (that couples an electric field and strain (s)) and a
magnetoelastic materials (that couples this strain into a change in magnetization).
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Multifunctional materials, whose need was discussed in Chapter 1, can be realized through
the study and development of materials with magnetoelectric and multiferroic properties.
Such materials have a potential to be applied in several important device applications such
as magnetic sensors and voltage controlled magnetic storage.

An examples of such a

material is an MERAM element, discussed in Ref [17], wherein stored information is written
using voltages instead of currents, thereby drastically reducing the energy needed to switch
magnetization in non-volatile memory.

2.1.2

Lack of single phase multiferroic magnetoelectrics

Initial efforts to obtain materials with large magnetoelectric coefficients focused on single
phase

materials.

This presents difficulties because single phase magnetoelectric

multiferroics, especially at room temperature, are rare. Ferroelectricity requires empty d
orbitals, whereas ferromagnetism needs partially filled d orbitals [18]. In order to have both
occur in a single phase, the mechanisms of the ferroelectricity and ferromagnetism need to
have distinct origins. Thus, research on materials where the mechanism for ferroelectricity
is non-displacive became a pathway of achieving multiferroicity in single phases, such
pathways are summarized in part of this review article [15]. Thus, in order to achieve
multiferroicity in a single phase, careful materials selection, as well as tuning its strain and
crystal symmetry is required.
2.1.3

Two-phase nanocomposites

One way to circumvent this challenge is to utilize a two-phase system where one phase is
ferroelectric and the other is ferromagnetic and an extrinsic coupling exists between the two
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phases. This extrinsic coupling could have different origins, for example strain, charge or an
exchange-based mechanism [6]. In strain mediated coupling, we utilize the reverse
piezoelectric effect (generation of a mechanical strain on application of an electric field) of
the ferroelectric material, which causes it to strain under application of the electric field. This
strain is transferred to the ferromagnetic phase through the interface, where it can now
influence the magnetization of the ferromagnet through the inverse magnetostrictive effect
(change in magnetization due to strain). Since the magnetoelectric coupling occurs through
strain transfer at the interface, it is critical to be able to engineer the interface to yield
maximum coupling.
One of the more widely studied magnetoelectric composites are laminate or multilayer films
as depicted in Figure 2-1 A. In such films, the two phases are grown layer by layer such that
the interface between the phases is parallel to the substrate. This is disadvantageous because
the interfacial area, which is the active device area, is limited to the area of the film - to
increase the area we need to increase the device size. Additionally, the magnetoelectric effect
relies on strain in the two phases and its effective transfer across the interface, however the
stiff substrate results in a clamping effect, minimizing the effective strain transfer.
A

B

IacmeII''
.#

Phase 2
Phase 2

Figure 2-1 Figure comparing the different geometries of nanocomposite thin films.
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These problems can be overcome by the use of a new device architecture where the interfaces
between the oxides are now vertical and perpendicular to the substrate as shown in Figure
2-1 B. Such systems, known as vertically aligned nanocomposites (VAN), self-assemble into
structures with vertical interfaces between the phases due to immiscibility of the two oxides.
The structure usually consists a set of pillars of one phase in a matrix of the second phase
but can also occur as a checkerboard pattern of the two phases. In such systems, since the
interface is vertical, we can increase the interfacial area by increasing the film thickness,
without an increase in the device area. Additionally, the strain between the two phases along
these vertical interfaces is controlled by the lattice constants of the individual phases and not
by the substrate, allowing the films to grow to large thicknesses without strain relaxation
occurring. The reduced area of each phase in contact with the substrate reduces the substrate
clamping effect that is seen in multilayer films. Thus, such a device architecture offers the
perfect system to control and manipulate the interface between two oxides to enhance the
magnetoelectric effect, as well as other properties through strain.

2.1.4

Materials in this thesis: perovskite-spinel nanocomposites

In this thesis we focus on such vertically aligned multiferroic nanocomposites. Specifically,
we work with two materials, a ferroelectric perovskite material, BiFeO3 (BFO) and a
magnetic spinel material, CoFe204 (CFO). The structure and properties of these materials is
discussed in Section 2.3, following a brief review of growth, structure and properties of
vertical oxide nanocomposites.
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2.2

Growth and morphology of nanocomposites

Two phase oxide nanocomposite system with vertical interfaces was initially reported in the
(Lao.67Cao.33MnO3)I-x.:MgOx (LCMO-MgO) system [19]. In 2004, a self-assembled system

of CoFe 2 04 (CFO) pillars in BaTiO 3 (BTO) was grown, exhibiting three-dimensional
heteroepitaxy [20]. This result is considered the starting point in the study of VAN films,
and lead to a large number of studies of similar self-assembled systems such as BiFeO3
(BFO)-CFO [21], [22], [31]-[40], [23], [41], [42], [24]-[30], BTO-CFO [20], [43]-[46],
BFO-NiFe 2O 4 (NFO) [47]-[49], BTO-NFO [50], BFO-MgFe2O4 (MFO) [49], [51], PbTiO 3
(PTO)-CFO [52]-[57], (Lao. 7Sro.3MnO 3)o. 5 (LSMO): ZnOo.5 [58]-[61] , BFO-Sm2O3 (SmO)
[59], [62]-[64], Lao.5Sro.5CoO 3 (LSCO)-Ceo. 9 Gdo.i Oi .95 (GDC) [65], Pb(Zr,Ti)0
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(PZT)-

CFO [66], (LSMO). 7 :Mn 3O 4 )o. 3 [67], LSMOo. 5 :(CeO2)o.5 [68], YBa 2Cu307.x/BaSnO 3 [69]
SrRuO 3 (SRO)-CFO

[70],

[71], Lao.8Sro.2MnO 3-6 (LSM)-Zro. 92 Yo.0 8 0 1.96 (YSZ)

[72]

PrBaCo 305 +8(PBCO)-GDC [73] and GDC-YSZ [74].
The epitaxy and the nature of the vertical interfaces in VAN films gives rise to several
interesting properties. A brief review of VANs is presented through sections 2.2.1 - 2.2.3.
The growth mechanisms and resulting morphology of the films are described in section 2.2.1.
The nature of the epitaxial interface and strain in the composite films are discussed in section
2.2.2. In section 2.2.3, the properties that manifest in VANs such as magnetoelectric
coupling and magnetic anisotropy, along with other interesting phenomena observed at the
interfaces, are discussed.
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2.2.1

Nucleation and growth of thin films

Depending on the miscibility of the two phases, VAN films show three main modes of
growth: nucleation and growth, spinodal decomposition and pseudo-spinodal decomposition
[75]. The dominant growth mode for a majority of the composite systems is nucleation and
growth, which we consider below. This occurs in systems consisting of two immiscible
phases where no solid solution exists between the phases. When the two phases are miscible
at high temperatures but not at lower temperatures, the phases can undergo either nucleation
and growth or spinodal decomposition.
The growth of VAN films by nucleation and growth is a result of free energy minimization
which includes surface and elastic energy minimizations. One way to determine the
morphology of the nanostructures is by considering the surface energy anisotropies of the
different phases [76]. The Winterbottom construction can be used to determine the shape of
the nucleus on a substrate [77]. This is schematically depicted in Figure 2-2.
Consider the CFO-BFO system, the CFO has an equilibrium shape of an octahedron bounded
by { 111 } surfaces while BFO has a cubic equilibrium shape bounded by {001} surfaces [21].
Due to this difference, the two phases form different morphologies and exhibit different
wetting behavior on different substrate orientations. On a (001) substrate BFO completely
forms the matrix phase, whereas CFO forms islands with { 111 } facets forming the pillar
phase. On the (111) oriented substrate, the BFO forms islands with { 100} facets resulting in
BFO pillars in a CFO matrix. On a (110) substrate, both BFO and CFO grow by island mode
forming a maze-like pattern. For each orientation, characteristic end and side facets are
obtained along with a specific orientation of the vertical interface between the phases [21].
On the (001) substrate CFO forms (111) type side facets with (001) end facet, while the
32

interfaces with BFO are {110}. On the (111) substrate, BFO has a (111) end facet, (001)
type side facets, and the {112} type planes form the interface with the flat CFO.
a

b

Z

subatrnft (001)

perovskte

spinel

subs#**a (111)

Figure 2-2 Schematic depicting the growth mechanism of perovskite-spinel nanocomposites. a)
Winterbottom construction b) equilibrium nuclei of perovskite and spinel with growth morphology
on a) (001) oriented substrates and d) (111) oriented substrates. Reprinted with permission from
Nano Lett., 2006, 6 (7), pp 1401-1407 Copyright 2006 American Chemical Society [76].

However, surface energy anisotropy cannot alone explain the morphologies obtained. In one
study, TEM images of CFO-BFO composites on a (001), (110) and (111) oriented STO
substrate, revealed faceting along the { 111} plane at the interface, which is consistent with
a minimization of elastic energy between the two phases [54]. This agrees well with a
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thermodynamic study which used phase field modeling to predict equilibrium morphologies
[78]. Further studies have shown that the film can be divided into two sections, the bottom
zone, where surface and interface effects dominate, leading to an inverted cone structure,
which gives way to vertical interfaces as film thickness increases and elastic energy effects
start dominating [55]. The vertical interfaces which appear to be { 110 } actually have { 111}
nanofacets, because it is the best atomic fitting interface between a perovskite and a spinel.
Knowledge of the dependence of the growth morphologies on surface energies and elastic
energies can allow us to tune the morphology of the composite by tuning the substrates used
and the misfit between the two phases. In the BFO-CFO system, the orientation and
morphology of the CFO phase was tuned to vary from the prototypical pyramidal pillar using
an STO substrate to a roof-like structure with a DSO substrate, and triangle platform shaped
with a NGO substrate [27]. The substrates are all pseudo-cubic but have different lattice
parameters, allowing strain control in the BFO, which lead to different morphologies in the
CFO. Using a spinel MgAl204 substrate results in growth of BFO nanogrids in a CFO matrix
[28]. Using a substrate such as NGO which has a high lattice mismatch with CFO (9%)
enables the CFO to fully relax both in-plane and out-of-plane and grow with { 111 } surfaces
in accordance with lowering of surface energy [36].
Finally, the size of the nanopillars is majorly limited by diffusion, and its size is equal to the
mean diffusion distance [21]. Thus the size of pillars can be controlled, and smaller pillars
are expected at high growth velocities or low temperatures, since adatoms cannot diffuse to
large distances.
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2.2.2

Controlling the strain state in nanocomposite films

The vertical interface present in these composites is at the heart of its functionality. A review
of the various modes of epitaxy of VANs is presented in this review [79]. Vertically aligned
nanocomposites exhibit three dimensional heteroepitaxy, each phase is epitaxial with the
substrate and there is epitaxy between the two phases [43]. In order for such a threedimensional epitaxy to exist, there should be sufficient lattice matching between the two
phases and the substrate. This epitaxy that exists at the vertical interface allows us to control
the state of the strain in the two phases upto a much greater thickness than possible for
bilayer/multilayer films [59]. For multilayer films, the strain state of the phases is decided
by the substrate. However, in vertically aligned nanocomposites, the strain is decided by the
vertical interface. For instance, LSMO is compressive out-of-plane on STO (001), but when
grown with ZnO, it exhibits tensile strain out-of-plane [59]. Similarly, in BFO-CFO
composites, BFO is tensile out-of-plane while the CFO is compressive out-of-plane since
the CFO unit cell is slightly larger than twice the unit cell of BFO [29]. Similar results have
been seen in other composite systems such as BTO-CFO [20]. In a typical perovskite-spinel
composite system, the spinel is under out-of-plane compressive strain, while the perovskite
is under out-of-plane tensile strain. In certain composites such as BFO-NFO, the strain is
found to be fully relaxed both in-plane and out-of-plane [47]. By appropriate selection of
materials and substrates [27], we can alter the strain state of the perovskite phase. For
example, by growing a BFO-SmO composite, where SmO has a lattice parameter of 10.92

A, we can change the state of strain in BFO to out-of plane compressive [64].
Studies have revealed dislocations present both at the vertical interfaces and between each
phase and the substrate which partially relax the strain [43], [68]. Composition and growth
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conditions can be used to tune the strain state of the composite. In some studies on BTOCFO composites, the dislocation density is seen to decrease with decreasing pillar size [80].
In BFO-SmO composites it was shown that the control of the strain state by the vertical
interface can be lost in cases where the deposition frequency is too low or when the volume
fraction of one of the phases is too high [64]. Lattice distortions can be adjusted by adjusting
the deposition frequency [60], [67]. In BFO-CFO composites, the strain of the pillars phase
increases with decreasing volume fraction of the pillar phase [26], [30]. Another parameter
that can enable strain tuning is the aspect ratio of the pillar phase [57].

2.3
2.3.1

Multiferroic properties of BFO-CFO
Magnetic anisotropy of CFO in BFO-CFO nanocomposites

CFO is known to crystallize as an inverse spinel. Spinels have two types of sites, tetrahedral
and octahedral. In a perfect inverse spinel structure, the Fe3 ions would be distributed
equally between the tetrahedral and octahedral sites, while the Co 2 + filled the remaining
octahedral sites.
An important aspect of the BFO-CFO system is the magnetic anisotropy of the spinel pillar
phase. The various contributions to anisotropy include magnetocrystalline, magnetoelastic,
shape and interface exchange anisotropy. The pillar phase is usually under compressive
strain for systems such as BFO-CFO [22], [29]. This results in a large uniaxial anisotropy
with easy axis along the out-of-plane direction. A number of studies attribute this large
anisotropy in CFO pillars to the strain in the pillars [20], [22], [83], [84], [28], [29], [34],
[49], [56], [70], [81], [82] . Although the strain in the CFO is not very high, the large negative
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magnetostriction of the pillars results in a large magnetoelastic anisotropy relative to the
shape anisotropy. In other spinel pillars such as NFO and MFO, the magnetostriction is lower
than that of CFO and the pillars are more relaxed in this case, leading to dominance of shape
anisotropy [49]. For thicker films, the shape anisotropy also increases due to increased aspect
ratio of the pillars and can be a contributing factor to the magnetic anisotropy along with
magnetoelastic anisotropy [35], [85] . Changing the pillar shape by temperature variations
or use of blocking layers can be used to tune the anisotropy [42]. Other studies suggest that
it is the interface coupling between an anitiferromagnet and a ferrimagnet called spin-flop
coupling which dominates the anisotropy [39]. Wang et al studied the anisotropy before and
after etching the BFO matrix in a BFO-CFO system and found that the anisotropy is
dominated by strain and not interface exchange [34], as confirmed by the decrease in
anisotropy on releasing the strain on the CFO by etching BFO. A study of templated CFO
pillars in BFO found using MFM studies that there was an equal preference for in-plane and
out-of-plane magnetization in the pillars, indicating that the anisotropy is a result of the
magnetocrystalline anisotropy of CFO [32].

2.3.2

Structure and properties of BFO

BiFeO 3 (BFO) is one of the few materials known to possess long range magnetic and
ferroelectric ordering at room temperature. It has a perovskite structure, stabilizing as a
rhombohedral perovskite with symmetry R3c in bulk [86]. It is a ferroelectric material with
a transition temperature ~ 100 K. The ferroelectricity arises as a result of the lone pair on
the bismuth ion. Additionally, it is a G-type antiferromagnet with TN= 640 K [87]. It also
exhibits a spiral magnetic ordering [88].
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Due to this remarkable co-existence of magnetic and ferroelectric ordering parameters at
room temperature, BFO has become one of the most widely studied materials in the past two
decades in the field of multiferroics and magnetoelectrics. Several comprehensive reviews
exist on the various aspects and applications of this diverse material, such as the electric
field control of various degrees of freedom in BFO [89], the strain induced transitions in
BFO [90], review of multiferroic properties of epitaxial BFO [91], the nature and
functionality of domain walls BFO [92] as well the recent research involving use of BFO in
photocatalytic technology [93].

2.3.3

Strain control of BFO structure

Of particular interest has been the remarkable strain control of the structure of BFO. In 2005,
Ederer et al [94] predicted an enhancement of the ferroelectric polarization in BFO due to
epitaxial strain, which was followed by experimental verification [95]. BFO is rhombohedral
in bulk, forming a perovskite structure distorted along a <111> direction known as BFO-R.
When grown on STO (001), the BFO grows with a small monoclinic distortion. BFO-R has
ferroelectric polarization along <111> and 8 domain variants, leading to 710, 109 and 180'
domain walls and complex switching behavior [96]. The discovery by Zeches et al [97] of
other polymorphs of BFO and the ability to control their growth via epitaxial strain opened
the possibility of stabilizing a tetragonally distorted form of BFO (BFO-T or T-like phases)
with high c/a ratio and polarization along [001], leading to a simpler switching process.
Growth on YAlO 3 , which has over 4.5% lattice mismatch with bulk BFO, yielded BFO-T,
whereas BFO-R grew on STO with ~1.45% lattice mismatch, and a mixed phase grew on
LaAlO 3 (LAO) with an intermediate lattice mismatch of ~2.8%. Further, an electrically
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switchable

morphotropic phase

boundary

existed between

BFO-R and BFO-T.

Subsequently, a large number of works have focused on tuning the structural properties of
BFO by using epitaxial stain as well as chemical strain, summarized here [90].

2.3.4

Modulating BFO in BFO-CFO nanocomposites

One of the main motivations for growing BFO-CFO nanocomposites with BFO-T is the
ability to control the ferroelectric properties of the nanocomposites, making it more suitable
for device functionality. For example, using BFO-T could lead to enhanced magnitude of
polarization as well as a rotation of polarization direction from <111> to <001>.
While single phase BFO with BFO-T structure has been extensively studied in literature,
only a few studies exist on the growth and properties of BFO-CFO nanocomposites with
BFO-T phase [98]-[100]. Dix et al [98] aimed to control the polarization of BFO in BFOCFO nanocomposites by using epitaxial strain to induce the growth highly tetragonal BFO,
leading to an OP [001] oriented polarization instead of in <111> directions. In their work,
they grow BFO-CFO on several different substrates including LaAlO 3 (LAO), LaNiO3
(LNO), STO, MgAl 20 4 and MgO, and only obtain BFO-T phase for their composites grown
on LAO and it shows [001] orientation. The presence of BFO-T precludes OP easy axis for
CFO, although the initial aim was to obtain OP BFO and OP CFO for feasible use in devices.
Dix et al followed up with another study, mapping the stabilization of BFO-T in single phase
versus BFO-CFO films on LAO [99]. They found that the temperature range in which BFOT was stable was larger than the temperature range for which it was stable in single phase
BFO films, suggesting that the strain of the vertical interfaces with CFO allows for epitaxial
stabilization of the BFO-T phase.
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Amrillah et al also studied BFO-CFO nanocomposites [100], comparing their growth on
STO versus LAO. They found strained CFO [111] grew with BFO-T and CFO [001] grew
with BFO -R. The presence of BFO-T decreased the anisotropy of CFO, in fact making it
fairly isotropic.

2.4
2.4.1

Magneto-electric coupling
Mechanism of coupling in oxide nanocomposites

In two-phase nanocomposites, strain at the interface is the primary driver for magnetoelectric coupling [22], [86], [111], [101]. This magneto-electric coupling is observed in
BFO-CFO composites and a schematic depicting the drivers of this coupling is shown in
Figure 2-3 (Ref [22]). In the as grown state, we expect an out-of-plane easy axis for the CFO,
as highlighted earlier in Section 2.3.1 due to the large magnetostriction coefficient of CFO,
supplemented by shape anisotropy. The BFO would have polarization that lies along <111>
directions. Applying an electric field would distort the BFO matrix, changing the stress
applied on the CFO, due to the interface. On switching the polarization state of BFO, the
CFO goes through a tensile stress, resulting in switching of its easy axis to in-plane. On
removing the electric field on BFO, the CFO will return to its original compressive strain,
and therefore changing its magnetic easy axis to the out-of-plane direction, switching the
magnetization to either of the out-of-plane directions (up or down direction) with equal
probability. This probability is equal owing to the lack of symmetry breakage between the
up and down direction in these nanocomposites.
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Figure 2-3 Schematic representation of the mechanism of magneto-electric coupling in BFO-CFO
(Reprinted with permission from Nano Left., 2007, 7 (6), pp 1586-1590. Copyright 2007 American
Chemical Society. [22])
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2.4.2

Dependence of coupling on materials properties

The magneto-electric coupling (ME coupling) process, as demonstrated in the previous
section, relies on the switching of polarization in the ferroelectric phase, the change in
anisotropy in the magnetic phase, and importantly on the transfer of stress between the two
phases through a well-connected interface. Therefore, it is reasonable to expect that the
properties of each phase (polarization or magnetization), their ease and ability of switching
independently, and the interface quality, would be strong determinants of the strength of
magneto-electric coupling.
Several theoretical studies have examined the effects of various materials and film properties
on the strength of the magneto-electric coupling of nanocomposites [102]-[107]. One of the
early theoretical studies established that the vertical morphology is indeed favorable for
obtaining an enhanced coupling, orders of magnitude larger than the expected coupling in
bilayered films [102]. Other studies identify the importance of choice of substrate [108],
composition of CFO [103], film thickness and mismatch strain [109], as well as the relative
volume fraction of the individual phases [110] on the magnitude of magneto-electric
coupling obtained.
These studies have provided us with a framework to understand and engineer ME coupling
in nanocomposites. The results of these studies indicate that an understanding and control
over various film parameters (e.g. residual strain, volume fraction thickness etc) is crucial in
the design of high magneto-electric coupling nanocomposites.
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2.4.3

Quantifying magneto-electric coupling

The ME coupling predicted for nanocomposites has been systematically studied both
qualitatively and quantitatively. Qualitative

evidence for ME coupling in oxide

nanocomposites was first observed in a BTO-CFO system as a drop or kink in magnetization
around the ferroelectric ordering temperature [20]. Subsequently, Zavaliche et al examined
the mechanism by utilizing scanning probe microscopy [22], [81]. By electrically poling a
region of a film of BFO-CFO and taking magnetic force microscopy images of the poled
section before and after applying a dc bias, they observed CFO pillars that had switched due
to ME coupling.
Following this qualitative evidence, the quantification of the ME coupling in these
nanocomposites has also been attempted in several cases, to improve and engineer ME
coupling based devices using a range of macroscopic techniques for self-assembled PZTNFO nanocomposites [111], BTO-CFO nanodots [112], different heterostructures of PZTCFO based nanodots [66], BFO-CFO nanocomposites [113], as well as BFO-CFO grown on
different orientations STO [25] and BFO-NFO nanocomposites [114].
The use of nanoscale techniques has allowed the magneto-electric coupling to be probed
locally, at the length scales of the magnetic pillars, and is usually accomplished by using
AFM based methods. The change in amplitude of ferroelectric response, measured by
Piezoresponse force microscopy (PFM) on application of magnetic fields has been utilized
to measure the coupling in core shell nanofibers of CFO-PZT [115], bilayered
nanocomposites [116], nanodots of layered BFO-CFO [117], BFO-CFO nanocomposites
[118] and BFO-CFO on flexible substrates [119]. A change in local amplitude of magnetic
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response, as measured magnetic force microscopy (MFM), has also been used to probe the
coupling in BFO-CFO nanocomposites [118].

2.5

Thesis goals

In the earlier sections, we have described the rich body of literature surrounding both the
growth as well as individual characterization of each phase of multiferroic magnetoelectric
materials, with BFO-CFO being the most well-studied class of such materials. The body of
work described in this thesis enhances our understanding of BFO-CFO nanocomposites, and
our ability to engineer and control the properties of these nanocomposites in order for them
to be used as multifunctional materials in device architectures.
Despite the rich literature in BFO-CFO based nanocomposites, there is no work describing
the magnetic interactions between the CFO pillars. This work is described in Chapter 4,
where we studied BFO-CoxNii-xFe2O4 nanocomposites where the pillar composition
CoxNii-xFe2O4 was varied over the range 0< x< 1, which alters the magnetoelastic and
magnetocrystalline anisotropy and the saturation magnetization. Using these templated
nanocomposites we demonstrated an understanding and control of the magnetic interactions
between the pillars. We developed an Ising model to predict the magnetic interactions
between pillars, incorporating a switching field distribution.
In order to further our ability to control the multiferroic properties of BFO-CFO
nanocomposites, we focused on developing methods to modulate the structure of BFO in
these composites. Although a large body of work has focused on the strain control of the
structure of BFO, very little work had reported on modulating the structure of BFO in BFO-
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CFO nanocomposites, its effects on the multiferroic properties of the system. We identified
and modulated various parameters during growth such as temperature, volume fraction,
conductive buffer layer and substrate orientation. We determined its effect on the structure
of BFO and multiferroic properties of the composite. This work is described in Chapters 5
and 6.
The primary interest in BFO-CFO nanocomposites arises from their unique multiferroic and
magnetoelectric properties. To further their applicability in multifunctional devices, a robust
quantification of the ME coupling in these nanocomposites are necessary, along with an
understanding of how magnetoelectric coefficient vary in films whose properties have been
systematically varied. In Chapter 7, we quantify the coupling in BFO-CFO and BFO-NFO
composites, where the latter owing to a lower magnetostriction of the NFO phase, is expected
to have a lower degree of coupling.
Finally, although PLD is the primary method of growth for BFO-CFO and similar oxide
nanocomposite, it is not an industrially compatible process. The ability to sputter such
nanocomposites would greatly increase the ability to manufacture such devices on an
industrial scale. In Chapter 8, we analyze the properties of sputtered BFO-CFO
nanocomposites and compare the structure and multiferroic properties of sputtered
nanocomposites to those of PLD grown nanocomposites. We attempt to further improve its
functionality by controlling the location of the CFO pillars in sputtered BFO-CFO
nanocomposites by using FIB based templating techniques.
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3 Methods
3.1

Growth of nanocomposites

Self-assembled oxide nanocomposites have been grown by a range of techniques including
pulsed laser deposition (PLD) [20], [21], [29], atomic layer deposition (ALD) [120] and
more recently sputtering [121]. For a major portion of this work, PLD was utilized, due to
the relative ease of obtaining stoichiometric complex oxide films of good epitaxial quality
with this approach. In this section, we describe the pulsed laser deposition technique,
including combinatorial PLD, a technique that allows high throughput deposition of multiple
films in a single run. We also describe the templating technique used to order the magnetic
pillars in regular arrays.
3.1.1

Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a versatile physical vapor deposition technique that sprung
to fame when its use enabled, for the first time, the deposition of superconducting oxide
YBa2Cu 30 7 with the high Tc, by D. Dijkkamp et al [122]. Since then it has become a widely
used research tool and has been used to deposit a large range of materials including oxides
(ferroelectric, multilayers, thermoelectrics etc), polymers and CNTs [123]-[125]. The ability
to deposit a stoichiometric complex oxide with relative simplicity makes PLD a popular
technique. A simple schematic of a PLD, elucidating the key components is given in Figure
3-1. A KrF excimer laser with 248 nm wavelength hits a ceramic target (made of the material
to be deposited as a film) and 'ablates' it with a ns pulse. When the high energy laser interacts
with the target material, several physical phenomena occur (including electronic and thermal
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interactions) causing the material being ablated in a plume. Detailed studies regarding the
interaction of the plume with the target can be found in other work [126] [127].

laser
substrate holder
quartz
window

substrate
plume
target
target

to vacuum pumps

crue

Figure 3-1 Schematic of Pulsed Laser Deposition (PLD) system

This plume then expands, resulting in deposition of the materials on the substrate of choice
(placed in the path of the plume). The plasma consists of various atomic species arriving
with high energy and a large supersaturation onto the surface of the substrate, allowing the

deposition of high quality epitaxial thin films. A more detailed discussion on the kinetics
and mechanisms of thin film the resulting thin film growth was provided in Sec 2.2.1. Unlike
evaporation deposition, ablation by the high energy laser results an increase of temperature
(of over 1000K) in seconds. This instantaneous expulsion of atomic constituents from the
target enables the stoichiometric deposition of complex oxides on a substrate [128]. The
chamber used can further be filled with either a background gas either inert (e.g. argon) or
reactive gas species (e.g. oxygen) which further aids in the creation of complex oxides.
Although it is common to fabricate and use ceramic targets of the exact materials
48

composition to be deposited, multiple targets can be used to allow simultaneous deposition
of multiple materials in a single film structure [29]. This enhances the capability of materials
which can be grown using the PLD technique to include multilayered films or as described
section 3.1.2, a combinatorial deposition technique to tune the composition of the film.

3.1.2

Combinatorial Pulsed Laser Deposition

Combinatorial pulsed laser deposition, as reported in Aimon et al [29] and Kim et al [129],
is a modified PLD approach wherein several nanocomposite films can be grown while
varying one film parameter in a high throughput manner. e.g. relative volume fraction of
individual phases, or composition of a phase). It exploits the low spatial uniformity of PLD
deposited films which results from the highly directional nature of the plume. The variation
of films with different properties is generated by varying the relative position of the targets
and substrate in the PLD setup. An approach to obtain a series of film with a graded change
in volume fraction is shown in Figure 3-2. When a target is placed under a linear arrangement
of substrates, there will be a graded change in thickness with distance away from the target.
By adding more targets, and placing them off-center with respective to the substrates, results
in films with graded volume fraction changes (variation in the composition of the phase can
be generated in a similar manner).
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* KrF Laser
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KrF Laser

KrF Laser
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Figure 3-2 An example of combinatorial pulsed laser deposition using 3 targets and three linearly
placed substrates. Using a combination of substrate rotation and off-center target placement, a
gradient in composition of CoFe2O 4 (CFO) versus NiFe 20 4 (NFO) can be obtained. Adapted with

permission from ACS Comb. Sci., 2012, 14 (3), pp 179-190 [129] Copyright 2012 American
Chemical Society.

3.1.3

Templating CFO nanopillars

Templating refers to the process of obtaining a regular arrangement of the magnetic CFO
nanopillars in the nanocomposite. This is achieved in a bottom-up fashion by patterning
'pits' on the surface of the substrate in the desired pattern (e.g. square array) using a focused
ion beam, as developed by Aimon et al [38]. This process is illustrated in Figure 3-3. Briefly,
focused ion beam (followed by acid etch) results in pits on the surface of the substrate (Figure
3-3, step 1 and 2). CFO (or other spinels) are deposited onto the surface and subsequently
annealed, allows the CFO nuclei to coarsen into the pits (Figure 3-3, step 3). CFO nucleates
preferentially into the pits due to the large mismatch in surface energy between spinels
(CFO) and the perovskite substrate.

Once these coarsened 'seed nuclei' of CFO have

formed, a small amount of BFO is deposited (Figure 3-3, step 4) to cover the intermediate
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areas (which it wets preferentially, since its perovskite structure matches with the substrate).
Subsequent deposition of BFO-CFO in a regular fashion allows the pattern of the seed layer
to be preserved (Figure 3-3, step 5).
5 - Composite
Growth

-

3 - CFO deposition

FIB patterning

4 - BFO
deposition
i;

"

2 - Acid etching

and annealing

*~

*6*

~

all scale bars correspond to 100 nm

Figure 3-3 Templating process to produce BFO-CFO nanocomposites with a regularly spaced pillar
phase. Reproduced from Ref [130]

3.2

Characterization

In this thesis, the materials made are characterized by various techniques in order to infer
the structure of the film and each phase grown and present, overall morphology of the
material and functional properties of the material, including magnetic and ferroelectric
properties. The sections below describe the different techniques and methods utilized
through the thesis for characterizing and inferring the properties of materials grown in the
thesis.
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3.2.1

X-ray diffraction (XRD)

XRD is used to understand the structure, strain and phases of the nanocomposite films. We
use two different XRD systems through this thesis. The High-Intensity Rigaku Smartlab
system, using a Ge (220x2) monochromator is used to obtain XRD long range 20-(o scans.
The position of peaks along with the systematic absences of peaks allows us to determine
the orientation of BFO or CFO. The displacement of the peak position from bulk values was
used to characterize the strain in the film. These are usually done in out-of-plane geometry
(sensitive to out-of-plane lattice parameter).
Further high-resolution analysis was performed on the Bruker D8, high resolution system. (p
scans were conducted to understand the epitaxial relationships between the different phases
in the film and the substrate. Reciprocal space maps were then used to obtain the in-plane as
well as out-of-plane strains of the different phases in the film.

3.2.2

Scanning electron microscope (SEM)

SEM allows us to obtain high resolution electron images of the material surface. In SEM, a
focused beam of electrons probes the material surface which results in various interactions
with the atoms of the material. The interaction of electrons from the focused beam and the
material being probed, result in the emission of electrons from the material with low
energies, known as secondary electrons (SEs). After enhancement and detection, these SEs
form the basis for a typical SEM image. Since, topographically higher points on the sample
appear brighter an SEM image allows for a 3-D reconstruction of the material surface. In
this thesis, a Helios 600 dual-beam microscope was used to obtain SEM images of the films,
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in order to understand the morphology of the nanocomposites. In addition, the SEM topview images were used to calculate the volume fraction of the magnetic CFO pillars (using
an Image Analysis software ImageJ). This system was also equipped with a focused ion
beam (FIB), which was utilized for cross-section analysis of the thin-films, as well as for
templating the CFO nanopillars.

3.2.3

Magnetic hysteresis

A vibrating sample magnetometer (VSM, ADE model 1660) was used to collect magnetic
hysteresis loops at room temperature for all films in this thesis. By adjusting the orientation
of the film with respect to the fixed magnets, we obtained hysteresis loops in the plane of
the film (in-plane, IP), perpendicular to the films surface (out-of-plane, OP), or at any other
chosen angle with the film between 0' and 90'.

3.2.4

Scanning probe microscopy (SPM)

SPM techniques are used throughout this thesis to probe the nanoscale characteristics of the
nanocomposite thin films. In SPM based techniques, a physical probe is used to scan the
surface of the film, in order to extract information such as (but not limited to) topography,
magnetic properties and various electric properties. In this thesis, we use atomic force
microscopy (AFM) and variations of AFM. These are described below in the context of
characterizing the nanocomposites.
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3.2.4.1 Atomic force microscopy (AFM)
In AFM, a probe (a sharp nanoscale tip fabricated on a Si cantilever) is used to scan the
surface of the film, detecting atomic forces between the probe and the film surface [131]. As
the tip moves over the sample surface, it deflects based on the magnitude of atomic forces.
A laser spot is focused on the top of the tip, so that the deflections of the tip can be measured
through the deflections of the reflected laser spot onto a photodetector. A schematic
representation of an AFM is shown in Figure 3-4.

-Fee.bc

Photodiode
Laser

Cantiliever
& Tip

Sample Surface

PZT
Figure 3-4 Schematic representation of the functioning of an Atomic Force Microscope (AFM).
Source Wikipedia.

Using a feedback mechanism, either the height of the tip above the surface or the force
between the tip and the surface can be kept constant. The topography of the surface and the
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roughness of film surfaces can therefore be defined in an accurate manner using AFM, by
measuring surface scans of different regions of the film. Since it relies on the ability of the
tip to track on the surface through varying topography, high roughness films can damage the
tip or make it harder to get an exact mapping between the actual surface and the AFM scan.
3.2.4.2 Magnetic force microscopy
Magnetic force microscopy (MFM) is a variation of the tapping mode AFM using a tip with
a magnetic coating, thereby enabling measurements sensitive not only to the topography of
the surface, but also the magnetic stray fields. As the magnetic tip passes over the surface,
the tip responds to both magnetic stray field gradients and to the changes in atomic forces.
In order to separate the topography and magnetic signal, each line is scanned twice, the
second being greater than 10 nm above the first scan. This results in the deconvolution of
the two signals, with the first detecting both the topography and magnetic signal and second
only detecting the stray magnetic field gradients. Since magnetic forces are longer range than
atomic forces, this 'lift mode' works well to prevent cross-talk between the magnetic v/s
topography signal. The magnetic information is then stored in the phase image which show
a bright or dark contrast that corresponds roughly to repulsive or attractive forces between
the tip and film, allowing us to understand the orientation of the magnetic domains. A Veeco
Metrology Nanoscope V probe microscope using Bruker MESP-RC and MESP-LC probes
(tip radius <50 nm) were utilized for these measurements and are majorly described in
Chapter 4.
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3.2.4.3

Piezoresponse force microscopy

Piezoresponse microscopy (PFM), also sometimes referred to as piezo-force response
microscopy is a technique that probes the piezoelectric response of a film. In this technique,
a conductive AFM tip is used and an AC voltage (drive voltage) is applied as the tip is
scanned on the surface. This drive voltage causes the piezoelectric sample to either expand
or contract (direct piezoelectric effect). This expansion or contraction is measured as a
deflection of the tip. The PFM amplitude image indicates the magnitude of this deflection,
whereas the PFM phase image reflects the direction of deflection, therefore it tells us the
direction of the polarization at the nanoscale [132]. In this thesis we use a Veeco Metrology
Nanoscope V for PFM measurements in Chapter 5 and an Asylum Cypher is used for vector
PFM measurements in Chapter 6.

3.2.5

Magneto-electric coupling

In this thesis, magnetoelectric (ME) coupling between the BFO and CFO in the
nanocomposite films is measured at the nanoscale using PFM while applying in-situ
magnetic fields in the in-plane direction of the film with the aid of an MFP-3D system. This
system utilizes a permanent magnet whose orientation relative to an iron core can be changed
by a motor, to apply magnetic fields upto 2500 Oe, in the plane of the films being measured.
The use of a motor is preferred to use of an electromagnet which could interfere or add noise
to the measurement via the PFM. Once a set field is reached, the motor can be switched off,
thus allowing low noise measurements.
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ME coupling can then be measured as a change in amplitude of piezoresponse for changes
in the applied magnetic field. In order to accurately quantify the resulting coupling, we rely
on an accurate characterization of ferroelectric response and avoid artefactual interpretation
of ferroelectric behavior. For instance, response curves which are considered typical
behavior for ferroelectric materials, namely butterfly amplitude and square phase loops have
been obtained on non-ferroelectric films (including amorphous films) [133]. One robust test
for the presence of the ferroelectric loops relies on varying the drive amplitude of the PFM.
While the collapse of the loops is expected when the drive amplitude exceeds coercive
voltage for ferroelectrics, non-ferroelectric films are expected to not show this effect since
electrostatic cycling majorly responsible for the resulting cyclical behavior. Therefore, after
engaging the tip, we utilized this test to ensure we observed true ferroelectric behavior and
used the breakdown voltage to select the correct driving voltage to use for the experiment.
The drive voltage is kept low to avoid tip damage as well as ensure more uniform response.
In order to quantify the amplitude response in PFM, it is essential to convert the amplitude
measured in my (deflection measured in mv) to picometers (pm), which represents the
amplitude of the actual deflection of the surface. In order to do so, we need to calibrate the
instrument, and quantify the Amp INVOLS or the sensitivity of the tip displacement. This
was achieved via a thermal tune to obtain a value for mv/pm.
PFM amplitude loops are obtained at the same position, at zero field and increasing in-plane
magnetic fields up to 2500 Oe. Specifically, a DC bias is applied as a triangular waveform
and PFM amplitude and phase loops are obtained while the DC bias is on, as well as a short
interval where it is switched off (these correspond to PFM on versus PFM off curves
respectively).
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4 Magnetostatic interactions in BFO-CFO
nanocomposites

Self-assembled vertically aligned oxide nanostructured films consisting of magnetic pillars
epitaxially embedded in a ferroelectric matrix have been widely studied as two-phase roomtemperature magnetoelectric multiferroics [6], [61]. Electric-field-assisted switching of
"nanomagnet" pillars has been demonstrated using local probe microscopy [81] utilizing the
indirect magnetoelectric effect mediated via strain at the vertical interface between the two
phases[20]. The development of templating techniques [37], [38], [40], [134], which yield
control over the locations of the pillars at pitches of 44-100 [38], [40], 100-200 [134], and
200-300 nm [37], could enable applications such as low-power, high-density memory
storage devices as well as logic devices based on magnetic quantum cellular automata
(MQCA) [135], including the device proposed in ref [136]. This is the subject of the current
chapter.
MQCA devices rely on magnetostatic interactions between the magnetic pillars, and it is
therefore imperative to control the switching field of the pillars and the geometry of the array
such that magnetostatic interactions can cause reversal. Furthermore, magnetostatically
interacting vertical nanocomposite films could provide model electrically switchable
systems for studies of frustration in artificial spin ice structures [137] and other fundamental
physical phenomena, for example by templating the nanomagnets on a hexagonal or Kagome
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lattice. This could facilitate study of interactions in a many-body spin system as well as
exploration of magnetic monopoles or entropic effects [138].
There has been extensive study of arrays of magnetostatically interacting nanomagnets with
an out-of-plane anisotropy axis [139]-[142], directed toward applications in high density
patterned recording media. However, the effects of magnetostatic interactions have not been
systematically examined in oxide nanocomposites comprising magnetic pillars, due to their
larger switching fields and the difficulty in fabricating regularly spaced pillars. The most
commonly studied nanocomposite system consists of pillars of ferrimagnetic spinel cobalt
ferrite (CoFeO 4 , CFO) in a ferroelectric perovskite, bismuth ferrite (BiFeO 3, BFO) matrix,
grown on a (100) strontium titanate (SrTiO3 , STO) single-crystal substrate. The CFO pillars
have coercive fields of 1.3 to 8 kOe [33], [45], [143], [144] originating from the combination
of shape, magnetoelastic, and magnetocrystalline anisotropies. The compressive strain in the
out-of-plane direction in the CFO due to epitaxial mismatch with BFO (the bulk lattice
parameters are

CCFO,

where cCFo/2 = 4.196 A [145], and cBFO 4.06 A) [97] at the vertical

interfaces results in a large magnetoelastic anisotropy in CFO, owing to its high negative
magnetostriction coefficient. This anisotropy, combined with the shape anisotropy of the
elongated pillars, leads to an out-of-plane magnetic easy axis. The nearest neighbor
interaction field, based on pillar geometry, magnetization, and spacing, is expected to be an
order of magnitude lower than the measured switching fields, and therefore magnetostatic
interactions are typically not strong enough to reverse the pillars in CFO-BFO
nanocomposites. Reversal driven by magnetostatic interactions has been observed in the
presence of an electric field, which is assumed to alter the strain in the pillars due to the
deformation in the piezoelectric matrix, lowering their anisotropy [22], [81], [143].
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In this chapter', we start by discussing the systematic control of magnetic anisotropy in BFOCFO system, brought about by changing the composition of the magnetic pillars from pure
CFO to pure NFO, and the resulting impact on magnetic properties in section 4.1. In section
4.2, a dipolar model is used to predict the compositions at which nearest neighbor magnetic
interactions exceed the individual pillar switching field. In 4.3, we experimentally observing
checkerboard patterns in MFM, characteristic of dominant magnetostatic interactions. In 4.4
an Ising model is used to model these interacting arrays and explain the experimental results.

4.1
4.1.1

Systematic control of magnetic anisotropy by materials selection
Comparison of CFO versus NFO

In order to produce a strongly interacting system, it is necessary to reduce the anisotropy of
the pillars without compromising the magnitude of the magnetostatic interactions, which
scales with the magnetization of the material. Therefore, we need a material that is softer
than CFO, but has otherwise similar magnetization. NiFe204 (NFO) is an inverse spinel like
CFO. The anisotropy of NFO is an order of magnitude lower than that of CFO, in general.
CFO

has

magnetocrystalline

[146], whereas K 0o= -0.7

magnetostriction,

OO1],CFO

=

x

anisotropy K ,CFO =

[149]. A high anisotropy field between

-

to

6.5)

x

106

cm3

erg

[147]. Moreover, CFO has a much higher

101 erg cm-

(-250 to -590)

(1.8

x

10-6

[148],

compared to X001,NFO =-45.9

x

10-6

11 and 22.6 kOe has been reported in CFO-BFO

nanocomposites, whereas BFO-NFO nanocomposites had an anisotropy field of -1.7 kOe
[49]. NFO has a saturation magnetization of -270 emu cm- [150] compared to -400 emu

' The work done in this chapter was published in Ojha et al, ACS Nano, 2016, 10 (8)
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cm-3 for CFO [150], and its bulk lattice parameter is

CNFo/2

= 4.167 A [145]. Since NFO has

a comparable magnetization to CFO, along with a reduced anisotropy, it is a good choice for
this study. The spinel pillars in this experiment were made with composition CoxNii-xFe2O4
(CNFO) varying between CFO and NFO. Nanocomposite CNFO-BFO films were deposited
on single-crystal (001) STO substrates from BFO, CFO, and NFO targets using pulsed laser
deposition (PLD). In each case, the ferroelectric phase consisted of BFO, while the
composition of the spinel phase was varied between pure CFO and pure NFO by changing
the number of pulses used to ablate the targets.
Previously, studies for bulk ceramic CNFO have found that as we increase Co
concentration x, 0 < x

0. 8, the lattice parameter varied approximately linearly [151] . The

saturation magnetization increased with x superlinearly in bulk ceramic CoxNi,-Fe 204
[151] and approximately linearly in nanocomposites [152] and nanoparticles [153]-[155].
The magnetocrystalline anisotropy increased linearly with x measured in the range 0 < x < 1
[146] and 0 <x < 0.12 [156]. Next, we see how the properties of CNFO-BFO vary with
composition.

4.1.2

Morphology and thickness

In order to maintain the relative volume fraction of BFO: spinel in all films varying from
pure CFO to pure NFO with BFO, the number of pulses in the PLD process was calibrated
from the growth rates of films made from single targets. There was a 20% areal coverage of
CFO pillars when the ratio of the number of pulses for the targets of CFO:BFO was 5:20,
whereas for 20% areal coverage of NFO pillars the pulse ratio NFO:BFO was 3:20.
Intermediate pillar compositions were made by varying the ratio CFO:NFO:BFO while
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maintaining 20% pillar volume fraction. Cation diffusion during growth is expected to
produce pillars with uniform distribution of Co and Ni.
The morphology of columnar spinel pillars in a perovskite matrix on STO (100) is
maintained across all compositions as seen from the top-view SEM images shown in Figure
4-1, consistent with prior work [48], [76].

a)Co ,Nij_.Fe2O4
010BF

100

Figure 4-1 Top-view SEM images of CoxNii-xFe2 O4-BFO nanocomposites grown on an STO (001)
substrate with (a) x = 1, (b) x = 0.8, (c) x = 0.6, (d) x = 0.4, (e) x = 0.2, and (f) x = 0.
The macrofacets between the spinel and BFO lie along the (110) directions. Previous TEM
studies on BFO-CFO nanocomposites revealed the columnar nanostructured morphology of
CFO in BFO and the absence of interdiffusion of Co and Bi ions between the two phases
[38]; therefore interdiffusion between CNFO and BFO is not considered to be significant.
Additionally, electron diffraction measurements show that both phases are epitaxial with the
substrate and with each other [38]. The pitch (distance between nearest neighbor pillars)
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follows a Gaussian distribution with the mean value varying between 36 and 45 nm
depending on the composition of the spinel phase. Results from image analysis and film
thickness measurements are given in Table 4-1.

Table 4-1: Geometry and coercivity of CNFO-BFO arrays with different spinel compositions.

Coercivity
H, Oe

Switching
field
distribution
a

nominal
composition

Film
Average
Area
nm Thickness,
coverage of Pitch,
nm (error)
(standard
pillars, %
deviation)

x=

19.9

44.7 (12.4)

61.0 (2.9)

1132

1.3

x=0.8

22.8

43.0(11.6)

62.1 (1.7)

1619

1.2

x=0.6

21.8

36.3 (13.1)

57.8 (4.3)

1221

1

x=0.4

18.7

44.5 (13.6)

55.1 (2.8)

942

1

x=0.2

20.5

36.9 (10.2)

53.9 (1.2)

429

0.7

x=0

20.1

38.1 (11.4)

58.2(3.4)

154

0.3

CoxNii.
xFe204-BFO,
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4.1.3

Strain and magnetic hysteresis

Figure 4-2 summarizes the magnetic properties and the strain state of the nanocomposites as
a function of composition.
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Figure 4-2: Composition-dependent properties of CoxNijxFe 204-BFO nanocomposites. (a) Highresolution XRD 0-20 scan showing peaks for spinel and perovskite. The approximate peak location
is indicated to show the trends. (b) Out-of-plane magnetization loops measured using a vibrating
sample magnetometer. The inset shows a wider field range for x = 1 and x = 0. (c) Out-of-plane
lattice constants in the spinel and BFO, as well as the coercivity plotted as a function of composition.
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High-resolution X-ray diffraction data shows the (002) peaks of the substrate and the BFO
and (004) of the CNFO (Figure 4-2 a) for all samples. As expected from the larger bulk
lattice parameters of the spinels compared with BFO, the spinel pillars were all under a small
compressive out-of-plane strain compared to bulk values, but the BFO was under a tensile
out-of-plane strain of approximately 1%, which changed little with composition of the spinel
phase (Figure 4-2 c).
As the proportion of Co in the spinel phase decreased, the faint spinel peak shifted to higher
angles. In contrast, an earlier report on BFO-NFO composites found the NFO to be almost
fully relaxed [48], but those samples were grown under different deposition conditions and
with a higher volume fraction of 35% NFO, which could account for a different strain state.
The experimental data for the out-of-plane field show a decrease in both the magnetization
and the coercivity as Ni replaces Co in the CNFO (Figure 4-2 b). The in-plane hysteresis
loops are shown alongside the out-of-plane loops for each composition in Appendix A.

4.1.4

Anisotropy calculations

We consider three contributions to the magnetic anisotropy of the spinel pillars:
magnetoelastic, magnetocrystalline, and shape anisotropies. Field-cooling experiments
showed no measurable exchange bias between the antiferromagnetic BFO and the CFO
[143], and the magnetic moment of BFO is negligible compared to that of CFO. There have
been diverging reports of which anisotropy term dominates in CFO-BFO nanocomposites
[29], [39], but in our previous studies, the dominant factor was the magnetoelastic
contribution [29], [49]. The shape anisotropy Ksh of a cylindrical pillar with a diameter of 20
nm and a height of 60 nm can be found by approximating to a prolate spheroid [157]. This
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gives an anisotropy field of HS,= 2KSh/M, = 1.15 kOe for NFO and 1.70 kOe for CFO based

on

their

bulk M values.

The magnetoelastic
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where E, is the strain tensor and a, are the direction cosines of the magnetization. The
anisotropy is then given by the difference between the energy terms for the in-plane [100]
and out-of-plane [001] magnetization directions, i.e., K.e = B 1(E1 00 - Eool). We assume that the
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where boi is the magnetostriction

(c 1 1 -c 1 2 ) [158].We estimate the strain coo, from the

difference between the measured out-of-plane lattice parameter and the bulk lattice
parameter, giving COOICFO

0.0013 and

OONFO

0.002. For NFO, YNFO = 159 GPa, c, = 273.1

GPa, and c 12 =160.7 GPa, whereas for CFO YCFO = 141.6 GPa, c, =257.1 GPa, and c 2 =150
GPa [145]. We obtain HKme = 4.7-11 kOe for the CFO-BFO nanocomposites and HK,e = 2.1
kOe for NFO-BFO. Finally, although the magnetocrystalline anisotropy energy K, increases
with Co content, the cubic symmetry means that magnetocrystalline anisotropy cannot
account for differences between the in-plane and out-of-plane directions.
The anisotropy field, measured by linearly extrapolating the in-plane (hard axis) hysteresis
loop to saturation, decreased gradually from pure CFO (-8.6 kOe) to pure NFO (-3.5 kOe),
illustrating that varying the composition of the spinel pillars is an effective way to tune the
anisotropy of the composites. The values agree broadly with the anisotropy field calculated
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above from the sum of shape and magnetoelastic anisotropies (6.4-12.7 kOe for CFO-BFO
and 3.4 kOe for NFO-BFO).

4.2
4.2.1

Selecting a composition with dominant magnetostatic interactions
Dipolar model to estimate interaction field

To assess the importance of magnetostatic interactions in the reversal process of the pillars,
we compare Hc with the nearest neighbor interaction field H. Using a dipolar-interaction
model similar to those used in previous work [159][160], the nearest neighbor magnetostatic
interaction field between two pillars spaced p apart is given by Hi = MV/p 3 where V is the
volume of the pillar. This model treats the stray field as originating from a point dipole rather
than from a prism, but at the distance of the nearest neighbors, the difference is small. In a
square array of dipoles the maximum interaction field is 9H, [161]. The M, values of
intermediate compositions were interpolated as a weighted mean of that of CFO and NFO to
obtain Hi. Figure 4-3 a shows the calculated 9Hi vs the pitch p.
The pitch was varied from 50 to 100 nm for a fixed volume fraction of pillars of 20 vol
%, i.e., /p = 0.45 where / is the length of the edge of a square pillar. At a CoxNi
,Fe 204 composition of x = 0.2, where Hc = 429 Oe, 9H, > Hc at a pitch of 83 nm or smaller.
The estimates of H can be used as guidance to select a composition and geometry for a
strongly magnetostatically interacting square array of pillars such that 9Hexceeds H,; for
example, templated samples with x = 0.2, p < 83 nm, and a spinel fraction of 20 vol % are
predicted to be strongly interacting.
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Figure 4-3: (a) Calculated maximum magnetostatic interaction field (9 times the nearest neighbor
interaction field) as a function of pitch for square arrays of pillars of CoxNil-xFe204 with 0 < x <
1. The pillar volume is fixed at 20% of the film volume. The interaction field varies with composition
because the saturation magnetization increases slowly with x. The coercivities for untemplated
samples of x = 0, 0.2, and 1 are shown on the left axis. (b-f) Top-view SEM of templated
CoO.2Nio.sFe 2 O4-BFO nanocomposites with pitches of (b) 44 nm, (c) 67 nm, and (d) 83 nm. (e)
Topographic AFM image of templated Coo.2Nio.8Fe 2

4-BFO

nanocomposite with p = 83 nm. (f)

MFM image of sample in (e) with an outline of the pillars overlaid, showing the presence of a
"checkerboard" magnetic orientation.
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4.3
4.3.1

Experimental observation of interactions by scanning probe microscopy
Templating CNFO-BFO

The variation in size and spacing of pillars in untemplated samples, as seen in Figure 4-1,
precludes observations of correlations in the direction of magnetization of the pillars caused
by magnetostatic interactions. Instead, nanocomposites with pillars of the selected
composition Coo.2Nio.8Fe2O 4 were templated into square arrays with p varying between 44
and 100 nm using a procedure published elsewhere [38], in which the nucleation sites of the
pillars were determined by pits made using a focused ion beam on a Nb-doped STO
substrate. Figure 4-3 b-d shows example of top-view SEM images for templated composites
with different pitches. This templating procedure was shown previously to yield similar
coercivities and strain states compared to untemplated nanocomposites [143].

4.3.2

Observing interactions using MFM in demagnetized films

The influence of magnetostatic interactions can be seen in the formation of a ground state by
ac-demagnetization consisting of a characteristic "checkerboard" pattern of dipoles [139],
[161], where the magnetization of each pillar is oriented antiparallel to that of its four nearest
neighbors. The magnetic state of the arrays was visualized using magnetic force microscopy
(MFM), which showed clear light or dark contrast for each pillar indicating up or down
magnetization, with no evidence of multidomain states. ac-Demagnetization was carried out
in the out-of-plane direction, by applying a field of 10 kOe in the out-of-plane direction and
alternating the direction in which the field is applied while simultaneously decreasing the
magnitude of the field by a factor of -0.95 for each step until the field approached zero.
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Regions of checkerboard as well as regions of uncorrelated magnetization directions were
observed. An example of a 3 x 3 checkerboard in an array with p = 83 nm is given in Figure
4-3 e and f. Figure 4-4 shows the binary representations of the experimentally obtained
MFM data from the sample of Figure 4-3 e and f in which the up or down pillars are
represented by black or white squares. The red outline shows the 3 x 3 checkerboard of the
sample in Figure 4-3 e and f. Even though the nanocomposite was designed to exhibit
dominant magnetostatic interactions, the modest fraction of checkerboard structures
suggests that other factors, in particular the switching field distribution, disrupted the
formation of the ideal ground state.

Figure 4-4 Binary representation of experimentally obtained MFM shown in Figure 4-3 f
4.3.3

Extracting switching field distribution

The distribution in switching fields of the individual pillars can be attributed to both
magnetostatic interactions between the pillars and intrinsic differences in shape, size, and
strain state of the individual pillars. We characterize this switching field distribution by a
parameter Y defined as the width of a Gaussian function fitted to the switching field
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distribution (i.e., to the derivative of the major hysteresis loop) divided by the
coercivity H obtained from the major hysteresis loop, as shown in Figure 4-5. Y increased
with Co content, from 0.3 for NFO-BFO to 1.3 for the CFO-BFO sample (Table 4-1).
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Figure 4-5 Example hysteresis loop and its derivative dM/dH. This loop is fit to a Gaussian
distribution a.

4.4

Modeling interactions between nanomagnetic pillars

4.4.1

An Ising model of magnetostatically interacting pillars

To quantify the impact of switching field distribution on the areal coverage of checkerboards,
we construct an Ising model of a magnetostatically interacting array of 15

x

15 dipoles

forming a square grid with a distribution of switching fields. We analyze the correlations of
only the inner 10

72

x

10 dipoles to avoid boundary effects.

4.4.2

Simulating major hysteresis loops and ground state

The major hysteresis loop is obtained when the pillars are initially saturated in the out-ofplane direction by application of +10 kOe followed by a step-by-step reduction in field until
negative saturation. A pillar switches when the applied field plus the stray fields of its first
five sets of nearest neighbors, at spacing p, 2p, 2p, J5p, and 2I2p, exceeds its switching
field. The net magnetization at each field step is found from the difference between the
numbers of up and down magnetized pillars.

4.4.3

Role of switching field distribution in degrading ground state correlations

If the pillars had a uniform switching field (here 429 Oe) and the magnetostatic interactions
were set to zero, a square loop was produced without shear, loop A in Figure 4-6 a. Where
the pillars were strongly interacting but had uniform switching fields the hysteresis loop was
sheared due to the magnetostatic interactions between pillars, loop B. If the interacting pillars
had a Gaussian distribution of switching fields, a greater amount of loop shear was evident,
increasing with T.

In addition to producing shear in the major loop, the switching field distribution hindered
the formation of the nearest neighbor antiparallel ground state. To determine the extent of
checkerboard pattern as a function of cy, an ac-demagnetization process was applied starting
at a field of 10 kOe in the out-of-plane direction, multiplying the field by a factor of -0.95
for each step, and calculating the magnetic configuration at each field step. Once the field
reached 0 Oe, we count the number of pillars that have 6, 7, or 8 of their 8 nearest neighbors
in the correct configuration to form a checkerboard.
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Figure 4-6 (a) Simulated hysteresis curves for Coo.2Nio. 8Fe2O 4-BFO nanocomposite considering both
interacting and non-interacting pillars and various switching field distributions parametrized by a.
(b) Fraction of checkerboards obtained as a function of switching field distribution with 6, 7, or all 8
perfectly ordered neighbors. (c, d) Examples of two checkerboards obtained after demagnetization

with (c) a = 0.0025 and (d) a = 0.75, with regions of 8 perfectly ordered neighbors highlighted in
red.
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The fraction of pillars with 6, 7, or 8 correct neighbors is plotted vs G in Figure 4-6 b, along
with examples in Figure 4-6 c and d. For very small values of a = 0 or 0.01, a perfect
checkerboard pattern was obtained, but the checkerboard state became less prevalent with
increasing (Y.

In order to rule out the role of random chance in the formation of checkerboard patterns, we
simulated a 15

x

15 array and randomly assigned either 0 or 1, indicating either an up or

down orientation of magnetization. We then count the fraction of pillars with 6, 7, and 8
perfect neighbors within the central 10

x

10 array. On repeating this over a large number of

attempts, we obtain a fraction of 0.15, 0.03, and 0.0041 for 6, 7, and 8 perfect neighbors,
respectively. This is much lower than the model prediction in Figure 4-6 b (as well as lower
than the experimentally obtained values), proving that interactions are essential in generating
the checkerboards.
This result from the simple model explains why only partial regions of checkerboard states
were experimentally observed in the ac-demagnetized templated samples. For the sample
with x = 0.2 and p = 83 nm the percentage of the sample showing checkerboards was
extracted from the experimental MFM data (shown in a binary form in Figure 4-4) and was
0.15, 0.09, and 0.07 for 6, 7, and 8 perfect neighbors, respectively. This can be compared
with the prediction of the Ising model for c = 0.7, corresponding to the switching field
distribution measured from the untemplated sample with x = 0.2. The model predicted a
fraction of checkerboards of 0.53, 0.35, and 0.19 (+0.1) for 6, 7, and 8 perfect neighbors,
respectively.
The smaller than expected fraction of the ground-state pattern in the experiment suggests
that the model does not capture all the sources of variability between the pillars. Indeed, we
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would have expected the experiment to show better correlation than predicted from C = 0.7
because the templated pillars are less variable in their size and spacing than the untemplated
pillars. On the basis of fitting the distribution of pillar areas to a Gaussian, for the
untemplated sample the width of the distribution divided by the average pillar area was 0.5,
whereas it was 0.35 for the templated sample, suggesting a smaller C for a templated sample
than an untemplated sample with the same volume fraction and composition. The
distribution of pitch and area of the pillars for untemplated and templated sample are given
in Appendix A. The large distribution is attributed to the variations in height and size of the
pillars, as can be seen in Figure 4-3 b and c. This would lead to a spread in not just the
switching field but in the stray fields of the pillars. In other particle systems comprising
square arrays of electrodeposited metallic nanomagnets with Y < 0.25, larger fractions of
checkerboards were observed [139], [162].

4.5

Conclusions

CoNiFe 2 O4-BiFeO 3 nanocomposites were made across the range of compositions 0 < x <1. The anisotropy of the spinel phase was systematically decreased by substitution of Ni into
CFO, accompanied by a modest drop in saturation magnetization. At the Ni-rich end of the
series, the magnetostatic interaction between the pillars exceeds the average switching field
of the pillars. Templated nanocomposites consisting of a square array of pillars showed a
checkerboard pattern of magnetization after ac-demagnetization, confirming the existence
of dominant magnetostatic interactions. However, the distribution of switching fields of the
pillars degraded the long-range-ordered configuration. This was modeled by considering a
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square lattice of magnetostatically interacting dipoles with a distribution of switching fields,
which showed that an increase in the switching field distribution reduced the fraction of
pillars with antiparallel nearest neighbors. Switching field distributions therefore degrade
the functionality of a device based on magnetostatically interacting pillars, and in order to
have reliable device performance, we need to minimize these distributions through
templating and growth of the self-assembled nanocomposite so that the system behaves in a
predictable manner. Varying the composition of the pillars provides independent control of
anisotropy and magnetostatic interactions, which will be useful in investigations of
magnetically interacting arrays, artificial spin ice structures, and magnetic frustration, as well
as for magnetic quantum cellular automata devices.
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5 Tuning the structure of BFO in BFO-CFO
nanocomposites
5.1

Motivation

In the previous chapter, we focused on systematically changing the magnetic anisotropy of
the nanocomposites. In this chapter, we turn our focus to the ferroelectric phase BFO. Single
phase BFO has been widely studied in the past decade due to the ability to tune its structure
and properties by strain engineering [90], [163], [164]. Strain has been used to achieve
control over its structure and polarization [164], domains [165], amplitude of polarization as
well as ease of switching the polarization [166] and thermal properties [167] . It is essential
to understand and control these functional properties, if such a material is to be used reliably
in electronic devices.
In the context of BFO-CFO nanocomposites, where strain plays a critical role in determining
the functional properties of the individual phases [168], as well as in the magneto-electric
coupling between them [22], the strain tuneability of BEG provides some interesting
prospects. Using large compressive strains or chemical substitution has allowed the
stabilization of a high c/a ratio structure in single phase BFO (referred henceforth as BFOT, in accordance with convention in literature), allowing a rotation of polarization from the
<111> to the [001] direction [169]. LaAl0 3 (LAO) crystal substrate has been used to stabilize
BFO-T, compared to SrTiG 3 (STO) which results in the growth of BFO with c/a ~1 [163].
Stabilizing this BFO-T phase in BFO-CFO could result in a multiferroic with out-of-plane
easy axis for both CFO and BFO. Although BFO-T has been previously studied in the
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context of BFO-CFO nanocomposites [98], [170], no ferroelectric measurements were
published, which means that the ferroelectric nature of BFO-T in BFO-CFO remains
unknown. Additionally, the crystal orientation of CFO that stabilized in the presence of
BFO-T is CFO (001) and CFO (111) respectively in the studies by Dix et al [1] and Amrillah
et al [2], however there is no study that clarifies the origin of these differences. The
orientation of CFO results from a combined effect of surface and strain energies; the
presence of large c/a BFO-T, as well as the large mismatched LAO typically used to stabilize
BFO-T, should alter the strain on the CFO and impact its properties. Finally, no studies have
been done for BFO-CFO nanocomposites on (LaAlO3)o.3(SrAlo.5Tao.5O3)o.7

(LSAT)

substrate, with lattice parameter intermediate between that of LAO and STO. Such a
substrate might provide a way to harness the competition between BFO-R that grows on
STO (001) and BFO-T that grows on LAO (001).
We conduct a more thorough study to understand the impact of various parameters on the
structure of BFO obtained as well as its influence on CFO. We use three different crystal
substrates, LAO (001) (a=3.79 A), (LaAlO 3 ). 3 (SrAlo.5 Tao.5O3)o.7 (LSAT) (a=3.87 A) (001)

and STO (a=3.905 A) (001). We also study the effects of introducing SrRuO3 (SRO) and
Lao.67Sro.33MnO3 (LSMO) as conductive buffer layers between the substrate and film and

find that this results in a significant effect on the formed BFO phase. Finally, we confirm the
ferroelectric nature of BFO-T based nanocomposites and compare it to that of BFO-R based
nanocomposites.
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5.2

Temperature dependent growth of BFO-CFO

We begin by studying the impact of growth temperature on the phase and morphology of
BFO and CFO. We focus on the growth of BFO-CFO on LAO (001) and LSAT (001) without
any conductive buffer layers. Using Pulsed

laser deposition (PLD), BFO-CFO

nanocomposites ~ 40 nm thick were grown on LAO (001) and LSAT (001) at 585, 630 and
675 0 C, in a 5mTorr oxygen pressure background. The temperatures are selected around the
typical growth temperatures of the nanocomposites on STO (001).

5.2.1

X-ray diffraction

X-ray diffraction data in 0 -2 o geometry for the 6 samples on the two different substrates
are shown in Figure 5-1.
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Figure 5-1 Temperature-dependent growth of CFO-BFO nanocomposites. High-intensity XRD 02o scans showing peaks for spinel and perovskite phases (a) on LAO (001) at different temperatures
and (b) on LSAT (001) at different temperatures. S, R, R', T and FO correspond to spinel CFO, BFOR, BFO-R', BFO-T and iron oxide peaks respectively.
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At each temperature, films on LAO (001) show three distinct peaks of BFO at 20 values
~19', 21' and 22', Figure 5-1 a. These correspond to out-of-plane lattice parameters 4.66 A,
4.2 A and 3.96 A (exact lattice parameter for each temperature listed in Table 5-1). We
denote these BFO peaks as BFO-T, BFO-R' (a highly strained BFO-R phase similar to
reports of BFO-TR [171]) and BFO-R. The CFO exhibited spinel (311) peaks plus broader
(222) peaks, but no (001) peaks that we typically see for BFO-CFO grown on STO (001)
substrate. Previous studies of BFO-CFO on LAO (001) diverged in their reported
observation of orientation of CFO observed. One study showed growth of strained [111]oriented CFO on LAO (001) when tetragonal BFO was present [100], while the other study
showed only [001]-oriented CFO [98], [99]. The orientation of CFO nuclei depends on the
surface energy [76] (which is lowest for CFO (111)), as well as the strain energy [172] due
to lattice mismatch with the substrate and the surrounding BFO, and therefore is expected to
vary according to which substrate is used as well as growth conditions. At 675 'C, an
additional peak corresponding to iron oxide is seen at ~490, which is likely due to the Bi loss
at higher temperatures resulting in iron rich phases. The presence of iron oxide results in a
rough morphology (Appendix B).
The growth of BFO-CFO nanocomposites on LSAT has not been investigated prior to this
work, except being briefly described in this conference publication [173]. Results from the
films grown on LSAT (001) are shown in Figure 5-1 b. The LSAT substrates exhibit 3 peaks,
although twinning is not reported or expected in LSAT substrates. A peak corresponding to
large out-of-plane lattice parameter close to 4.66 A of BFO-T is observed only at the lowest
growth temperature of 585 C, while a BFO-R peak is present at all temperatures. At 630 'C,
the BFO exhibits two peaks corresponding to different strain states of BFO-R (relaxed and
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strained BFO-R). No peak corresponding to BFO-R' (highly strained BFO phase) is
observed on LSAT, likely due to the lower compressive strain applied by LSAT compared
to LAO at these thicknesses. Only the (004) peaks for spinel are observed (as confirmed in
wide range 20 scans, not shown here), with no evidence of other CFO orientations even in
the case where BFO-T is present.
5.2.1.1

Strain state

Table 5-1 Lattice parameters for BFO-CFO films on LAO (001) and LSAT (001) at different
temperatures

Ratio of lattice parameters

Lattice parameter
Substrate
and growth
temperature

BFO-R (A)

LAO

3.965

585 C

0.0095

LAO
630 0C

3.962
0.0076 and
3.9577

BFO-R'(A)

BFO-T
(A)

CFO (A)

4.222

4.6773

8.413

0.0097

0.0005

0.0115

4.1988

4.6821

(311)

0.0018

0.0133

8.415
+0.0033

4.2222
0.0093

4.6662
0.0009

(311)
8.3952
0.0046

0.0020
LAO
675 C
LSAT

3.9793
0.0176
4.1318

585 C

0.0012

LSAT

4.1774
0.0189

630 0C

4.6495
0.018

CFO/

CFO/

CFO/

BFO-T

BFOR'

BFOR

0.899

0.996

1.06

0.898

1.002

1.06

0.899

0.994

1.05

004
weak

n.d.

weak

004 weak

n.d

Nott
present

004 weak

n.d

3.9934
0.0053
LSAT

675 C

4.1130

0.0047
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The out-of-plane strain and lattice parameter of the phases in the nanocomposites grown on
LAO (001) and LSAT (001) are summarized in Table 5-1. On LAO (001), the BFO-T has a
c-axis lattice parameter of 4.67 A - 4.68A for all three substrate temperatures. The BFO-R
peaks are much less intense and lattice parameters are close to the bulk value

(absuk

= 3.96A),

whereas BFO-R' peaks exhibit a larger lattice parameter relative to bulk BFO (close to 4.2

A). Both orientations of CFO, (311) and (222), show a small tensile strain along the out-ofplane direction compared to bulk CFO.
On LSAT (001), the CFO peaks were too weak to get information about their strain state.
The BFO-T peak at low temperature corresponds to a lattice parameter of 4.65 A. The BFOR peak appears at a lattice parameter of 4.13 0.001 A, 4.17 0.019 A and 4.11
with increasing temperature. An additional peak corresponding to 3.99

0.005 A

0.05 A with lattice

parameter closer to bulk BFO is also observed at the intermediate temperature of 630 "C.
These results help us understand the key factor determining the strain in each phase. For
BFO-CFO grown on LAO, a BFO-T phase stabilizes regardless of growth temperature,
indicating that epitaxial strain dominates in this case. Further, we observe a BFO-R' and
BFO-R phase in addition to the BFO-T phase at each temperature on LAO. The lattice
parameters for both BFO-R and BFO-R' change little with temperature. This points to a
possible thickness-based relaxation of BFO-T. BFO-T films single phase films on LAO are
stable up to a certain critical thickness and subsequently relax through different mechanisms.
At 40 nm, we can expect that the BFO-T has undergone relaxation into BFO-R' and BFOR. The CFO phase stabilizes with different orientations particularly [311] and [111] oriented
CFO is observed. CFO coherently strained with BFO-T would exhibit large tensile strains
(cCFo/ 2 = 4.19 A is less than
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cBFO-T:

4.66 A). However, we observe much smaller tensile

strains. In fact, the tensile strain reduces at the highest temperature, as seen in Table 5-1. The
thermal expansion coefficient of CFO is 1.49 x 10-5 K-' is larger than that of BFO and cannot
explain this result.
The results for BFO-CFO on LSAT may be compared with behavior of single phase BFO
on LSAT. A striking difference between our results for BFO-CFO and those of single phase
BFO is that the latter typically grows as strained BFO-R like phase ([163], [171], [174]),
with BFO-T growing only at very low thicknesses [27] or at low oxygen pressures during
growth [175]. This presents the possibility that the presence of CFO is stabilizing the
presence of BFO-T on LSAT (we study this dependence in section 5.3). Also, with
increasing temperature, we observe the disappearance of the BFO-T peak.
The strain state of the BFO-R phases on LSAT can be understood by considering epitaxial
strain from the LSAT substrate. LSAT offers a larger mismatch (-2.4%) with BFO compared
to the mismatch of STO with BFO (-1.5 %). Thus, we observe larger out-of-plane c lattice
parameters on LSAT (4.11-4.17 A) compared to those usually observed on STO (~4.06 A)
[176].

This is a direct result of higher compressive in-plane strain applied by LSAT

compared to STO. In studies of single phase BFO, the strain in BFO-R increases linearly
with decreasing lattice parameter (up to ~4.25 A) of the substrate [171]. Considering that
mismatch between CFO and BFO is less than CFO and LSAT, we might expect tensile outof-plane strains in the CFO, although this wasn't possible to confirm with XRD due to weak
XRD peaks.
Finally, we discuss what could cause the relaxation of BFO-T with temperature in BFO-CFO
on LSAT. The effect of thermal growth conditions on the stabilization of the BFO-T phase
has been sparsely studied. However, in one study with sputtered BFO on STO resulted in
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decreased stabilization of BFO-T phase at higher temperatures, which was attributed to the
changes in the growth mode at lower temperatures, allowing greater strain to be contained
in BFO [177]. An alternative explanation for the development of strain in these films arises
from thermal mismatch between the substrate and film. The thermal expansion coefficient
of LSAT (001) is ~10- /IC. The thermal expansion coefficient for BFO has been reported to
have values ranging from 0.65 to 1.3x10- 5/ oC [178], [179]. For a compressive in-plane strain
to result, the expansion coefficient for BFO must be smaller than that for the substrate.
However, given the similar values for the thermal expansion coefficients of the substrate
LSAT as well as BFO, it is unlikely, though still plausible, that increasing temperature
increases the thermal strain, and is directly opposite to the epitaxial strain from the substrate,
resulting in the relaxation of BFO from BFO-T to BFO-R.

5.2.2

Morphology

Figure 5-2 shows the scanning electron microscopy images for the nanocomposite films
grown on LAO (001), LSAT (001), and a Nb:STO (001) substrate at 630 C. The
nanocomposite on Nb:STO (001) is used as a comparison. The films on LAO show triangular
CFO pillars, similar to earlier observations of with CFO (111) oriented pillars on LAO (001)
[100]. The triangular pillars are therefore attributed to the CFO (111) and CFO (311)
orientations. The films on LSAT show rectangular columnar CFO pillars similar to those in
the nanocomposites grown on Nb:STO (001). The XRD curve for the BFO-CFO
nanocomposite on Nb:STO is also given in Figure 5-2 a.
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CFO bulk 6FO bulk
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Figure 5-2 a) XRD scan for BFO-CFO grown on Nb:STO at 630 0C. Top-view SEM images for BFOCFO grown at 630 'C on b) LAO (001) c) LSAT (001) and d) Nb:STO (001). Scale bars are 200 nm.

The SEM images for nanocomposites on LAO (001) and LSAT (001) at 675 *C are given in
Appendix B. The roughness on LAO at 675 'C may be due to the formation of iron oxide
phases as seen in the XRD results in Figure 5-1 a and as also observed in another work on
single phase BFO films [180]. It is also evident from the SEM images that the size of the
CFO pillars

increases with increased

growth temperature

(temperature dependent

morphology shown in Appendix B). This supports the model for pillar growth by diffusion,
since the diffusion rate is expected to increase with temperature, and is also in accordance
with previous reports on similar nanocomposites [181].

5.2.3

Magnetic properties

The magnetic properties of the nanocomposites were measured by vibrating sample
magnetometry at room temperature. In Figure 5-3 we compare the magnetic properties of
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BFO-CFO grown at 630 'C on LAO (001), LSAT (001) and Nb:STO (001). For the
nanocomposites grown on LAO and LSAT, the in-plane (IP) and out-of-plane (OP) loops
coincide, indicating a lack of anisotropy, whereas on Nb:STO, the in-plane loop appears to
saturate more readily than the out-of-plane loop. The magnetic hysteresis loops for BFOCFO grown at different temperatures on LAO and LSAT are also isotropic (hysteresis loops
given in Appendix B).
We know that the anisotropy of CFO is a result of the contributions from shape,
magnetocrystalline and magnetoelastic anisotropy, with strain being a dominant effector
[29], [176]. On STO (001), CFO grows as CFO (001) out of plane, in which case, the
magnetocrystalline anisotropy is equivalent for the OP [001] and IP [100] or [010] directions.
The shape anisotropy of the pillars favors an OP easy axis along the length of the pillar. The
magnetic anisotropy of CFO often plays a dominant role due to the large magnetostriction
coefficient of CFO [29]. A compressive strain in the out-of-plane direction, which is
produced in CFO by lattice mismatch with BFO-R favors an OP easy axis.
A similar analysis can be done on LSAT (001), where we also observe CFO [001]
orientations. Shape anisotropy would create a favorable out-of-plane easy axis. An isotropic
magnetic hysteresis loop would have to result from the presence of tensile strains in the CFO.
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Figure 5-3 Out-of-plane (red) and in-plane (blue) magnetic hystreesis loops for BFO-CFO
nanocomposites on a) LAO (00 1) b) LSAT (00 1) and c) Nb: STO (00 1) at 630 C.
5.2.4

Dis0ssi.

The tensile strain in CFO on LAO (00 1) opposes the shape anisotropy which prefers an outof-plane easy axis, resulting in largely isotropic magnetic properties.

5.2.4

Discussion

So far, we have studied the impact of temperature on the growth of BFO-CFO on LAO (001)
and LSAT (001) substrates. Both these substrates apply a compressive strain on the phases.
We observed that due to the large epitaxial strain applied by LAO, a high c/a ratio phase of
BFO was stabilized over the growth temperature window studied, along with the presence
of BFO-R, which presumably occurs by relaxation with thickness. The effects of thickness
on the nanocomposite structure and properties are elucidated in more detail in chapter 6.
Additionally, we find that the presence of BFO-T (or the large mismatch with the substrate)
stabilizes different orientations of CFO (111) and CFO (311) instead of the typical presence

of CFO (004) on an STO (001).
On LSAT (001), we found a BFO-T peak at the lowest temperature which disappears for
higher growth temperatures. We suggested 2 causes - relaxation mechanisms studied in
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other work [171] or the effects of thermal strain between the substrate and the BFO phase.
On LSAT (001), CFO grew as [001] oriented pillars. The size of the pillars was found to
increase with growth temperature (as expected).
Lastly, we determined the magnetic hysteresis loops for the nanocomposites grown on
different substrates and found that the behavior of the CFO pillars were largely isotropic on
LAO and LSAT, unlike the uniaxial anisotropy in CFO we generally observe in BFO-CFO
on STO (001), and as observed on Nb:STO (001). This is consistent with strain being a
dominant factor in determining the anisotropy in CFO pillars.

5.3

Combinatorial growth of BFO-CFO on LSAT (001)

The previous section revealed a temperature dependent stabilization of BFO-T on LSAT in
BFO-CFO nanocomposites. What role does CFO phase play in this stabilization? Previous
studies have revealed the impact of change in volume fraction on the strain state of CFO
[29]. In this section, we study the impact of the relative volume fraction of BFO and CFO
phases on the structure of BFO stabilized on LSAT (001).

In order to do so, we use

combinatorial PLD to deposit a series of BFO-CFO films on LSAT (001) substrates at 610 C
and 5mTorr oxygen pressure and thickness of approximately 40 nm (increasing slightly with
CFO content), with a variation in volume fraction of the BFO and CFO phases across five
samples [29]. This combinatorial technique (highlighted in Section 3.1.2) allows us to obtain
several films with varying volume fraction under the same deposition conditions. Figure 5-4
a shows the XRD data for the 5 samples and the bare LSAT substrate. Numbers 1 to 5
indicate an increasing volume fraction of CFO ranging from less than 5% to 33 %.

90

101

(

(a)5
-38 -

-

0

TT8
T

R

SR

6

T
R

o>2
4

2

substrate

15

40

20

45

50

20
(b)

III-

1
5l

........

4.7
C1.......

-4.6

,

6-

45-

E

CFO

~-

LQ
*.0..

4-

~

-4.3

--- - -F4
5-.

C-

.

S, .-

-

-o

5 --*-

4.0

3

3.9
1

2

3

4

5

#

Sample
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5.3.1

Phases of BFO

Both BFO-R and BFO-T were present across the samples (except samples 1 and 2 which
contained only BFO-R peak). The intensity of BFO-T and CFO peaks increases and BFO-R
diminishes, with an increase in CFO volume fraction, along with an increase in the out-ofplane lattice parameter for CFO. This is in contrast, as noted earlier, to single phase BFO on
LSAT, which is generally BFO-R phase [97], [182]. Further, our results suggest that
increasing the volume fraction of CFO appears to promote the BFO-T phase.

5.3.2

Strain states

Table 5-2 lists the strain state of BFO and CFO for the 5 samples, and the data is graphically
represented in Figure 5-4 b. The BFO-T and CFO lattice parameters match poorly
1.02

-

(2 cCFO/CBFO-T ~0.90) whereas BFO-R and CFO are well matched (2 cCFO/CBFO-R

1.04). These parameters define the matching of lattices in the out-of-plane direction. In this
experiment, we observe that as the CFO content increases the BFO-T increases and there is
a reduction in the out-of-plane compression of CFO. Although we might assume that a poor
lattice match between BFO-T and CFO compared to BFO-R with CFO would lead to
increased stabilization of BFO-R as CFO content increases, we in-fact observe the opposite
effect. This might be due to the fact the presence of BFO-T leads to relaxation at the vertical
interfaces.
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Table 5-2 Phases of BFO, and lattice parameters for BFO-CFO combinatorial samples on LSAT
(001)

Ratio of lattice parameters

Lattice Parameters (A)

Sample

BFO

position

Phases

BFO-R (A)

BFO-T (A)

CFO (A)

CFO/BFO-T

CFO/BFO-

R

present
1 (BFO
rich)

4.0096
0.0011

2

R

4.0068
0.001

3

T, R

4.0631
0.0339

4.6480
0.0083

8.33
0.0353

0.896

1.025

4

T, R

4.1069
0.0157

4.6298

8.3836

0.905

1.02; 1.03

4.62446
0.017

-

0.0236

-

T
(slight),
R

8.3706
0.0086

1.044

0.0024

4.0647
0.0043
5 (CFO
rich)

5.3.3

T, R

-

4.6395
0.0017

8.3869+

0.9

0.0015

Magnetic properties

For the combinatorially-grown nanocomposites on LSAT, Figure 5-4 b shows the saturation
magnetization Ms normalized to the volume of the film plotted against the film position. As
expected, there is an increase in saturation magnetization with increasing volume fraction of
CFO from sample 1 to 5. Figure 5-5 shows the hysteresis loops for each of the 5 samples,
which have a small degree of anisotropy. The dominant factor in anisotropy for CFO is often
strain. We notice that sample 3 is most anisotropic, which also corresponds to the BFO-CFO
film with maximum strain in the CFO.
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Figure 5-5 Out-of-plane (red) and in-plane (blue) magnetic hysteresis loops for BFO-CFO films with
increasing volume fraction of CFO (from I to 5) on LSAT (001).

5.3.4

Discussion

In this section we studied the BFO-CFO films grown on LSAT (001) substrate using
combinatorial PLD. By doing so, we were able to modulate the structure of BFO in the films,
stabilizing BFO-T with increasing volume fraction of CFO. The magnitude of magnetization
increases with increasing volume of CFO in the film which highly suggests that the
combinatorial deposition strategy can be employed to produce films with graded properties.
The magnetic hysteresis loops are mostly isotropic, except for BFO-CFO films with an
intermediate amount of CFO phase (film 3).
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5.4

Effect of conductive buffer layer on the structure of BFO

To enable robust ferroelectric measurements, nanocomposite BFO-CFO films were grown
on LAO (001), LSAT (001) and STO (001) substrates coated with a conductive underlayer
of either SRO or LSMO or an SRO/LSMO bilayer. We undertook the structural
characterization of these films to understand the effects of the conductive buffer layer on the
nanocomposite properties, and in order to interpret the observed ferroelectric behavior of the
thin films grown.

5.4.1

Growth of SRO and LSMO buffer layers

The conductive layers were grown at 5mTorr oxygen pressure at 720 C. SRO was grown
using 1500 laser pulses at 10 Hz, compared to 1500 pulses for LSMO at 3 Hz. In each case,
the samples were cooled in a 10 Torr oxygen environment.

5.4.2

Phases of BFO and CFO present using different conductive layers

BFO-CFO nanocomposites are grown on these conductive buffer layers coating each of the
LAO, LSAT and STO substrates at 5mTorr oxygen pressure and at 585 'C. A summary of
the structural properties of these samples, including the substrates, buffer layers and phases
present is shown in Table 5-3. The out-of-plane XRD for these nanocomposites with LSMO
and SRO/LSMO buffer layer respectively are shown in Appendix B.
The only nanocomposite film that shows a prominent BFO-T peak is the BFO-CFO film
grown on LAO/LSMO. Figure 5-6 shows the layer structure as well as the out-of-plane XRD
scans for BFO-CFO on LAO with different conductive buffers.
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Figure 5-6 High resolution XRD scans for BFO-CFO nanocomposites grown on LAO with different
conductive buffer layers. BFO-CFO on LSMO buffered LAO shows a BFO-T peak, whereas on
LSMO/SRO buffered LAO the nanocomposites show only a BFO-R peak. A schematic of the buffer
layers is provided alongside the XRD scan.

5.4.3

Strain states

In order to further probe the strain state of BFO-CFO on substrates with different conductive
buffer layers, reciprocal space maps (RSM) are obtained, as shown in Figure 5-7. The inplane and out-of-plane lattice parameters obtained from RSM are tabulated in Table 5-3
along with BFO phase observed, its c/a ratio and unit cell volume.

96

BFO-CFO on LSMO/Substrate

I
I

(a)

3.0

a--

LAO

2-92.8-

LSMO

2.7
2.6.

BFO-T

2.5-

BFO-CFO on LSMO/SRO/Substrate
31-

(b)

LAO

UE05

1778

316.2

C-

2.

42.17

2

2.4-

1074

-BF

2.7

2.31
-

0 .9

1.0

1R8E+04

-

1.1

1.0

0.9

1

h [1001

04

-

3.1

h [100]

I21

- 42.17

3.1-

(C)

LSAT

3.0-

2.9-

2.8-

BFO-R

I
I

-5.623

LSAT

04,99

-01000

-

OOO0E+00

1. OWE+05

30

2..78,3E+04

482

2 9-

Q-R
-2t.54

3 $94
L

2 -j

2.7

26

0.9

1.0

h [100

h [100]

3.1

-

-

3.1

IODDEIW

STO

I334E+05

(f)

STO

I

BFO-R

I

30-

3.02.9-

42.1 r

2.9-

5,625

BFO-R

I 000E+06

I 77X- -(W
--2371

-01000

2.827
0.9

i.0

0.9

1.0

h [100]

h [100]

Figure 5-7 Reciprocal Space Maps (RSM) on BFO-CFO nanocomposites on different substrates
and buffer layers.

97

On LAO (001), the buffer layer has a strong impact on the structure of BFO grown. The
LAO/LSMO substrate produced nanocomposites with BFO-T with c/a ratio -1.21, while
with LAO/LSMO/SRO the nanocomposite exhibits a partially relaxed BFO peak with c/a =
1.07. The film grown with STO/LSMO as well as STO/SRO/LSMO show BFO-R as the
predominant phase.

LSAT/LSMO films shows a prominent peak for BFO-R. For

LSAT/LSMO and LSAT/LSMO/SRO substrates, BFO-R peaks were obtained, the films on
just LSMO exhibit a higher c/a ratio. The CFO peaks were of low intensity and did not show
up in the reciprocal space maps.

Table 5-3 In-plane and out-of-plane lattice parameters for BFO-CFO with buffer layers

BFO
c/a

BFO-R (A)

BFO-T (A)

BFO
volume (A3)

4.638

65.70

#

Substrate

Buffer
Layer

Phases
present

1

LAO

LSMO

T

1.21

-

-

2

LSAT

LSMO

R

1.07

4.1479

3.8618

61.86

3

STO

LSMO

R

1.04

4.0686

3.9016

61.93

4

LAO

LSMO/

R

1.07

4.1291

3.8500

61.2

3.764

SRO
5

LSAT

LSMO/
SRO

R

1.04

4.0190

3.8618

59.93

6

STO

LSMO/
SRO

R

1.05

4.0939

3.8923

62.02
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5.4.4

Morphology

Figure 5-8 a,b shows the SEMs of BFO-CFO nanocomposite on LSMO buffered LAO (001)
and STO (001) respectively. On STO (001), CFO exhibits square or rectangular section
pillars. Figure 5-8 a shows evidence of CFO features with 3-fold symmetry indicating the
presence of CFO (222) orientations, although there is not a clear (222) peak in the XRD data.

Figure 5-8 SEM images of BFO-CFO nanocomposites on LSMO buffered a) LAO and b) STO.
250 nm square area.
In general, CFO (001) orientations are observed in all cases except with the presence of
BFO-T on LAO substrates, where we observe CFO (311) and CFO (111) orientations. On
LSAT and STO, the presence of any of the different conductive buffer layers, did not alter
the typical CFO (001) pillar morphology. On LAO, wherein we determined that the presence
of a buffer layer causes the relaxation in BFO structure, we observe CFO (001) morphology
as opposed to 3-fold symmetry structures corresponding to a different orientation of CFO.
These results indicate that depending on the substrate, the underlayer may play an important
role in determining the orientation of the CFO nuclei.
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5.4.5

Discussion

For BFO-CFO grown using different conductive layers SRO, LSMO or SRO/LSMO bilayer,
we observe that only films grown on LAO (001) using LSMO underlayer result in BFO-T
phase being present. These results were applied in next section to quantify the ferroelectric
properties.

5.5

Multiferroic properties of BFO-CFO on buffered substrates

In this section, we study the effect of the BFO structure on the multiferroic properties of the
nanocomposites thin films. We select two films for comparison, BFO-CFO on LAO/LSMO
and BFO-CFO on STO/LSMO which respectively show the high c/a ratio BFO-T and the
low c/a ratio BFO-R phase.
5.5.1

Magnetic anisotropy of CFO

Magnetic hysteresis loops for the BFO-CFO nanocomposite films on LAO/LSMO versus
STO/LSMO are shown in Figure 5-9.
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Figure 5-9 Out-of-plane (red) and in-plane (blue) magnetic hysteresis loops for BFO-CFO
nanocomposites on LSMO buffered a) LAO (001) and b) STO (001)

While the magnetic hysteresis loops for BFO-CFO on LSMO buffered LAO (i.e. BFO-T:
CFO) appear largely isotropic, the one for BFO-CFO on STO appears anisotropic due to
shape and magnetoelastic contributions.

5.5.2

Ferroelectric characterization of BFO

The BFO was characterized using piezo-response force microscopy (PFM) on selected
samples using AFM (Veeco Metrology Nanoscope V probe microscope) with conductive

tips (MikroMasch tips HQ:NSC19/Cr-Au, 65 kHz and 0.5 N/m with tip radius <35 nm),
Figure 5-10. Prior work on single phase BFO shows a clear difference between the AFM
images of BFO-R and BFO-T. High resolution AFM has shown step height changes between
BFO-R and BFO-T regions of mixed-phase BFO [97], [183], and further, BFO-R and BFOT exhibit different PFM amplitude and phase curves [184]. However, the presence of high
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aspect ratio CFO pillars in the BFO-CFO nanocomposites that protrude above the surface of
BFO presents a significant challenge in analyzing the ferroelectric domain structure with
high lateral resolution. In order to demonstrate switching of the BFO, a bias of

4V was

applied alternately in squares of 3, 2 and 1 um size. Figure 5-10 c,d shows the resulting PFM
images for BFO-CFO on STO/LSMO {BFO-R}, and LAO/LSMO {BFO-T} respectively.
The phase of the PFM signal shows clearly the opposite polarization states written into the
film, with the stronger contrast in the sample on BFO-T sample on LAO/LSMO. This is
attributed to the BFO-T structure with its out-of-plane polarization. Figure 5-10 a,b shows
the phase and amplitude loops for the samples versus applied voltage corresponding to
Figure 5-10 c and d respectively, which are characteristic of ferroelectric samples. The
coercive field changes with the c/a ratio of the BFO (voltage sweeps done at the same speed
in each case).
In order to quantify the ferroelectric response of BFO-R versus BFO-T, further PFM studies
were conducted to extract the d 33 values. These values were determined by first calibrating
the tip response (pm/V) by measuring a deflection curve with the tip in contact with a hard
surface, and then measuring the amplitude and phase curves for each sample. The average
response extracted from several measurements gives d33 values as 46.1
56.3
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11.6 pm/V and

10.1 pm/V for BFO-T CFO and BFO-R CFO nanocomposite respectively.
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Figure 5-10 Piezoresponse force microscopy (PFM) results for BFO-CFO nanocomposites on
LSMO buffered STO (001) and LAO (001). PFM amplitude and phase loops on a) STO (001) and
b) LAO (001) and PFM phase loops showing switching of the polarization of BFO in c) STO (001)
and d) LAO (001)

The amplitude curve shape and maximum value differ in the 2 samples. Previous studies
have quantified the piezoelectric coefficient d 33 of single phase BFO using PFM, for different
BFO structures and thicknesses, doping concentrations and buffer layers. The resulting

coefficients ranged from 10-100 pm/V [166], [169], [193], [194], [185]-[192], which is in
agreement with the values determined for the CFO-BFO nanocomposites. Further, Zavaliche
et al found a steady value of around 50 pm/V for BFO-R grown by PLD, sputter and CVD
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[185]. It is also reported that the d33 value increases from BFO-T to BFO-R, and further
increases in mixed phase systems [166].
Our results show that BFO-R nanocomposites have a slightly higher d3 3 compared to
predominantly BFO -T nanocomposites, which is in line with the results from literature on
single phase BFO studies. Unlike in mixed phase single phase BFO, where BFO-R and BFOT phases alternate over few atomic lengths, it is likely that in BFO-CFO films, the BFO-R
emerges as a result of relaxation at higher thickness, precluding the observation of giant
electromechanical response seen in mixed phase BFO films [195].

5.5.3

Discussion

We probed the magnetic and ferroelectric properties of BFO-CFO nanocomposites with
BFO-T versus BFO-R phase. The magnetic hysteresis loops reveal that the CFO in BFOT:CFO nanocomposites is isotropic, compared to the BFO-R:CFO which displays out-ofplane anisotropy.
The ferroelectric properties were probed by PFM. Both BFO-R and BFO-T exhibit typical
amplitude and phase PFM curves indicating their ferroelectric nature. Further, we were able
to switch the polarization reversibly in both films reversibly by applying

4V. The d 33 values

for BFO are similar to those obtained in literature, although we observe a small enhancement
in d33 in BFO-R based nanocomposites compared to BFO-T based nanocomposites. The
PFM phase image for BFO-T based nanocomposites had higher contrast, indicating a larger
out-of-plane component of polarization, as we would expect in the tetragonally distorted
BFO.
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5.6

Conclusion

In this Chapter, we furthered our understanding of BFO in BFO-CFO nanocomposites by
systematically studying the effects of varying the substrate on which the nanocomposite was
grown, the volume fraction of CFO in the nanocomposite and quantifying the ferroelectric
properties of the nanocomposites.
BFO-CFO nanocomposites were grown on 3 different substrates, LAO (001), LSAT (001)
and STO (001) to obtain rhombohedral (BFO-R) versus tetragonal (BFO-T) BFO. At higher
epitaxial strain as applied by LAO, BFO-T is stable over a wide temperature range. We find
that highly strained BFO distorts the structure of CFO, and thereby results in (111) oriented
CFO growth with BFO-T. Utilizing a combinatorial PLD approach, we further
systematically varied the volume fraction of CFO and thereby the total strain on BFO. These
changes led to a systematic change in the structure of BFO, and in turn the magnetic
anisotropy of CFO in these films.
In order to probe the ferroelectric properties of the BFO-CFO nanocomposite system, we
deposited BFO-CFO nanocomposites on an electrically conducting substrate surface. The
conducting underlayer, LSMO versus SRO, impacts the structure of BFO grown in BFOCFO nanocomposites in some cases. Using LSMO enables the growth of high c/a ratio
tetragonal BFO. However, the presence of higher strain in BFO, as well as introduction of
underlayers resulted in predominantly in-plane compressive strain for CFO. This results in
a reduction in overall anisotropy compared to traditional BFO-CFO nanocomposites, as seen
through the magnetic data.
PFM studies on BFO-CFO nanocomposites with different BFO structures and properties
confirmed the ferroelectric nature of BFO in all samples. The piezoelectric coefficient of for
105

BFO was quantified for nanocomposites containing BFO-R versus BFO-T. The average
values are slightly higher for the BFO-R case. Thus, although BFO-T exhibits a greater outof-plane component, there does not appear to be any enhancement in the amplitude of the
response.
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6 Effect of substrate orientation and thickness on
multiferroic

properties

of

BFO-CFO

nanocomposites

Stabilizing different crystalline orientations in oxides provides a convenient handle to tune
its functional properties. For example, the crystallographic orientation of BFO has a large
impact on its ferroelectric properties and strain [196]. Similarly, the strain and magnetocrystalline anisotropy of CFO depends on its crystallographic orientation.
Studies on BFO-CFO nanocomposites have largely focused on (001) oriented pseudocubic
substrates [21], [29]. A few studies have elucidated the different parameters that impact the
orientation of CFO. While some studies indicated a growth of CFO based on the orientation
of the substrate [28], others showed that the strain in the BFO is the primary determinant of
CFO orientation [27]. In general, a combination of strain and surface energies result in the
relative stabilization of CFO in particular orientations. However, the impact of thickness of
the BFO-CFO films has not been taken into account. Further, the impact of large strains
(such as by those applied by LaAlO3 substrate) on the orientations of CFO has not been
studied for BFO-CFO nanocomposites. As we saw in the previous chapter, multiple
orientations of CFO nucleate on LAO (001), contrary to the other published results [98],
[170]. Therefore, it is important to understand what results in the differences, and how the
orientation of CFO evolves with thickness. In order to do so, we study the thickness
dependent evolution of BFO-CFO nanocomposites on different orientations of LaAlO3
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(LAO). We study the effect of thickness and orientation on the structure and morphology of
CFO, as well as its impact on magnetic properties.

Considering the BFO phase, recent studies have shown the impact of anisotropic substrate,
such as LAO (110) on structure of BFO [197], where a giant c/a ratio phase was stabilized.
Having studied the stabilization of a tetragonal BFO in BFO-CFO nanocomposites on LAO
(001) in the previous chapter, we now look at BFO-CFO nanocomposites grown on LAO
(110) and study how the combined effect of the CFO phase, and anisotropic substrate might
impact the BFO structure.

6.1

Growth of BFO-CFO

BFO-CFO nanocomposites of different thicknesses between 25-75 nm thick were grown
using PLD on LAO (001), LAO (110), LAO (111) and STO (001) at 630 'C, in a 5mTorr
oxygen pressure. A layer of Lao.6 7 Sro.3 3MnO3 (LSMO) film ~26 nm thick was deposited on

the bare substrates prior to BFO-CFO deposition in order to enable electrical measurements.
The LSMO underlayer was grown at 765'C, 5 mTorr pressure and cooled down in 10 Torr
of oxygen.
6.1.1

XRD and phase analysis

Figure 6-1 a-d shows the evolution of XRD with thickness for BFO-CFO films with LSMO
grown on the LAO (001), LAO (110), LAO (111) and STO (001) respectively.
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Figure 6-1 Thickness dependent XRD scans of BFO-CFO nanocomposites on a LAO (001) b LAO

(l10) c LAO (11) and d STO (001)

On LAO (001) long range XRD (not shown here), peaks corresponding to BFO (001) and
multiple orientations of CFO are seen. A shorter 20 range scan is shown in Figure 6-1 a from
30-50'. We can see that there is twinning of the LAO (001) substrate (Fig 1-la).
Additionally, we observe a high quality epitaxial layer of LSMO which shows fringes on the
26 nm thick BFO-CFO film. On the 57 nm film, the LSMO fringes are less evident, and are
completely dominated by the BFO-R peak on 75 nm film. The 26 nm thick film also shows
a BFO-T peak at ~38.630, which broadens with increasing film thickness. At 75 nm an
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additional peak of BFO-R is observed. These results suggest that BFO close to the LSMO
layer grows highly strained as BFO-T, and slowly relieves its strain with increasing thickness
by stabilizing as BFO-R. This is consistent with observations on single phase BFO, where
no continuous relaxation of BFO-T, i.e. intermediate structures between BFO-T and BFOR, are observed [171]. CFO shows peaks corresponding to different crystal orientations
including (311), (222), (511) and (001) orientations. Table 6-1 lists the lattice parameters for
the films grown on LAO (001). The BFO-T lattice parameter decreases from 4.67
4.65A 0.04 and 4.59

0.004 A,

0.02 A with increasing thickness. The CFO is under tensile strain at

all thicknesses, partially relaxing at 75 nm.

Table 6-1 Lattice parameters for BFO-CFO nanocomposites on LSMO buffered LAO (001)

On LAO (001)

BFO lattice
parameter
error (A)

CFO lattice
parameter
error (A)

26 nm thick BFO-

4.67

(511): 8.43

0.004

CFO

0.02

(444): 8.45 0.03

57 nm thick BFO-

4.07

0.006

(222): 8.458 0.08

CFO

4.65

0.04

(004): 8.47

75 nm thick BFOCFO

4.03

0.001

8.43

4.59

0.02

8.3 82 0.0 1

0.02

0.04,

On STO (001), CFO (001) and BFO (001) peaks are observed in the XRD pattern at 26 and
57 nm. An additional peak corresponding to CFO (440) is seen in the 75 nm film. The lattice
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parameter (Table 6-2) for CFO decreases with increasing thickness, starting at a value close
to relaxed bulk CFO (-8.3919 A) [145] and decreases to a compressive strain at 75nm, while
BFO exhibits a small tensile strain in all the films.

Table 6-2 Lattice parameters for BFO-CFO nanocomposites on LSMO buffered STO (001)

On STO (001)

BFO lattice
parameter
error (A)

CFO lattice
parameter
error (A)

26 nm thick BFO-

4.08

8.39

0.001

0.02

CFO

57 nm thick BFO-

4.112

0.002

8.384 0.02

CFO

75 nm thick BFOCFO

4.058 0.01

(001): 8.376 0.01

(110): 8.374 0.05

Table 6-3, we report the lattice parameters for CFO (110) and BFO (110) for films grown
on LAO (110). No additional phases are detected for the films. The BFO exhibits very small
tensile strains compared to bulk lattice ~3.96 A. The CFO peaks, on the other hand, are much
weaker and appear to consist of 2 peaks, each one corresponding to a tensile and a
compressive strain respectively, at 26 nm. At 57 nm, both peaks indicate a compressively
strained CFO and at 75 nm, CFO shows only one peak corresponding to tensile out-of-plane
strain.

On LAO (111), we observe the CFO (111) as well as the BFO (111) peaks.

Lattice

parameters are summarized in Table 6-4. The BFO is relaxed in the 26 nm film while the
111

CFO has a tensile strain. At 57 nm, BFO and CFO exhibit compressive strains. At 75 nm,
both BFO and CFO exhibit multiple peaks corresponding to tensile, compressive and relaxed

phases.
Table 6-3 Lattice parameters for BFO-CFO nanocomposites on LSMO buffered on LAO (110)

On LAO (110)

BFO lattice
parameter
error (A)

CFO lattice
parameter
error (A)

26 nm thick BFO-

3.99 0.002

8.493

CFO

0.02

(Tensile)

8.33

0.02

(Compressive)

57 nm thick BFO-

3.999

0.001

CFO
75 nm thick BFOCFO
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8.284 0.005
8.371 0.01

4.03 0.001
3.99 0.006

8.42 0.002

Table 6-4 Lattice parameters for BFO-CFO nanocomposites on LSMO buffered LAO (111)

On LAO (111)

BFO lattice
parameter
error (A)

CFO lattice
parameter
error (A)

26 nm thick BFO-

3.96

(222): ~ 8.45

0.02

CFO

~8.41

57 nm thick BFO-

3.94

8.36

3.99 0.001

(222): 8.43

3.94

0.001

8.46

Tensile,
relaxed
and compressive
peaks

8.384

0.3

CFO
75 nm thick BFO-

CFO

0.004

8.30

8.36

6.1.2

Morphology

The morphology of BFO-CFO films was investigated using SEM. Figure 6-2 shows the top
view SEM of BFO-CFO films on various orientations. While on LAO (001), the matrix
phase is BFO, and CFO pillars having different orientations are present within the matrix
phase, growth on LAO (111) results in the CFO forming the matrix phase while BFO appears
as triangular inclusions. This is in accordance with previous studies which discuss the
orientation dependence of pillar formation, with nuclei formation governed by the relative
surface energies between the film and substrate on STO [76].
Table 6-5 summarizes the volume fraction of CFO obtained by analyzing the top-view SEM
images and assuming vertical interfaces with the BFO in each case, an assumption confirmed
later in the chapter. On LAO (110), the roughness of the BFO phase precludes the accurate
measurement of volume fraction in the 57 nm and 75 nm film. Additionally, the volume
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fractions for CFO in the BFO-CFO films on LAO (111) are likely an overestimate since it is
assumed that the BFO phase forms vertical interfaces, and its height above the CFO film is
not considered.

Table 6-5 Estimated volume fraction of CFO for films grown on different substrates with different
thicknesses by SEM.

BFO-CFO 26 nm
thick

BFO-CFO 57 nm BFO-CFO 75 nm
thick
thick

STO (001)

31.6

22.0

25.1

LAO (001)

13.1

17.4

20.6

LAO (110)

18.3

Not determined

Not determined

LAO (111)

49.0

48.6

33.8

Additionally, distinct deviations of the resulting structures are observed from earlier reports.
For example, even though STO (001) yields CFO (001) orientations as determined through
XRD analysis, the SEM images show deviations from the typical columnar pillar
morphology (Fig 1-2 c).
On LAO (110), an interesting morphology results. LAO (110) substrate is anisotropic in the
in-plane direction. From the morphology we can deduce that the CFO growth rate is faster
in [-1 10] direction compared to the other in-plane direction [100]. This is similar to results
obtained on DSO (110) which is also an anisotropic substrate [27], [35], as well as in other
cases where CFO was grown or annealed at high temperatures [198]. The morphologies on
BFO-CFO on LAO (110) is shown in Figure 6-2 g-i.
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Ce

Figure 6-2 Top view SEM images of BFO-CFO nanocomposites on STO (001) a- 26 nm b- 57 nm
c- 75 nm, LAO (001) d- 26 nm e- 57 nm f- 75 nm, LAO (110) g- 26 nm h- 57 nm i- 75 nm and
LAO (I 1) j 26 nm k- 57 nm 1- 75 nm. Scale bars are 250 nm.
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6.1.3

Discussion

By studying the thickness evolution of BFO-CFO nanocomposites on differently oriented
LAO substrates, we are able to learn a few things about the stabilization of CFO and BFO.
Firstly, the orientation of BFO is directly related to the orientation of the substrate. Even
under large compressive strains, BFO is able to stabilize in a single orientation. Specifically,
on LAO (001) BFO exhibits a tetragonal phase i.e. BFO-T at small thicknesses. With
increasing thickness, the strain in the BFO is released by transformation into BFO-R phase.
We observe this through the emergence of BFO-R peak at higher thicknesses, as well as the
decrease in c-lattice parameters for BFO. On STO (001), BFO (001) grows with tensile
strains for all thicknesses. On LAO (110) and LAO (111), BFO grows as BFO (110), and
BFO (111) respectively, exhibiting small tensile, and mostly relaxed phases respectively.
CFO, on the other hand, shows a range of orientations. Additionally, there is strong thickness
dependent evolution of orientation on LAO (001). On LAO (001), multiple orientations are
observed including CFO (222), CFO (311), CFO (511) and CFO (004). As BFO-CFO film
thickness increases, the CFO (004) orientations become more prominent (as seen by the
XRD peak and morphology). This may be attributed to the strain imposed on the CFO by
BFO. As BFO evolves into BFO-R phase, CFO
On STO (001), where we typically observe CFO (004), in this case at higher thicknesses, we
see the emergence of CFO (110) peak. This is likely the result of nucleation of CFO on
strained BFO layers through the growth process, similar results have been seen on highly
strained BFO or SRO buffered STO [172]. Finally, on LAO (111), CFO exhibits CFO (444).
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6.2

Magnetic properties of CFO in BFO-CFO on different orientations

An important functional property of BFO-CFO nanocomposites is the magnetic anisotropy.
In order to understand the impact of the substrate orientation combined with film thickness
effects, the room temperature magnetic hysteresis loops for the BFO-CFO films on various
orientations of LAO as well as STO (001) were measured using VSM. In all cases, the
magnetization was normalized to the entire film volume. The normalized magnetization of
the films were measured to be ~100 emu cm-3, which corresponds to a saturation
magnetization of 400 emu cm-3 for CFO, assuming a volume fraction of 25%. This value is
in close agreement to the bulk magnetization of CFO which equals 400 emu/cm 3 [150].

6.2.1

On (001) oriented substrates

On STO (001), the main contributions for anisotropy of CFO are magnetoelastic and shape.
The magnetocrystalline anisotropy is equivalent for [001] and [100] directions and cannot
account for any differences in the out-of-plane and in-plane magnetism in CFO [001]
orientations. We can analyze the magnetoelastic anisotropy of CFO as calculated in Section
4.1.4. This gives the anisotropy field to be HKne =

magnetostriction coefficient given by B1

=

2

3YE 001X001

2Ke
-

011

N4S 2vM,

A100 (c 11 -c1 2 )

[158]

,

where Xi is the

and cool and Y are

respectively the out-of-plane strain and the Young's modulus of CFO. We estimate the strain
so, as the difference of the measured out-of-plane lattice parameter and the bulk lattice
parameter. For CFO YCFO

=

141.6 GPa, c, = 257.1 GPa, and c,,= 150 GPa [145].
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From the XRD data in Table 6-2 we can calculate the strain in CFO at the different
thicknesses to be 0.0002, 0.00094, and 0.0019 compressive OP respectively for 26 nm, 57
nm and 75 nm BFO-CFO films giving us a contribution of ~815 Oe, 3400 Oe, and 6800 Oe
towards the out-of-plane orientation.
Further, we can calculate the contribution to shape anisotropy by approximating the CFO
pillars to oblate (for the 26 nm film) or prolate ellipsoids (for the 57 and 75 nm films) [157].
By analyzing the top-view SEM images, we can extract an average diameter for the CFO
pillars to be 37.8 nm, 38.9 nm and 45.8 nm respectively for the 26 nm, 57 nm and 75 nm
film. Based on Ms values extracted from the hysteresis loops, we get a shape anisotropy
contribution of 780 Oe (favoring in-plane magnetization), or 716 Oe and 901 Oe (favoring
out-of-plane magnetization) for the 26 nm, 57 nm and 75 nm films respectively.

The observed magnetic hysteresis loops on STO (001) are shown in Figure 6-3. At 26 nm, a
shape anisotropy field ~780 Oe favoring in-plane magnetization, and small compressive
strain of 0.0002 favors an out-of-plane magnetization of ~790-1860 Oe. This difference
would result in an overall easy out-of-plane axis for magnetization. These values do not
concur with the anisotropy observed in the hysteresis loops, where an in-plane easy axis is
observed in the 26 nm film. One of the key factors contributing to the difference is the
presence of CFO (110), as seen as in-plane elongated pillars in the SEM, and as an extra
peak of CFO (110) in the XRD scans. The elongated CFO morphology would contribute to
an in-plane favored magnetic easy axis due to shape, which could be a possible cause for the
off-setting of the out-of-plane magnetic anisotropy contribution from the compressive strain.
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Figure 6-3 Out-of-plane (red) and in-plane (blue) magnetic hysteresis loops for BFO-CFO on STO
(001) with different thicknesses.

On LAO (001) the hysteresis loops look isotropic at all thicknesses (Figure 6-4), though in
all cases the out-of-plane loop appears to be harder to saturate compared to the in-plane
loops. Similar to the analysis above, we can assess the contributions of the different
anisotropy to the magnetic anisotropy on LAO (001). The presence of distinct pillars of CFO
having different orientation means that the anisotropy observed should be a weighted
average of the different orientations. The average diameter of the CFO pillars on LAO (001)

at BFO-CFO film thicknesses of 26, 57 and 75 nm was 48.6 nm, 42.7 nm and 29.7 nm
respectively.

This gives a shape anisotropy field of 1319 Oe (favoring in-plane

magnetization), 552 Oe (favoring out-of-plane magnetization), and 1505 Oe (favoring outof-plane magnetization) in the 26 nm, 57 nm and 75 nm thick films respectively. At 26 nm,
tensile strains in CFO [444] orientations of - 0.0045 (from XRD data) give an anisotropy
field of around 3200 Oe, since in the direction [111], the magnetostriction of CFO is positive.
Further, for CFO (111), the crystalline anisotropy would not be equivalent in-plane versus
out-of-plane. Although shape anisotropy will favor an out-of-plane easy axis for the 57 and
75 nm films, the tensile strains in the CFO [004] would create a competing magnetoelastic
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anisotropy term. This competition results in an overall observation of isotropic
magnetization in the film structure.
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Figure 6-4 Magnetic hysteresis loops for BFO-CFO on LAO (001) with different thicknesses.
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Figure 6-5 Magnetic hysteresis loops for BFO-CFO on LAO (111) with different thicknesses.

The magnetic hysteresis loops on LAO (111) are given in Figure 6-5. For all thicknesses, the
hysteresis loops indicate an in-plane easy axis, with an increase in anisotropy with increasing
thickness. On LAO (111), CFO grows as a thin film, which means the shape anisotropy field
equivalent to 5000 Oe in-plane which would create a strong preference for the magnetization
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to lie in plane. Since X

11=

-)wo /5, a tensile strain in the out-of-plane direction favors an out-

of-plane easy axis. The strain in CFO is tensile in the 26 nm film and decreases with
increasing thickness, changing to a compressive strain. As a result, at higher thicknesses, the
strain creates a hard axis out-of-plane, increasing the anisotropy that favors an in-plane easy
axis.
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Figure 6-6 Magnetic hysteresis loops for BFO-CFO on LAO (110) with different thicknesses.
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The magnetic hysteresis loops for BFO-CFO on LAO (110) is given in Figure 6-6. As seen
from the SEM images in Figure 6-2, the CFO grows elongated along the in-plane [-110]
direction, instead of with a roughly square cross-section as seen on the (001) substrates. As
a result, we can treat the CFO as a general ellipsoid and extract the shape anisotropy
constants along each direction using charts from Osborn's work [199]. We extract the
average length (along [-110]) to be ~100 nm and width (along [100]) to be ~40 nm for the
CFO 'needles' from image analysis of the top-view SEMs. The morphology indicates the
presence of non-elongated CFO pillars (as confirmed by etching BFO in Figure 6-7) which
can be treated as prolate or oblate spheroids [157] in order to extract a shape anisotropy field.
Considering these two morphologies, we tabulate the demagnetizing constant in each
direction in Table 6-6.
Table 6-6 Demagnetizing factors for BFO-CFO on LAO (110)

Thickness

N in OP direction

N along [-110]

N along [100]

26 nm

0.56

0.105

0.345

40 nm

0.432

0.135

0.432

57 nm

0.335

0.163

0.5

75 nm

0.27

0.2

0.54

Shape anisotropy clearly favors the [-1 10] direction, which is the direction along which CFO
grows elongated in-plane.
In order to understand the effect of strain from the BFO matrix on the magnetic anisotropy
of CFO, we measure the strain and magnetism in a 40 nm thick BFO-CFO nanocomposite
on LAO (110) before and after etching away part of BFO. BFO is etched using dilute (10%)
122

HCl for 10 seconds to etch away part of the BFO since etching away all the BFO results in
toppling of pillars. Figure 6-7 summarizes the XRD, and VSM data before and after etching
the BFO. The SEM images (Figure 6-7 a,b) obtained at both 0 and 50' tilt reveal the vertical
morphology of CFO. In addition to the CFO pillars elongated in the [-110] direction as seen
in the top view SEM we also observe some columnar pillars. These SEMs reveal that the
degree of variability in the size and shape of the pillars that is not readily observed in the top
view morphology without etching away the BFO.
From the XRD scans, we can extract the changes in the out-of-plane lattice parameters for
BFO and CFO as a result of the acid etch. We find that while the lattice constants for CFO
undergo small increase, the BFO peak shifts to the right, indicating a decrease in the out-ofplane lattice parameter. Specifically, CFO lattice parameters go from 8.399 A and 8.309 A
to 8.398 A and 8.312 A, while for BFO it changes from three peaks 4.006 A, 3.96 A and
3.926 A to 3.955 A and 3.931 A (the peak corresponding to highest c lattice parameter
vanishes due to etching). This implies a relaxation in the out-of-plane tensile strain in the
BFO, and a simultaneous relaxation of the strain in CFO, although to a very small extent.
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Figure 6-7 a) Top-view (00) and b) tilted view (500) SEM images for BFO-CFO nanocomposites on
LAO (110) after etching BFO for lOs in diluted HCl. Pre-etch (red) and Post-etch (black) magnetic
hysteresis loops in the c) out-of-plane d) In plane along [-110] and e) In plane along [100] , f) XRD
scan for pre-etch (red) and post-etch (black).
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6.3

Evolution of BFO structure with thickness of BFO-CFO

In the previous section, we explored the structure and morphology, as well as the strain states
of BFO-CFO on different orientations of LAO. In this section, we focus on BFO-CFO grown
on LAO (110), exploring the evolution both the in-plane and out-of-plane strain states with
varying film thickness, with a focus on the evolution of BFO structure with film thickness.
Figure 6-8 shows the RSMs corresponding to (103) and (014) substrate peaks for BFO-CFO
films of different thicknesses on LAO (110) in order to probe the in-plane lattice parameters
along the [100] and [110]. Table 6-7 lists the b and c lattice parameters. The axes for the
RSMs are arranged in such a way that a direction orients along [00 1pc, b along [-10] pc, and
c along [11 ]p. From data, we see that the c/a ratio decreases with increasing thickness. As
we can observe from the structure of BFO, this decrease implies that the tetragonality is in
the in-plane direction (unlike the large tetragonality in the out-of-plane direction as seen for
BFO in BFO-CFO films on LAO (001)).
A single phase BFO film ~40 nm is also grown on LSMO buffered LAO (110) for
comparison. A 40 nm BFO single phase film has a c/a = 1.17, whereas a 40 nm BFO-CFO
nanocomposite has a c/a =1.00. In the BFO-CFO nanocomposite, a c/a= 1. 17 is observed in
the 26 nm film. Thus, we can see that the tetragonality of BFO in single phase BFO film
with thickness of 40 nm is similar to the tetragonality of BFO in the BFO-CFO film with
thickness of 26 nm. Since the c/a ratio decreases from 1.17 to a c/a=1.0 with increasing
thickness of the films to 40 nm, it implies that the presence of CFO induces a relaxation of
the c lattice parameter, thereby reducing tetragonality of the BFO. A detailed description of
the ferroelectric properties of these films is given in Section 6.4.
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Table 6-7 a,b and c lattice parameters for BFO in BFO-CFO on LSMO buffered LAO (110) with
different thicknesses. For comparison, lattice parameters for 40 nm thick single phase BFO on LSMO
buffered LAO (1 10) is also indicated.

on
BFO-CFO
LSMO/LAO
(1 10)/LSMO

a (A)

b (A)

c (A)

c/a

26 nm BFO-CFO

3.81

3.97

4.45

1.17

33 nm BFO-CFO

4.00

4.00

4.23

1.06

40 nm BFO-CFO

4.00

4.03

4.00

1.00

75 nm BFO-CFO

4.00

4.02

4.00

1.00

nm
BFO
40
single phase

3.82

3.95

4.42

1.17

6.4

Ferroelectric characterization of BFO in BFO-CFO on LAO (110)

Having explored the thickness dependent evolution of the BFO lattice parameters, we now
explore the impact of the changing tetragonality on the ferroelectric domain structure of BFO
in BFO-CFO on LAO (110). This was done using Asylum Cypher system.
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Figure 6-8 Reciprocal space maps around the (103) and (014) LAO reflections for BFO-CFO films
of thickness 26 nm, 32 nm, 40 nm and 75 nm
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6.4.1

Domain structure

In order to observe both in-plane and out-of-plane domains, vector PFM was conducted.
Figure 6-9 shows the in-plane and out-of-plane phase image (along with topographic image
for comparison). In the lateral direction, as observed in Figure 6-9 c, the domains form a
stripe pattern. No such pattern is observed in the out-of-plane direction. Figure 6-9 d and e
show the PFM phase and amplitude image respectively in the out-of-plane direction,
demonstrating the reversible swithcing of the ferroelectric domains by applying

5 V DC

bias. Typical phase and amplitude loops are observed (Figure 6-9 f), which along with the
reversible switching of domains, confirm a ferroelectric behavior.

6.4.2

Evolution of domains with thickness

We have seen in section 6.2.2 that the BFO structure becomes less tetragonal with increasing
thickness. In Figure 6-10 we show the corresponding out-of-plane PFM phase image. We
observe that the contrast between the domains increases with increasing thickness. This is to
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be expected given that the structure evolves to be less tetragonal in the in-plane direction
with increasing thickness, resulting in a more out-of-plane oriented polarization.
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Figure 6-10 Out-of-plane phase PFM response for BFO-CFO films on LAO (110) a) 26 nm b) 32 nm
and c) 40 nm thick

6.4.3

Quantitative ferroelectric characterization

Using the method described in Section 3.2.5, we quantify the effective amplitude (deff) of the
piezoelectric response for BFO in BFO-CFO on LAO (110) using PFM.
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Determination of the deff for the 33 nm and 40 nm BFO-CFO nanocomposite on LAO

(110)
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The deff for BFO-CFO films 33 and 40 nm thick is given in Figure 6-11. We can see that deff
in the out-of-plane direction is higher in the 40 nm film compared to the 33 nm thick BFOCFO film on LAO (110). This supports the model for the increasing out-of-plane PFM
contrast observed with increasing thickness, occurs due to decreasing tetragonality of the
BFO in the in-plane direction.

6.5

Discussion

In this chapter, we looked at the thickness dependent evolution of the structural and
multiferroic properties of BFO-CFO nanocomposites on LAO (001), LAO (110), LAO (111)
and STO (001). BFO grows as a tetragonally distorted BFO-T on LAO (001); appearance of
BFO-R peaks at higher thicknesses points to the relaxation of the BFO structure with. On
LAO (111), BFO is close to relaxed initially, and develops tensile at higher thicknesses. On
STO (001), BFO is tensile at all thicknesses.
The evolution of BFO on LAO (110) was studied in more detail, in order to understand the
impact of an anisotropic substrate on the strain state of BFO. Using reciprocal space
mapping, BFO (110) was shown to exhibit a tetragonal structure at low thicknesses, which
relaxes with increasing thickness. Comparing BFO-CFO on LAO (110) to BFO single phase
on LAO (110), we find that the presence of CFO decreases this tetragonality compared to
the single phase BFO films. This decrease is further confirmed by measuring the ferroelectric
properties of BFO (110) using PFM.

131

132

7 Magneto-electric coupling
7.1

Motivation

Multiferroic nanocomposites BFO-CFO have been widely studied for their potential use in
multifunctional devices based on their strain mediated magnetoelectric coupling. In order
realize practical use of these nanocomposites into devices, it is essential to maximize the
magneto-electric coupling coefficient. So far different techniques have been used to probe
the magnetoelectric coupling of vertical oxide nanocomposites, both qualitatively and
quantitatively (as highlighted in Section 2.4.3). Even though a large number of theoretical
studies indicate the importance of key film parameters such as residual strain, volume
fraction of magnetic phase, thickness, etc. [102]-[107] on the magneto-electric coupling
coefficient, only a little experimental work has been done to determine if the coupling
coefficient in fact correlates to these underlying properties of the material. While some
studies have examined the effect of certain material properties on the magneto-electric
coupling coefficient in particulate nanocomposites (nanocomposites where one phase is
embedded as particulates in a matrix of the other, reviewed in [6]) no such study has been
conducted for vertical nanocomposites. A systematic understanding of the magnetoelectric
coupling coefficient on the basis of the underlying material property can allow for an
unprecedented level of control and tunability of the extent of magneto-electric coupling in
such vertical nanocomposites.
In the BFO-CFO nanocomposite system, a strain-based mechanism has been established as
the source of magnetoelectric coupling [22], [81], [143]. In this chapter, we quantify the
magnetoelectric coupling of two materials systems, BFO-CFO and BFO-NFO at the
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nanoscale. Since the coupling in this system is governed by a strain-mediated mechanism,
we quantify this coupling by measuring the ferroelectric polarization as a function of an
applied magnetic field. These two materials differ only in their underlying magnetostriction
anisotropy of the magnetic phase, and therefore we use these measurements to draw
inferences about the dependence of the magnetoelectric response on this underlying property
of the material.

7.2
7.2.1

Materials selection and characterization
Systematically altering the magnetic phase

One of the key determinants of the strength of magnetoelectric coupling is the
magnetostriction in the magnetic phase. A higher magnetostriction could enable a larger
stress response under an applied magnetic field, which would increase the magnetoelectric
coupling [103]. In this study we choose CFO and NFO as the two different magnetic phases,
each of which has magnetostriction coefficients X001,CFO= -(250 to -590) x 10-6 [148] and
X001,NFO =-45.9 x 10-6 [149] respectively. Therefore, we expect a much stronger
response under magnetic field in CFO compared with NFO.
The BFO-CFO and BFO-NFO nanocomposites ~ 50 nm thick were grown using PLD at 630
'C and 5mTorr oxygen pressure. Top-view SEM images of the two films can be seen in
Figure 7-1.
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Figure 7-1 Top-view SEM of a) BFO-CFO and b) BFO-NFO. Scale bars are 250 nm.

A lower volume fraction of the magnetic phase CFO and NFO was used in order to enable
robust AFM measurement. Image analysis reveals the volume fractions to be -10.5 % and
-5.8% for CFO and NFO respectively in CFO-BFO and NFO-BFO nanocomposites. As seen
from the SEM in Figure 7-1 and confirmed through image analysis, the average lateral size
of the CFO (-26 nm) is larger than that for NFO (~16 nm). At higher volume fractions of
the magnetic phase, the AFM tip size becomes comparable to the distance between the
pillars, making it harder to reliably probe the BFO phase.

7.2.2

XRD

The XRD scan (Figure 7-2) for BFO-CFO shows BFO (002) reflections. The CFO (004)
reflection cannot be deconvoluted easily due to its proximity to the BFO peak. However, the
CFO (008) reflection can be seen in the long range XRD scan, shifted to a marginally higher
angle compared to the bulk CFO peak, indicating an out-of-plane compressive strain in the
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CFO. Additionally, we observe a small but clear peak ~48.5 *, indicating the presence of an
impurity phase. This impurity likely arises from iron oxide phases, such as those observed
in BiFeO 3 thin films [200], [201].
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Figure 7-2 XRD scans for BFO-CFO (bottom, black curve) and BFO-NFO nanocomposites (top,
red curve). Dashed vertical lines indicate the bulk lattice parameter for CFO (black line) and NFO
(red line).

For the NFO-BFO film, we do not see a clear NFO reflection, although a small NFO (008)
reflection is visible. This is likely due to a low signal from NFO, since the films have a low
volume fraction (~5.8%) of NFO in the nanocomposite.
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7.2.3

Magnetic hysteresis loops

Magnetic hysteresis loops for the 2 phases are given in Figure 7-3. For NFO-BFO, the inplane and out-of-plane hysteresis loops look very similar and exhibit a low coercivity of 85
Oe. For the CFO-BFO film, the out-of-plane hysteresis loop shows a constriction at low
fields, indicating the presence of a softer phase.
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Figure 7-3 Out-of-plane (red) and in-plane (blue) magnetic hysteresis loops for a) BFO-CFO and b)

BFO-NFO films

Normalizing the magnetization of each film to the volume fraction of the nanocomposites
estimated from SEM image analysis, we calculate a saturation magnetization for NFO and
CFO to be 687 emu/cc and 1054 emu/cc respectively. This is a considerable enhancement
compared to the bulk saturation magnetization of -270 emu/cc for NFO and ~400 emu/cc
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for CFO [150]. Several factors could be responsible for this enhancement and are discussed
below.
In previous study on BFO-CFO nanocomposites, the magnetic moment increase with
decreasing volume fractions of CFO in BFO-CFO nanocomposites [202]. This was
attributed to the presence of uncompensated and rotatable spins at the interface of BFO and
CFO. However, it is well known that BFO itself has a small net magnetic moment, which
might contribute to the increased magnetic moment in both films. It is also plausible that
deposition conditions led to an iron rich composition, resulting in the presence of Fe304 in
addition to CoFe204. These phases would not be distinguishable by XRD, since both have
spinel structures which would appear at similar 20 values. However, the large enhancement
in magnetization due to presence of Fe304 would also result in higher intensity in the XRD
peaks for the spinel phase. However, from the XRD scans in Figure 7-2, we can see that the
spinel peaks are quite weak. Therefore, the apparent enhancement in magnetization is likely
a result of higher volume fractions than deduced by the top-view SEM images. Extracting
the volume fraction by top-view SEM images assumes that the cross-section of the
CFO/NFO pillars remains the same through the thickness of the films, and no extra pillars
exist. However, it is possible that some spinel pillars do not extend through the thickness of
the film, increasing the estimate of the saturation magnetization.
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7.3
7.3.1

M-E coupling
Changes in ferroelectric response of BFO with applied magnetic fields

The magneto-electric coupling was measured with the aid of an MFP-3D AFM system, and
the coupling was defined as a proportionality constant relating the change in the ferroelectric
amplitude response to the change in the in-plane magnetic field. A detailed description of
the quantification method is described in Section 3.2.5. Briefly, we measure the amplitude
and phase response of BFO in piezoresponse force microscopy set up (PFM) using a
conductive nanoscale tip.
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Figure 7-4 Magneto-electric coupling measurements on BFO-CFO (ab) and BFO-NFO (c,d).
Amplitude and phase response of the BFO is measured without magnetic fields (red curves) and in
the presence of an in-plane magnetic field of the order 2500 Oe.
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We then apply an in-plane magnetic field varying from 0-2500 Oe. We measure average
ferroelectric response curves at the same locations of the film during the application of an
in-plane magnetic field. We pick a point on BFO close to a CFO (or NFO) pillar. The results
for the two films are given in Figure 7-4, including the amplitude and phase curves at 0 Oe
and 2500 Oe.
Figure 7-4 clearly indicates a change in the amplitude and phase curves at 2500 Oe for CFOBFO, compared to no change for NFO-BFO. In the case of CFO-BFO, we observe that the
phase loop width decreased from 15 V to 10 V on applying the in-plane field, and the
amplitude decreases from ~20 to ~5 pm. There is also a shift of the hysteresis loop towards
the right on application of a magnetic field. The imprint (shift of the phase loop relative to
zero) can be attributed to a build-up in electric charges or the presence of sizeable strain in
the ferroelectric phase. The origin of such imprint has been described earlier in [203], [204].
In the case of NFO-BFO we observe no change in the shape or magnitude of the amplitude
or phase response. The amplitude and phase loops coincide for zero field as well as 2500 Oe.
We analyze the physical processes that occurs on application of the magnetic field in order
to understand the origin of this behavior. Due to large (and negative) magnetostriction of
CFO, the application of an in-plane magnetic field creates a significant compression in CFO
lattice in the in-plane direction (along the applied magnetic field). Simultaneously, a tensile
strain is created along the out-of-plane direction (of half the magnitude as the in-plane
direction). Due to the intimate contact between the BFO and CFO at the vertical interfaces,
there is a change in strain for the BFO as well. In the initial, as grown state (no magnetic
field), the BFO has a tensile out-of-plane strain (as observed from the XRD peak values, and
as expected for BFO-CFO nanocomposites). On application of an in-plane magnetic field, a
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contraction in CFO in the lateral direction must be compensated by an expansion of the BFO
in-plane. This could explain the observed decrease in amplitude of the PFM response. The
shift in the phase loop for BFO, as well as the change in its shape (switching at a specific
voltage at zero field versus more gradual switching in the presence of in-plane magnetic
field) also points to an effect of the magnetic field induced change in the strain state of the
BFO. Further, no change is observed in the case of NFO-BFO, which is evidence that the
presence of a large magnetostrictive phase coupled with the BFO (through the interfaces) is
necessary to create such a response.

7.3.2

Quantifying coupling coefficient

Magneto-electric coupling coefficient can be quantified as a change in AE/AH where AE
Au/(d3 3D) similar to previous work based on PFM measurements [117], [119], [205]. Here
d33 = u/V at zero field. u is the magnitude of the amplitude response at 0 field and V is the
applied AC bias. Au is the change in amplitude on application of an in-plane magnetic field
of the order AH.
Based on the values obtained for BFO-CFO, we obtain a coefficient of 2.5x 104 mV/cm Oe
using the above calculations. This value is comparable to values obtained in previous work,
5.9 x 104 mV/cmOe for BFO-CFO nanodots [117] as well as 1.1 x 104 mV/cmOe for BFOCFO grown on flexible substrates [170] but significantly enhanced compared to 338
mV/cmOe obtained in quasi particulate BFO-CFO nanocomposites [205].
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7.4

Discussion

In this chapter, we determined the magneto-electric coupling in BFO-CFO and BFO-NFO
nanocomposites by measuring a change in the local ferroelectric response of BFO in the
presence and absence of magnetic fields. On application of a magnetic field, for CFO-BFO
nanocomposites, we observed a decrease in amplitude of the ferroelectric response, as well
as a decrease in width of the ferroelectric hysteresis loop. On the other hand, in the case of
NFO-BFO nanocomposites, we observe no changes or shifts in either the amplitude or the
hysteresis response of BFO with the application of a magnetic field.
We attribute the changes observed in CFO-BFO nanocomposites to the elastic strain
mediated magneto-electric coupling through the interfaces. The high magnetostriction of
CFO creates a strong strain response on application of a magnetic field, compared to NFO,
which has an order of magnitude lower magnetostriction response.
We compute the magneto-electric coefficient as the normalized change in ferroelectric
amplitude response with a change in magnetic field. Using this, we obtain a magneto-electric
coupling coefficient of ~2.5x104 mv/cm Oe, comparable to values obtained for similar
materials.
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8 Properties

of

sputtered

BFO-CFO

nanocomposites
The use of pulsed laser deposition (PLD) to grow BFO-CFO nanocomposites presents
several limitations in its integration into industrial processing. PLD growth allows uniform
deposition of films over a very small region of a few centimeters, which is not compatible
with industrial processing where depositions occur on large wafers. This means that the
throughput of PLD is low, allowing only a few films to be produced in a process run.
Although some work has been done to make PLD growth compatible with industrial
processes over large areas [206], the ability to sputter the BFO-CFO nanocomposites would
greatly increase the ability to utilize such nanocomposites as multifunctional materials. So
far, there is only one report of successful growth of BTO-CFO nanocomposites by sputtering
[207]. Even so, the resulting sputtered morphology was not of the same quality as similar
films grown via PLD, and the effects of the different growth condition on the ferroelectric
properties of the nanocomposites was not examined.
In this chapter, we will discuss BFO-CFO nanocomposites grown using RF magnetron
sputtering by T.C. Kim2 [121]. We will focus our discussion on the high-resolution XRD
studies and ferroelectric properties of sputtered BFO-CFO. Finally, we demonstrate for the
first time, the templating CFO in sputtered BFO-CFO films into ordered arrays.

2

The work done in this chapter is published in Kim et al, J. Mater. Chem. C, 2018, Advance Article

143

8.1

Growth of BFO-R and BFO-T phases on Nb-doped STO

Various sputtering conditions were explored to optimize the growth of vertical BFO-CFO
nanocomposites on Nb:STO (001), the first report of sputtered oxide nanocomposites
resulting in a vertical morphology comparable to PLD grown nanocomposites.

A large

process window for growth of vertical nanocomposites was established - sputtering power
40 - 80 W, total pressures of 10 - 30 mTorr and Ar:02 ratios of 1:0 (pure Ar), 1:2, 1:4 and
1:9. The nanocomposites not only exhibited the vertical morphology typical for PLD grown
nanocomposites, but also showed comparable magnetic properties which are strongly
dependent on the strain in the CFO phase (data not shown here).
In this chapter, we discuss three of these BFO-CFO films grown under slightly different
deposition conditions by RF Magnetron sputtering which exhibit different phases of BFO.
The deposition conditions of the 3 films is given in Table 8-1. The wide angle 0-20 scans
for the same, along with the corresponding SEM images are given in Figure 8-1. The SEM
images in Figure 8-1 d-f confirm that the morphology of sputtered BFO-CFO is similar to
PLD grown BFO-CFO and comprises of CFO pillars embedded in a BFO matrix.
Table 8-1 Growth conditions for sputtered BFO-CFO films

Sample #

Sputter

Temperature

Total

Power

(OC)

pressure

Ar: 02

Deposition

Thickness

time (h)

(nm)

(mTorr)

(W)

BCFO 1

60

650

50

1:2

2

215

BCFO 2

60

650

50

1:4

2

180

BCFO 3

60

667

50

1:4

2

195
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Figure 8-1 XRD 0-20 scan for films a) BCFO 1, b) BCFO 2 and c) BCFO 3 respectively and
corresponding SEM images.

An interesting feature of sputtered BFO-CFO, as seen in Figure 8-1 is the presence of BFOT phase on doped STO substrate, under some conditions. This is in contrast to PLD grown
films on STO which only yield BFO-R, as observed in previous work on BFO-CFO [29],
[176]as well as single phase BFO [97]. A few studies have observed the presence of BFO-T
in single phase BFO films grown on STO, where films were grown either by RF magnetron
sputtering [177], [208], [209] or ion beam sputtering [210]. The cause for the stabilization
of BFO-T phase is ambiguous. While some studies showed the presence of impurity phases,
specifically bismuth oxide phases, which appear to have stabilized a BFO-T phase [209],
[210], others cite growth rate [208] and temperature driven BFO growth mode [177]. The
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films grown in Table 8-1 show the presence of different BFO phases in the BFO-CFO
nanocomposites, with films exhibiting BFO-T only, BFO-R only or even both phases
simultaneously present. The BFO-T phase appears to be more prominent (as evidenced from
the XRD peak) only at high Ar:02 ratio and low temperatures.

8.2

High-resolution X-Ray characterization of BFO-CFO

The high-resolution XRD characteristics for the films were probed by using Bruker D8
system. Specifically, reciprocal space maps (RSM) and phi scans were obtained. The
reciprocal space maps are plotted in Figure 8-2. The lattice parameters for BFO are given
inTable 8-2. In these XRD plots, the CFO peaks are too weak to be seen in the RSMs and
have therefore not been considered in our analysis. Even so, Ip-scans were employed to
indirectly confirm the cube-on-cube epitaxy of both BFO and CFO on Nb:STO, with the
relationship being [100] BFO (001) 11[100] Nb:STO (001) and [100] CFO (001) 11 [100]
Nb:STO (001).

Table 8-2 In-plane and out-of-plane lattice parameters for BFO in sputtered BFO-CFO

BCFO 1

4.19

4.03

71.00

BCFO 2

3.99

3.96

63.32

4.00

3.96

63.58

3.96

3.99

63.48
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Figure 8-2 Reciprocal space maps (RSM) for the asymmetric (103) reflection of BFO and Nb:STO

substrate obtained for a) BCFO 1 b) BCFO 2 and c) BCFO 3

The <p-scans confirmed the cube-on-cube epitaxial growth of BFO and CFO on Nb:STO with
the relationship of [100] BFO (001)

jj

[100] Nb:STO (001) and [100] CFO (001)11| [100]

Nb:STO (001), shown in Figure 8-3. These were obtained by measuring the Nb:STO (202),
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BFO (202) and CFO (404) at 20 values 67.940, 66.76" and 62.66 respectively and the tilting

(a)

BFO

-

angle was 45.5'.

(b)

.

BFO

j.
CFO

-

L

I

CFO

M J

1.111111

STO

0

100

200

300

STO

0

100

200

300

Figure 8-3 q scans for a) BCFO I and b) BCFO 3 obtained at a sample tilt angle = 45

detecting

reflections from Nb:STO (202), BFO (202) and CFO (404).

8.3

Ferroelectric properties of different BFO phases

We confirm the ferroelectric nature of BFO in sputtered BFO-CFO by conducting PFM
measurements on the Veeco AFM. Conductive tips HQ:NSC19 Cr-Au were used. Figure 8-4
summarizes the PFM results for the 3 films.
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exhibit typical butterfly shaped amplitude loops and show a 180* hysteresis phase loops, as
typically observed in ferroelectric materials. The amplitude values were quantified in pm/V
using the protocol described in section 5.4.2 as shown on the amplitude axis in Fig 1-4. The
values correspond to those typically observed in BFO thin films grown by various deposition
techniques [185]. This result suggests that the sputtered BFO-CFO materials have

comparable functional properties as PLD grown ones. As observed from the results in Figure
8-4, BCFO-1, with sharpest tetragonal BFO peak, exhibits lowest amplitude of PFM
response. However, without knowing the distribution of the BFO-R phase, which is also
present in some amount, relative to the BFO-T phase and the surface (since PFM is a surface
technique), it is difficult to interpret this difference in amplitude.
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8.4

Templating BFO-CFO nanocomposites via sputtering

The ability to sputter nanocomposites is a step towards industrial compatibility of BFO-CFO
nanocomposites. Controlling CFO pillar location in sputtered nanocomposites would further
increase its utility as uniform pillar positions is essential for using it in devices. In order to
do so, we applied the templating procedure developed by Aimon et al [38] to create a seed
layer of BFO-CFO to grow sputtered films on. Briefly, FIB (with a subsequent acid etch)
was used to create ordered pits in Nb: STO using focused ion beam current of 9.7 pA. The
pitch of the arrays created on these substrates ranged from 50-100 nm.

I

In

Figure 8-5 Templated growth of BFO-CFO nanocomposites by RF magnetron sputtering. a) CFO
seed layer grown using PLD after templating Nb: STO substrate, pitch =67 nm b) Ordered arrays of
CFO in sputtered BFO-CFO nanocomposites with same pitch =67 nm as seed layer. Scale bars are
200 and 100 nm respectively.
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After templating, a small amount of CFO was deposited, and annealed for 12 hours. The
CFO nucleates preferentially into the pits (which do not have (001) surfaces). Annealing
allows the remaining nuclei to coarsen into the pits. Figure 8-5 a shows an example of a seed
layer of CFO. Subsequently, BFO-CFO nanocomposites are sputtered (using optimized
growth conditions). Some regions, such as those shown in Figure 8-5 b templated well. A 67
nm CFO seed translates to a 67 nm pitch for the BFO-CFO nanocomposite. Further
optimization of seed layer and sputtered film conditions could lead to more control on the
templating.

8.5

Summary

BFO-CFO nanocomposites were grown using RF magnetron sputtering, a promising step
towards integration of these nanocomposite films in industrial processes. Changing
temperature, power, and Ar:02 ratio resulted in systematic changes to the observed BFO
phase (BFO-T versus BFO-R). High resolution XRD analysis confirmed the epitaxial
relationship between BFO and CFO and the STO (001) substrate. It also indicates relaxation
in the BFO-R phase. Amplitude and phase curves obtained using PFM confirm the
ferroelectric nature of the BFO in sputtered BFO-CFO. Further, we were also successful in
growing regularly templated BFO-CFO nanocomposites utilizing a seed layer of CFO grown
by PLD, and subsequent growth by sputtering. These demonstrations pave the way for the
potential commercial utilization of BFO-CFO nanocomposite materials.
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9 Conclusion
9.1

Summary and conclusions

In Chapter 4, we described the first study of magnetostatic interactions between
ferrimagnetic spinel pillars in the spinel-perovskite nanocomposite system. By changing the
composition of the magnetic spinel pillars between CFO and NFO, we achieved a systematic
reduction in magnetic anisotropy of the pillars. Further, by selecting an appropriate
intermediate composition between CFO and NFO, where the magnetostatic interactions are
greater than the individual switching fields on the pillars, we showed a proof-of-concept
demonstration of a system with dominant magnetostatic interactions. Such systems have
been recommended for nanomagnetic logic devices such as RAMA devices [136], [211].
Further, such systems can be used to study the magnetic interactions in frustrated spin
systems.

In Chapter 5, we studied various approaches to tune the structure of the BFO phase. By using
crystal substrates with different lattice parameters

for the growth of BFO-CFO

nanocomposites, we systematically affected the structure of the BFO phase. On LAO (001),
we obtained a tetragonal like phase with a high c/a ratio. Further, we modulated the relative
stabilization of BFO-T versus BFO-R in BFO-CFO nanocomposites on LSAT (001) by
changing the relative volume fraction of BFO versus CFO. We found that the conductive
buffer layer used in order to enable electrical measurements greatly impacts the structure of
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BFO, with LSMO stabilizing BFO-T and SRO promoting strain relaxation and thereby
stabilizing BFO-R for BFO-CFO nanocomposites on LAO (001).

In Chapter 6, we continued to develop the behavior/properties of BFO in BFO-CFO
nanocomposites on LAO substrates of different crystal orientations. On LAO (001), we find
that the BFO grows as BFO-T close to the substrate and relaxes into BFO-R with increasing
thickness, with a simultaneous evolution of the CFO orientations that stabilize from multiple
orientation to (001) oriented CFO. On LAO (110), an anisotropic substrate, we demonstrated
a decrease in tetragonality of BFO with increasing film thickness, additionally we found that
this tetragonality is strongly influenced by the presence of the CFO interface. This was
further confirmed by high resolution XRD analysis as well as ferroelectric measurements.

In Chapter 7, the magneto-electric effect between BFO-CFO was detected and quantified
using PFM measurements with in-situ magnetic field application. In BFO-CFO
nanocomposites, we observed a decrease in PFM amplitude with increasing magnetic field
application. The quantitative information obtained from this data reveals a magnetoelectric
coupling coefficient of 2.5x 10' mV/cmOe, comparable to the coefficients obtained on other
composites using PFM based experiments. Additionally, we compared these results to those
obtained for NFO-BFO nanocomposites, which predictably do not exhibit any magnetoelectric coupling.

154

Finally, in Chapter 8, we studied the properties of BFO-CFO grown by RF Magnetron
sputtering. We show that sputtered BFO-CFO maintains the epitaxial relationship with the
substrate as seen in PLD grown nanocomposites. Further, we studied the ferroelectric
properties of sputtered BFO-CFO and show that the properties obtained are comparable to
those obtained for BFO-CFO grown by PLD as well as single phase BFO. We show that a
tetragonal BFO is stabilized in sputtered BFO-CFO nanocomposites even without the use of
compressive crystal substrates. Finally, we demonstrate the high utility of BFO-CFO
nanocomposites produced by sputtering, by developing an approach to template the CFO
pillars into ordered arrays.

9.2
9.2.1

Future work
Systematic correlation of magnetoelectric properties to materials properties

In Chapter 7, we demonstrated the detection and quantification of magnetoelectric coupling
in BFO-CFO nanocomposites and predictably not in BFO-NFO nanocomposites. Due to a
large difference in their magnetostriction, these materials enable us to experimentally
correlate the extent of magneto-electric coupling to magnetic pillars magnetostriction. In
Chapter 4, we had demonstrated a systematic control of magnetic anisotropy dominated by
magnetostriction in BFO-CoxNilxFe2O4. Using this system, and the method described in
Chapter 7, one could experimentally correlate magnetic anisotropy to the coupling
coefficient in a quantitative manner. Although a large body of work exists on the growth and
characterization of multiferroic oxide nanocomposites, there is a lack of systematic
experimental studies determining a correlation between the magnetoelectric coupling
coefficient to the materials anisotropy. Such a study would help determine if tuning the
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anisotropy of the nanocomposite can be directly used to tune its magnetoelectric coupling
coefficient - an essential property for its reliable use in functional devices. Optimizing a large
magnetoelectric coupling coefficient could enable data storage and logic devices such as the
MESO device [212].

9.2.2

Determining the origin and evolution of high c/a BFO in sputtered BFO-CFO
nanocomposites

As seen in Chapter 8, sputtered BFO-CFO films exhibit high c/a phase of BFO on Nb:STO
substrates, where epitaxial strain would not be considered a factor in the stabilization.
Similar studies on single phase BFO on STO substrates have attributed the presence of high
c/a BFO to different factors during growth such as presence of an impurity bismuth oxide
phase, or changes in the growth modes depending on temperature or growth rate. The
presence of CFO phase further complicates the growth and stabilization process that might
exist in sputtered BFO-CFO films. Systematic studies of this phenomenon, by varying the
temperature, and growth rate and determining the evolution of the structure of BFO could
help understand the origin and distribution of such high c/a ratio BFO. Additionally, these
studies can also help us determine the role of CFO in enhancing or diminishing the stability
of BFO in these nanocomposites.
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Appendix A
Fig. Al shows simulated magnetization patterns after demagnetization of models with
randomly assigned switching fields following a Gaussian distribution. An array of 15 x 15
dipoles forming a square grid was considered in the model, but only the inner 10 x 10 dipoles
are shown in these figures. In (a), we count the number of pillars which have all 8 of their 8
nearest neighbors in the correct configuration to form a checkerboard. In (b), we count pillars
with 7 or more correct nearest neighbors, and in (c) we count pillars with 6 or more correct
nearest neighbors. Examples of checkerboards with the specified number of correct nearest
neighbors are highlighted using a dashed red outline. In each case, we consider three
switching field distributions with Y= 0.25, 0.5, 0.75 to illustrate the effects of increasing
disorder on the magnetic configuration.
Fig. A2 shows the area and pitch distributions for samples with compositions x = 0 to 1, as
well as the area distribution for the templated sample with x = 0.2. The red line indicates a
normal distribution fit.
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a) 8 perfect neighbors

o=0.25

o= 0.5

o= 0.75

c= 0.5

a= 0.75

b) 7 or more perfect neighbors

0.25

c) 6 or more perfect neighbors:

y = 0.25

i=

0.5

Fig. Al. Simulations of magnetic configurations after demagnetization.
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In-plane hysteresis loops
Fig. A3 shows the room temperature in-plane and out-of-plane hysteresis loops for CoxNiixFe204-BFO. Note that the differences in saturation for in-plane and out-of-plane loops are
due to calibration.
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Appendix B

Figure Bi: SEM images of BFO-CFO nanocomposites grown on LAO (001) and LSAT
(001) at different temperatures.
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