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Summary

Ferromagnetic and ferroelectric materials have established their important roles in
memory storage technology. Based upon their switchable magnetization states by
external magnetic fields, ferromagnetic materials became the key component of hard
disk drives. Ferroelectric materials are the storage media in ferroelectric dynamic
random access memories, because of their reversible electric polarization under
external electric fields. Combining the ferromagnetic and ferroelectric orders not only
preserves the characters of the parent materials, but also creates the opportunity for the
interplay between the two ferroic orders. This interplay, known as magnetroelectric
(ME) coupling, allows magnetic field control of electric polarization, or electric field
control of magnetization and it opens the door to a new type of applications, such as
multi-state memories, electric-write magnetic-read hard disk drives (HDDs), magnetic
field sensors, and phase shifters. A summary of applications is described in chapter 1
of this thesis.
In contrast to the scarcity of single-phase compounds that exhibit strong ME
coupling at room temperature, a variety of multiferroic composites have demonstrated
strong room-temperature coupling, which is crucial for the abovementioned
applications. The rich material choices endow the composite system with great design
flexibility. The most common coupling mechanism in such composite systems is a
strain-mediated polarization change. When an external magnetic field is applied to
such a composite, a strain is induced in the ferromagnetic phase due to
magnetostriction. This strain is transmitted to the ferroelectric phase through the
interface and triggers an electric polarization switch via the piezoelectric effect.
Following the reversed route, an external electric field can induce magnetization
direction change in the ferromagnetic phase.
With the ongoing trend towards device miniaturization, patterning (one of) the
ferroic phases into ordered nanoarrays in thin films becomes increasingly desirable.
The prevailing fabrication method so far for such multiferroic nanocomposites is
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guided self-assembly of ferroelectric perovskite and ferrimagnetic spinel during
pulsed laser deposition (PLD), which requires expensive equipment and complex prepatterning steps. In comparison to PLD, chemical solution deposition (CSD) is much
cheaper, more energy-efficient, and more suitable for large-area production. However,
the existing studies on CSD-fabricated multiferroic materials are mainly focused on
bilayer or multilayer composites and the very few reported non-layered
nanocomposites prepared with CSD have poorly defined heterostructures. A review of
the representative works on PLD deposition and CSD deposition of multiferroic
nanocomposite thin films is provided in Chapter 2, with an emphasis on the columnmatrix (1-3) geometry.
The contribution of this thesis is to demonstrate a new type of CSD approach to
produce multiferroic thin-film nanocomposites with well-defined nanopatterns. This
approach starts with patterning ordered arrays of ferrimagnetic oxides. Depositing a
ferroelectric thin film easily converts the patterned magnetic nanoarrays into
multiferroic nanocomposites with ordered structure. Instead of inorganic templates
such as anodic aluminum oxide (AAO) membranes and silica colloidal monolayers,
polymer thin films are selected as the patterning templates, considering their ease of
removal. A review of the existing polymer templating methods of oxide nanostructures
is included in Chapter 2. Cobalt ferrite (CFO) is chosen as the ferrimagnetic phase for
its low electrical conductivity and relatively high magnetostriction constant. Poly
(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) is used as the ferroelectric
phase for its easy processing. Nonetheless, this approach can be extended to other
material combinations.
In Chapter 3, highly ordered arrays of CFO nanodots were fabricated on Si
substrates, using a polystyrene-b-poly(ethylene oxide) (PS-b-PEO) templated CSD
approach. PS-b-PEO thin films with ordered PEO cylinders in a PS matrix were
prepared via solvent vapor annealing (SVA). Fe3+ and Co2+ ions in the precursor
solution were localized in the PEO phase by selective incorporation. The subsequent
UV/Ozone and thermal annealing steps transformed the ions into arrays of CFO
nanodots. Four different dot dimensions and lattice spacing were obtained by simply
changing the polymer molecular weight. With a combination of techniques, a general
characterization protocol for such super-thin oxide nanodots, which were proven
challenging to characterize, was illustrated. Complementary to scanning electron
microscopy (SEM) that revealed the local dot arrangement, grazing incidence smallangle X-ray scattering (GISAXS) confirmed the macroscopic dot ordering in 2D
hexagonal lattices and provided the average dot dimensions. Transmission electron
microscopy (TEM) showed the single-crystalline nature of the nanodots and their nonunified crystalline orientation. X-ray photoemission spectroscopy (XPS) verified the
Fe3+ and Co2+ oxidation states and estimated the occupation ratio of Fe3+ and Co2+ on
the inverse spinel octahedral and tetrahedral crystallization sites. Extended x-ray
absorption fine structure spectroscopy (EXAFS) on different preparation stages
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offered rich details on the relationship between the processing steps and events in the
dot formation. It proved that UV/Ozone had minimal oxidation effect to the Fe3+ and
Co2+ ions, and thermal annealing at 950⁰C played a critical role in the formation of
long-range crystallographic orders.
The obtained four CFO nanodot arrays, with four different dot sizes, were all
ferrimagnetic at room temperature. The smallest nanodots had a blocking temperature
Tb (310 K) much higher than the reported value (150 K) of the magnetite nanodots
prepared with a similar approach, due to the CFO’s higher magnetocrystalline
anisotropy. Such an improved Tb value signifies more stable magnetization at room
temperature and, therefore, brighter prospects in applications. The other three arrays
with bigger dots showed even higher Tb because of their higher magnetocrystalline
anisotropy energy. Following this direction, one can expect to obtain arrays of
ferromagnetic/ferrimagnetic nanodots with even higher blocking temperature by
increasing the dot height or using materials with even higher magnetocrystalline
anisotropy.
Although PS-b-PEO templating can generate highly-ordered CFO nanodots, dots
prepared with this approach are typically very thin. Super-thin CFO nanodots require
less energy for magnetization switching. However, in multiferroic nanocomposites,
they suffer from the small ferromagnetic-ferroelectric interface for ME coupling.
Substantial increase of the dot height requires thicker (> 80 nm) BCP templates with
standing-up cylinders, which is not an easy task because the cylinders tend to distort
or form multilayers of differently-oriented domains in thick block copolymer (BCP)
films. In chapter 4 we obtained thicker nanostructure arrays by switching from
nanodots to horizontal arrays of CFO nanowires. Polystyrene-b-poly(2-vinylpyridine)
(PS-b-P2VP) thin films with out-of-plane lamellae orientation were used as templates.
Like the PEO block in PS-b-PEO, the P2VP block in PS-b-P2VP can selectively
incorporate metal ions. 12h of SVA in chloroform enabled the polymer chains to
assemble and form μm-size lamellae domains. The obtained CFO nanowires were as
thick as 30 nm and consisted of interconnected particles that were much bigger than
the nanodots in Chapter 3. A higher coercive field and Mr/Ms ratio made the
magnetization more stable once aligned. At room temperature, magnetic stray fields
of the nanowires were visible in the MFM phase image. This is highly desirable for
applications in memory devices and multiferroic nanocomposites. The thickness
improvement enlarged the interface between ferrimagnetic and ferroelectric phases in
multiferroic nanocomposites.
The disadvantage of such nanowires in multiferroic nanocomposites is the
randomized wire orientation and separation. This makes the interaction between the
ferroelectric and ferrimagnetic phase site-dependent, which is undesired in memory
devices. Chemical or geographic guidance during the BCP self-assembly can improve
the structure regularity. However, this typically involves pre-patterning of the
117
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substrate, often via lithography means, which complicates the fabrication process and
increases cost. To address this issue, Chapter 5 demonstrates the first CSD deposition
of oxides using imprinted polymer templates. This approach includes two simple steps:
1) imprinting PS polymer thin film into a nanoporous template; 2) spin-coating oxide
precursor into the template and thermal annealing. Highly ordered, 30nm-thick CFO
nanostripes and nanodisks with high remnant magnetization were fabricated in a much
shorter time than BCP templating.
Like the BCP-defined nanowires, the as-obtained CFO nanostripes and nanodisks
consisted of sintered particles with various sizes and crystalline orientations.
Interesting magnetic anisotropy with the hard axis along the stripes and in the disk
plane was observed. Strong magnetic stray fields at room temperature were
demonstrated by the magnetic force microscopy (MFM) phase images. The
combination of large remnant magnetization at room temperature, high structure
regularity, and high structure thickness makes them excellent components for
multiferroic nanocomposites. The pattern and dimensions can be easily modified by
using different Si masters, without having to synthesize new polymers and go through
time-consuming SVA parameter optimization. This approach can also be easily
extended to other oxides. Compared to the direct imprinting of oxide films, this
approach promises a cleaner structure and is less affected by stamp contamination.
In Chapter 6, we transformed the ferrimagnetic nanostructures described in Chapter
3, Chapter 4, and Chapter 5 into multiferroic nanocomposites by simply spin-coating
a P(VDF-TrFE) thin layer. The as-casted films crystallized into needle-shaped
crystallites after thermal annealing. All composites were proven multiferroic at room
temperature via ferroelectric and magnetic measurements. In the nanodisk composites,
a ME coupling effect was demonstrated by a magnetic-field assisted switching of
electric polarization. The average ferroelectric coercive field determined by
piezoelectric force microscopy (PFM) declined with ascending external magnetic
fields. Due to the site to site strain variation, the individually measured ferroelectric
coercive field from different locations showed substantial variation and some could
deviate from this trend. Nevertheless, with a magnetic field as high as 6 kOe, a
reduction of ferroelectric coercive fields compared to that at 0 magnetic field was
evident from all measured sites.
In summary, with the work described in this thesis we aim to provide a new
direction for CSD deposition of multiferroic thin-film nanocomposites with welldefined nanopatterns, as a low-cost alternative to the conventional PLD deposition.
Among the three polymer templating methods demonstrated, imprinted polymer
templating was proven to be most suitable. With its flexibility on pattern design,
substrate and material choices, we believe this approach can be easily extended to
fabrication of many other nanocomposite systems.
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