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ABSTRACT

In the last decade, the application of Composite Magnetoelectric
Multiferroics has been broadened beyond electronic device ap-
plications. Since their electrical properties can be altered with
magnetic fields, composite magnetoelectric multiferroics can be
employed in remotely controlled functional systems, such as
electrode-free catalytic systems and micro- and nanorobots for
mechanical and biomedical applications, where a magnetic field
is used as an input source. To promote and expand the usage
of magnetoelectric materials in these novel applications at small
scales, this thesis is dedicated to the fabrication, characterization,
investigation of exceptional material properties, and the appli-
cation of multi-scale and multi-dimensional composite magneto-
electric multiferroic materials.

In the first part, we employ zero-dimensional core-shell magne-
toelectric nanoparticles for wireless electrocatalytic reactions. We
synthesize core-shell CoFe;O4-BiFeO3 nanoparticles with promi-
nent magnetoelectric coupling, demonstrate an unprecedented
magnetoelectrically induced hydrogen evolution reaction, and
study the physical origins of the phenomenon using first princi-
ple quantum mechanical calculations. When an alternating mag-
netic field is applied, the magnetoelectric effect in core-shell
nanoparticles modifies the electronic structure of ferroelectric
shell material, and as a result, free charges are generated on the
surface of nanoparticles. These free charge carriers can partici-
pate in various chemical reactions, providing future potential for
employing a magnetoelectric effect in different catalytic reactions.

The prominent magnetoelectric coupling in core-shell nanopar-
ticles may be ascribed to the absence of the substrate clamping.
However, their small-sized, polycrystalline, and non-epitaxial na-
ture makes it difficult to control structural parameters like in-
terfacial integrity, crystalline orientation, and grain boundaries,
hindering systematic investigations of the effect of the substrate
clamping on the magnetoelectric coupling. In this regard, we



chose single crystalline and epitaxial two-dimensional magneto-
electric thin film (BaTiO3/CoFe;O4) as a model system to ex-
amine the effect of the substrate clamping on the magnetoelectric
coupling. In the second part, we adopt a CMOS-compatible etch-
ing strategy that systematically controls the substrate clamping,
and study the relationship between the substrate clamping and
the magnetoelectric coupling. We demonstrate how the reduction
of the lateral size of thin films can diminish the substrate clamp-
ing, resulting in an exponential increase of the magnetoelectric
coupling. Additionally, we also show the site-dependent charac-
teristics of the magnetoelectric coupling in micropatterned thin
films.

Enhancing magnetoelectric coupling by reducing the substrate
clamping gives an opportunity to maximize magnetoelectric cou-
pling in single crystal and epitaxial thin films, namely, by de-
taching thin films from the substrate to make zero clamping.
In the third part, we show remarkable magnetoelectric cou-
pling in free-standing BaTiO3/CoFeO4 thin film. In addition to
the large magnetoelectric coupling, structural deformation also
arises from the interfacial strain between ferroelectric and fer-
romagnetic components when bilayer thin films are detached
from the substrate. Using this property, we design and fab-
ricate three-dimensional structures of composite magnetoelectric
multiferroics. We also report outstanding mechanical responses
in these three-dimensional magnetoelectric structures, including
superelasticity, shape-memory effect, extreme stretchability, and
shape-morphing, which originate from the interplay between fer-
roelectric domain switching and mechanical stresses.
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ZUSAMMENFASSUNG

In den letzten zehn Jahren wurden die Anwendungen von mag-
netoelektrischen Verbundwerkstoffen tiber elektronische Geréte
hinaus ausgeweitet. Da ihre elektrischen Eigenschaften durch
Magnetfelder verandert werden konnen, konnen magnetoelek-
trische Multiferroika in ferngesteuerten Funktionssystemen
wie elektrodenfreien katalytischen Systemen und Mikro- und
Nanorobotern fiir mechanische und biomedizinische Anwen-
dungen eingesetzt werden, bei denen ein Magnetfeld als Ein-
gangsquelle verwendet wird. Um die Nutzung magnetoelek-
trischer Materialien in kleinen Massstdben zu férdern und zu
erweitern, widmet sich diese Arbeit der Herstellung, Charak-
terisierung, Untersuchung aussergewohnlicher Materialeigen-
schaften und Anwendungen mehrskaliger und mehrdimension-
aler magnetoelektrischer multiferroischer Verbundmaterialienn
verschiedenen Grossenordnungen. Nach einer Einfiihrung in die
Hintergriinde der magnetoelektrischen Multiferroika erforscht
die Arbeit neue Anwendungen von Komposit-Multiferroika und
die zugrunde liegende Physik.

Im ersten Teil setzen wir nulldimensionale magnetoelektrische
Kern-Schale-Nanopartikel fiir drahtlose elektrokatalytische Reak-
tionen ein. Wir synthetisieren magnetoelektrische Kern-Schale-
Nanopartikel mit ausgeprédgter magnetoelektrischer Kopplung,
demonstrieren eine noch nie dagewesene magnetoelektrisch in-
duzierte Wasserstoffentwicklungsreaktion und untersuchen die
physikalischen Urspriinge des Phdnomens mit Hilfe quanten-
mechanischer Berechnungen. Wenn ein magnetisches Wech-
selfeld angelegt wird, verdndert der magnetoelektrische Effekt
in den Kern-Schale-Nanopartikeln die elektronische Struktur des
ferroelektrischen Schalenmaterials, wodurch freie Ladungen auf
der Oberflache der Nanopartikel erzeugt werden. Diese freien
Ladungstrager konnen an verschiedenen chemischen Reaktionen
teilnehmen, wodurch sich in Zukunft die Moglichkeit bietet, den
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magnetoelektrischen Effekt in verschiedenen katalytischen Reak-
tionen zu nutzen.

Die ausgeprégte magnetoelektrische Kopplung in Kern-Schale-
Nanopartikeln koénnte auf das Fehlen der Substratklemmung
zurtickgefiihrt werden. Ihre kleine, polykristalline und nicht
epitaktische Beschaffenheit erschwert jedoch die Kontrolle von
Strukturparametern wie Grenzfldchenintegritit, kristalline Orien-
tierung und Korngrenzen, was eine systematische Untersuchung
der Auswirkungen der Substratklemmung auf die magnetoelek-
trische Kopplung behindert. In diesem Zusammenhang wahlen
wir einkristalline und epitaktische zweidimensionale magne-
toelektrische Diinnschichten, um die Auswirkungen der Sub-
strateinspannung auf die magnetoelektrische Kopplung zu un-
tersuchen. Im zweiten Teil wenden wir eine CMOS-kompatible
Herstellungsstrategie an, welche die Substratklemmung systema-
tisch steuert. Wir untersuchen dann die Beziehung zwischen der
Substratklemmung und der magnetoelektrischen Kopplung. Wir
zeigen, dass die Verringerung der lateralen Grosse von diinnen
Schichten die Substratklemmung verringern kann, was zu einem
exponentiellen Anstieg der magnetoelektrischen Kopplung fiihrt.
Dartiber hinaus zeigen wir auch ortsabhéngige Eigenschaften der
magnetoelektrischen Kopplung in mikrostrukturierten diinnen
Schichten.

Die Verbesserung der magnetoelektrischen Kopplung durch
Verringerung der Substratklemmung ermoglicht es, die mag-
netoelektrische Kopplung in einkristallinen und epitaktischen
diinnen Schichten zu maximieren, was bedeuted die diinnen
Schichten vom Substrat zu l6sen, um die Klemmung zu be-
seitigen. Im dritten Teil zeigen wir eine bemerkenswerte mag-
netoelektrische Kopplung in freistehenden diinnen Schichten.
Neben der grossen magnetoelektrischen Kopplung ergibt sich
die strukturelle Verformung auch aus der Grenzflichenspan-
nung zwischen der ferroelektrischen und der ferromagnetis-
chen Komponenten, wenn zweischichtige diinne Schichten vom
Substrat abgelost werden. Wir nutzen diese Eigenschaft, um
dreidimensionale Strukturen magnetoelektrischer Verbundmul-
tiferroika zu entwerfen und herzustellen. Wir berichten auch
iiber erstaunliche mechanische Reaktionen in diesen dreidimen-
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sionalen magnetoelektrischen Strukturen, darunter Superelastiz-
itdt, Formgedachtniseffekt, extreme Dehnbarkeit und Formveran-
derung, die durch das Zusammenspiel von ferroelektrischer
Doménenumschaltung und mechanischen Spannungen entste-
hen.
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PREFACE

With research backgrounds in theoretical and experimental mate-
rials science, I became interested in investigating different types
of functional materials that can be incorporated into micro- and
nano- scale robotic systems during my studies at the MSRL. In
particular, magnetoelectric materials caught my attention as their
functionalities can be triggered with magnetic fields. The MSRL
has a long history in developing advanced magnetic navigation
systems and micro-/nano- machines, and it spurred my jour-
ney towards multi-scale and multi-dimensional magnetoelectric
robotic structures.

This dissertation is divided into two parts. In Part I, theoretical
backgrounds of multiferroics are introduced to give a better un-
derstanding of the motivation of this thesis. Then, the experimen-
tal methods used for the research are briefly introduced. In Part
II, the fabrications, characterizations, and applications of multi-
scale and multi-dimensional composite magnetoelectric multifer-
oics are proposed. In particular, the topics discussed in Part II in-
clude applications of magnetoelectric coupling in energy harvest-
ing, study of relationship between the substrate clamping and
the magnetoelectric coupling, and giant magnetoelectric coupling
and extraordinary mechanical properties in three-dimensional
magnetoelectric structures. In Part II, the experimental observa-
tions are corroborated with theoretical investigations and sugges-
tions of mechanisms for observed phenomena.
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INTRODUCTION






THEORETICAL BACKGROUNDS AND
MOTIVATIONS

1.1 multiferroics

Designing micro- and nanoscale material systems that have mul-
tiple functionalities is quite challenging but also fascinating from
both a scientic and engineering perspective. Although it re-
quires an understanding of the exact origins of material prop-
erties and the employment of advanced physical and chemical
approaches, designing small-scale materials with multiple func-
tionalities provides ample opportunities for developing innova-
tive and novel technologies and devices. Complex ferroic oxides
are one of the most appealing material categories for this purpose
due to their excellent electrical, magnetic, optical, and mechani-
cal properties as well as their structural and chemical tunabilities
[1].

'Ferroic' properties of materials are de ned as spontaneous
physical properties caused by the breaking of symmetries, which
have hysteretic switching characteristics between two stable
states induced by the external stimuli (Figure 1) [2]. For example,
ferroelectric materials show spontaneous electric polarizations by
the breaking of crystalline centro-symmetries, in which polariza-
tions can be switched by external electric elds. Primary ferroic
order parameters of materials include ferroelectricity, ferromag-
netism (switching magnetic moment by magnetic elds), ferroe-
lasticity (switching strain by stress), and ferrotoroidicity (switch-
ing spin torroidal moment by torroidal elds) and materials pos-
sessing more than one ferroic order parameter are called multifer-
roics[3].

Although the term 'multiferroic’ was rstly used by Hans
Schmid in 1993[4], the possibility of the coexistence of ferroelec-
tricity and ferromagnetism was suggested by Pierre Curie back
in 1894[5] based on the symmetry considerations, and the term
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Figure 1: Ferroic orders in materials. Hysteretic switching properties of
(a) ferroelasticity, (b) ferroelectricity, (c) ferromagnetism, and
(d) ferrotoroidicity. Extract from [ 3].

'Magnetoelectric (ME)'was rstly proposed by Debye in 1926 [6].
In 196Q the coexistence of ferroelectricity and ferromagnetism in
Cr,03 was theoretically predicted by Dzyaloshinskii [ 7] and ex-
perimentally con rmed by Astrov [ 8]. Several other multiferroics
such asTi, O3 and GaFeOs [9] were reported after this and the
discovery of high temperature multiferoic BiFeO3 (BFO) boosted
the research of multiferroics [ 10]. While the initial indication of
'multiferroic’ was limited in single-phase materials, nowadays it
has been expanded to multi-phase composite materials like lam-
inates, core-shell structures, layered and embedded thin Im ar-
chitectures, which will be discussed in the later sections [ 11, 12].
In multiferroics, ferroic orders can be coupled with each other

(Figure 2) and some multiferroics exhibit coupled magnetic and
electric order parameters, namely, ME coupling. The ME cou-
pling provides extra degrees of freedom in material functional-
ities where electrical properties can be controlled with external
magnetic elds or, conversely, magnetic properties can be manip-
ulated with external electric elds. As the ME materials can have
4 logic states ((P+,M+), (P+,M-), (P-,M+), (P-,M-)) rather than 2
states as is the case of single ferroics, ME multiferroics are con-
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Figure 2: Couplings in Multiferroic Materials. Extract from [ 18].

sidered as strong candidates for cost and energy effective next
generation memory devices [13]. In addition, with the advance
of micro- and nanofabrication techniques, ME multiferroics have
been incorporated into multi-scale and multi-dimensional sys-
tems, proving the potential to be used for robotic [ 14], catalytic
[15, 16], and biomedical applications [ 14, 17].

1.2 magnetoelectric coupling
1.2.1 Phenomenological Approach

ME coupling can be expressed by phenomenological equations,
i.e. thermodynamic series expansion of free energy based on the
Landau-Ginzburg theory [ 19). The free energy of the materials
system can be expanded by the electric and the magnetic elds
as following,

1 1
REH)=FR PE MPHi S0 jEF j HiHj

0 i
2
1 1 )
i BHp 5 ik BHHe 5 ik HiE B

where i and | are spatial indices, P is electric polarization, E is
electric eld, M is magnetization, H is magnetic eld, and
are the dielectric permittivity and the magnetic permeability, re-
spectively. The second to the fth terms are energies related to the
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spontaneous polarization and magnetization, while other terms
describe linear (sixth) and higher order (seventh, eighth and so
on) ME coupling contributions. Electric polarization and magne-
tization can be deduced by partial derivatives of total free energy;,
namely

BF
PEH)= o= =P+ o i+ jH

1 ! 2
+§ ik HjHk + ik HiE
BF
Mi(E,H) = B :Mis+ o ijHj+ i g
' ©)
1
+ ik EHj+ 5 ik BBk

2

From Equation 2 and Equation 3, it can be seen that j de-
scribes the linear contribution of magnetic elds to the polariza-
tion or electric elds to the magnetization, i.e. a linear ME cou-
pling term.  jx and ik refer to the higher order ME coupling
effects. In general, only the linear ME coupling effect is consid-
ered in experimental measurements for both single-phase and
multi-phase multiferroics, and the degree of the coupling can be
guantitatively analyzed by the effective ME coupling coef cient

ff120].

BM; dE;
e ‘( )E0 Bo=0 = o(ﬁ)aﬁso:o dH; 4

1.2.2 Microscopic Origin of ME Coupling

Understanding the microscopic origins of ME coupling, whether
the ME coupling is intrinsic or the outcome of elastic interfa-
cial interactions, is of crucial importance in order to develop
new devices or multi-scale and multi-dimensional systems us-
ing ME multiferroics. Depending on how ME coupling is devel-
oped in the materials, ME multiferroics can be divided into two
categories, (i) single-phase ME multiferroics and (ii) multi-phase
composite ME multiferroics.
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me coupling in single -phase multiferroics

In 200Q N.A. Spaldin revisited the origins of magnetism and
ferroelectricity in perovskite oxides and elucidated why few
single-phase ME multiferroics exist [ 21]. In some perovskite fer-
roelectrics (ABO3), the displacement of the B-site cations with d°
electron con gurations is one of the main origins of ferroelectric-
ity, while partially lled d-orbitals( di,j  0) of B-site ions are
required for the development of magnetism. This contradiction
limits the existence of room temperature ME multiferroics and
has triggered many efforts to nd materials that have different
origins of ferroelectricity to allow coexistence of ferroelectricity
and magnetism. Other than the B-site cation displacements, sev-
eral different mechanisms for ferroelectricity in magnetic mate-
rials have been observed so far, including lone-pair mechanism,
improper ferroelectricity, charge ordering, and spin-driven ferro-
electricity (Figure 3) [22].

Lone-pair mechanismin some perovskite ferroelectrics like
PbTiO3 or BiFeQgs, ferroelectric polarization originates from the
asymmetric distribution of lone pair electrons ( s? orbital) of
A-site ions (Pb’* and Bi®*). Therefore, in perovskite oxides
with partially lled B-site transition metal ions, such as BiFeOg,
Bi(Fe Cr)O3 and BiMnO 3, the coexistence of A-site ferroelectric-
ity and B-site magnetism give rise to the ME multiferroicity.

Improper ferroelectricity.In hexagonal rare-earth ferrites and
manganites (h-RFeO; and h-RMnO 3), partially lled Fe or Mn
ions give rise to magnetism. In these types of materials, tilting
of bipyramids of transition metal ion-oxygen atom causes struc-
tural instabilities, which results in the ionic shift in crystals. This
ferroelectric origin is called geometricor improperferroelectricity
and can coexist with B-site ion magnetism.

Charge orderingNon-uniform distribution of valence electrons
can cause electric polarization. For example, in LUFe;Oy4, a re-
peating sequence of F&* and Fe** ions causes the charge or-
dering within the lattice and, therefore, electric polarizations [ 23]
while exhibiting magnetism.

Spin-driven ferroelectricityln some multiferroics, electric polar-
ization is induced by so-called inverse Dzyaloshinskii-Moriya
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Figure 3: Origins of Electric Polarizations in Single-Phase Multiferroic
Systems. (a) Lone pair mechanism, (b) Geometric ferroelectric-
ity, (c) Ferroelectricity from charge ordering, (d) Magnetically
induced ferroelectricity. Extract from [ 22].

(DM) interaction where spin-spin interactions give rise to the dis-
placements of electric charges, i.e. ferroelectricity.

me coupling in composite multiferroics

Although several theoretical and experimental endeavors have
been made to nd and study new room temperature intrinsic
ME multiferroics, most single-phase multiferroics show antifer-
romagnetism and their weak ME coupling hinders practical ap-
plications [20] (Table 1). This has spurred interest in composite
multiferroics where much stronger ME coupling above room tem-
perature is easily achievable. In contrast to the single-phase mul-
tiferroics, ME coupling in composite multiferroics is an indirect
phenomenon; it arises from elastic interactions at the interfaces
between magnetostrictive and piezoelectric components [29].

electrical mechanical

ME coupling = - .
Ping mechanical magnetic

()
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Figure 4: ME coupling in composite multiferroics.

For example, when external magnetic elds are applied, a mag-
netostrictive component will give either compressive or tensile
strain to a piezoelectric component via interfacial mechanical in-
teractions, resulting in changes to the electrical polarization in a
piezoelectric material (Figure 4). Conversely, when external elec-
tric elds are applied, a piezoelectric component can apply strain
to a magnetic material, altering the magnetic moments.

In addition to stronger ME coupling compared to single-phase
multiferroics, the indirect nature of ME coupling in compos-
ite multiferroics provides further advantages, such as broad
materials selection pools and the variety of structural con g-
urations, which enable optimizations of the ME system for
each application purpose. In order to obtain maximum elas-
tic interactions, magnetic materials with large magnetostric-
tions, such as CoFe,O4, NiFe,04, CoFe FeRh and FeGa, have
been combined with materials with large piezoelectric sensitiv-
ity, such as BaTiO3, BiFeOz, PbTiO3, Pb(Zr,Ti)O3, and (1
X)Pb(Mg 1=3Nb»-3)O3 4xPbTiO3 (PMN-PT) [11, 30-32] (Table 2).

In addition to the degree of magnetostriction and the piezo-
electric sensitivity of each component, connectivity and inter-
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Figure 5: Different Structural Con gurations of Composite Magnetoelec-
tric Multiferroics.

face integrity are also critical factors for the coupling strength
in composite ME multiferroics. For effective interfacial elas-
tic interactions between magnetostrictive and piezoelectric ma-
terials, several different structural con gurations and archi-
tectures have been suggested in multi-dimensional ranges in-
cluding zero-dimensional ( 0-D) nanopatrticles, one-dimensional
(1-D) nanowires, two-dimensional ( 2-D) thin Ims, and three-
dimensional (3-D) bulk laminates and particulates (Figure 5).
For example, various 2-D con gurations of multi-scale compos-
ite MEs have been reported, including 0-3 (particles embedded
in single crystal media), 2-2 (bilayer thin Ims), and 1-3 (micro-
or nano- pillars embedded in single crystalline media) type thin
Ims. Hitherto, for 3-D composite MEs, mainly bulk ceramics
like laminated structures or particulate composites have been dis-
cussed and investigated. However, the advance of versatile micro-
and nanofabrication techniques has opened pathways to build
small-scale 3-D composite MEs, which will be discussed in Chap-
ter 5.

1.3 applications of composite me multiferroics

Conventionally, ME multiferroics have been regarded as great
candidates for non-volatile memory and electronic device appli-
cations as magnetic domains can be controlled with electric elds
[53]. In recent years, remarkable progress has been made in em-
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ploying composite ME multiferroics beyond electronic device ap-
plications, particularly for electrode-free catalytic/electrochemi-
cal systems and biomedical applications [54].

1.3.1 Electrode-free Electrochemical Applications

In typical electrochemical systems, electrodes and wires are core
components as electric eld must be applied to the functional
materials and/or electrolytes. However, this limits remote con-
trol and sensing of various electrichemical reactions as well as
prevents wireless biomedical applications. To overcome these lim-
itations, wireless electrochemical systems such as photocatalytic
and piezocatalytic systems have been suggested. Magnetic elds,
which provides several advantages like deep penetration depth,
low noise and damage, enhancing the mass transport to further
increase the reaction ef ciency, and exibility in control parame-
ters such as magnitude and frequency, can also be a great input
energy source for remotely triggered electrochemical reactions
when combined with composite ME materials.

Using CoFe, 04 (CFO)/ BaTiO3 (BTO) composites, Yanget al.
and Chen et al.demonstrated nobel metal scavenging in solution
[55, 56. When an alternating magnetic eld is applied, noble
metal ions like Ag, Au, and Pt are reduced to metal nanoparti-
cles on the surface of ME systems. Mustaqet al. showed organic
dye degradation by only applying alternating magnetic elds to
the core-shell ME nanoparticles [16, 57]. They showed that the
ME effect can not only be used used for degradations of organic
dyes and pollutants, but also be combined with other stimuli
such as light and ultrasound to boost the ef ciency of the cataly-
sis. In another work of Mushtaq et al, the authors demonstrated
chromium ion reduction induced by the ME effect [ 58].

The above examples of magnetoelectrically induced electro-
chemical reactions indicate that the application of alternating
magnetic elds to composite ME materials, i.e. ME coupling, can
result in the same effect as electric elds to the electrocatalytic
materials. Indeed, ME coupling changes the electrochemical po-
tential pro le at the interface between the material and the elec-
trolyte and generates free charges for the reactions.
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1.3.2 Biomedical Applications

Magnetic elds can not only induce electrical signals of ME struc-
tures, but also can control the locomotion of the structures. Ow-
ing to the ferromagnetic component, the structure can be guided
by either magnetic eld gradients or rotating magnetic elds. For
this reason, composite ME multiferroic micro- and nanorobotic
structures have been intensively used for biomedical applications,
such as targeted drug delivery and cell stimulation.

When drug molecules are attached to the surface of ME struc-
tures, the application of alternating magnetic elds can change
the electrical polarization of piezoelectric components and even-
tually break the drug-ME material bonds, triggering the release
of drug molecules at speci ¢ sites [ 59]. Shahzad et alstudied drug
release kinetics for targeted cancer cell treatment using CFO-BTO
core-shell nanoparticles [60]. Chen et al demonstrated both loco-
motion and drug release control using magnetic elds with FeGa-
P(VDF-TrFE) core-shell nanowires [14].

Other researchers have shown that electric signals generated
by the ME coupling can be bene cial for brain stimulation [ 61—
63] and cell manipulation [ 64, 65. With magnetic elds, both
mechanical and electrical stimulation can be applied to neural
and bone cells simultaneously, which is unlikely to occur in con-
ventional electrode-based electric eld stimulation. Guduru et
al. injected CFO-BTO core-shell nanopatrticles into rats through
the tail vein and enriched the particles in the brain using mag-
netic attraction. Subsequently, by applying alternating magnetic
elds, they recorded EEG signals and showed that the ME par-
ticles could modulate the electric waveforms deep in the brain
[66]. Dong et al. reported delivery and in-situ stimulation of
neuron-like cells using magnetoelectric nanomaterials integrated
to hydrogel-based microswimmers. At targeted sites, hydrogel
microswimmers could be degraded by enzymes and release ME
nanoparticles that could generate electric stimulations, initializ-
ing the differentiation of the therapeutic neuronal cells by ex-
ternal magnetic elds [ 67]. However, several challenges such as
biocompatibility and long-term stability are still to be overcome
in ME multiferroics-based biomedical applications. These chal-
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lenges could be resolved by designing new ME multiferroics,
which can be accomplished by understanding underlying physi-
cal origins of materials properties.

1.4 material components used in this thesis

To obtain stable ME coupling from composite multiferroics, not
only the generation of large mechanical strain (by magnetostric-
tion or piezoelectric) under external stimuli (magnetic elds or
electric elds) are required, the chemical stability between differ-
ent phases also has to be considered. Therefore, in Part Il, CFO
was chosen as the magnetostrictive component because of its
large magnetostriction coef cient, and two different piezoelectric
components, BiFeO3 (BFO) and BaTiO3 (BTO), were employed
for their solid piezoelectric properties and chemical compatibility
with CFO.

1.4.1 Magnetostrictive Component

Figure 6: Unit Cell structure of Spinel Cobalt Ferrite. Each sphere indi-
cates cobalt (blue), iron (brown), and oxygen (red).

cobalt ferrite CFO has an inverse spinel structure (Fd§m
space group symmetry, Figure 6), with cubic unit cell parameters
a = 8.38A. The tetrahedral sites of the spinel is occupied by Fe**
ions with spins aligned anti-parallel to the ions in the octahedral
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sites (Co?* and Fe**). The theoretical saturation magnetization
value of CFO is 3 g per formula unit because of the unpaired
d-electrons in Co?* ions. The experimental saturation magnetiza-
tion values, however, can differ from the theoretical value as the
cation distribution can be irregular depending on the synthetic
methods [68]. One of the most unique and interesting proper-
ties of CFO is the large negative magnetostriction and magnetic
anisotropy ( 1090 = 590 10 ©, 141 = 120 10 ) [69. Hence,
depending on the external magnetic eld directions, single crys-
tal CFO will give different magnetostriction along each crystallo-
graphic orientation.

1.4.2 Piezoelectric Components

Because of the similarities in crystal structures and chemical sta-
bility during the synthesis/growth processes, BFO and BTO have
been widely used with CFO as composite MEs. In this thesis,
CFO-BFO was selected to synthesize0-D core-shell nanoparticles
and BTO-CFO was selected for 2-D epitaxial thin Ims and 3-D
complex structure fabrications.

Figure 7: Unit Cell structure of Rhombohedral Bismuth Ferrite. Each
sphere indicates bismuth (purple), iron (brown), and oxygen
(red).

bismuth ferrite BFO has a rhombohedral perovskite struc-
ture (R3c space group symmetry, Figure 7) with unit cell param-
etersa;, = 3.965A and ,, = 893 894% As mentioned in the
previous section, the origin of the ferroelectricity in BFO is from
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the lone pair s? electrons of Bi®* ions along the [111] direction.
Although BFO is above room temperature, ME multiferroic itself
with Néel temperature of Ty 370°C and Curie temperature
of Tc  8200C, the weak magnetism (antiferromagnetism) and
weak ME coupling of BFO hinders its practical applications as a
room temperature multiferroic. Instead, BFO has been regarded
as a great candidate for a ferroelectric phase for composite ME
multiferroics because of the high spontaneous polarization (
100 C cm 2)[10].

Figure 8: Unit Cell structure of Tetragonal Barium Titanate. Each sphere
indicates barium (green), titanium (cyan), and oxygen (red).

barium titanate BTO has perovskite structures and under-
goes cubic N tetragonal (P4mm) N orthorhombic (Bmm 2) N
rhombohedral (R 3m) phase transformations upon cooling. With
the Curie temperature T = 393K BTO exists as a tetragonal
phase (P4mm, Figure 8, lattice parameters a=b=3.99 A, c=4.04
A) at room temperature. Its ferroelectricity (spontaneous polar-
ization 25 C cm 2) originates from the off-center displace-
ments of Ti** ions. Depending on the orientation of the tetrag-
onality, BTO can have either a (in-plane) or ¢ (out-of-plane) fer-
roelectric domains. Because of their coupled elastic and ferroelec-
tric properties, external mechanical strain can change the domain
con guration in ferroelectrics [ 19] and vice versa. In general, com-
pressive in-plane strain results in the elongation of the c-axis of
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the crystalline lattice and the enhancement of the electrical po-
larization along the out-of-plane direction, which eventually in-
creases the density of c-domains in BTO. On the other hand, ten-
sile strain results in an increase in the a-domains [70].
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1.5 motivation and outline of the thesis

For 0-D and 1-D composite ME multiferroics, magnetostrictive-
piezoelectric core-shell structures have been widely investigated
for their good ME couplings [ 71, 72]. Using 0-D and 1-D con-
gurations, it is possible to manipulate electric charges at the
surface of the structures by applying alternating external mag-
netic elds [ 73, 74]. In addition, once synthesized, they are easy
to incorporate into polymeric or hydrogel systems, which broad-
ens their potential applications. Owing to the wireless and non-
invasive controllability that magnetic elds offer, 0-D and 1-D
ME multiferroics can be used for wireless triggering of electro-
chemical reactions. However, only a few examples of magne-
toelectrically induced electrochemical reactions have been sug-
gested so far and there is still enough potential for inducing
other chemical reactions. Additionally, an in-depth study of free
charge generation by ME coupling and interactions between ME
materials and chemical species need to be carried out. Therefore,
in the rst part, we explore new wireless electrochemical appli-
cations, the hydrogen evolution reaction, using 0-D composite
ME core-shell nanoparticles (CoFe, O4-BiFeQ3), and theoretical
mechanism studies.

In 0-D and 1-D multiferroics, large ME coupling may be at-
tributed to the absence of the substrate clamping. In spite of the
advantages 0-D and 1-D ME multiferroics provide, their small-
size, polycrystalline, and non-epitaxial nature entangles struc-
tural factors, such as crystalline orientations, interface integrity,
and grain boundaries, and hinder fundamental investigations of
the effect of the substrate clamping on the ME coupling. In this
regard, single crystalline and epitaxial 2-D thin Ims are good
model systems to study the physics of composite ME multifer-
roics. The advances in physical vapor deposition techniques, such
as pulsed laser deposition and molecular beam epitaxy, allowed
growths of high quality single crystalline and epitaxial ME com-
posite thin Ims where materials have a grain boundary-free and
uniform domain orientation environment. This offers ideal con-
ditions to decouple structural factors and systematically examine
the effect of the substrate clamping on ME coupling. In the sec-
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ond part, using [ 00]] oriented single crystalline 2-D bilayer ME
thin Ims (BaTiO 3/CoFe ,04), we demonstrate that the reduction
of the substrate clamping can exponentially increase the ME cou-
pling. Additionally, we report the site-dependent characteristics
of ME coupling in 2-D bilayer structures.

Since a reduction of the substrate clamping signi cantly en-
hances the ME coupling, in the third part, we examine ME
coupling behavior in completely declamped epitaxial thin Ims,
i.e. 3-D free-standing thin Ims (BaTiO 3/CoFe;04). We demon-
strate remarkable ME coupling behavior in 3-D free-standing thin
Ims which signi cantly exceeds those of 0-D and 2-D struc-
tures. Furthermore, we report unexpected mechanical properties
and shape morphing capabilities such as superelasticity, shape-
memory effect, and extreme elastic strains, followed by the fabri-
cation of complex shapes of 3-D ME structures including twisted
architectures, dogbone-like structures, and kirigamis. Using both
experimental and theoretical methods, we also investigate the
underlying physics of the exceptional mechanical properties ob-
served in 3-D ME structures. We believe that our ndings here
will expand the application of single crystalline ME multifer-
roics to micro- and nanorobotics and micro-electro-mechanical
systems (MEMS).

With the aim of exploring new applications of multi-scale and
multi-dimensional composite ME multiferroics and understand-
ing the fundamentals of exceptional physical properties, this
thesis is structured as following:

In Chapter 2, the theoretical backgrounds of i) Chemical
synthesis and deposition methods for the fabrication of compos-
ite ME structures and ii) Materials characterization methods,
including experimental and computational analysis methods are
introduced.

In Chapter 3, the synthesis and characterization of 0-D ME
core-shell nanoparticles and their applications in hydrogen
evolution reactions are presented. In addition to the experimen-
tal realization of hydrogen evolution using 0-D ME core-shell
nanoparticles, the mechanism of magnetoelectrically induced
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free charge generation is also discussed in detail using both
experimental analysis and rst principle Density Functional
Theory calculations.

In Chapter 4, ME coupling behaviors in single crystalline
and epitaxial 2-D thin Im ME structures are investigated. In
particular, the effect of the substrate clamping on ME coupling
and the strategy to enhance ME coupling in 2-2 bilayer con gu-
rations are discussed. By adopting complementary metal-oxide
semiconductor (CMOS) compatible fabrication techniques, the
systematic control of ME coupling in 2-2 con gurations are
presented.

In Chapter 5, the fabrication, characterization, and investiga-
tion of extraordinary properties of new types of epitaxial 3-D ME
structures are discussed. The enhanced ME coupling, as well as
the unprecedented mechanical properties, including superelastic-
ity and shape memory effect, were observed in freestanding 3-D
ME structures. Using comprehensive electrical and mechanical
characterizations as well as numerical phase eld modeling,
the origin of extraordinary properties in freestanding structures
are elucidated. Additionally, the application of superelastic 3-D
ME structures for exible/stretchable magneto-electronics and
electrically activated kirigami structures are also presented.

Chapter 6 summarizes the results and draws conclusions
for composite ME multiferroics in multi-scales and multi-
dimensions, followed by future perspectives.






EXPERIMENTAL METHODS

2.1 chemical synthesis of nanoparticles

As 0-D composite ME structures, CFO-BFO core-shell nanoparti-
cles were synthesized. Single crystalline CFO core was synthe-
sized by coprecipitation and hydrothermal methods and BFO
shell was coated with sol-gel method.

2.1.1 Co-precipitation Method

Co-precipitation chemical synthesis involves the precipitation of
chemical substances under speci ¢ conditions. There are four dif-
ferent types of co-precipitation, namely, (a) surface adsorption,
(b) mixed-crystal formation, (c) occlusion, and (d) mechanical en-
trapment [ 75]. Regardless of the process, co-precipitation com-
prise of three major steps: liquid mixing, nucleation, and crystal
growth. Especially, nucleation and crystal growth determine the
properties of precipitated chemical substances [76].

The nucleation rate of co-precipitation can be expressed as fol-
lowing [ 77):

dN 16 3v2

a - & l3pmainzs] ©
where is constant, s liquid/solid interfacial energy, v is the
volume of solids, T is temperature, and s is the supersaturation.
Therefore, nucleation strongly depends on the concentration of
chemicals and the temperature of the batch.

Meanwhile, the crystal growth of co-precipitation can be ex-

pressed as

kg = a(C  Ceq)" (7

23



24

experimental methods

where a is the growth rate constant, c is the supersaturation con-
centration, and ceq is the solubility concentration (close to zero
for most hydroxides and carbonates). In both nucleation and crys-
tal growth processes, the rates are function of the supersaturation
of chemicals. Since nucleation is exponentially dependent on the
supersaturation, high supersaturation levels promote nucleation
and favor the precipitation of highly dispersed materials. On the
other hand, dilute solutions will promote precipitation of fewer
but larger materials.

2.1.2 Hydrothermal Method

Hydrothermal method is a simple yet strong process to synthe-
size single crystalline nanomaterials. It involves an aqueous solu-
tion in a closed reaction chamber to create high temperature and
high pressure environment. By controlling the temperature and
pressure, morphologies of nanoparticles can be determined [7§].
The core procedures of recrystallization during hydrothermal
method can be described as following. (i) The chemical reactants
are redissolved into ions or molecular forms in the medium un-
der high heat and pressure. (ii) lons or molecular forms are sepa-
rated by the heat uctuation and form a supersaturated solution.
(i) lons or molecular forms move to the interface and crystallize.

2.1.3 Sol-Gel Method

Sol-gel process is widely used to synthesize various nanostruc-
tures, especially for metal oxides. In sol-gel process, chemical
colloidal solution with molecular precursors, so-called "sol", is
slowly evolved to "gel" phase which is diphasic system of liquid
and solid phases [79]. By evaporating remaining solvent via heat-
ing, the wet gel phase can be completely transformed into solid
phase (Figure 9).
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Figure 9: Schematic description of sol-gel process. Extracted from [79].

2.2 pulsed laser deposition

For 2-D and 3-D structure fabrication, epitaxial BTO/CFO thin
Ims were deposited using pulsed laser deposition (PLD). In PLD
deposition technique, high energy UV laser (KrF excimer, 248
nm) pulse physically ablates target materials into plasma which
eventually precipitates and crystallizes on a substrate (Figure 10).
Along with the molecular beam epitaxy, it is one of the most ro-
bust deposition techniques for high quality epitaxial thin Ims
where atomic level control of the growth is allowed. For oxide
thin Ims, stoichiometric target materials are ablated under oxy-
gen atmosphere in order to control the oxygen vacancy levels. De-
pending on the growth parameters such as temperature, oxygen
pressure, laser intensity and frequency, several different types of
growth modes can be observed, which determines crystallinity
and surface roughness. In some systems,in-situ monitoring of
the Im growth is possible with the re ection high-energy elec-
tron diffraction (RHEED).

2.2.1 Growth modes in PLD

The quality of a thin Im deposited by PLD is determined by the
growth condition. Ablated target materials will crystallize and
grow in different modes to minimize the free energy of the sub-
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Figure 10: Schematic description of a pulsed laser deposition chamber.

Figure 11: Schematic illustration of growth mode of physical vapor de-
positions. Extracted from [ 80.

strate surface. The free energy depends on the substrate condi-
tion such as lattice parameter (mismatch), crystalline orientation,
roughness, temperature, etc [80]. For example, when arriving ab-
lated materials have high mobility and stable free energy on the
surface of a substrate, Im will be grown by the 2-D Layer-by-
Layer mode which gives atomically smooth surface (Figure 11
(a)). When atoms or molecules are strongly bound to each other
rather than bounding to a substrate, the Im will grow by the
3-D Island Growth mode (Figure 11 (b)). When strain relaxation
happens during the Im growth, the 2-D and 3-D mixed growth
mode, namely, Stranski-Krastanovmode, will be dominant (Fig-
ure 11 (c)). With a substrate that has steps, a Im will grow in
Step- ow Growthmode (Figure 11 (d)).
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2.2.2 Growth parameters in PLD

Once substrate conditions, such as lattice parameters, crystalline
orientations, roughness and the existence of steps are decided,
growth of a thin Im will depend on other external parameters,
such as temperature, oxygen pressure, and laser conditions. By
changing these parameters, the kinetic energies of ablated ma-
terials and the free energy at the surface of a substrate can be
controlled, i.e. the growth modes can be controlled with these ex-
ternal parameters. Additionally, for ferroelectric oxide thin Ims,
the direction of the polarization or defect concentrations can be
controlled as well with these parameters.

pressure  Oxygen pressure affects both kinetic energy of ab-
lated materials and thermodynamics of chemical species at the
surface of a substrate. For example, when BaTiG; is deposited by
PLD, Ti ion displacement can be controlled with oxygen partial
pressure during the deposition process (Figure 12 (a-d)) [81].

laser parameters Laser intensity and frequency determine
the stoichiometry and the kinetic energy of ablated materials. For
BaTiOs, very different ferroelectric hysteresis loops are observed
depending on the laser intensity as stoichiometry of ablated ma-
terial changes (Figure 12 (e)) [82)].

temperature In PLD, substrate temperature determines the
thermodynamic stability of the chemical species on the surface of
a substrate and eventually crystalline structures. In ferroelectric
oxides, this often results in different ferroelectric behaviors as can
be seen in Figure 12 (f-g) [83).

2.3 material characterizations

In order to study the structural and physical properties of as-

synthesized and as-fabricated 0-D to 3-D ME multiferroics, sev-
eral different materials characterization techniques have been em-
ployed.
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Figure 12 Structural and electrocal properties depending on growth pa-
rameters. (a-d) Different electrical polarization of BaTiO 3 con-
trolled with oxygen pressure during the deposition. Extracted
from [81]. (e) The effect of laser intensity during the deposi-
tion on the ferroelectric properties of BaTiO 3. Extracted from
[82]. (f-g) Growth temperature dependency on ferroelectric
polarization of BaTiO 3. Extracted from [83].

2.3.1 X-ray Diffraction

X-ray diffraction (XRD) is a versatile and robust technique that
analyzes structural information of materials. XRD is performed
based on the Bragg's law,

n = 2dsin (8)

where is the wavelength of the X-ray source, d is the lattice spac-
ing, and is the angle between the X-ray and the lattice plane
(Figure 13). With a given crystalline structure, only X-ray beams
at a speci ¢ angle will give rise to the constructive interference
(beams from all other angles phase out due to the destructive
interference). Because all materials have their own characteristic
lattice spacing, i.e. lattice constants, different materials will give
different diffraction peaks (angles). Therefore, one can con gure
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Figure 13 Schematic illustration of X-ray diffraction.

the material type and the crystalline quality by analyzing diffrac-
tion peaks.

From XRD data, structural information including lattice pa-
rameters, internal strains, grain size, preferred orientation, etc.,
can be analyzed. In ferroelectric materials, even ferroelectric do-
main con guration can be analyzed by high resolution reciprocal
space mapping (RSM) as out-of-plane and in-plane ferroelectric
domains have different lattice parameters (tetragonality).

Figure 14: Schematic illustration of X-ray diffraction measurement con-
guration. Extracted from [ 84].

Depending on the sample type, either powder or thin Im,
the measurement con gurations of X-ray diffractions are slightly
different. For the powder diffractions, the source angle is set as
w = and the detector angle is xedto 2 . Then, the incident an-
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gle isincreased over time and scans the diffraction signals (Fig-
ure 14). In contrast, for the thin Im measurements, additional
degrees of freedom have to be considered including tilting angle
( =90 ) and rotation angle ( ) (Figure 15). Owing to these
additional degrees of freedom, sample alignment to meet the con-
dition w = 2 is a critical step in thin Im X-ray diffraction.

Figure 15: Degrees of freedom in thin Im X-ray diffraction. Extracted
from [ 84].

2.3.2 Scanning Probe Microscopy

Scanning Probe Microscopy, especially atomic force microscopy
(AFM) and its derivative techniques, can not only provide the
information of topology and surface morphology of materi-
als, but also characterize piezoelectric, magnetic, and mechani-
cal properties of materials. For ME property characterizations,
piezoresponse force microscopy (PFM) technique, especially mag-
netic eld assisted local hysteresis loop measurement, has been
intensively used in this thesis.

atomic force microscopy Three major components of a
standard AFM setup consist of a cantilever, a laser, and a pho-
todetector (Figure 16 (a)). During the measurements, a cantilever
is pressed until its in contact with a sample. When the cantilever

scans the sample, it bents differently depending on the surface
structure of the sample (e.g. roughness and electrostatic force),
which causes offsets in de ections of the laser beam onto the
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photodetector. Surface topology information can be obtained by
analyzing these offsets.

piezoresponse force microscopy In PFM measurements,
alternating electrical voltage is applied through the conductive
AFM tip to the sample. The voltage applied to the sample causes
height difference,

Qigg Vbc Vac ©)
where d33 is piezoelectric coef cient, Q333 is electrostrictive coef-
cient, t is the thickness of the sample. In general, electrostrictive
contribution to the height change is negligible compared to the

piezoelectric contributions, therefore, pure piezoelectric informa-

tion can be obtained through the PFM measurements.

One of the strong advantages of the PFM technique is the abil-
ity to analyze the ferroelectric domain con guration in materials
[85]. For example, when the ferroelectric polarization is along the
out-of-plane direction, up polarization and down polarization do-
main will give opposite response under the application of the
same electrical voltage (Figure 16 (b) and (c)). The signal differ-
ence is recorded in phase images during the scan, providing the
ferroelectric domain information of materials. Local piezoelectric
hysteresis response can be also obtained by swiping the applied
DC voltages. Swiping of the DC voltages will give hysteretic re-
sponse (or butter y loops) because of the oscillation of the height
change. From local hysteresis loops, coercive elds and the local
piezoelectric coef cient, d3z, can be analyzed.

V4 :d33 VAC + 2

me coupling analysis using pfm For the characterization
of the ME coupling of materials, magnetic elds can be applied
during PFM measurements in-situ (Figure 17 (a)). When a ma-
terial has ME coupling, piezoresponse of the material would
change under the external magnetic elds. In general, ME cou-
pling can be analyzed through the PFM local hysteresis loop mea-
surements. By applying magnetic elds, hysteresis loops of ME
materials exhibit shift of coercive elds, increase/decrease of am-
plitudes, and shift of the phase (Figure 17 (b) and (c)) [86]. With a
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Figure 16: Measurement principles of AFM and PFM. (a) Schematic il-
lustration of measurement setup of atomic force microscopy.
(b) Measurement of out-of-plane (up) and (c) in-plane (down)
piezoresponse force microscopy. Extracted from [85].
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Figure 17: Measurement principles of ME coupling using PFM. (a)
Schematic illustrations and (b) ME coupling analysis through
magnetic eld assisted PFM hysteresis loop measurements.
Extracted from [ 86].

calibrated PFM setup, local ME coef cients can be calculated by
ﬁ?ﬁ = (%)EO: B,= 0. For materials with strong ME coupling,

domain switching can be also observed through the PFM ampli-

tude and phase imaging under the application of magnetic elds.

2.3.3 Phase-Field Modeling

Dealing with thermodynamics and kinetics of material systems
at small-scale, phase- eld modeling has been regarded as a pow-
erful tool for the investigation of microstructure evolutions [ 87,
88). In ferroelectric materials, domain evolution and switching
behaviors under different boundary conditions can be examined
using phase- eld modeling. The total free energy of a ferroelec-
tric domain can be expressed as the sum of bulk chemical en-
ergy (Landau free-energy) fuuk , electric energy feec , polariza-
tion gradient energy fgrag , and elastic energy fejas -
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F= (fou  * felec + fgrad * felas )V (10

The evolution and the equilibrium of the ferroelectric domain
structure under different boundary conditions can be obtained
by minimizing the total free energy F, namely, by solving the
time-dependent Ginzburg-Landau equation,

BPi(I’,t) _ F
B Pi(r,t)

i=123 (11)

where P;(r,t) is polarization at location r and time t, L is a do-
main wall mobility related kinetic coef cient. The detailed expan-
sion of each energy term that used to solve domain evolution in
freestanding 3-D BTO/CFO can be found in Appendix A.
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0-D COMPOSITE MAGNETOELECTRIC
NANOPARTICLES

3.1 introduction

Since its discovery, the intensive ME multiferroics research has
been spurred by the desire to develop next generation electronic
devices with less energy consumption, which can be bene ted
from the possibility of controlling magnetism using electric elds.
Lately, the converse effect, i.e. the manipulation of electrical prop-
erties with external magnetic elds, led the expansion of the us-
age of ME multiferroics to biomedical and catalytic purposes,
such as targeted drug deliveries [14, 59, 60], brain cell stimula-
tions [61-63], noble metal scavenging [56], and organic pollutant
degradation [16], as magnetic elds can be remotely applied to
ME systems. Among different scales and dimensions of ME mul-
tiferroic structures, 0-D composite ME nanoparticles have been
heavily investigated for these applications. There, magnetic elds
not only guide small ME nanopatrticles to the targeted locations,
but also provide electric charges at the surface of the nanoparti-
cles [73], which in turn trigger the reactions.

Especially, the usage of 0-D ME nanopatrticles in catalytic reac-
tions are intriguing. In ME catalysis, no electrode nor electrical
connections for the application of electric elds are required and
magnetic elds offer deeper penetration depth compared to the
light, providing more spatial degree of freedom than electrocatal-
ysis and photocatalysis. This could offer chances of 0-D ME multi-
ferroics to be integrated into micro- and nanorobotic systems and
induce desired catalytic reactions at targeted positions. Although
only organic dye degradation and noble metal scavenging have
been demonstrated [16, 56, 57, there are still enough potentials of
core-shell composite ME multiferroics in triggering other chemi-
cal reactions, for example, hydrogen and oxygen harvesting.

37
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Magnetic elds have been extensively investigated as catalytic
reaction boosters to enhance photocatalytic and electrocatalytic
performances for clean energy production [ 54, 89]. Adding mag-
netic components to current catalysts allows magnetic elds to
play a signi cant role in carrier and mass transportation in cat-
alytic systems and can enhance the ef ciency of photo- and elec-
trocatalytic processes [90-92]. For example, magnetic elds can
be used to engineer the spin polarization of magnetic catalysts
so that the catalysts and chemical adsorbents have coherent spin
states, improving electron transfer ef ciency between catalysts
and chemical adsorbents. This results in faster kinetics and sig-
ni cantly increased catalytic activities in the hydrogen evolution
reaction (HER) [93-95] and the oxygen evolution reactions (OER)
[96, 97]. However, whether the magnetic eld can be employed as
the sole trigger of hydrogen energy harvesting is still unanswered
despite the advantages of deep penetration depth, low noise and
damage, and exibility in control parameters (i.e. magnitude and
frequency) that magnetic elds offer.

As mentioned earlier, composite ME multiferroics provide op-
portunities for exploiting magnetic elds as a direct trigger for
hydrogen production [ 16, 56, 98, 99]. While magnetic elds can
in uence the motion of electrons in magnetic materials, they can-
not generate internal electric elds nor charges that are neces-
sary for catalytic reactions. In contrast, ME coupling occurs in
composite MEs when a magnetic eld is applied. The resulting
change in electric polarization in ferroelectric/piezoelectric com-
ponents generates surface charges, which can ultimately induce
catalytic reactions if the ME material is interfaced with an elec-
trolyte. In this chapter, magnetically induced HER are demon-
strated using 0-D ME core-shell nanoparticles. Hydrogen evo-
lution was observed on applying alternating magnetic elds to
ME nanoparticles dispersed in aqueous solutions. In addition, us-
ing rst-principles density functional calculations, relationships
between applied elds and ME coupling, reaction kinetics, free
charge generations, surface electronic structures are elucidated.
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3.2 0-d magnetoelectric core -shell nanoparticles
3.21 Synthesis

0-D ME CFO-BFO core-shell nanoparticles have been employed
as heterogenous ME-HER catalysts. CFO core particles were syn-
thesized using co-precipitation and hydrothermal methods and
BFO shell was synthesized by sol-gel method (Chapter 2).

synthesis of cobalt ferrite core nanoparticles

In order to synthesize single crystalline CFO core nanoparticles,
0.14 M of hexadecyltrimethylammonium bromide (CTAB) was
dissolved in deionized (DI) water as the CTAB act as a stabi-
lizer and a surfactant. Then, 0.092 M iron(lll) chloride hexahy-
drate (FeClz 6H,0) and 0.046 M anhydrous cobalt(ll) chloride
(CoCl,) were added while continuously mechanically stir the so-
lution. Subsequently, 5 mL of a 6 M NaOH solution was abruptly
added. The addition of NaOH increased the pH of the solution
and precipitates chemical compounds.

FeCly 6H20(so1 ) + NaOH N Fg(OH)3 5o/ ) + NaCl + 6H,0
(12)

COC|2(50| y + NaOH N CO(OH)2(50| y + NaCl (13

The solution was then poured into the Te on-based container
and heated up to 180°C for 24 hours using an autoclave, during
which the metal hydroxide precursors form CFO as following.

ZFQOH)3(50| y + CO(OH)2(50| ) N CoFe, 04 + 4H,0 149

Single crystalline CFO nanoparticles were then collected using
centrifuge after washing with DI water, acetone, and isopropyl
alcohol (IPA).
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synthesis of bismuth ferrite shells

After synthesizing CFO core particles, BFO shells were coated
using sol-gel method. BFO precursor solution was prepared by

dissolving 0.1 M iron(lll) nitrate nonahydrate ( Fe(NO3)3 9H,0)
and 0.011M bismuth(lll) nitrate pentahydrate ( Bi(NO3)3 5H,0)
in ethylene glycol. Then, 0.1 g of CFO nanoparticles were added
to the solution followed by 2 hours of ultrasonication. The mix-
ture solution was dried at 90 °C overnight and dried particles

were annealed at 600 °C for 2 hours with the heating rate of 10
oc

3.2.2 Structural Characterizations

Figure 18 X-ray Diffraction Scan and the Rietvelt Re enment of CFO-
BFO Core-Shell Nanoparticles. Each peak is assigned to the
corresponding Bragg peaks of Fd3m CFO and R3c BFO.

The crystalline structure of the as-synthesized CFO-BFO core-
shell nanoparticles was analyzed with XRD (Figure 18). The Ri-
etveld re nement, a theoretical diffraction peak re nement to the
experimentally obtained result which gives detailed crystalline
information, con rms the presence of crystalline CFO and BFO,
having cubic Fd 3m and hexagonal R3c space groups, respectively,
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without any secondary phase. The optimized parameters and the
reliability parameters of the Rietveld re nement are provided in
Table 3.

Table 3: The Rietveld re nement parameters of CFO-BFO core-shell
nanoparticles

CoFe, 04 BiFeO3

Space group  Fd3m R3c
a (A) 8.376 5588
c (A) 8.376 13751
Micro strain 0 0.0058
Rwp 1.538
Rexp 0.956
2 2.58

The high angular annular dark eld scanning transmis-
sion electron microscopy (HAADF-STEM) and corresponding
electron dispersive X-ray spectroscopy (EDX) mappings, which
display different chemical components existing in the nanoparti-
cles, clearly con rm the core-shell nature of nanoparticles with a
CFO core, containing Co, Fe and O, and a BFO shell with Bi, Fe,
and O elements (Figure 19). The estimated core size and the shell
thickness of the synthesized CFO-BFO core-shell nanoparticles
are35 8nmand 4 1.5nm, respectively.

3.2.3 Magnetoelectric Coupling in Nanoparticles

The piezoelectric and magnetoelectric properties of as-
synthesized CFO-BFO were analyzed with the PFM (Figure 20).
A representative AFM topography, PFM amplitude, and PFM

phase images are provided in Figure 20. The clear amplitude
and phase contrast in Figure 20 (b) and (c) indicate different
polarization directions existing in the core-shell nanoparticles,
showing good piezoelectric properties of CFO-BFO. Then,
local piezoelectric hysteresis loops were measured with and
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Figure 19 HAADF-STEM and EDX analyses of the core-shell nanopar-
ticles. Clear core-shell structure can be con rmed from the
overlap images of Co and Bi elements in (e).

without the application of DC magnetic elds. Under 50 mT
DC in-plane magnetic elds, local piezoelectric hysteresis loops
showed noticeable ME coupling in CFO-BFO nanoparticles, as
evidenced by the large shifts of positive and negative coercive
voltages from 2.61 V to 1.51 V and from -3.88 V to -3.04 V,
respectively (Figure 20 (d) and (e)). In addition, the amplitude
of the piezoelectric response also increased under the magnetic
eld. We propose the quantity g=E=H as a measure of the
ME coupling in the nanoparticles, where H is the increment
of the external magnetic eld and E is the increment of the
induced electric eld, as previously reported [ 100. In this case,
50 mT (500 Oe) of external magnetic eld induced an electric
eld of ( .10 V — 0.84 V)/ 2/ 8nm = 16.25 MV m 1. Therefore,
the calculated local magnetoelectric coef cient of the CFO-BFO
core-shell nanoparticle is g =3.25x 10° mV cm 1 Oe 1, which
is comparable to previously reported values [ 16].
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Figure 20: AFM and PFM measurements of core-shell nanoparticles. (a)
AFM topography, (b) PFM amplitude, and (c) PFM phase
images of CFO-BFO core-shell nanoparticles. The point of
hysteresis measurement is indicated with the red cross in
(c). Magnetic eld dependent local PFM hysteresis (d) am-
plitude and (e) phase loops shows ME coupling properties in
nanoparticles. Scale bar indicates30nm.

3.3 magnetoelectric hydrogen evolution
3.3.1 Online Gas Chromatography

After con rming that CFO-BFO core-shell nanoparticles have ex-
cellent ME coupling, magnetic eld assisted online ( in-situ) gas
chromatography (GC) setup was built in order to measure hy-
drogen generated by the ME effect (Figure 21). The reactor was
connected to the GC through gas lines and the pressure of the
system was maintained constantly (with pressure meter (P), 0.15
bar) during the whole reaction time. A Molecular Sieve (MS) was
also added to the system to remove water molecules that evapo-
rated from the reactor. By controlling the valve 1 (V1), different
reference gases could be ushed into the system. Before the mea-
surement, GC was calibrated with 50 ppm and 100 ppm H , gas.
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By opening valve 2 (V2), the setup could be shifted to open sys-
tem where continuous Ar ushing was possible. Before applying
the magnetic eld, the whole measurement system was ushed
with Ar gas for 5 min to remove reference gases and other gases
existing in the system. As a result, no GC signal was detected at
the beginning of the reaction, indicating only Ar gas existed in
the closed online GC system. Then, the V2 was closed and mag-
netic elds were applied. For H , detection, 10 L of the gas in
the closed system was injected to GC by opening valve 3 (V3) for
a certain amount of time.

3.3.2 Hydrogen Evolution Reaction

In the reactor, 10 mg of as-synthesized CFO-BFO core-shell
nanoparticles were dispersed in 10 mL of DI water and 9 mL/ 1
mL of DI water/methanol solution. Magnetically driven HER
via the core-shell nanoparticles were then measured under 22.3
mT, 1.19kHz alternating magnetic eld. When particles were dis-
persed in DI water (10mg/ 10mL), 4.01 mol/g of hydrogen was
produced after 6 hours (Figure 22). To reveal the eld-dependent
performance, experiments were conducted for 8 hours in total
and the magnetic eld was turned off for 2 hours in the middle
during which no hydrogen evolution was observed. In addition,
control samples under the same magnetic eld, including DI wa-
ter, CFO nanoparticles dispersed in DI water, CFO nanoparticles
dispersed in DI water/methanol mixture, physical mixture of
CFO and BFO dispersed in DI water, physical mixture of CFO
and BFO dispersed in DI water/methanol mixture, were also
tested and no hydrogen evolution was observed. These results
show that the hydrogen evolution is only triggered by the appli-
cation of a magnetic eld to the CFO-BFO core-shell nanoparti-
cles; we therefore attribute the HER observation to the ME effect.
Here, ME effect can generate charge carriers on the surface of
core-shell nanoparticles, which reduce (oxidize) water molecule
into hydrogen (oxygen).

The low yield of the evolved hydrogen may be accounted for
by rapid electron-hole recombination [ 101, 107. To test this pos-
sibility, we then added methanol to the DI water since methanol
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@

(b)

Figure 21: Magnetic Field Assisted Online Gas Chromatography Setup.
(a) Schematic illustration of the magnetic eld assisted online
GC setup. (b) A photograph of the real magnetic eld assisted
online GC setup.
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Figure 22 Hydrogen evolution measured from gas chromatography un-
der an alternating magnetic eld ( 22mT, 1.19%Hz) as a func-
tion of time.

has been used as a reactive species scavenger to enhance the hy-
drogen production yield [ 103 104. It has been proved by using
methanol/ D, 0O isotope water that methanol molecules do not re-
act directly to produce hydrogen but rather consume holes gen-
erated in the catalysts [105. As expected, with the addition of
methanol (methanol : Dl water = 1:9), 28.7 mol/g of hydrogen
was produced after 6 hours (Figure 22). The effect of the mag-
netic eld intensity and frequency on hydrogen evolution was
further investigated in a methanol/DI water solution. Three dif-
ferent magnetic eld intensities, 112 mT, 165 mT, and 223 mT
(all 1.19 kHz) were applied for 3 hours, and in the given range,
hydrogen evolution increased when higher intensities (Figure 23
(a)). This could be attributed to the larger magnetostrictive strain
transferred to the BFO shell under higher intensities. In addition,
three different magnetic eld frequencies, 0.32 kHz, 0.59 kHz,
and 1.19 kHz, were applied for 3 hours. In the given range, hy-
drogen evolution increased with higher frequencies (Figure 23
(b)), which could be ascribed to the faster kinetics under higher
frequencies.
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Figure 23: Magnetic eld (a) intensity and (b) frequency dependency of
hydrogen evolution (after 3 hours of magnetic eld applica-
tion) in CFO-BFO particles mixed with methanol/DI water
solution.

3.4 theoretical studies

When a magnetic eld is applied, magnetostrictive CFO responds
to the magnetic eld and gives strain to the BFO shell. What
remains to be clari ed here is how the strain on BFO leads to
changes to its electronic properties, such as surface charges or
electronic band structures, in order to promote the catalytic re-
action [106. To this aim, rst-principles calculations based on
density functional theory (DFT) were performed.

3.4.1 DFT Calculations Detalil

DFT calculations were performed within the periodic supercell

approach using the VASP code [107-110. The optB86b-vdW func-
tional [ 111], a revised version of the van der Waals (vdW) density
functional of Dion et al [ 117, was chosen for the calculations
because it has been shown to describe molecular adsorption on
transition metal oxides well [ 113-115. Effective on-site interac-
tions for the localized d-orbitals of Fe atoms were considered by
adding a Hubbard U term in the Dudarev approach [ 116 with

U-J=4.0eV. Core electrons were replaced by projector augmented
wave (PAW) potentials [ 117, while the valence states (5e for Bi,
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8e for Fe, and 6e for O) were expanded in plane waves with a
cut-off energy of 500eV. The unit eell of the calculated bulk struc-
ture has a surface area of 2a x 2a and height of 2a, where a
is the lattice parameter of pseudocubic unit cell. The pseudocu-
bic lattice parameter was calculated to be a=3.95 A , with the

angle in the rhombohedral structure being =90.230 by using
the optB86b-VdW functional. The difference in the calculated lat-
tice parameters with respect to the experimental structure was
below 0.5 % [11§. A Monkhorst-Pack k-point grid of ( 5 5
1) was used for all calculations. For the density of states calcu-
lations, a Monkhorst-Pack k-point grid of 7 7 1 was used.
An antiferromagnetic G-type ordering was imposed, which gave
a magnetic moment of 415 B per Fe ion in the bulk BFO. The
BFO (001 slabs built for water adsorption had a thickness of 4
unit cells and were separated from their periodic repetitions in
the direction perpendicular to the surface by 20 A of vacuum. In
our previous work we found that this thickness was suf cient to
converge the adsorption energies of the water molecules [10€]. A
dipole correction along the direction perpendicular to the surface
was applied and geometry optimizations were performed with a
residual force threshold of 0.01 eV/A. For investigating the im-
pact of biaxial epitaxial strain on water adsorption, the in-plane
lattice parameters of BFO (001) were xed to corresponding lat-
tice parameter value with the respective applied mis t strain by
the relation

. g a . a
Misfitf = f strained f relaxed 15
af strained

where as siraineg denotes the strained lattice parameter and
ar relaxed  the relaxed bulk lattice parameter. Thus, the negative
value of the mis t strain shows compressive strain while the pos-

itive value shows the tensile strain. For all different systems a
range of from -3 % to +3 % strain values were used. Adsorption
energies for the water molecules, E; ds, were calculated as

Eads = (Ewater=Fo Esro N Ewater )=n (16)
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where Egro , Ewater , @and Eyaer=pro  are the total energies of
the relaxed bare slab, an isolated gas phase water molecule, and
a system containing n water molecules adsorbed on the slab,
respectively. Negative values of the adsorption energy indicate
favorable (exothermic) adsorption. Water coverages varying be-
tween 1/ 2 and 1 monolayer (ML)-where 1 monolayer is one wa-
ter molecule per surface metal atom- were considered. We calcu-
lated the projected density of states for each atom in the slab and
summed up the contributions for atoms in each BFO bilayer. We
calculated polarization along the [ 001 direction by computing
the displacement of each ion from the high symmetry position
and multiplying it by the Born effective charges [ 119.

3.4.2 Results and Discussion

Without loss of generality, a [ 001] oriented slab of BFO, con-
sisting of stacks of positively charged Bi3* 02 and negatively
charged Fe* O% layers (Figure 24) was studied. As a result of
the charged layers, BFO has unstable charged 01) surfaces [L2(
and the ferroelectric polarization in such a slab aligns itself so
that it provides negative (positive) charges on the positive BIiO
(negative FeG,) surface, fully compensating the surface charges
(Figure 24 top) [106, 121]. This electrostatically stable combina-
tion of surface terminations and polarization directions results
in no electric eld across the slab, with the energies of the band
edges independent of their layer position in the slab (see the den-
sity of states graph in Figure 24).

Interestingly, strain does not directly change the band align-
ment in the slabs (Figure 25). Indeed, calculations (performed
by varying the in-plane lattice parameters) show that direct ef-
fect of strain on the electronic properties of BFO slabs is small
as in the case of bulk BFO [L22, with negligible change to the
the electronic structure and band alignment, for strains of up to

3 % (The maximum strain imposed by the CFO is about 0.06
%). Moreover, calculations of the adsorption and dissociation en-
ergy on water on strained BFO showed very small changes with
respect to the unstrained case (Table4). Therefore, another mech-
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Figure 24: (left) BFO (001) slabs used for calculation, (middle) the cal-
culated layer-by-layer density of states and (right) schematic
diagrams of band bending caused by the reversal of the po-
larization for (top) surface compensated up-polarization and
(bottom) surface uncompensated down-polarization.

anism has to be responsible for the increased catalytic activity of
the CFO-BFO nanoparticles under magnetic eld.

When the polarization direction of the surface compensated
BFO slab is reversed, the positive (negative) end of the polariza-
tion terminates at the positive BiO (negative FeO,) surface and
charge imbalance are developed in the slab. This charge imbal-
ance leads a severe band bending across the slab as can be seen
in Figure 24, bottom. As a result, the valence band maximum
of the positive BiO surface shifts above the fermi level, and the
conduction band minimum of the negative FeO, surface shifts
below the fermi level, “providing' electrons and holes at both sur-
faces. These free charge carriers generated by ME coupling can
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