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Abstract

Emergent Phenomena at Complex Oxide Interfaces

by

Pu Yu

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Ramamoorthy Ramesh, Chair

Novel phenomena and functionalities at epitaxial complex oxide heterostructures
have been attracting huge scientific attention because of the intriguing fundamental
physics as well as potential for technological applications that they embody. Essen-
tially, charge and spin reconstruction at the interface can lead to exotic properties,
which are completely different from those inherent to the individual materials, for
example, a conductive interface between two insulating materials and interface fer-
romagnetism in the proximity of an antiferromagnet. The interplay between charge
and spin degrees of freedom can be particularly intriguing, leading to a fascinating
realm, called multiferroic. In this dissertation, a systematic study is performed on
the electronic (charge) and magnetic (spin) interaction/reconstruction across the in-
terface of an all-oxide model heterostructure system consisting of the ferromagnet
(FM) La0.7Sr0.3MnO3 (LSMO) and the multiferroic (ferroelectric and antiferromag-
netic) BiFeO3 (BFO). The study demonstrates two pathways of using these exotic
interfacial properties to control bulk properties, both the ferroelectricity in BFO and
ferromagnetism in LSMO.

The journey starts with the growth of high-quality BFO/LSMO heterostructures
with unit-cell precision control using reflection high-energy electron diffraction com-
bined with pulsed-laser deposition, providing an important platform for the investi-
gation of electronic and magnetic coupling phenomena across the interface. First, we
have observed a novel consequence of the interface electronic interaction due to the
so-called “polar discontinuity”, namely, a built-in electrostatic potential accumulates
across the heterointerface, and provides deterministic control of ferroelectric polariza-
tion states in thin films. This observation suggests a strong, delocalized effect with
important implications for future electronics based on such materials. Secondly, we
have revealed a strong magnetic coupling at this interface, manifested in the form of
an enhanced coercive field as well as a significant exchange-bias coupling. Based on
our x-ray magnetic circular dichroism studies, the origin of the exchange-bias cou-
pling is attributed to a novel ferromagnetic state formed in the antiferromagnetic
BFO sublattice at the interface with LSMO. Thirdly, using a field effect geometry,
we have proposed a pathway to use an electric field to control the magnetism in
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LSMO in which the ground state of the interfacial ferromagnetic state is strongly cor-
related with the ferroelectric polarization. Magnetotransport measurements clearly
demonstrate a reversible switch/control between two distinct exchange-bias states by
isothermally switching the ferroelectric polarization of BFO. This is an important
step towards controlling magnetization with the electric field, which may enable a
new class of electrically controllable spintronic devices and provide a new basis for
producing electrically controllable spin-polarized currents. Finally, combining ex-
perimental results with first-principle and phenomenological model calculations, a
microscopic model has been proposed to understand the underlying physics of the
magnetoelectric coupling, providing further insights on achieving the electric-field
control of magnetism.

In summary, our studies on the interfacial electronic and magnetic properties
at BFO/LSMO heterointerfaces have revealed a strong interplay between the charge,
spin, orbital and lattice degrees of freedom at the interface, which will have important
implications for a new pathway to use the interface properties to control bulk func-
tionalities (ferroelectric polarization and ferromagnetic magnetization in this study).
Such couplings at the interface may be extended to other oxides and will bring into
play remarkable physical concepts to this developing field of complex oxide heteroin-
terfaces.
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Chapter 1

Introduction

This chapter provides a brief introduction to the background and key concepts of
two fascinating research realms closely related with this dissertation: emergent phe-
nomena at complex oxide interfaces and multiferroics (or magnetoelectric coupling).
First, the physics background of transition metal oxide materials is provided at the
beginning to serve as prerequisite knowledge for subsequent discussions. Following is a
quick survey of the charge and spin reconstruction at heterointerfaces. Then, different
strategies of the electric-field control of magnetism (main focus of this dissertation),
are discussed in terms of the coupling/interplay of different degrees of freedom across
the interface. Finally, a brief summary of the organization of this dissertation is given
at the end.

1.1 Emergent phenomena at complex oxide inter-

faces

The Nobel Prize laureate Herbert Kroemer stated at the beginning of his Nobel
lecture, “Often, it may be said that the interface is the device”. [1] Controlling the
interface of materials with atomic precision to obtain novel properties and functional-
ities has been at the forefront of both modern condensed matter physics and materials
science, since they can give rise to a wide range of remarkable novel properties. It
has long been known that in complex oxide materials, charge, spin, orbital and lat-
tice degrees of freedom co-exist and couplings between these degrees of freedom can
generate a rich spectrum of physical responses, including high temperature super-
conducting [2], metal-insulator transition [3], colossal magnetoresistance [4, 5], etc.
Over the past decade, research on the interactions between such degrees of freedom
across complex oxide interfaces has revealed fascinating emergent phenomena and
novel states of matter in the complex oxide heterostructure [6–10], suggesting that
the complex oxide might be a promising substitution for the traditional silicon in
electronics applications. [11–14]
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Figure 1.1: The interplay between heterointerfacial degrees of freedom. (a) A schematic
showing the interplay between the different degrees of freedom at play (charge, spin, orbital
and lattice) at heteroepitaxially grown interfaces between different oxide materials. (b)
Some canonical examples of interfacial reconstruction and the new emergent interfacial
phenomenon that occur in these systems.

The ability to create atomically perfect, lattice matched heterostructures of com-
plex perovskite oxides using state-of-the-art deposition tools has recently expanded
the imagination of solid state scientists worldwide. From the observation of a high mo-
bility two dimensional electron gas at the interface between two insulators [6,7] to the
observation of novel magnetism across interfaces [15, 16], such artificially engineered
interfaces are emerging as a new horizon in materials science these days. Figure 1.1
shows a schematic of the heterointerface between two complex oxide materials. The
ability to control and manipulate the coupling and interplay of charge, spin and orbital
degrees of freedom through heterointerfaces, has enabled researchers to design and
engineer novel functionalities of materials. In the past decade, a significant amount of
research is focused on the electronic reconstruction at the interface between LaAlO3

and SrTiO3, in which an interface conducting state (high mobility two dimensional
electron gas) is formed although both of the constitute compounds are insulating. [7]
Similar, the spin reconstruction across interface will also lead to interesting interfacial
properties. For example, the work of Chakhalian et al. demonstrated the emergence
of a novel magnetic state in a (Y,Ca)Ba2Cu3O7 (high temperature superconductor)
layer at the interface with the doped manganite La0.67Ca0.33MnO3. [16] Electric-field
control of such an interface ferromagnetic state would be a significant step towards
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magnetoelectric devices [17,18], which is one of the main focuses of the current disser-
tation. The model system, which I have chosen, is the heterostructure consisting of
the ferromagnet La0.7Sr0.3MnO3 and the multiferroic (ferroelectric and antiferromag-
netic) BiFeO3, in which, the interplay/coupling between charge and spin degrees of
freedom leads to the magnetoelectric coupling. Thus, to better understand the mag-
netoelectric coupling (interplay between charge and spin degrees of freedom) through
the heterointerface, one must first investigate the interfacial electronic and magnetic
reconstructions respectively.

1.1.1 Complex perovskite oxide

Perovskite oxides and structurally related materials have attracted intense re-
search interest during past decades in both materials science research and condensed
matter physics. They comprise of a broad spectrum of interesting functionalities,
such as high temperature superconducting, colossal magnetoresistance, (anti-) ferro-
magnetic, (anti-) ferroelectric, piezoelectric and more recently multiferroic properties,
just to name a few. The wide range of material properties and rich physics involved
have led to extensive studies to understand the fundamental nature of existing sys-
tems, so as to better control/design novel materials for applications. The rest of this
section will give a quick introduction to the basic concepts of the perovskite complex
oxide in terms of charge, spin, orbital and lattice degrees of freedom.

Figure 1.2: Schematic of a perovskite structure ABO3. (a) Unit cell of cubic ABO3

perovskite structure. (b) Octahedral structure formed with six oxygen atoms at the corner.

Figure 1.2a shows a sketch of the cubic perovskite unit cell with the chemical
formula of ABO3, where A cation is an (alkaline) rare earth element, located at the
corner of the cubic structure, B cation is a transition metal, rare earth, or group III
metal element located at the center of the cubic structure, and O presents a oxygen
anion positioned at the face center of the cubic structure. From the geography point
of view, the transition metal atom is surrounded by six oxygen atoms, which forms
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an octahedral structure as shown in Fig. 1.2b. We note that both A and B cations
could be chosen from a broad range of elements in the periodic table with variable
valence states and ionic radii. The rule of thumb is that the totally charge in the
ABO3 structure should remain neutral. Thus, the A and B cations can take on the
values of A4+B2+, A3+B3+, A2+B4+ or A1+B5+. We note that the slightly charge
imbalance can also be compensated with either valence change of cations or oxygen
vacancies.

Figure 1.3: Four types perovskite structures as 2 × 2 × 2 pseudocubic cells. (a) Pm3̄m
(cubic: e.g., SrTiO3). (b) Pbnm (orthorhombic: e.g., SrRuO3). (c) R3̄c (rhombohedral:
e.g., La0.7Sr0.3MnO3). (d) P4mm (tetragonal: e.g., PbTiO3). The orthorhombic and
rhombohedral unit cells are shown in (b) and (c). Adapted from Ref. [19].

Most perovskite oxide structures are not perfect cubics due to the size mismatch
between A and B cations. Indeed, cation displacements within octahedra and tilting
of octahedra are common distortions in perovskite lattice structures, which result in
an equilibrium structure with lower group symmetry compared with that of perfect
cubic structure. To describe the structure distortion in perovskite structures, the
tolerance factor is introduced and defined as the size mismatch between A- and B-
site cations as follows:

Γ =
rA + rO√
2(rB + rO)

, (1.1)
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where rA, rB and rO are the ionic radii of the A, B, and O ions, respectively. In this
definition, the perfect cubic structure has a tolerance factor close to 1 (Fig. 1.3a).
As the size of A cation decreases, octahedra tilting is induced to minimize the A-site
coordination volume, thus, the B-O-B bond angle deviates from 180◦, which leads
to rhombohedral (Fig. 1.3b) and eventually orthorhombic (Fig. 1.3c) structures.
On the other hand, as the size of A cation grows, instead of the octahedral tilt,
the cation displacement is introduced as a distortion to minimize the total energy,
which usually leads to a tetragonal structure (Fig. 1.3d). We note that the highly
versatile electronic properties of complex oxides are usually associated with structure
transitions. For example, in the rare-earth nickelate RNiO3 series of compounds,
the B-O-B bond angle distortion can decrease the one electron bandwidth due to
the decrease of the d-electron transfer amplitude between B site cations, and as a
consequence which might lead to a metal-insulator transition associated with the
structure transition. [20]

Figure 1.4: Crystal field splitting in a perovskite structure. (a) The oxygen octahedral
crystal field breaks the degeneracies between the triplet t2g (dxy, dyz and dxz) and doublet
eg (dx2−y2 and d3z2−r2) orbitals with the crystal field of ∼1.5 eV. The application of an
external perturbation such as epitaxial strain (b) will further lift the degeneracies of eg and
t2g with the final energy occupation of the orbitals as shown in (c).

In the ABO3 structure, the B site cation is usually chosen from transition metal
oxides (e.g. Ti, V, Cr, Mn, Fe, Co, Ni, Cu and so forth), which is responsible for
numerous interesting phenomena as a consequence of strong electron interactions
between the partially filled d-orbitals in the B site cations. Regardless of the de-
tailed structure variants in the perovskite structure, the B site cation is always sur-
rounded with the six nearest-neighbor oxygen anions. As one would expect, due to
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the Coulomb repulsion between the d orbital electrons and the surrounding charges
from oxygen, the energy of the d-orbital increases as the oxygen anions approach the
B site cations. Thus, the crystal environment of such oxygen octahedra breaks the
five-fold degenerated d orbitals into two high energy eg orbitals(dx2−y2 and d3z2−r2)
and three low energy t2g orbitals (dxy, dyz and dxz), as shown in Figure 1.4a. The
deformation of the octahedral structures due to internal (Jahn-teller distortion) or
external (e.g. epitaxial strain) perturbations (Fig. 1.4b) can lift the degeneracies
between the eg and t2g orbitals further to reach an energy occupation configuration
as shown in Figure 1.4c.

Figure 1.5: Possible spin configurations as a result of competition between crystal field and
Hund coupling. The Hund coupling (JHund) lifts the degeneracies between the spin up and
spin down states (b). The competition between Hund coupling and crystal field splitting
determines the spin states, with ∆cf < JHund and ∆cf > JHund corresponding to high-spin
(c) and low-spin (d) states respectively.

Similarly, the Hund’s coupling between the spins on the same site lifts the de-
generacies between the spin-up and spin-down states (Fig. 1.5b). The competition
between the Hund’s coupling and the crystal field spitting determines the spin occu-
pation states in the transition metal elements. In the cases of the Hund coupling is
larger than the crystal field, electrons will occupy the high-spin configuration. For
example, in the high spin configuration, the Mn3+ cation has a total spin of |S| = 2.
On the other hand, if the Hund coupling is smaller than the crystal field, the electrons
will occupy the energy levels with the low-spin configuration, resulting in a total spin
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of |S| = 1 for Mn3+ cation. An interesting model system is LaCoO3, which shows a
low-spin to high-spin transition at 100 K for Co3+ ions. [21, 22]

Figure 1.6: Schematic illustrations of magnetic couplings between transition metal ions.
(a) The antiferromagnetic superexchange coupling between half-filled and half-filled orbitals.
(b) The ferromagnetic superexchange coupling between half-filled to full (or vacant) orbitals.
(c) Double exchange coupling between Mn ions.

Up to now, we have introduced the basic concepts about the spin configuration of
magnetic cations in perovskites. The next question would be how the spins located
at different magnetic cations couple with each other. For simple transition metals
(e.g. Fe, Co and Ni), the direct coupling between the nearest neighbor atoms is the
driving force for the magnetism. However, in transition oxide materials, e.g. MnO, de-
spite having a non-magnetic oxygen anion sitting in-between, the two next-to-nearest
neighbor magnetic Mn cations manage to interact strongly with each other, resulting
in antiferromagnetic ground state. To understand this magnetic coupling, superex-
change was first proposed by Hendrik Kramers in 1934 [23], which was later formally
developed by Phillip Anderson in 1950 [24]. In 1950’s, a set of semi-empirical rules
were further set up with the seminal works of both John B. Goodenough and Jun-
jiro Kanamori [25–27], which is now referred to as the Goodenough-Kanamori rule,
or more accurately Goodenough-Kanamori-Anderson (GKA) rule. In the GKA rule,
the magnetic coupling between magnetic cations is determined by orbital occupation
states as well as the B-O-B bond angle. For simplicity’s sake, here we only deal with
the case with the bond angle equal to 180◦. Figures 1.6a and 1.6b show a schematic
illustration of two possible magnetic interactions between two magnetic cations. In
the superexchange coupling, a virtual electron hopping (exchange) process between
oxygen anions and magnetic cations was proposed. By Hund’s rule, the spin orienta-
tion of a virtual hopping electron must be the same as the rest of electrons in magnetic
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ions with empty orbitals; while it changes to antiparallel for half-filled orbitals. Thus,
the magnetic coupling between two half-filled (or empty) orbitals is antiferromagnetic
(Fig. 1.6a), while the coupling changes to ferromagnetic between an half-filled and
full (or vacant) orbitals (Fig.1.6a). Although for most cases, the GKA rule can be
taken as the rule of thumb to predict the magnetic coupling between transition metal
ions, a detailed analysis is still required for complicated cases, e.g. deformation of
the bond angle, competition between direct coupling and superexchange and strong
spin-orbital coupling.

We would like to emphasize that in the superexchange coupling, the electrons
do not hop between different atomic sites, thus it is only suitable to explain the
magnetic coupling without charge transfer. Instead, a coupling mechanism called
double exchange interaction was proposed by Clarence Zener, or called Zener coupling
to account for the magnetic coupling in doped manganites with mixed valence states,
which is usually metallic and the electron can hop from one site to another through the
mediating oxygen anions. [28] Because the O2− ion has full p-orbitals, the movement
from one ion through O2− to another ion involves two steps, in which one of the
electrons hops back and forth between the two Mn ions across the oxygen, as shown
in Fig. 1.6c. The electron is thus delocalized over the entire structure, and the
material is conducting. Following Hund’s rule, the hopping electron has the same
spin orientation as both the ions, since the spin-flips are not allowed during the
hopping process. Therefore, a ferromagnetic coupling configuration between different
ions is achieved.

Figure 1.7: Schematic illustration of relevant energy scales for various interactions in
complex oxide materials and commonly-used external perturbations.

Finally, we note that the essence of complex oxide systems lies at the subtle inter-
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play between electron, spin, orbital and lattice degrees of freedom. These interactions
lead to the emergence of intriguing novel ground states and phase transitions. Figure
1.7 illustrates the energy scales for various interaction mechanisms in complex oxide
materials. Of all the interactions, the Coulomb interaction is one of the strongest ones,
which is usually the driving force of the other coupling mechanisms and correspond-
ing physical properties. On the other hand, although the small energy interactions,
including spin-orbital interaction, electron-phonon interaction, and Dzyaloshinskii-
Moriya interaction [29–31], are typically several orders of magnitude smaller than
Coulomb interaction, they are responsible for many exotic properties in the materi-
als, such as topological insulator [32], high temperature superconductivity [33] and
multiferroic [34], respectively.

To summarize, a quick tour of the physics concepts in perovskite complex oxides
is given in this section as the prerequisite knowledge for this study. In the rest of
this chapter, we will continue to introduce how these physics concepts can lead to
interesting coupling phenomena across heterointerfaces.

1.1.2 Charge reconstruction

As noted in Fig. 1.7, the strongest coupling in complex oxides is probably the
Coulomb (or charge) interaction. Thus, we first give a brief review on how the charge
reconstruction can happen at heterointerfaces and lead to interesting functionalities.

The condition of charge neutrality requires a perfect match between the valence
states of all the ions in oxide materials. Taking the ABO3 structure as an example, if
we assign the valence state of the oxygen anion to be O−2, the A and B cations can
be chosen from the following pairs: A4+B2+, A3+B3+, A2+B4+ or A1+B5+. The rule
of thumb is that the summary of valence states of all the ions in the chemical formula
must be equal to zero. The slight charge imbalance can also be compensated with
either valence change of the cations or oxygen vacancies, which most of the time will
lead to lattice distortions and likely totally difference structure phases. The growth of
heterostructure with valence mismatched materials could in principle lead to nontriv-
ial local atomic and electronic structures, and usually is associated with the presence
of defect states and dangling bonds at the interface. [36] Surprisingly the study of
heterointerfaces built with perovskite oxides SrTiO3 (STO) and LaAlO3 (LAO), re-
veals another possible interface electronic reconstruction, i.e. a high-mobility electron
gas at the interface, although both STO and LAO are very insulating. [7] The mech-
anism of this interesting phenomenon lies in the so-called “polar discontinuities” or
“polar catastrophe”. [35] Figures1.8a and 1.8b show a structural illustration of two
possible atomic stacking sequences of LAO and STO heterostructures. We note that
both LAO and STO have typical perovskite ABO3 structure, which is composed of
alternating AO and BO2 layers along [001] direction. Thus, the growth of LAO/STO
heterostructure can lead to two types of interfaces: LaO/TiO2 and AlO2/SrO, as
shown in Figure 1.8. In STO, both Sr2+O2− and Ti4+O2

4− layers are charge neu-
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Figure 1.8: Illustration of polar catastrophe for LaAlO3 and SrTiO3 heterostructures
with different interface terminations. (a) Unreconstructed LaO/TiO2 interface has a non-
negative electric field, leading to the divergence of the electric potential with thickness. (b)
Similar but opposite potential profile occurs in the AlO2/SrO interface. The divergence
catastrophe at the interface can be avoided by either adding (c) or removing (d) half an
electron from the interface for LaO/TiO2 and AlO2/SrO interfaces, respectively. Adapted
from Ref. [35]

tral, while charge states in the LAO are positive for La3+O2− layer, and negative for
Al3+O2

4− layer. As a consequence of the valence (or charge) mismatch, a polarity
discontinuity arises at the interface, leading to divergent electrostatic potential, which
is called “polar catastrophe”. To avoid the associated large energy cost, a net charge
transfer across the interface is energetically favorable, which results in electron doping
at the LaO/TiO2 interface and hole doping at the AlO2/SrO interface, as shown in
Figures1.8c and 1.8d.

Figure 1.9a shows typical electrical transport measurements across LAO/STO in-
terfaces, with interfacial configurations of both LaO/TiO2 and AlO2/SrO. In the case
of LaO/TiO2 interface, a metallic state is formed across the interface, and Hall mea-
surements prove the carrier type to be electron. On the other hand, the AlO2/SrO
interface is found to be insulating, although a hole-doped interface is expected. This
effect might be due to a lack of available mixing valence states of Ti ion at the inter-
face to accommodate the extra holes. Instead, a structural reconstruction with oxygen
vacancies forming and compositional roughening at the interface is induced. [38] More-
over, it is worth noting that the sheet resistance of the LaO/TiO2 interface is highly
sensitive to growth conditions and the associated oxygen vacancy concentration, as
shown in Figure 1.9b. For samples grown in an ultra-high vacuum condition, oxygen
vacancies are induced at the STO substrate, which provides a conducting path for
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the electrical transport. [39] For samples grown with higher oxygen partial pressure,
the oxygen vacancy concentration is much reduced. Depending on the concentration,
a rich spectrum of electronic states, including magnetism [40] and superconductiv-
ity [41] can be achieved, as shown in Figure 1.9c.

Figure 1.9: Electrical transport measurements across the LAO/STO interfaces. (a) Tem-
perature dependence of sheet resistance of LaO/TiO2 and AlO2/SrO interfaces. (b) Tem-
perature dependence of the sheet resistance for LaO/TiO2 interfaces grown with different
oxygen pressure. (c) Phase diagram of LaO/TiO2 interface as a function of doping. (a) and
(c) are adapted from ref. [37]. (b) is adapted from ref. [38].

Although both LAO and STO are nonmagnetic, magnetotransport experiments
have revealed (Figure 1.10a) a large negative magnetoresistance and magnetic hys-
teresis at low temperature. [40] Despite the unusual shape of the hysteresis with peaks
in the hysteresis occurring on the opposite side of zero, the fact that it exists suggests
the switching of certain magnetic order at the interface. [42] The mechanism of this
interesting spin coupling is still not clear. Growth of the samples in a slightly reduced
pressure can control the oxygen vacancies in a manner so as to achieve a completely
novel state of matter, superconducting state confined at the interface. [41] Although
the transition temperature of 200 mK is very close to Tc of doped STO [43], the LAO
thickness dependence [41] as well as the electric-field tunable superconductor-insulator
phase transition [44], strongly suggests that this is truly an interfacial effect.

This section gives a quick review of the electronic reconstruction at the interface of
insulating LAO and STO. Previous studies have revealed a nontrivial and potentially
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Figure 1.10: Emergent states of matter at the LAO/STO interface. (a) Magnetotransport of
LAO/STO interface. Adapted from ref. [40] (b) Temperature dependence of sheet resistance
of an eight unit-cell sample with magnetic field applied perpendicular to the interface.
Adapted from ref. [41]

useful high-mobility two-dimensional electron gas at the interface, which also exhibits
magnetic, and even superconducting properties due to the so-called “polar disconti-
nuity” (valence mismatch) across the interface. This has triggered a wide range of
research on exploring and understanding the novel interfacial phenomena [37,45], so as
using the intriguing interface electronic state to achieve novel functionalities [46–48].
In chapter 3 of this dissertation, we will discuss a macroscopic impact of this interfa-
cial effect.

1.1.3 Spin reconstruction

In addition to electronic reconstruction discussed in the previous section, spin
reconstruction can also occur at the interface. In this section, we will review two
types of spin reconstruction: artificial design of magnetic coupling and interfacial
spin frustration.

In transition metal oxides, the magnetic coupling between different magnetic ions
are determined by both d electron occupation number and associated orbital structure
though the GKA rule as discussed before. Taking LaFeO3 (LFO) as an example, the
Fe ion has valence state of 3+, with five d electrons. Following the GKA rule, the mag-
netic coupling between the nearest neighbor Fe ions is antiferromagnetic. Thus LFO
is a G-type antiferromagnetic, meaning ferromagnetic coupling in the (111) plane,
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while antiferromagnetic coupling between the nearby planes. LaCrO3 (LCO) is an-
other simple model, in which the Cr3+ has d3 configuration, and the nearest neighbor
Cr ions is coupled antiferromagnetically as well. Interestingly, from the GKA rules,
the coupling between Fe3+ (half filled) and Cr3+ (empty) is expected to be ferromag-
netic. Thus, it would be interesting if one could fabricate the heterostructure along
the [111] axis, as shown in Figure 1.11. Especially, when the thicknesses of both LCO
and LFO are chosen to be one unit-cell, the ground state of such designed structure
is expected to be ferromagnetic. In the study of Ueda et al. [15], a magnetization
value of 3µB per site was reported, which is close to theoretical expectation value
of 4 µB per site. However, we note that the actual value of magnetization at such
heterostructure is still under debate. [49, 50]. Nevertheless, this work has triggered
great interest to study the magnetic properties of artificial designed double perovskite
structures. More interesting, a recent first-principle calculation has predicted a mul-
tiferroic ground state for BiFeO3/BiCrO3 double perovskite structure [51], which has
been confirmed with subsequent experiments [52], although the exact coupling be-
tween the ferromagnetic and the ferroelectric ordering is still unexplored.

Figure 1.11: Artificial design of the magnetic coupling at the LaFeO3/LaCrO3 superlattice.
(a) Schematic diagram for the construction of the LaFeO3/LaCrO3 superlattice along [111]
direction. (b) Hysteresis curve of the LFO/LCO superlattice measured parallel to the film
plane at 6 K. Adapted from Ref. [15]

Another type of interesting interfacial spin coupling is spin frustration, which
happens when two materials with different spin structures are fabricated together
within atomically precise control. As an example, figure 1.12 shows a heterostructure
built with high temperature superconductor YBa2Cu3O7 (YBCO) and ferromagnet
La2/3Ca1/3MnO3 (LCMO). [16] In the (001) plane, the Mn ions are coupled ferro-
magnetically; while the Cu ions are coupled together antiferromagnetically. Thus no
matter what is the coupling mechanism involved between the Mn and Cu ions across
the interface, such a spin configuration is not energetically favorable, and spin frus-
tration is expected to be induced. This interfacial spin reconstruction is confirmed
by x-ray circular dichroism (XMCD) measurements, which reveal an interfacial fer-
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romagnetism on the Cu ions coupled antiferromagnetically with the Mn ions. Such
a magnetic coupling configuration can further provide us the information about the
interface orbital structure. [16,53] Furthermore, the spin frustration can also apply to
the systems with ferromagnet/antiferromagnet [54], antiferromagnet/antiferromagnet
with different spin structures [55], antiferromagnet/nonmagnetic [56] materials at the
interface.

Figure 1.12: Spin reconstruction at the YBa2Cu3O7 and La2/3Ca1/3MnO3 interface due
to spin frustration. (a) Atomic stacking sequence at the YBCO/LCMO interface. (b) X-
ray magnetic circular dichroism obtained from Cu and Mn core-level absorption spectra,
demonstrating the spin configurations across the interface. An interfacial ferromagnetism
is induced at the superconducting YBCO layer due to the spin frustration, which is anti-
ferromagnetically coupled with the Mn spins. Adapted from Ref. [16]

This section introduces the basic concepts of the interfacial spin reconstruction.
In this dissertation, using the model system of multiferroic BFO and ferromagnet
LSMO, we studied the interface spin structure in detail. Moreover, the electric-field
control of this interface spin structure is also achieved, which has great implications
on the study of magnetoelectric couplings.

1.2 Multiferroics and Magnetoelectric Coupling

This section introduces key concepts of multiferroics and magnetoelectric coupling.
A few strategies to achieve the electric-field control of magnetism in the form of
heterostructures will also be discussed.
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1.2.1 Multiferroics

Multiferroics, by definition, are materials exhibiting simultaneously more than
one primary ferroic order parameters, namely, ferroelectricity, ferromagnetism, fer-
roelasticity and ferrotoroidicity. [17, 57–65] Of all possibilities, materials, which have
both ferroelectricity and ferromagnetism, are particularly intriguing because of their
great potential for applications(Figure 1.13a). Researchers are seeking a pathway to
couple these two orders together to achieve the control of charge state by applied
magnetic fields or spin state by applied electric voltages, and thus using this to build
new generation of multi-functional devices. To design a good multiferroic which has
both ferroelectricity and ferromagnetism in the same phase, one should first consider
the basic properties or requirements for those. [66]

Figure 1.13: Introduction of multiferroics. (a) Magnetoelectric coupling in multiferroics.
Multiferroics are materials which have simultaneously (anti-) ferromagnetic and ferroelec-
tric orders. Ferroelectric are materials electrically polarizable and with finite remnant po-
larization, while ferromagnets are materials are magnetically polarizable with finite mag-
netization. The interplay between these two orders could induce an interesting coupling
phenomenon, called magnetoelectric coupling, in which there is a magnetic response to an
electric field, or, vice versa, namely the control of polarization by magnetic field. Adapted
from ref. [63] (b) Classification of multiferroics. Multiferroics corresponding to the intersec-
tion between the categories of ferroelectricity (red) and ferromagnetism (green). The blue
circle in the middle denotes systems exhibiting a magnetoelectric coupling, which however
dose not perfectly coincides with multiferroics. Adapted from ref. [62].

A material is defined as ferroelectric when it has more than one possible electri-
cally switchable spontaneous electric polarization states. In ferroelectric materials,
due to the presence of remnant polarization, the spatial inversion symmetry is bro-
ken. Moreover, since ferroelectric materials are electric switchable, they must be
good dielectrics, thus by definition good insulators. One good example of classical
ferroelectric is BaTiO3, in which the d0 orbital of Ti4+ cation is believed to be es-
sential for the origin of ferroelectric distortion, through a strong hybridization with
surrounding oxygen 2p orbitals. In analogy, ferromagnetism is a property of certain
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materials, which have spontaneous long-range spin-orderings, resulting in a remnant
and magnetic field-switchable magnetization. In magnetic materials, the time rever-
sal symmetry is broken, however, the spatial inversion symmetry is still invariant.
One group of well-known ferromagnetic materials are transition metals Ni, Co, Fe
and their alloys, in which the driving force for the ferromagnetism is the imbalance
of the density of states between the spin-up and spin-down states below the Fermi
surface. Another group of interesting ferromagnetic materials are doped manganites,
in which the double exchange coupling between B site transition ions (Mn) aligns the
spin orientation and results in a net magnetization. [28] Nevertheless, in both groups,
the d orbitals are partially filled, thus these materials are expected to be metallic.
In summary, ferroelectric and ferromagnetic materials have very different require-
ments in several aspects, including symmetry, chemistry and electronic properties.
Firstly, in a multiferroic, both the time reversal and spatial inversion symmetries
are broken. This requirement limits multiferroic to a small category with only 13
point groups over 122 total magnetic space groups. [61] Secondly, ferroelectrics, by
definition, are insulators, while ferromagnets are usually metallic in nature. Finally,
classical ferroelectrics have B site ions with a formal d0 orbital configuration; while
ferromagnets typically require unoccupied d orbitals to achieve strong ferromagnetic
coupling between transition metal ions. Clearly, the exclusive requirements between
the ferroelectricity and ferromagnetism results in the scarcity of multiferroics. Figure
1.13b provides a brief classification of multiferroics, which are still very rare although
the requirement about electric properties is partly relieved by including antiferromag-
netism and ferrimagnetism.

Mechanism of inversion
symmetry breaking

Materials

Proper
Covalent bonding between 3d0

transition metal (Ti) and oxygen
BaTiO3.

Polarization 6s2

lone pair of Bi or Pb
BiMnO3, BiFe3

and Pb(Fe2/3W1/3)O3

Improper

structural transition
“Geometric ferroelectrics”

K2SeO4, Cs2CdI4,
hexagonal RMnO3

Charge ordering
“Electronic ferroelectrics”

LuFe2O4

Magnetic ordering
“Magnetic ferroelectrics”

Orthorhombic RMnO3,
RMn2O5, CoCr2O4

Table 1.1: Classification of ferroelectrics. Adapted from ref. [60]

To circumvent the fundamental contraindication discussed above, a few strategies
have been explored as shown in table 1.1. The first one is to induce ferroelectricity
with A site ions, in contrast to traditional B site d0 ions. One example is the Bi based
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compounds (such as BiFeO3 and BiMnO3), in which the origin of the ferroelectricity is
the coupling between the two 6s electrons (called lone pair) in Bi cations and the sur-
rounding oxygen anions. [67] In these materials, since the ferroelectric and magnetic
orders are associated with different ions, thus it is possible to integrate them together
in the same phase. BiMnO3 is an interesting material, in which although both the
magnetization and ferroelectric polarization are rather large, the coupling between
these two orders, however, is still very weak. [62, 68–71] BiFeO3, on the other hand,
has strongly coupled ferroelectric and antiferromagnetic orderings [72,73], which make
it fundamental intriguing for the study of the magnetoelectric effect, especially in the
form of heterostructure with ferromagnetic materials. [17,61,74] Another strategy is to
break the spatial inversion symmetry in an “improper” way, which includes structural
transition [75–77], charge ordering [78–80] and magnetic ordering [81,82]. Because of
the strong correlation between the ferroelectric ordering and the magnetic structure
in these materials, it has been demonstrated that the ferroelectric polarization could
be reversibly controlled with the application of a magnetic field. However, it is worth
pointing out that the associated ferroelectric polarization in these systems is much
smaller than traditional ferroelectrics and the manipulation requires a huge magnetic
field (several Tesla). Therefore, studies of these improper ferroelectrics are scientifi-
cally important, while less interesting from the application point of view. Finally, it
is worth pointing out that recent first-principle calculations [83] predicted that the
ground state of EuTiO3 compound could be tunned from paraelectric and antiferro-
magnetic to ferroelectric and ferromagnetic by using epitaxial stain. This prediction
has been experimentally demonstrated a subsequent experiment. [84] However, a di-
rect demonstration of the interaction between ferroelectric and ferromagnetic orders
is still demanded.

In summary, in the past decade, substantial research has been carried out towards
the exploration and understanding of multiferroics and magnetoelectric couplings.
However, we note that so far, researchers still have not found any material showing
strongly coupled ferroelectricity and ferromagnetism in the same phase. Instead,
people proposed to use heterostructures composed with two or more materials with
different properties/functionalities to achieve the magnetoelectric coupling through
interfacial couplings [17, 61], and a brief review of which is given in the following
section.

1.2.2 Magnetoelectric coupling: electric-field control of mag-

netism

Although from the scientific point of view, both the electric-field control of mag-
netism and the modification of polarization by a magnetic field are equally important,
the former one is the central question of the multiferroic study due to its great po-
tentials for applications. Figure 1.14 presents a sketch of a possible memory element
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Figure 1.14: Sketch of a possible memory element based on magnetoelectric coupling.
Binary information is stored by the magnetization direction of the bottom ferroelectric layer.
The information is read out by the resistance of a magnetic trilayer, due to the dependence of
the resistances on the spin alignment configuration between these two ferromagnetic layers.
The writing process is achieved by using the ferroelectric polarization switch to control the
spin orientation at ferromagnetic layer through the exchange-bias coupling. Adapted from
ref. [85]

based on magnetoelectric coupling, in which the information is written with an elec-
tric field while read out by a typical giant magnetoresistance (GMR) configuration.
Moreover, we note that to describe a ferromagnetic state, one needs at least three
parameters, i.e. magnetization, magnetic anisotropy (or coercive field) and unidi-
rectional anisotropy (or exchange-bias field). In this section, we will discuss several
strategies to achieve the control of all these parameters in the form of heterostructures
built with ferromagnet in intimate contact with other functional materials, such as
ferroelectrics (e.g. PbZr0.2Ti0.8O3, BaTiO3), antiferromagnets (e.g. Cr2O3) and mul-
tiferroics (e.g. YMnO3, BiFeO3).

1) Control of the magnetization with ferroelectric polarization. The first order
effect for the coupling between a ferromagnet and a ferroelectric would be the influ-
ence of ferroelectric polarization switch on the magnetic state, which has been real-
ized recently in heterostructure forms containing ultrathin ferromagnetic manganites
and ferroelectrics by both first-principle calculations [86, 87] and experimental mea-
surements [88–90]. Molegraaf and co-workers have reported a remarkable control of
magnetization via the ferroelectric polarization in a PZT (250 nm)/LSMO (4 nm)
heterostructure. [88] Subsequently, Vaz et al. [89] used near edge x-ray absorption
spectroscopy (XAS) to probe the valence state of Mn ions at the LSMO layer as a
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function of external electric field, and found that the Mn valence state mimics the
ferroelectric hysteresis and also the magnetization modulation loops. Thus, they have
attributed the origin of this magnetoelectric coupling to the charge mediated tuning
of magnetic ground states at the interface.

Figure 1.15: The electric-field control of magnetism with charge modulation in the ferro-
electric/ferromagnet heterostructure. Magnetism as a function of the applied electric field
in the PbZr0.2Ti0.8O3/La0.8Sr0.2MnO3 heterostructure measured at 100 K, with a MOKE
magnetometer. Insets represent the magnetic and electric states in the thin LSMO layer
(blue) and PZT layer (red). Adapted from ref. [88].

2) Manipulating the magnetization and magnetic anisotropy with the strain mod-
ulation. From the symmetry point of view, a ferroelectric material is also ferroelastic.
Thus, the application of an external electric field will result in a structural distortion
on the ferroelectric as well. Such a structural change will transmit to the magnetic
layer through an interfacial strain coupling and alter its magnetization or magnetic
anisotropy through the magnetostriction. Figure 1.16a shows that the magnetization
of a LSMO layer could be tuned with the application of an electric field across ferro-
electric (and also piezoelectric) BaTiO3 substrates. [91] Such an interesting coupling
could be related with the orbital degree of freedom at the LSMO layer, which guides
the magnetic coupling mechanism involved. Another interesting experimental result
is the recent finding in ferromagnetic metal alloy Fe0.9Ge0.1 grown in BSPT substrates,
in which the ferroelastic switch leaves to two dramatically different magnetic states
with almost zero coercive field in one case and finite coercive field in the other case,
as shown in Figure 1.16b. [92, 93] The coercive field tracks the dependence of the
piezoelectric switch under the application of an electric field. This coupling could be
related with the changing of the magnetocrystalline anisotropy through strain effect.
However, we would like to point out that despite a few phenomenological models have
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been proposed to explain these interesting magnetoelectric couplings, the fundamen-
tal physics involved is still unclear.

Figure 1.16: Electric-field control of magnetism with the strain modulation. (a) Control
the magnetization of La0.67Sr0.33MnO3 with the application of electric field across the fer-
roelectric BaTiO3 substrates. The magnetization of the LSMO was monitored with a VSM
as the function of time with and without the application of the electric field. For clarifica-
tion, all electric field transition (turn on) are placed near 20 s. Transitions were recorded
at 4 kV cm−1 (sample 3), 10 kV cm−1 (sample 4) and 6 kV cm−1 (sample 5 at both 89
K and 157 K). Adapted from ref. [91]. (b) Control the anisotropy energy (coercive field)
of Fe0.9Ge0.1 film with the electric field applied across the morphotropic phase boundary
BiScO3-PbTiO3 substrate. The insets show the representative Kerr hysteresis loops under
two electric polarization states. Adapted from refs. [92] and [93].

3) Deterministic control of magnetic state with an exchange-bias effect. We note
that to achieve the deterministic control of the magnetism, one needs to find a way
to control the spin orientation by the application of an external electric field. One
pathway is to use the magnetic unidirectional anisotropy (or exchange-bias coupling)
of the ferromagnet layer. Exchange-bias coupling, resulting from the magnetic cou-
pling between an antiferromagnet and a ferromagnetic layer, can lead to a shift of
the magnetic hysteresis loop along the magnetic axis, thus pinning the orientation
of the ferromagnetic layer. [96] Such a unidirectional anisotropy is mainly due to the
presence of pinned uncompensated spins at the AFM layer, thus very sensitive to
both the orientation of AFM spin axis and magnetic coupling strength across the
interface. The concept of utilizing exchange-bias effect in magnetoelectric coupling
is to use an electric field to control the orientation of the antiferromagnetic axis
or magnetic coupling across the interface, so as to control the spin direction of the
ferromagnet layer through exchange-bias coupling between antiferromagnetic and fer-
romagnetic layers. [17] Extensive studies have been carried out along this direction,
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especially after the finding of multiferroics (e.g. YMnO3 (YMO), BFO) with both
ferroelectric and antiferromagnetic orderings. Researchers have demonstrated that
the exchange-bias coupling between the multiferroic YMO and ferromagnet permal-
loy can be electrically tuned (as shown in Figure 1.17a). [94] By applying an external
voltage across the YMO layer, the exchange-bias field decreases gradually and even-
tually disappears at 1.2 Volts, which however is irreversible. During this process, the
electric field is likely employed to melt pinned spins at the AFM layer, instead of an
actually control of the AFM axis. One parallel study is based on antiferromagnetic
Cr2O3. Researchers have studied multilayer of Cr2O3/(Co/Pt)3 and found that the
exchange-bias field in this structure could be reversible control by using an electric
field (Figure 1.17b). [95,97] However, this control needs either a thermal cycling [95]
or application of both electric and magnetic fields at the same time [97]. Thus, the
key challenge regarding the magnetoelectric coupling by using exchange-bias effect
still remains: how to achieve the deterministic (while reversible) control by using
purely electric field?

Figure 1.17: Electric-field control of magnetism through an exchange-bias effect. (a) Mag-
netization loops of Py/YMnO3/Pt measured at 2 K, after field cooling the sample from 300
K in 3 KOe field, under various biasing-voltage (Ve) value. Inset: temperature dependence
of the magnetization at -100 Oe and zero electric field. Adapted from ref. [94]. (b) Nor-
malized hysteresis loops of Cr2O3 (111)/ Pt 0.5 nm/[Co 0.3 nm/Pt 1.5 nm]3/Pt 1.5 nm
measured after the magnetoelectric field (combination of magnetic field and electric field)
cooling. The magnetic field used was 0.6 T, while the electric field was chosen as 0 (1), -500
kV/m (2) and +500 kV/m (3), respectively. Adapted from ref. [95]

To summarize, this section reviews basic concepts of multiferroics and introduces
several strategies to achieve electric-field control of magnetism in the heterostructure.
Depending on coupling mechanisms involved, the magnetic states could be manip-
ulated in three aspects, i.e. magnetization, magnetic anisotropy and unidirectional
anisotropy. In this dissertation, using the model system of BFO/LSMO, we will
demonstrate that all these aspects in the LSMO layer are strongly correlated with
the ferroelectric polarization of BFO, thus the application of an electric field could
control the magnetism of LSMO layer in a more comprehensive manner.
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1.3 Organization of Dissertation

This dissertation is organized as follows. Chapter 1 provides a brief introduction
to the background and key concepts of this dissertation. Chapter 2 focuses on the
growth of BFO and LSMO heterostructures, as well as magnetic and ferroelectric
characterizations. Chapter 3 discusses the fabrication of BFO/LSMO heterointer-
faces and how the associated interfacial electronic structure could be used to control
bulk ferroelectric polarization states. Chapter 4 introduces the exchange-bias cou-
pling at the ferromagnetic and antiferromagnetic heterostructure and presents our
experimental results in the case of BFO/LSMO heterostructure. Chapter 5 is dedi-
cated to the study of spin configurations at the interface, which is strongly associated
with the onset of the significant exchange-bias coupling observed. Chapter 6 presents
the electric-field control of magnetic coupling across the interface with a ferroelectric
field effect transistor device structure. Chapter 7 discusses the origin of the magne-
toelectric coupling at the interface, which reveals the important role of the interplay
between charge, spin, orbital and lattice degrees of freedom at the interface. Chapter
8 serves as a summary of the finding present in the dissertation as well as suggested
future directions.
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Chapter 2

Growth and characterization of

BiFeO3/La0.7Sr0.3MnO3
heterostructures

2.1 Model system of BiFeO3/La0.7Sr0.3MnO3 het-

erostructures

2.1.1 Multiferroic BiFeO3

BiFeO3 (BFO) is the only room temperature multiferroic (antiferromagnetic and
ferroelectric) so far, which has attracted great interest and extensive investigations
in the past decade. [18] The perovskite BFO was first synthesized in a bulk poly-
crystalline form in the late 1950s [98], which by then was suspected to be both an-
tiferromagnetic and ferroelectric. Detailed x-ray diffraction and neutron diffraction
studies revealed that the BFO single crystal has a rhombohedral unit cell, built with
two distorted perovskite cells connected along a pseudocubic [111] direction. [99,100]
Moreover, the two oxygen octahedra in the unit cells are rotated clockwise and coun-
terclockwise around the [111] direction by ±13.8◦, as shown in Figure 2.1a.

The understanding of magnetic structure of BFO is straightforward. Since Fe3+

cation has five d electrons, the nearest neighbor Fe cations are coupled antiferromag-
netically between each other with the so-called superexchange coupling. Thus, BFO
should have a robust G-type antiferromagnetic structure, as shown in Figure 2.1b.
This finding was confirmed by neutron diffraction measurements in 1980s, which in-
dicated that BFO was indeed G-type antiferromagnetic with Néel temperature of
∼673 K [100] and moreover possessed a cycloidal structure along [111] direction with
the periodicity of ∼ 620 Å [101]. It is also worth pointing that the symmetry also
permits a small canting of the antiferromagnetically aligned spins from the antiferro-
magnetic axis, resulting in a small magnetization due to the Dzyaloshinskii-Moriya
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interactions. [29–31]
On the other hand, the ferroelectric nature of the materials remained under de-

bate until 1970, when ferroelectric measurements revealed a ferroelectric polarization
of 6.1 µC/cm2 along the [111] direction of the crystal, [102] which is consistent with
the rhombohedral group symmetry of the material. The chemical etching experi-
ments on ferroelectric single domain samples later proved that the ferroelectric phase
is stable from 4 to ∼ 1103 K (TC 1103 K). [103] We note that different from tra-
ditional ferroelectrics, the origin of the ferroelectric nature in BFO is the two 6s
electrons in Bi cation, which are hybridized with surrounding oxygen ions, leading to
a large displacement of the Bi cation relative to the oxygen octahedra along the [111]
direction. [67]

Figure 2.1: Schematic illustration of the ferroelectric and antiferromagnetic orderings in
multiferroic BiFeO3. (a) BFO has a rhombohedral structure with the ferroelectric polariza-
tion along the pseudocubic [111] direction. (b) G type antiferromagnetic ordering in BFO
with a weak ferromagnetic moment in the (111) plane due to the spin canting.

After these initial findings, the study of BFO remained quiet for almost twenty
years, mainly due to the small measurable ferroelectric polarization and the lack of
a way to achieve significant magnetoelectric couplings in the bulk form. Things have
been changed after 2003, when a study of high-quality BFO thin films reported an
“enhancement” ferroelectric polarization of about 90 µC/cm2 [104], which is almost
the biggest ferroelectric polarization found by then. Subsequent study on high-quality
BFO crystal revealed that this value is actually an intrinsic property of BFO com-
pound. [105,106] The small polarization previously obtained in bulk samples is mainly
due to the poor quality of the crystal used. More interestingly, the study in 2003 had
also demonstrated a thickness-dependent magnetism and a magnetoelectric coupling
coefficient as high as 3V/cmOe. [104] However, the true nature of the magnetic prop-
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erty remains unresolved [107], although the presence of second phase could likely
be ruled out [108]. Nevertheless, the presence of high ferroelectric polarization as
well as the antiferromagnetic ordering provides us another pathway to achieve the
electric-field control of magnetism as what we have discussed in the previous chap-
ter. [17] For example, a recent study demonstrated an electric-field control of local
ferromagnetism using the heterostructure of BFO and CoFe. [74] It is worth noting
that besides the magnetoelectric coupling, this compound (BFO) kept surprising the
whole community with fascinating properties, such as switchable photodiode [109],
giant open-voltage solar cell [110], strain induced morphotropic phase boundary [111],
photostrictive effect [112], etc.

2.1.2 Ferromagnet La0.7Sr0.3MnO3

The study of perovskite manganites could be traced back to 1950 [113], when
researchers found that doped manganites could be both ferromagnetic and magnetic
although the parent compounds are antiferromagnetic and insulating. This finding
had triggered extensive studies on the magnetic and electric properties of manganite
compounds and also given the birth to a few important physics concepts in condensed
mater physics. The finding of colossal (thousandfold) magnetoresistance (CMR) ef-
fect in La0.67Ca0.33MnOx (LCMO) thin films by Jin et al. in 1994 [4, 5], spawned
a hailstorm of research into manganites, which continues to the present day. After
that, an enormous amount of research has been carried out on manganites with large
variety of A-site cations, dopants and doping levels. [114]

Of all the possible compounds, La1−xSrxMnO3 (LSMO) attracts huge research
interest since it is by far the only simple perovskite manganite with Curie tempera-
ture higher than room temperature, although the magnetoresistance is much reduced
compared with other manganites, such as LCMO. This interesting difference could be
understood based on the fact that Ca cation has a smaller ionic radius than that of
Sr cation. Thus the perovskite tolerance factor in LCMO is reduced compared with
LSMO, resulting in a larger oxygen octahedral rotations in the lattice. The larger
structure distortion reduces the Mn − O − Mn bond angles and bandwidth, lead-
ing to the smaller Curie temperature and larger magnetoresistance. Clearly, in the
manganites system, the interplay between charge, spin, orbital and lattice degrees of
freedom can lead to a rich spectrum of novel functionalities and physics. [114]

The phase diagram of LSMO is shown in figure 2.2. [115] On the left side is the
parent compound, LaMnO3, in which the Mn cation has d4 orbital configuration. Its
ground state is characterized with a orbital ordering pattern, thus A-type antiferro-
magnetic ordering and Mott insulating. On the right side is SrMnO3, in which the
Mn cation has d3 orbital configuration, with the ground state of G-type antiferro-
magnetic ordering and band insulating. With progressive doping of LMO, various
magnetic and charge ordered phases emerge. Besides the ferromagnetic metallic state
formed at the doping level around 1/3, three types of charge ordering states are also
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formed, located at x=1/8 (CO-I), 1/2 (CO-II) and 2/3 (CO-III). Despite doping of
carriers into the mother compound, all these three regions are insulating, and with
the ferromagnetic state for CO-I region and antiferromagnetic states for the other
two. In the study of this dissertation, we choose the LSMO compound with the dop-
ing level of 0.3, mainly because of its promising ferromagnetic properties, with the
highest Curie temperature of ∼ 380 K and almost 100 percent spin polarization.

Figure 2.2: Phase diagram of La1−xSrxMnO3 as a function of temperature and doping x.
AFM-I: antiferromagnetic insulator; FM-I: ferromagnetic insulator; FM-M: ferromagnetic
metal; CO: three types of charge ordering states; TC : Curie temperature; TN : Néel tem-
perature; Tp: polaron ordering temperature; TS : structure transition temperature; TCO:
charge ordering transition temperature. Adapted from ref. [115].

To summarize, a quick introduction is given about the basic information of mul-
tiferroic BiFeO3 and ferromagnet La0.7Sr0.3MnO3 in this section. In both materials,
the charge, spin, orbital and lattice degrees of freedom are fundamentally important
for determining the intrinsic properties. Thus the interplay between these degrees of
freedom across the interface would definitely be a great model system to explore and
understand the rich physics involved at the heterointerface. This is a big challenge,
while it also provides great opportunities to obtain novel phenomena and functional-
ities.
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2.2 Fabrication of BFO/LSMO heterostructures

This section is dedicated to the growth of high-quality heterostructures used for
the study of this dissertation. Figure 2.3 shows a simple schematic of the growth
setup, which consists of a pulsed-laser deposition (PLD) chamber and a high pressure
reflection high-energy electron diffraction (RHEED) system. During the growth, we
use a target with the same composition as the material that we want to grow, and
bombard it with high power pulsed-laser. The material is then vaporized from the
target and deposited on the substrate prepared. [116, 117] RHEED is employed as
an in-situ tool to characterize the surface structure of the material. High energy
electrons with energy range of 20 keV was used to strike the sample surface at a
grazing angle of 1 to 5◦. Due to the strong scattering between the incident electrons
and the material, the probing depth is only the first few atomic layers of the material,
thus making RHEED study an extremely surface sensitive technique. [118]

Figure 2.3: Schematic illustration of a pulsed-laser deposition system assisted with reflec-
tion high energy electron diffraction.

For all heterostructures studied in this dissertation, SrTiO3 (STO) (001) single
crystal is employed as the substrate, which can provide good lattice match for various
perovskite materials used. Before the growth, a buffered HF acid-etch and thermal
treatment process [119] was used to obtain fully TiO2 (B site)-terminated surface
on STO. This is supported by atomic force microscopy (AFM) measurements, show-
ing perfect surface steps and terraces with step height of one unit-cell, as shown in
Figure 2.4a. It is worth pointing out that such a singly terminated surface is funda-
mentally important for the heterointerface design as carried out in this study. Figure
2.4b shows a RHEED pattern obtained from the treated STO substrate, which con-
sists of the information of both surface diffraction and reflection. The diffraction
pattern, as a result of the electron interference from various atoms at the sample
surface, can provide the first-hand information about the surface construction, lattice
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symmetry, phase transition and strain relaxation. While the reflection pattern (also
called specular pattern) can be used to characterize the surface morphology during
the growth. [118]

Figure 2.4: Topography of a treated SrTiO3 substrate (a) and corresponding RHEED
pattern (b).

To achieve the atomic scale control of the materials, a layer-by-layer (LBL) growth
mode is desired. In LBL growth mode (also called Frank-Van der Merwe growth),
atoms grow first in two dimensional to complete the atomic surface of the film prior
to the growth of subsequent layers. Thus such growth mode usually can result in
atomically smooth, fully covered atomic layers. Figure 2.5 shows a schematic of
specular RHEED intensity during a typical LBL growth. At the initial stage of the
growth, the RHEED specular spot intensity decreases as more atoms deposited on
the sample and resulting in a rougher surface. And eventually the intensity reaches
minimum for half-covered case. After that, the intensity recovers during the growth
and shows a maximum again when the surface layer is fully-completed and becomes
smooth again. Therefore, by monitoring the intensity oscillation in a periodic manner,
one can monitor and control in-situ the thickness of materials during the LBL growth.
[118]

Figure 2.6 shows RHEED specular intensity profiles recorded during the growth of
LSMO and BFO layers on TiO2-terminated STO substrate, respectively. For LSMO
layer, clear RHEED oscillations can be observed throughout the growth, which in-
dicates a well-controlled LBL growth mode and is consistent with the surface to-
pography taken by atomic force microscopy (AFM). For the growth of BFO layer,
a transition from layer-by-layer growth to step-flow growth was observed during the
initial growth of BFO, which was supported by the continuous presence of the two
dimensional spots in the corresponding RHEED patterns as well as the atomic ter-
race of the surface topography (shown in the inset). Thus, we have demonstrated a
well-controlled growth mode for high-quality BFO/LSMO heterostructures.

Finally, it is worth noting that the LBL growth mode occurs when the total free
energy of the film surface and the interface equals to the free energy of the substrate
surface, thus it requires well-controlled and optimized growth parameters, such as
heater temperature, background oxygen pressure and growth rate. Table 2.1 itemizes
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Figure 2.5: A schematic of specular RHEED intensity oscillations during the layer-by-layer
growth.

Figure 2.6: RHEED assisted PLD growth of BFO/LSMO heterostructures on STO (001)
substrates. RHEED patterns and AFM images for corresponding LSMO and BFO layers
are shown in the insets.

the optimized PLD growth conditions for various oxide materials with LBL (or step
flow) growth mode, which are used throughout this dissertation. Clear intensity
oscillations (Figure 2.7) suggest that the LBL growth mode persists for all materials
used, which makes the atomic-scale control of the heterointerface possible, therefore
providing a solid platform for the current study.
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Material
Temperature

(◦C)
Pressure
(mTorr)

Laser energy density
(J/cm2)

Growth rate
(mono-layer/pulse)

La0.7Sr0.3MnO3 690 150 1.5 0.04
BiFeO3 690 150 1.5 0.03
SrRuO3 650 100 1.5 0.04
SrO 500 1 1.5 0.015
TiO2 700 10 1.5 0.05

PbZr0.2Ti0.8O3 630 100 1.5 0.05

Table 2.1: Optimized PLD growth conditions for various oxide materials with layer by layer
growth mode.

Figure 2.7: RHEED patterns and specular RHEED intensity oscillations monitored during
the growth of various oxide materials.

2.3 Characterization of BFO/LSMO heterostruc-

tures

This section presents characterizations of BFO and LSMO thin films fabricated
as described in the previous section with various experimental setups. The measure-
ments suggest that thin films possess excellent structure, magnetic, electrical, and
ferroelectric properties, thus providing a solid platform for subsequent studies.
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2.3.1 Structure characterization of BFO/LSMO heterostruc-

tures

Structural characterizations of BFO/LSMO heterostructures were carried out with
both x-ray diffraction (XRD) (Figure 2.8a) and reciprocal space mapping (RSM)
(Figure 2.8b). XRD measurements (Figure 2.8a) reveal that the BFO layer is pure
phase and in-plane strained to the STO substrate. The presence of Kiessig fringes
along of both the (001) and (002) BFO diffraction peaks indicates a highly ordered
crystalline structure of the sample, suggesting both high-quality interface and surface
structures. The mosaic structure of the BFO layer was also investigated with the
rocking curve scan around BFO (002) Bragg peak. The full width at half maximum
(FWHM) of the rocking curve scan obtained is about 0.06◦, which is close to that of
the substrate use (∼0.03◦), implying a good crystallinity of the BFO thin film. The
RSM scans further suggest that the BFO layer is fully strained to STO substrate,
with in-plane lattice constant equal to that of the substrate. We note that the out-
of-plane lattice constant of 4.07 Å from RSM scans is also consistent with XRD
measurements. [120]

Figure 2.8: Structure characterization of BFO/LSMO heterostructures. (a) X-ray diffrac-
tion analysis of a BFO (30 nm)/LSMO (5 nm) heterostructure grown on STO (001) sub-
strate. (b) Reciprocal space mapping of the heterostructure along the (103) zone axis of
STO substrate. We note that the LSMO layer is not visible from this study, mainly because
its thickness is only 5 nm.

2.3.2 Magnetic and electrical properties of LSMO thin films

a. Magnetic properties of LSMO thin film

Using optimized growth conditions described above, we have been able to fabricate
the LSMO layer on STO substrate with the unit-cell control. Magnetic properties of
ultrathin LSMO films with thickness ranging from 3 to 90 unit-cells were measured
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with Quantum Design MPMS magnetometer and are shown in Figure 2.9. For the
thickness above 13 unit-cells, the saturation magnetization and the Curie temperature
are nearly constant, with values close to those of previous reports of high-quality
LSMO thin films [121]. However, below the thickness of 7 unit-cells, a dramatic
reduction in the saturation magnetization as well as the Curie temperature can be
observed, and eventually the ferromagnetism is disappeared at the thickness of 3 unit-
cells. Thus, throughout this study, LSMO samples with thickness above 7 unit-cells
were used in order to decouple the influence of the LSMO size effect on the interfacial
magnetic coupling with multiferroic BFO.

Figure 2.9: Thickness dependence of the magnetic properties of ultrathin LSMO films
grown on SrTiO3 (001) substrates. (a) Magnetic hysteresis loops measured at 10 K. (b)
Temperature dependence of the magnetization measured with 1000 Oe magnetic field.

b. Electrical transport properties of LSMO thin film

The temperature dependence of the resistivity of ultrathin LSMO films with vari-
able thickness between 3 and 70 unit-cells was also measured and is given in Figure
2.10. [121] Thicker films show a bulk-like metallic behavior over the whole temper-
ature regime, and the residual resistivity of 60-80 µΩcm at 10 K is consistent with
previous reports. [122] When the LSMO layer thickness decreases, the resistivity in-
creases quite drastically over the whole temperature range. For LSMO layers with
thicknesses of eight unit-cells and below, we observed a dramatic increase of resistiv-
ity as the temperature decreases, indicating that the films are insulating below this
critical thickness. Surprisingly, the critical thickness of the conductivity behavior is
much larger than that of the magnetic ordering. This discrepancy can be explained
by the possible loss of a conducting percolation path due to the formation of fer-
romagnetic/metallic and non-ferromagnetic/non-metallic regions. Interestingly, our
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recent study reveals that the LSMO layer in BFO/LSMO heterostructures remains
metallic down to the thickness of 7 unit-cells (shown in chapter 6), which points to the
important role of interface reconstructions on the macroscopic properties of materials.

Figure 2.10: Temperature dependence of electrical transport measurements on ultrathin
LSMO films with various thicknesses grown on SrTiO3 (001) substrates. Adapted from
ref. [121].

2.3.3 Ferroelectric properties of BFO thin films

a. Ferroelectric domain structure of BFO thin films

Since BFO has a rhombohedral perovskite structure, the ferroelectric polariza-
tion occurs along the body diagonal of the cubic lattice ¡111¿, leading to totally
eight possible polarization variants as shown in Figure 2.11a. To map the ferroelec-
tric polarizations of all these eight variants, piezoresponse force microscopy (PFM)
was employed, which simultaneously records the out-of-plane (OP) and in-plane (IP)
piezoresponse signals. [123] During the scan, ac bias of 3.0Vpp at 6.39 kHz is applied to
the conducting probe, which scans along the [1-10] direction. Due to the interaction
between the ferroelectric polarization and the biased atomic force microscopy (AFM)
tip, three IP contrasts and two OP contrasts could be revealed, as shown in Figure
2.11a, which can help to map the ferroelectric polarization distribution. It is worth
noting that polarizations P−

2 and P−
4 (or P+

2 and P+
4 ) are degenerate for the scan,

and a 90◦ rotation of the sample is required to separate them. Figure 2.11b shows
the IP and OP ferroelectric domain structure of BFO (100 nm) /LSMO (5 nm) thin
films. The PFM IP image indicates the presence of stripe-like ferroelectric domain
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structure (separated by 71◦ domain walls) in the BFO layer, and the polarization was
switchable and stable (shown in the inset of Figure 2.11b). [124]

Figure 2.11: Ferroelectric domain structure of BFO thin film. (a) A schematic of eight
possible polarization variants in (001) rhombohedral films. The AFM cantilever is ori-
ented along [1-10] direction. (b) In-plane and out-of-plane (shown in the inset) ferroelectric
domain structures of BFO/LSMO thin films.

b. Ferroelectric polarization hysteresis loop of BFO thin films

The ferroelectric polarization hysteresis loop of BFO thin films was measured with
Radiant Technologies Inc. RT6000S ferroelectric tester probe station, and is shown
in Figure 2.12. Thin film heterostructures of 100 nm BFO and 20 nm SRO bottom
electrode were used in this study, which exhibit similar domain structure as shown
in Figure 2.12b. SRO top electrodes (with the diameter of 32 µm) were used in this
study to diminish the internal field of the heterostructure due to the electrostatic
mismatch between the top and bottom electrodes. To make a low resistance contact,
150 nm of platinum was later sputtered on SRO top electrodes. The ferroelectric
nature of thin films is demonstrated in Figure 2.12, which shows a sharp and square
hysteresis, with the 2Pr value of 120-130 µC/cm2, consistent with the previously
theoretical [125] and experimental [126] reports.

c. Piezoresponse of BFO thin films

Piezoelectric properties of BFO thin films were measured with the PFM setup
using the AFM tip as the top contact, which measures the tip displacement as a
function of the applied electrical bias. The piezoresponse coefficient d33 was obtained
with the reference of standard samples, and is shown in Figure 2.13a. For samples
with thickness larger than 30 nm, the measured remnant d33 value of 60-70 pmV −1

is consistent with previous reports on high-quality BFO thin films. [124] However,
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Figure 2.12: Ferroelectric polarization hysteresis loop of BFO thin films.

we observed a dramatic reduction of the piezoresponse for thickness below that. For
comparison, we observed a d33 of about 10 pmV −1 on 4 nm BFO, which is about six
times smaller than that of thicker films. Since the ferroelectric and antiferromagnetic
orderings in BFO are strongly coupled together, a similar thickness dependence of
the antiferromagnetic structure in BFO is also expected. Therefore, we limit the
BFO thickness to be above 30 nm in the subsequent study in order to decouple
the influence of the BFO size effect on the electrical and magnetic coupling across
BFO/LSMO heterointerfaces.

Figure 2.13: Thickness dependence of piezoelectric properties of BFO thin films. (a)
Ferroelastic hysteresis loops of BFO/SRO thin films with 30 nm and 4 nm of BFO layer.
(b) Normalized ferroelectric order parameter for BFO/SRO thin films as a function of BFO
thickness.
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Chapter 3

Interface control of bulk

ferroelectric polarization

The control of material interfaces at the atomic level has led to novel interfacial
properties and functionalities. In particular, the study of polar discontinuities at
interfaces between complex oxides lies at the frontier of modern condensed matter re-
search. In this chapter, we employ a combination of experimental measurements and
theoretical calculations to demonstrate control of a bulk property, namely ferroelectric
polarization, of a heteroepitaxial bilayer by precise atomic-scale interface engineer-
ing. More specifically, the control is achieved by exploiting the interfacial valence
mismatch (polar discontinuity) to influence the electrostatic potential step across the
interface, which manifests itself as the internal field in ferroelectric hysteresis loops,
thus determining the ferroelectric state. A broad study of diverse systems comprising
different ferroelectrics and conducting perovskite underlayers extends the generality
of this phenomenon. [127]

3.1 Motivation

Over the past few years, precisely constructed, atomically sharp perovskite oxides
heterointerfaces have attracted considerable attention. [13,128] The incorporation and
reconstruction of spin [15, 56], charge [6, 7, 129] and orbital degrees [53, 130] of free-
dom across heterointerfaces has led to novel electronic properties, which are different
from those inherent to the individual components. For example, pioneering work on
the LaAlO3 (LAO) and SrTiO3 (STO) heterostructure has revealed a nontrivial and
potentially useful high mobility two-dimensional electron gas (2DEG) at the inter-
face [7], which also exhibits magnetic [40] and even superconducting [41] properties,
as a consequence of the so-called “polar discontinuity” [35] (valence mismatch) across
the interface.

Triggered by this innovative work, much of the current research is focused on prob-
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ing the novel interfacial phenomena with various heterointerfaces. However, what is
missing in a focused study of interfacial properties are the more macroscopic im-
plications of this atomic-scale control on the broad range of properties and order
parameters present in complex oxides. As techniques have allowed us to peer ever
deeper into materials, at finer and finer length scales, we have not successfully answer
a simple question: is it possible to use interfacial structure to control the bulk phase
state of a material away from the interface? Such an approach could be particularly
intriguing if one of the layers is highly polar and electrically switchable, i.e. ferro-
electric in nature . In this chapter we report the ability to deterministically control
ferroelectric order in materials through atomic-scale control of interfacial electronic
structure. Our results suggest a strong, delocalized effect with important implications
for future electronics based on such materials.

We begin by exploring the ferroelectric perovskite BiFeO3 (BFO) in intimate
contact with a conducting manganite La0.7Sr0.3MnO3 (LSMO) as our model inter-
face. Through the use of reflection high-energy electron diffraction (RHEED)-assisted
pulsed-laser deposition (PLD), high-quality heterostructures of BFO/LSMO were syn-
thesized. We have observed that the interface between BFO and LSMO can be
precisely engineered with near atomic-scale sharpness. Subsequent investigations of
ferroelectric order indicate that the as-grown polarization direction is strongly corre-
lated to the interface termination and its fine level control of the interface electronic
structure.

3.2 Control of heterointerfaces by epitaxial design

Figure 3.1: Schematics of atomic stacking sequence for the BiFeO3/ La0.7Sr0.3MnO3 het-
erostructure with La0.7Sr0.3O-MnO2-BiO-FeO2 (a) and MnO2-La0.7Sr0.3O-FeO2-BiO (b)
heterointerface. The sheet charge density for each layer has been assigned the nominal bulk
valence. The arrows indicate the as-grown directions of the ferroelectric polarizations in
BFO layers.
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The key to controlling the ferroelectric polarization in the BFO layer lies in the
ABO3 perovskite structure exhibited by both LSMO and BFO, which enables two dif-
ferent kinds of interfaces to be created in [001]-oriented heterostructures. Along the
[001], the perovskite structure is made up of alternating layers of AO and BO2. Thus
if the LSMO is terminated at the MnO2-plane at the interface we can effectively cre-
ate an interface with the stacking sequence of La0.7Sr0.3O-(MnO2)-BiO-FeO2 (MnO2-
terminated interface) (Figure 3.1a ). On the other hand, if the LSMO layer is termi-
nated at the La0.7Sr0.3O-plane, the stacking sequence changes to MnO2-(La0.7Sr0.3O)-
FeO2-BiO (La0.7Sr0.3O-terminated interface) (Figure 3.1b).

Figure 3.2: RHEED intensity oscillations of the specular reflected beam during the growth
of SrRuO3 and La0.7Sr0.3MnO3 on the TiO2 terminated SrTiO3 (001) surface. Clear inten-
sity oscillations of the specular reflection spot during the growth indicates a layer-by-layer
growth mode. The changing of RHEED oscillation period during the growth of SRO indi-
cates the changing of termination from TiO2 (B site) to SrO (A site) termination.

Our design philosophy starts from building LSMO with two different terminations,
MnO2 and La0.7Sr0.3O terminations respectively, by utilizing TiO2-terminated STO
(001) substrates obtained with etch/thermal anneal procedures. [119] The MnO2-
terminated LSMO was grown by direct, RHEED-controlled deposition of 13 unit-
cells of LSMO on the TiO2-terminated STO substrate. During the growth of LSMO,
clear intensity oscillations of the specular reflection spot can be observed (Figure 3.2)
indicating a layer-by-layer growth mode with the controlled smooth surface without
any island formation, allowing us to create atomically-precise structures. For the
La0.7Sr0.3O-terminated LSMO film, we first grew a very thin layer (2.5 unit-cells) of
SrRuO3 on STO, which effectively changes the termination of STO to SrO-terminated
surface since the RuO2-layer is highly volatile. [131] During the growth of SRO, the
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changing of RHEED oscillation period clearly indicates the change of film termination
from TiO2 (B site) termination to SrO (A site) termination. Subsequent deposition
of 13 unit-cells of LSMO on this surface results in a La0.7Sr0.3O-terminated layer.

Figure 3.3: Topography of LSMO thin films with nominal La0.7Sr0.3O and MnO2 termina-
tions. (a) Atomic force microscopy images of MnO2 (left) and La0.7Sr0.3O (right) terminated
LSMO. (b) Line-scans of the AFM images showing atomically flat terraces with the step
height of ∼ 0.4 nm (the lattice constant of one perovskite unit cell).

Atomic force microscopy (AFM) measurements were further used to probe the
nature of the surface of LSMO thin films with nominal La0.7Sr0.3O and MnO2 termi-
nations following growth, as shown in Fig. 3.3. The morphology of the films grown
via the layer-by-layer process in both cases (Figure 3.2) is very smooth and shows
the presence of atomically flat terraces as defined by the underlying vicinal substrate
and separated by steps of height ∼ 0.4 nm (one unit cell). This confirms that each
as-grown thin film has only one single termination.

In order to further confirm that our carefully-controlled growth protocol indeed
leads to different terminations of LSMO layers, time-of-flight ion scattering and recoil
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spectroscopy (TOF-ISARS) was used to characterize surface chemistries. [132] TOF-
ISARS is a non-destructive, real-time probe, capable of providing direct information
on surface composition and atomic structure of the first few monolayers. [133, 134]
During measurements, pulsed potassium ions are accelerated to 10 keV and injected
towards the film surface to produce recoiled ions from the sample at an incident angle
of 5◦ and the MSRI are measured at a recoiling angle of 60◦. As the consequence of the
direct and strong collision between the incoming ions and the surface, the elements at
the topmost surface will be decomposed to form charged ions. The created ion beam
then travels through the acceleration zone with an applied electric field, with the
final velocity of the ions depending on the mass-to-charge ratio. Finally, a constant
electrostatic field is applied inside the reflection zone to bend the traveling path of
the ion beam toward the detector. Thus, by measuring the time needed for the ions
to reach the detector, the mass-to-charge ratio of the ions could be determined. Due
to the limited penetration depth of the low-energy K ions, different surface sensitive
probe could be achieved by choosing different incident angle of the ion beam. For
small grazing incidence angles (∼ 5◦), this technique is extremely surface sensitive
and yields dramatically different signal intensity between compositions of the first
and the second monolayer.

Figure 3.4: Comparison of TOF-ISARS spectra for La0.7Sr0.3MnO3 thin films with MnO2

and La0.7Sr0.3O termination. The small peaks around an atomic number of 108 correspond
to silver isotopes stemming from the silver paint used for the samples attachment to the
heater block and does not affect the conclusion about the surface termination.

In this measurement, two LSMO samples with MnO2- and La0.7Sr0.3O-terminated
layers were prepared by the process described above and then transferred to the TOF-
ISARS chamber, which has the base pressure of 10−8 Torr. Prior to the measurement,
the samples were heated to 650 ◦C in an oxygen pressure of 100 mTorr for 1 hour
to remove any hydrocarbon contaminates and organic residue from the surface. The
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measurements were carried out at room temperature after this thermal annealing
process.

Figure 3.4b shows the mass spectroscopy of recoiled ions (MSRI), normalized to
the 55Mn peak, for the two different surface terminations. The results reveal that the
LSMO films grown on thin SRO buffer layers exhibit strongly enhanced La- and Sr-
peak intensity, consistent with La0.7Sr0.3O-layer termination. In contrast, the LSMO
films grown directly on the TiO2-terminated STO substrates show relatively lower
intensities of the La- and Sr-peaks suggesting MnO2-layer termination. These results
together with the AFM images (Figure 3.3, which shows the presence of atomically
flat terraces as defined by the underlying vicinal substrate and separated by steps of
height ∼ 0.4 nm), indicate that we can indeed control the overall surface termination
of the LSMO layer through the growth protocol described above.

Thus, we have shown that by using epitaxial growth, the LSMO thin films with two
different termination layers could be achieved. Subsequent deposition of BFO layer
on top of them will result in the BFO/LSMO heterostructures with two different
interface configurations as shown in Figure 3.1.

Figure 3.5: Layer architecture of BFO/LSMO heterostructures with different terminations.
(a) The sample with La0.7Sr0.3O-MnO2-BiO-FeO2 (MnO2 terminated interface) is designed
by growing integral unit LSMO/BFO directly on STO substrates. (b) While for the sample
with MnO2-La0.7Sr0.3O-FeO2-BiO (La0.7Sr0.3O terminated interface, 2.5 unit-cells SrRuO3

buffered STO was used.

To confirm the atomic stacking sequence of BFO/LSMO heterointerfaces, scanning
transmission electron microscopy (STEM) was carried out to probe the local atomic
structure of the samples. [135] Figures 3.5a and b show the low resolution cross sec-
tion STEM images of the layer architecture of samples with both La0.7Sr0.3O-MnO2-
BiO-FeO2 (MnO2 terminated interface) and MnO2-La0.7Sr0.3O-FeO2-BiO (La0.7Sr0.3O
terminated interface) atomic stacking sequences. For both structures, the growth di-
rection is from left to right. The MnO2 terminated interface consists of a BFO/LSMO
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bilayer grown on a STO substrate (Figure 3.5a). The LSMO layer is 13 nominal unit-
cells thick and the BFO layer is ∼ 21 nm thick. Similarly, the La0.7Sr0.3O terminated
interface consists of a heterostructure of SRO, LSMO and BFO grown on a STO
substrate (Figure 3.5b). The nominal layer thickness is 2.5 unit cells for SRO, 13 unit
cells for LSMO and ∼ 27 nm for BFO.

Figure 3.6: Atomic scale structure and chemical characterization of BFO/LSMO with
different interfaces. High-resolution HAADF-STEM images of the heterostructures with
La0.7Sr0.3O-MnO2-BiO-FeO2 (a) and MnO2-La0.7Sr0.3O-FeO2-BiO (b) interfaces. Cor-
responding chemical profiles across the La0.7Sr0.3O-MnO2-BiO-FeO2 (c) and MnO2-
La0.7Sr0.3O-FeO2-BiO interfaces (d). The EELS line scans were acquired diagonally from
the top left to the bottom right of the HAADF image (indicated with a white line).



43

Further information regarding interface atomic stacking sequences can be gained
through the detailed high-resolution STEM imaging and analysis. In particular,
atomic-scale EELS studies (Figure 3.6) have been carried out to confirm and com-
plement the macroscopic TOF-ISARS measurements of surface/interface structure
and chemistry. The cross-section high resolution STEM images show the layer ar-
chitecture of the heterostructures and suggest atomically-abrupt, highly-controlled
epitaxial interfaces between the LSMO and the BFO layers (Figures 3.6a and b). As
imaging alone cannot rule out cation diffusion, more than twenty EELS line-scans
were acquired across both LSMO/BFO interfaces at different locations. Figure 3.6c
depicts the integrated EELS signals of the Fe L3,2, Mn L3,2 and La M5,4 absorption
edges, simultaneously recorded along a line as displayed in the corresponding STEM
images (Figures 3.6a and b). The characteristics of the Fe, Mn, and the La signals
reflect the expected atomic structure within the LSMO and the BFO layers and the
modulations of the individual EELS signals at the interface suggest abrupt chemical
profiles at the interface. Combining the information from EELS studies, high angle
annular dark field (HAADF) intensity profiles, and HAADF-STEM images, the in-
terface atomic configurations can be deduced to be La0.7Sr0.3O-MnO2-BiO-FeO2 and
MnO2-La0.7Sr0.3O-FeO2-BiO (Figures 3.1a and b, respectively). Thus, the interface
between BFO/LSMO in such artificial heterostructures can be engineered to exhibit
two different interface terminations, which provides a solid platform to trigger the
study of novel coupling phenomena at the oxide interfaces.

3.3 Interface polar discontinuity control of bulk

ferroelectric polarization

In this section, we proceeded to examine how these different interfacial structures
designed in the previous section can impact the nature of the electronic interactions at
these heterointerfaces. Piezoresponse force microscopy (PFM) was employed to study
the polarization state of the BFO in the heterostructures (MnO2- and La0.7Sr0.3O-
terminated interfaces are shown in figure 3.7, respectively). [123] PFM measurements
were carried out with an AFM based setup (Veeco-DI equipped with a Nanoscope
IV controller) under ambient conditions using a commercially TiPt-coated Si tip
(MikroMasch). The images were acquired in contact mode with a driving voltage of
3 Vpp at 6.39 kHz and a scanning rate of 1 µm/s. With the same setup, piezoelectric
hysteresis loops were characterized by recording the surface displacement as a function
of applied DC voltage (up to ±8 V), with a driving voltage of 0.5 Vpp at 6.39 kHz
applied to the AFM tip. During measurements, the biased electric field is applied
though the AFM tip, while the samples are grounded. The contrast of the out-of-plane
PFM image is correlated with the orientation of the ferroelectric polarization, with the
dark (bright) indicating upward (downward) ferroelectric polarization. Strikingly, the
as-grown polarization direction is directly correlated with the interface termination of
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Figure 3.7: Ferroelectric polarization switching. Out-of-the plane ferroelectric polarization
of as-grown BFO/LSMO heterostructure with La0.7Sr0.3O-MnO2-BiO-FeO2 (a) and MnO2-
La0.7Sr0.3O-FeO2-BiO (b) interfaces, and corresponding typical local piezoelectric hysteresis
loops (c, d). The samples used in the study are 75 nm BFO with 5 nm LSMO bottom
electrode. External voltages of -/+ 8V have been applied through the AFM tip during the
scanning to pole the ferroelectric polarization to up/down states. The shift of the loops
indicates the presence of an internal field due to the electrical mismatch between the bottom
(conducting layer) and top (AFM tips) electrodes. The solid circles in (c) and (d) are the
average of 30 local loops.

the heterostructure. For samples possessing the MnO2-terminated interface, the as-
grown state is upward (pointing from the bottom electrode to the top surface) (Figure
3.7a). On the contrary, the as-grown state is exactly opposite (downward) for the
samples possessing the La0.7Sr0.3O-terminated interface (Figure 3.7b). We have also
probed the ferroelectric nature of these films via local switching studies using PFM
tips. The sharp contrast between the opposite polarizations in the PFM images
(Figures 3.7a and 3.7b) as well as the presence of square hysteresis loops in the local
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piezoelectric (or ferroelectric) switching (Figures 3.7c and 3.7d) strongly indicates
that these films are of very high-quality and possess good ferroelectric properties.

Figure 3.8: First-principles calculation and schematic illustration of electronic reconstruc-
tion across the LSMO/BFO heterointerface. (a) Calculated local ferroelectric polarization
profiles through the LSMO/BFO supercell with asymmetric interface chemical composi-
tions. A schematic of the supercell used in the study is displayed in the top panel. (b)
Macroscopic average of the electrostatic potentials for the two inequivalent ferroelectric
polarization directions and their average. (c) Schematic illustration of the electrostatic
potential through the supercell due to the contribution of ferroelectric depolarization field
(top), the asymmetric interfaces (middle) and the combination of both (bottom). The red
and blue arrows indicate the ferroelectric polarization directions, while the orange arrows
illustrate the interface dipole due to the valence mismatch.

To elucidate the relationship between the interface termination and ferroelectric
polarization of the heterostructure, first-principles density-functional-theory (DFT)
calculations [136] have been carried out. We used a supercell constructed from 8
BFO layers and 8 LSMO layers stacked along the pseudocubic [001], so that the
whole supercell contains

√
2 ×

√
2 × 16 pseudocubic perovskite units. The chemical

compositions at the two interfaces in the supercell are set up to be asymmetric, i.e.,
one is MnO2- and the other La0.5Sr0.5O-terminated. The in-plane lattice constant
was fixed to the substrate STO lattice constant of 0.3905 nm, and the internal atomic
position in the supercell were optimized.
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The calculations show that the total energy of the system is lower (by 1.13 eV for
the whole supercell) when the [001] component of polarization in BFO points from
MnO2- to La0.5Sr0.5O terminated interface. The calculated preferred direction of fer-
roelectric polarization is consistent with the measured as-grown states of MnO2- and
La0.5Sr0.5O-terminated BFO/LSMO films. Furthermore, we have also calculated the
local polarizations as a function of layer position from the relaxed supercell structures
by using Born effective charges of bulk BFO obtained in a previous DFT study. [125]
The calculated polarization profile is shown in Figure 3.8a. Clearly, the polarization
of BFO is suppressed when it is opposite to the preferred direction, pointing to an
apparently larger depolarization field in the case of opposite polarization direction
compared to the preferred direction.

To trace the origin of the preference of the ferroelectric polarization, macroscopic
averages of the atomic-scale electrostatic potentials across the two inequivalent inter-
faces have been calculated as described in Ref. [137] and are shown in Figure 3.8b.
When the ferroelectric polarization is against the preferred direction (“P Left”), a
large potential gradient is formed counteracting the ferroelectric polarization across
the BFO layer and results in the enhancement of the depolarization field while sup-
pressing the ferroelectric polarization (Figure 3.8a). On the contrary, the potential
gradient is much reduced when the ferroelectric polarization is in the preferred direc-
tion (“P Right”), consistent with the lower total energy and preserved ferroelectric
polarization in BFO.

We note that the observed potential gradient is due to the superposition of several
factors, of which the two most important are illustrated in the top two panels of Fig-
ure 3.8c. The first one is the ferroelectric depolarization field. The top panel of Figure
3.8c illustrates the potential profiles from the ferroelectric depolarization field of a
sandwich structure, in which a potential step (∆1) is built up across the ferroelectric
material, with the electric field direction antiparallel to the ferroelectric polarization.
The second one is the electrostatic difference between the two inequivalent interfaces,
which is responsible for the observed preference of the ferroelectric polarization direc-
tions. We note that the first contribution switches sign as the polarization is reversed.
Thus the average of the electrostatic potentials for two opposite polarization configu-
rations (purple curve in Figure 3.8b) is a good estimation of the intrinsic electrostatic
potential difference resulting from the interface valence mismatch, in which approxi-
mately a potential step of ∼1.3V forms between the two asymmetric interfaces. We
note that within the framework of the so-called polar discontinuity (valence mismatch)
model [7,35], the sheet charge density at the MnO2-terminated interface (Figure 3.1a)
is assigned to be +0.7e/-0.7e/+1e/-1e, which results in a nominal positive charge of
+0.15e (0.7/2-0.7+1/2=0.15) at the interface, and eventually leads to an interface
dipole pointing from the LSMO layer to the interface (middle panel of Figure 3.8c)
due to the Thomas Fermi screening. [138,139] Similarly, an interface dipole pointing
from the interface to the LSMO layer is associated with the La0.7Sr0.3O-terminated
interface due to a nominal negative interface charge of -0.15e (Figure 3.1b). As a
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consequence, a potential step (∆2) forms across the heterostructure as shown in the
middle panel of Figure 3.8c, and the sign of which is in agreement with our calcula-
tions (Figure 3.8b). Furthermore, the combination of these two mechanisms (bottom
panel of Figure 3.8c) reproduces in a schematic way the DFT results (Figure 3.8b).

Experimentally, the magnitude of the interface-induced electrostatic potential step
can be estimated quantitatively from the local ferroelectric hysteresis measurements
(Figures. 3.7c and 3.7d). Due to the work function difference between the bottom and
the top electrodes, the ferroelectric hysteresis loop is typically asymmetric about the
voltage axis, with an internal field of Vint = (V++V)/2 [140], where V+ and V are the
positive and negative coercive fields, respectively. Since the top electrodes (scanning
probe tips coated with Ti/Pt) used for the measurements of both terminations are the
same, the difference between the internal fields is taken as a measure of the induced
interface electrostatic potential step. The observed difference of ∼1.2V is in excellent
agreement with the results obtained by first-principles DFT calculations. This finding
is also in line with the recent studies of the STO and LSMO heterointerface, in which a
potential step is formed across the interface due to the valence mismatch. [138,139,141]

Structure
Electrode Polar Polarization Internal Induced

Termination Discontinuity State Field (V) Field (V)

BFO/LSMO
A site -0.3 Down -0.55 ± 0.22

1.2 ± 0.4
B site +0.3 Up 0.66 ± 0.21

BFO/SRO
A site -1.0 Down -0.75 ± 0.18

1.5 ± 0.3
B site +1.0 Up 0.79 ± 0.20

BFO/Nb:STO
A site -1.0 Down -1.2 ± 0.3

2.3 ± 0.6
B site +1.0 Up 1.1 ± 0.3

PZT/LSMO
A site +0.7 Up 0.86 ± 0.32

1.6 ± 0.6
B site -0.7 Down -0.72 ± 0.25

Table 3.1: Electronic reconstruction across the polar interfaces of ferroelectric heterostruc-
tures. The valence mismatch at the interface is calculated by assuming the ionic charge
assignment with the nominal bulk valence for each layer. For example: the MnO2-
terminated interface (La0.7Sr0.3O-MnO2-BiO-FeO2) has the interface sheet charge density as
+0.7 e/−0.7 e/+1 e/−1 e, thus the valence mismatch is calculated to be −0.7 e+1 e = 0.3 e.
The interface electrostatic potential step is calculated to be the difference between the in-
ternal fields of the two possible interface configurations within the same structure. Note:
the B site-terminated SRO is achieved by depositing an atomic layer of TiO2 on top SrO-
terminated SRO.

The generality of this experimental approach has been extended to other ferro-
electrics and conducting oxides listed in Table 3.1. Firstly, the heterostructure of
“polar ferroelectric BFO and the “non-polar electrode SrRuO3 (SRO) has been stud-
ied (Figure 3.9). Due to the high volatility of Ru element in the growth temperature
(∼ 700◦), the SRO layer will be self-terminated with SrO termination (Figure 3.2),
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Figure 3.9: Interface tuning ferroelectric polarization at BFO/SRO heterostructures.
Schematic diagram of the atomic stacking sequence of BFO/SRO heterostructure with
RuO2-SrO-FeO2-BiO (a) and RuO2-SrO-TiO2-BiO-FeO2 (b) interfaces, and the correspond-
ing local piezoelectric hysteresis measurements of the both interface configurations(c,d).
PFM measurements is shown in the inset of Figures (c,d). The RuO2-SrO-FeO2-BiO inter-
face is designed by growing BFO directly on SRO/STO; while the RuO2-SrO-TiO2-BiO-
FeO2 interface was achieved by insertion of one atomic layer of TiO2 between BFO and
SRO.

thus the design of RuO2-BiO termination is inaccessible. As a compromise, one atomic
layer of TiO2 was grown on the SrO terminated SRO to change the termination of
the SRO from AO (SrO) to BO2 (TiO2). Moreover, since both RuO2 and TiO2 are
charge neutral, thus non-polar, the heterointerface of TiO2-BiO could be taken as a
good approximation of RuO2-BiO interface. The heterostructure of BFO and 0.5%
Nb doped STO (Nb:STO) is chosen as another example, as shown in Figure 3.10.
Growth of BFO directly on treated TiO2 terminated Nb:STO will result in the SrO-
TiO2-BiO-FeO2 interface. While SrO-terminated Nb:STO was achieved by depositing
one atomic layer of SrO on top of the treated TiO2 terminated Nb:STO substrate.
Following growth of BFO on such substrates results in the TiO2-SrO-FeO2-BiO ter-
minated BFO/STO heterostructure.

Despite the various carrier types carrier density, and work function of the elec-
trodes, the PFM studies reveal exclusively that the ferroelectric polarization is con-
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Figure 3.10: Interface tuning ferroelectric polarization at BFO/STO heterostructures.
Schematic diagram of the atomic stacking sequence of BFO/STO heterostructure with
SrO-TiO2-BiO-FeO2 (a) and TiO2-SrO-FeO2-BiO (b) interfaces, and the corresponding
local piezoelectric hysteresis measurements of the both interface configurations(c,d). PFM
measurements is shown in the inset of Figures (c,d). The SrO-TiO2-BiO-FeO2 interface is
designed by growing BFO directly on STO; while the TiO2-SrO-FeO2-BiO interface was
achieved by insertion of one atomic layer of SrO between BFO and STO.

trolled by the interface polar discontinuity. For BO2-terminated SRO and Nb:STO,
the as-grown polarization states are always pointing upward while the as-grown states
are switched to downward for AO-terminated interfaces, as shown in Figures 3.9 and
3.10.

Furthermore, we have investigated the effect of different terminations on the fer-
roelectric PbZr0.2Ti0.8O3 with LSMO underlayer (Figure 3.11). As expected, for
the La0.7Sr0.3O-MnO2-PbO-Zr0.2Ti0.8O2 (+0.7 e/-0.7 e/0 e/0 e) interface, the as-
grown polarization is pointing downward because of the accumulated negative in-
terface charge and it becomes upward for the MnO2-La0.7Sr0.3O-Zr0.2Ti0.8O2-PbO
(-0.7 e/+0.7 e/0 e/0 e) interface.

It is worth noting again that our simplified models (Figure 3.8c) are in excellent
agreement with the results obtained with first-principle calculations (Figure 3.8b).
Thus, instead of performing first-principle calculations in every heterostructure, a
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Figure 3.11: Interface tuning ferroelectric polarization at PZT/LSMO heterostructures.
Schematic diagram of the atomic stacking sequence of PZT/LSMO heterostructure with
La0.7Sr0.3O-MnO2-PbO-Zr0.2Ti0.8O2 (a) and MnO2-La0.7Sr0.3O-Zr0.2Ti0.8O2-PbO (b) in-
terfaces, and the corresponding local piezoelectric hysteresis measurements of the both
interface configurations(c,d). PFM measurements are shown in the inset of Figures (c,d).

generic model has been developed to interpret the observed Electronic interaction.
As illustrated in Figure 3.8c, to overcome the possible divergence of the electrostatic
field, the net interface charge density σ induced by the interface polar discontinuity
would be screened by carriers inside the conducting material. With the assumptions
that the screening charge is entirely located within a semi-infinite metal (conducting)
layer with surface/interface at z = 0, the distribution of the screening charge could
be determined by the Thomas-Fermi screening length λ with an exponential decay
from the interface to the bulk as below [139]:

ρ(z) = σ/d2δ(z)− α(z)
σ

λ
exp (−z/λ)

�
α = 0 if z > 0

α = 1 if z < 0
(3.1)

where, d is the in-plane lattice constant of the heterostructure, α(z) is a step func-



51

tion. Thus this becomes a standard EM problem. The induced electric displacement,
�0�E(z), is determined by the integral of the free charge density ρ(z), where � is the
dielectric constant of the conducting layer. It is straightforward that the interface
induced electrostatic potential step ∆V can be calculated directly with integral of
the electric field by:

∆V =

� ∞

0

E(z) dz = λ
σ

d2�0�
, (3.2)

We note that the Thomas-Fermi screening length (λ) in the electrode is given by:

λ =

�
(π/3)1/3h̄2�0�

4me2n1/3
=

�
(π/3)1/3a0�

4m∗n1/3
, (3.3)

where m is carrier effective mass, n is carrier density. a0 is Bohr radius, and m∗ =
m/me.

Finally, the interface polar induced potential step can be expressed as:

∆V =

�
(π/3)1/3a0�

4m∗n1/3

σ

d2�0�
=

�
(π/3)1/3a0
4m∗n1/3�

σ

d2�0
, (3.4)

Clearly, the interface induced potential step is proportional to interface polar discon-
tinuity, thus charge density σ/d2, and inversely proportional to the dielectric constant
(
√
�), the effective mass (

√
m) and carrier density (n1/6).

Structure � m/me n (1021/cm3) λ (nm) Vth (V) Ve (V)
BFO/LSMO 30 [138] 4 [143] 5 [138] 0.24 1.1 1.2 ± 0.4
BFO/SRO 100 [144] 4.4 [145] 20 [146] 0.38 1.6 1.5 ± 0.3

BFO/Nb:STO 150 [147,148] 7 [149] 0.1 [149] 0.79 2.4 2.3 ± 0.6
PZT/LSMO 30 [138] 4 [143] 5 [138] 0.24 2.6 1.6 ± 0.6

Table 3.2: Comparison between experimental results and phenomenological calculations for
the interface induced electrostatic potential step.

Using the parameters obtained from literatures and Equation 3.4, we have calcu-
lated the Thomas Fermi screening length as well as interface induced potential steps
as listed in Table 3.2. The consistency between the theoretical values of the poten-
tial step based on this simple model and the experimental values observed with the
ferroelectric hysteresis loop measurements, is remarkable and serves to substantially
extend the generality of the findings. We note that for the Nb:STO case, since the
charge carrier density is far below the screening charge density, the charge carrier
will be fully depleted at the interface. Thus other screening mechanisms, such as
ionic screening (polarization penetration) [142], will be required. In that case, a more
suitable method, such as DFT will be required to describe the construction across
the interface. Nevertheless, the interface dipole will still be persisted, thus creating
the interface potentials step with the similar manner as we proposed above.
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3.4 Summary

In summary, we have demonstrated that atomically precise interface control can
lead to dramatically different polar states in ferroelectrics. This occurs primarily
through the coupling of the interface potential to the polar order. We note that while
there is considerable interest in the scientific community focused on the interface itself
(and various phenomena related to the interface), we argue that the influence on the
bulk properties of the thin films can be equally important. Clearly, such a coupling
effect between interface properties and the bulk order parameters of the thin films is,
in principle, not limited to the electrostatic degree of freedom. Imbalance in other
degrees of freedom (for example, the spin or orbital degrees of freedom) may be used
to control the properties of the bulk as well. In the next few chapters, we will focus
on another interesting aspect of this, namely how the interface spin interaction could
affect the macroscopic magnetism of LSMO layer.
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Chapter 4

Magnetic coupling across

BFO/LSMO heterointerfaces

4.1 Review of exchange-bias coupling

As stated in chapter 1, at the interface between a ferromagnet and an antiferro-
magnet, the spin degree of freedom reconstructs in a manner to form exotic interfa-
cial spin structures and leads to novel functionalities. As one of the most intriguing
phenomena associated with this spin coupling, exchange-bias coupling (also called
unidirectional anisotropy) was first discovered in 1956 by Meiklejohn and Bean. [150]
During a study of ferromagnetic (FM) Co particles embedded in their native antifer-
romagnetic (AFM) oxide (CoO), they observed a shift of the center of the magnetic
hysteresis loop from its normal position of H = 0 to HE �= 0. And such a shift is
usually taken as a characteristic signature of the exchange-bias coupling today. After
this break through finding, exchange-bias coupling has attracted extensive research
interests [96, 151–153], due to its crucial technological importance [154,155].

Traditionally, exchange-bias coupling is induced when cooling the magnetic bilayer
across the Néel temperature of AFM layer with a magnetic field. Figure 4.1 shows
a schematic illustration of spin configurations for exchange-bias coupling between an
AFM-FM bilayer. In the current case, a FM coupling is assumed at the interface.
When the temperature is below the Curie temperature of FM layer while above the
Néel temperature of AFM layer, the FM spins line up with the magnetic field, while
the AFM spins remain in random states (Figure 4.1a). After subsequent cooling to the
temperature below Néel temperature, the top layer AFM spins align ferromagnetically
with those of the FM, as a consequence of the FM coupling at AFM-FM interface.
The remaining layers of the AFM follow the intrinsic AFM ordering thus to achieve
a zero net magnetization in the AFM layer, as expected. Therefore, energetically
favored spin configuration is formed as shown in Figure 4.1b. When sweeping the
magnetic field from positive to negative, the FM spin starts to rotate, while AFM spins
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remain unchanged due to the large AFM anisotropy (Figure 4.1c). This antiparallel
configuration is energetically unfavorable due to the presence of FM coupling across
the AFM-FM interface. In other words, the magnetic field required to reverse an FM
layer to be antiparallel to the interfacial AFM spins (Figure 4.1c) is larger than what
is needed the other way(Figure 4.1e). Therefore, the FM spins have one single stable
spin configuration, i.e. the anisotropy is unidirectional.

Figure 4.1: Schematic illustration of spin configurations for exchange-bias coupling between
a FM-AFM bilayer. The diagrams show the spin configuration above TN (a) and below
TN with different applied magnetic fields. The AFM spin structure is frozen upon the
temperature below TN , which leads to the unidirectional anisotropy of FM layer through
magnetic coupling. Adapted from ref. [96, 156].

With this simple mode, one can go on step further to estimate the exchange-bias
field. In such a system, the spin free energy can be described as below [157,158]:

F = HMFM tFM cos θ − JInt cos θ +KFM sin2 β; (4.1)

where H is the magnetic field, MFM , tFM and KFM are the magnetization, thickness
and magnetic anisotropy of the FM layer respectively, JInt is the magnetic interaction
at the interface, θ is the angle between the magnetic field and FM spins, and β is the
angle between the applied magnetic field and FM anisotropy axis. Note that in this
simple mode, it is assumed that the magnetic anisotropy of the AFM layer is much
larger than that of the FM layer.

By solving the equation above, an effective magnetic field can be defined as:

H � = H − JInt
MFM tFM

= H −HE; (4.2)
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with

HE =
JInt

MFM tFM
. (4.3)

We note that although this simple model can provide a meaningful physics picture
about the exchange-bias coupling in term of the relationship between the exchange-
bias field (HEB) and the interfacial magnetic coupling strength (JInt), the thickness
(tFM) and magnetization (MFM) of the ferromagnetic layer, it is not satisfactory in
a few fundamental aspects.

Firstly, the amplitude of the exchange-bias field is generally a few orders of magni-
tude lower than what is expected based on this model. To account for this discrepancy,
numerous theoretical models have been proposed, such as Néel model [159], random
interface model [160–162] and AF domain wall model [163]. The key idea of those
models is that only part of the uncompensated spins are pinned at the interface. This
has been confirmed by recent x-ray circular dichroism (XMCD) experiments carried
by Stohr et al. [164] They showed that in fact only a few percent (4 %) of the AFM
interfacial moments are pinned, and the majority of the spins rotate coherently with
the ferromagnetic layer. However, the nature (or origin) of the pinning is still un-
known. Although previous models try to related this pinning with either random
defects or AFM domain walls at the interface, recent experiment studies show that
the pinned spins can be located much deeper in the bulk of the AFM. [165–167]

Secondly, the simple model can not explain the exchange-bias coupling in systems
with compensated AFM interfacial spin structures. One major problem with this
model is that it assumes a rigid spin lattice structure, i.e. AFM spins remain in their
bulk configuration, which however is not valid for the real system with a finite AFM
layer anisotropy. We note that the magnetic coupling across the interface between a
compensated AFM and a FM leads to spin frustration as has been discussed in chapter
1, resulting in novel and uncompensated interfacial spin structures. Based on this
argument, a few theoretical models have been proposed to explain the exchange-bias
effect observed in the compensated AFM interface. [168–171] However, the pinning
mechanism of the interfacial spins is still unclear.

Finally, we emphasize that although exchange-bias coupling has been discovered
for more than 60 years, the underlaying physics is still unclear and is attracting
extensive research interests, both from theoretical and experimental sides. The key
questions for this lay in two issues: the first one is how interfacial spins (both in AFM
and FM layers) reconstruct at the interface between AFM and FM; the second one is
how the induced spins are pinned at the interface, leading to exchange-bias coupling
(or unidirectional anisotropy) to the FM layer. In the study of this dissertation, we
will focus on the former issue, while leaving the second one for future studies.
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4.2 Exchange-bias coupling at BFO/LSMO het-

erostructures

This section is dedicated to the study of exchange-bias coupling at BiFeO3 and
La0.7Sr0.3MnO3 (BFO/LSMO) heterostructures. The correlation between exchange-
bias coupling with interface atomic structure and the related temperature, and thick-
ness dependence measurements are investigated. Magnetic measurements were carried
out with a Quantum Design SQUID magnetometer (MPMS).

Figure 4.2: exchange-bias coupling at BFO/LSMO heterointerfaces. Schemtatic atomic
stacking sequences (a, b) and Exchange-biased hysteresis loops (c, d) of LSMO/BFO het-
erostructures with BiO interface and La0.7Sr0.3O interface, respectively. Magnetic hysteresis
loops of LSMO films terminated by MnO2 (a) and La0.7Sr0.3O top layers are shown for com-
parison.

As stated in previous chapter, two possible atomic stacking sequences can be
formed between BFO and LSMO layers, namely BiO and La0.7Sr0.3O interfaces, as
illustrated in Figure 4.2a and 4.2b. First, we compare the deference of magnetic
coupling between them. Magnetic measurements were carried out using a Quantum
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Design SQUID magnetometer (MPMS) along the [100] axis. Before measurements,
samples were cooled down from 350 K to the measurement temperature with the
(+/-) magnetic field along the [100].

Figure 4.2c shows the magnetization curve of BFO/LSMO heterostructure with
BiO interface. Compared with the MnO2 terminated LSMO film (without BFO), the
magnetic hysteresis of BFO/LSMO heterostructure clearly exhibits both an enhance-
ment of the coercive field (∼200 Oe vs. ∼40 Oe) and a shift of the hysteresis loop along
the magnetic axis with the bias field of ∼40 Oe, which are the hallmarks of exchange-
bias coupling. On the other hand, much larger exchange-bias field (∼200 Oe) and
coercive field enhancement (∼400 Oe) were observed in the heterostructure with LSO
interface as shown in Fig. 4.2d. It is important to emphasis that, without the BFO
layer, the magnetic hysteresis loops of LSMO thin films with both MnO2 (Fig. 4.2c)
and La0.7Sr0.3O (Fig. 4.2d) terminations are symmetric around the zero-field under
either positive or negative cooling field. This suggests that the exchange-bias effect
observed is purely a consequence of the magnetic coupling between the AFM (BFO)
and FM (LSMO) layers in the heterostructure, and the stronger exchange-bias cou-
pling observed in La0.7Sr0.3O (LSO) interface indicates possibly a stronger magnetic
coupling, compared with that of the other interface.

Figure 4.3: Temperature dependence of exchange-bias coupling. Temperature dependence
of (a) exchange-bias fields (HEB) and (b) magnetic coercive fields (HC) for both interfacial
configurations. The dot and dash lines are the empirical fittings for the experimental data
with the equation as: H(T ) = H0 exp(−kBT/E0), where H0 is the coercive field (exchange-
bias coupling) strength at zero temperature and E0 is the activation energy of the magnetic
coupling at the interfaces.

Temperature dependence measurements of both the exchange-bias field (HEB, Fig.
4.3a) and coercive field (HC , Fig. 4.3b) for these two interfaces reveal yet another
interesting aspect of the magnetic interaction between BFO and LSMO layers. For
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both BFO/LSMO heterostructures, the exchange-bias shift vanishes above ∼100-120
K (Figure 4.3a), suggesting the existence of a “blocking temperature”, which in our
case is significantly lower than both the ferromagnetic TC of the LSMO film (measured
to be ∼320 K in these thin films) and the antiferromagnetic TN of the BFO film.
It is interesting to note that this blocking temperature corresponds closely to the
temperature above which spin polarization, as measured by photoemission, is lost in
LSMO as well as the onset of tunnel magnetoresistance in LSMO/STO/LSMO tunnel
junctions. Careful analysis reveals that for both cases, the coercive and exchange-bias
fields decrease exponentially with increase of temperature, which is a strong evidence
of the spin frustration at the interface. [172, 173] The dot and dash lines are the
empirical fittings for the experimental data with the equation as:

H(T ) = H0 exp (−kBT/E0), (4.4)

where H0 is the coercive field (exchange-bias coupling) strength at zero temperature
and E0 is the activation energy of the magnetic coupling at the interfaces. This
finding is further supported by the finding of magnetism at the proximity of BFO in
LSMO/BFO heterostructure using x-ray magnetic circular dichroism (XMCD) mea-
surements, which will be discussed in details in chapter 4. The difference between
the coupling strengths at these two interfaces indicates that the magnetic coupling
across the interface is strongly correlated with the lattice and electronic structures at
the heterointerface.

Figure 4.4: Thickness dependence of exchange-bias coupling for BFO/LSMO heterostruc-
tures.

To obtain further physics insight into the exchange-bias coupling for both heteroin-
terfaces, thickness dependence measurements of the antiferromagnetic BFO layer have
been carried out, with data shown in in Figure 4.4. For BFO layers over ∼20-30 nm
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thick, HEB is essentially constant, independent of thickness of the antiferromagnetic
layer; below this thickness it progressively decreases and below ∼5 nm of BFO, the
bias field essentially goes to zero. The critical thickness could mainly be induced by
the finite-size scaling of the Néel temperature (antiferromagnetic ordering) of BFO.
Similar trend has also been reported in the other systems, for example NiFe/CoO
reported by T. Ambrose and C. L. Chien. [174] Moreover, it is worth noting that the
similar temperature and thickness dependent measurements strongly indicates sim-
ilar coupling mechanism between these two heterointerfaces, although the coupling
strengths are different.

4.3 Comparison with the case of CoFe/BFO het-

erostructures

Finally, It is important to note that the mechanism of the exchange-bias cou-
pling described for BFO/LSMO heterostructures studied here is fundamentally dif-
ferent from what has been reported in previous studies of metallic ferromagnets
(Co0.9Fe0.1(CoFe)) in contact with BFO. In the latter case, previous studies have
shown that the exchange-bias coupling is directly correlated with the density of fer-
roelectric (also antiferromagnetic) domain walls (more precisely, 109◦ domain walls)
in BFO. [175, 176] However, this is not observed in the study on BFO/LSMO het-
erostructures. Regardless of the BFO domain structure, similar exchange-bias field
are observed at temperature less than ∼ 120 K. This low temperature onset of the
exchange-bias field is yet another important difference between the BFO/LSMO het-
erostructures and the previously studied CoFe/BFO system, which points to a fun-
damental difference in the nature of exchange coupling. Temperature dependence
studies of CoFe/BFO heterostructures show no observable change in the magnitude
of exchange-bias field as a function of temperature from 300 to 10 K regardless of the
underlying BFO domain structure. Therefore, these differences in coupling behav-
ior suggest the possibility of a fundamentally different mechanism at such epitaxial
interfaces between BFO and LSMO, which will be studied in next chapter.



60

Chapter 5

Origin of exchange-bias coupling:

interface magnetism and orbital

reconstruction

In this chapter, we report the formation of a novel ferromagnetic state in antifer-
romagnet BiFeO3 at the interface with La0.7Sr0.3MnO3. Using x-ray magnetic circular
dichroism at Mn and Fe L2,3-edges, we discovered that the development of this inter-
facial ferromagnetic spin structure is strongly associated with the development of a
significant exchange-bias coupling. Moreover, our polarization-dependence of x-rays
absorption measurements at oxygen K-edge strongly suggest that the novel magnetic
state is directly related to an electronic orbital reconstruction at the interface. [177]

5.1 Motivation: origin of the exchange-bias cou-

pling

In the previous chapter, we have reported the emergent of an exchange-bias cou-
pling at BiFeO3/La0.7Sr0.3MnO3 (BFO/LSMO)heterostructures. However, the ori-
gin/mechanism of this interesting effect is still unclear. In an exchange-bias system,
the exchange-bias field breaks the in-plane inversion symmetry by shifting the other-
wise symmetric hysteresis loop to one side along the magnetic field axis. This indicates
that a pinned (unrotatable) spin-state is formed at the interface, which is usually lo-
cated at the antiferromagnet (AFM) side due to its larger spin anisotropy energy. [96]
In the current system, the strong AFM superexchange coupling between the Fe3+ (d5)
ions lead to the G-type AFM spin structure (Fig. 5.1a), which has a compensated
spin structure at the (001) plane. [100] Thus in order to help elucidate the origin of
the exchange-bias coupling at the BFO/LSMO interface, it is fundamentally neces-
sary to obtain direct information of the interfacial spin structures, especially at BFO
side.
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Figure 5.1: Magnetic spin architecture structures of BiFeO3 thin films in three dimension
(a) and [001] plane-view (b).

In this chapter, we report an unexpected ferromagnetic order induced in the
Fe sublattice at the interface with LSMO as a consequence of a complex interplay
between the orbital degree of freedom and its coupling to the spin degree of free-
dom. [177] Using x-ray magnetic circular dichroism at Mn and Fe L2,3-edges, we
discovered that the development of this ferromagnetic spin structure in the BFO sub-
lattice at the interface with LSMO is strongly associated with the development of
a significant exchange-bias coupling, both exhibiting the same temperature depen-
dence. Moreover, our results demonstrate that the magnetic state is directly related
to an electronic orbital reconstruction at the interface, which is supported by the
polarization-dependence of x-rays absorption measurements at oxygen K−edge. The
discovery of correlation between the electronic orbital structure at the interface and
exchange-bias coupling suggests the possibility of using an electric field to control the
magnetization of ferromagnet without complex domain engineering.

5.2 Interface ferromagnetism at LSMO/BFO het-

erointerface

To probe the interface magnetic configuration, x-ray absorption spectroscopy
(XAS) spectra were acquired by recording the total electron yield (TEY) current
as a function of x-ray photon energy at beamline U4B of the National Synchrotron
Light Source at Brookhaven National Laboratory. During the measurement, L-edge
XAS were used to probe the excitation of electrons from 2p to 3d level for the tran-
sition metals. Since different elements have very different characteristic XAS spectra
(in terms of energy position and line shape), XAS is an element specific measurement
technique. In the TEY (photon-in-electron-out) experiment, the total yield electrons
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due to the element specific resonance absorption have a typical escape depth of 5-10
nm, making it an ideal tool to probe heterointerfaces such as ours. [16, 178]

Figure 5.2: Schematic illustration of X-ray magnetic circular dichroism.

Left- and right-circular polarized photons were used in the measurement, and they
carry different angular momenta, which would be transferred to photoelectrons during
the absorption process. Because of spin-orbital coupling, absorption cross sections
for left- and right-circular polarized photons are different. Thus, X-ray Magnetic
Circular Dichroism (XMCD) can be used to probe the ferromagnetic ordering of the
heterostructure at the interface, by measuring the differential absorption spectra of
the left- and right- circularly polarized x-rays in the vicinity of atomic core levels; as
shown in Figure 5.2. [179] In the current study, we examined the Mn and Fe L3 (2p3/2
to 3d) and L2 (2p1/2 to 3d) spin-orbit split core levels. The sign of the XMCD signal
gives us information about the direction of the spin, and the amplitude of the peak
gives us information about the magnitude of the magnetization. A schematic figure
of the experimental setup is shown in Figure 5.3. 70% circular polarized x-rays were

Figure 5.3: Schematic diagram of experimental setup used to obtain the x-ray magnetic
circular dichroism.
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employed to gain higher beam intensities. To obtain a sizable magnetic dichroism,
the film plane is tilted with respect to the photon beam propagation direction, with
an incident angle of 30◦ employed in this study.

Figure 5.4: Structure and chemical characterization of LSMO/BFO heterostructures. (a)
HAADF-STEM image obtained at 300 kV (TEAM 0.5 microscope) and (b) elemental
STEM-EELS line scan acquired at 45◦ across the LSMO/BFO interface (100 kV, VG HB
501 microscope). (c) surface topography of the LSMO/BFO/SRO//STO heterostructure
as measured by contact mode atomic force microscopy. (d) In plane ferroelectric domain
structure of BFO/SRO//STO heterostructure measured with piezo force microscopy, with
out-of-plane domain structure shown in the inset.

To study the interface spin structures, especially the spin arrangement in the AFM
BFO at the heterointerface with FM LSMO, heterostructure of LSMO/BFO was de-
signed as shown in Figure 5.3, in which, ferromagnet LSMO (top layer, 5 nm) and BFO
(bottom layer, 30 nm) were grown on 5 nm SrRuO3 buffered (001) Nb-doped SrTiO3

substrates, using pulsed-laser deposition while monitoring the growth process with
reflection high-energy electron diffraction. The atomic and chemical configuration at
the LSMO/BFO interfaces was studied with high-angle annular dark-field (HAADF)
imaging and spatially resolved electron energy-loss spectroscopy (EELS) performed
in scanning transmission electron microscopy (STEM) mode. Figure 5.4a shows a
typical HAADF image of such a LSMO/BFO heterostructure. The clear contrast
indicates an atomically sharp interface between the LSMO and BFO. The chemically



64

abrupt nature of these interfaces is confirmed through EELS measurements on Fe-
and Mn-edges across the interface (Fig. 5.4b), which clearly shows the transition from
Mn to Fe at the interface, and the cationic intermixing at the interface is minimal.
Moreover, the identical Fe spectra taken at the interface and far from the interface of
BFO clearly indicate that the valence state of the Fe at the interface is the same as
that in the bulk, i.e., the +3 oxidation state. [180] Thus, the charge transfer between
BFO and LSMO at the interface could be eliminated. The smooth topography of the
heterostructure is further confirmed by atomic force microscopy measurements (Fig.
5.4c), which reveals that the surface of the film has an atomic-scale step structure
with a root-mean-square roughness ∼0.25 nm. The ferroelectric domain structure of
a typical BFO/SRO//STO heterostructure was analyzed using piezoresponse force
microscopy (PFM) (Fig. 5.4d), and indicated the presence of stripe-like domains (71◦

domain walls) [176], as shown in previously study, where the polarization direction
was nicely switchable and stable.

Figure 5.5: X-ray absorption spectra and x-ray magnetic dichroism of Mn and Fe L2,3 edges
at the La0.7Sr0.3MnO3/BiFeO3 heterostructure. The XMCD signal of Fe is multiplied by
a factor of 20. The XMCD spectra of Mn and Fe L3 edges have opposite signs, suggesting
that the coupling between the Mn and Fe across the interface is antiferromagnetic in nature.
The data were taken at 10 K.

With suitable samples in-hand, we start to measure/explore the interesting spin
structure at the interface. Figure 5.5 shows the representative XAS and XMCD
spectra measured at the Mn and Fe L-edges at 10K. Well-defined XMCD spectra
were observed for both the Mn and Fe L-edges. The XMCD of ∼ 23 % at the Mn
L3-edge is consistent with previously measured values. [181] However, the ∼ 4 %
XMCD observed at the Fe L3-edge is surprisingly large considering that the nominal
canted moment of BFO (∼ 0.02-0.05 µB/Fe) [182, 183], is well below the resolution
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of such XMCD studies. To rule out experimental artifacts, we carried out control
measurements on a 30 nm BFO sample without the LSMO capping layer in which
no measurable XMCD effect was observed (green data, Fig. 5.6). We note that
a macroscopic SQUID measurement of the same sample does show a measurable,
albeit small, saturation moment of ∼0.03 µB/Fe, consistent with published values for
the canted moment of BFO. [183] Finally, we repeated the XMCD measurements on
another LSMO/BFO heterostructure grown under identical conditions; the results of
this run are essentially identical to the first set of data and are also presented in Fig.
5.6. This data strongly suggests that in the top few nanometers of the BFO film
a new magnetic spin structure is present that is markedly different from that in the
remainder of the BFO film. Additionally, the relative orientation between the Mn and
Fe magnetic spins can be deduced from the sign of the dichroism at their respective
edges. Figure 5.5 shows that the XMCD spectra have opposite signs for the Mn and
Fe L-edges, indicating that the coupling between the Mn and Fe across the interface
is antiparallel in nature. Although the actual spin structure at the interface could
be complex, these XMCD spectra suggest that the coupling between the bulk LSMO
spins and the bulk antiferromagnetic spin lattice of BFO is mediated through a very
thin (a few unit cells) novel magnetic layer localized at the interface. [179]

Figure 5.6: Comparison of the interface Fe XMCD with the reference samples of bulk BFO,
GaFeO3 and γ-Fe2O3. The spectra of GaFeO3 and γ-Fe2O3 are normalized to the same scale
as those of interface BFO state. No measurable XMCD is observed in BFO layers without
a top LSMO layer. The comparison between the interface BFO state and the spectra for
GaFeO3 and γ-Fe2O3 suggests that the electronic state of the induced magnetic moment is
similar to the GaFeO3 system (Oh site, Fe3+).

To trace the origin of the magnetization at the interface, we have compared
the dichroism of the interface BFO with reference samples, namely, ferrimagnetic
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γ-Fe2O3 [183] and multiferroic GaFeO3 [184] (Fig. 5.6), with both curves normalized
to the dichroism of the interface BFO state. In γ-Fe2O3, the Fe atom occupies both
octahedral (Oh) and tetrahedral (Td) sites that are magnetized antiparallel to each
other. The comparison between XMCD spectra for BFO and γ-Fe2O3 in Fig. 5.6
clearly shows that the dichroism of the BFO is very different from that of the γ-
Fe2O3, specifically in that it lacks the reversal of the XMCD spectra corresponding to
the Td site at ∼ 710 eV. The comparison between the XMCD for BFO and GaFeO3,
on the other hand, reveals almost identical features, confirming the similarities in
the lattice structure and electronic state of Fe in these two materials (Oh site, Fe3+).
From these results, it can be concluded that the relatively large magnetic moment at
this heterointerface is arising from Fe3+ ions on Oh sites and unlikely to be the result
of anion non-stoichiometry that might change the valence state of the Fe, which is
also supported with the EELS measurements across the interface (Fig. 5.4).

Figure 5.7: Magnetic hysteresis loops of a single LSMO layer (red), and LSMO/BFO (blue
and green) heterostructure measured along [100] direction at 10 K after +/- 0.2 T field
cooling from 350 K, respectively, showing a strong enhancement of the coercive field as well
as the shift of the hysteresis loop along the magnetic axis. exchange-bias effect has also
been observed for zero field cooled (ZFC) measurements, which depends on the sign of the
magnetic virgin state.

Bearing in mind that a novel spin state has been formed in the AFM BFO at
the heterointerface with FM LSMO, we have gone further to study how this emer-
gent state is correlated with the exchange-bias effect observed. Macroscopic SQUID
magnetometry was carried out at 10 K along the [100] direction. Figure 5.7 shows a
typical magnetic hysteresis loop for the heterostructure consisting of 5 nm LSMO and
30 nm BFO after field cooling from 350 K to 10 K in both +/-0.2 T magnetic fields.
We observe both a strong enhancement of the coercive field (∼275 Oe) compared
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to that of the LSMO/STO sample (∼40 Oe, red curve, Fig.5.7) and a shift of the
hysteresis loop opposite to the cooling field direction with an exchange-bias field of
140 Oe (exchange-bias field, EB).

As we stated in the previous chapter, such an EB effect requires the presence of
pinned, uncompensated spins in the antiferromagnet at the interface [96,160,168,178,
185] and is induced by the interface coupling between LSMO and BFO. Exchange-
bias effect has also been observed for zero field cooled (ZFC) measurements. During
the ZFC process, LSMO will self polarized, which could lead to either negative (N)
or positive (P) magnetic virgin state. With negative (positive) virgin state, a positive
(negative) shift of the hysteresis loop along the magnetic field axis was observed,
which is similar with the case applying negative (positive) coupling field, although
the exchange-bias field is suppressed. The reduction of the exchange-bias field could
be understood by taking into account the fact that the magnetization of virgin state
is smaller than the saturation magnetization, meaning a less aligned magnetic domain
configuration at the interface. This result indicates a strong direct magnetic coupling
between LSMO and BFO.

Figure 5.8: Temperature dependence of the XMCD signal of Fe (solid red) and Mn (open
red) compared with the exchange-bias field (solid blue) and coercive field (open blue) as
measured by SQUID.

Temperature dependent XMCD and SQUID measurements (Figure 5.8) clearly
demonstrate a strong interdependence between the ferromagnetic state in the Fe-
sublattice at the interface and the exchange coupling between these two layers. As
expected, the XMCD of Mn persists until ∼ 300 K, consistent with the Curie temper-
ature of ultra-thin LSMO films. [121] The temperature dependent measurements of
hysteresis loops show, however, that the EB field vanishes at a blocking temperature
(TB) of ∼100 K. Interestingly, an exactly analogous behavior is also found for the
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XMCD spectra of Fe (this was repeated in 3 samples), strongly suggesting that the
novel magnetic moment in the Fe-sublattice is the source of the EB.

5.3 Spin sum rule and calculation of the interface

spin moment

To have a clear physics picture about the interface spin structure, the magnitudes
of the magnetization for the various layers were quantitatively estimated using the
XMCD spin sum-rule [186] to obtain both the orbital (Eq. 5.1) and spin (Eq. 5.2)
components in the unit of µB/atom, using following equations:
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where µ+(µ−) is the absorption intensity with left (right) circular polarized x-rays,
n3d is the number of 3d electron per cation, which could be estimated as the nominal
number of 3d electrons in the compounds, 5 (3.7) for Fe (Mn) in the current system.
�Tz� is the expectation value of the magnetic dipole operator and 2�Sz� is the value
of mspin in Hartree atomic units, which could be omit during the calculation, since
the contribution of (7�Tz�)/(2�Sz�) is very small (few %).

Figure 5.9 shows the integration for the XAS and XMCD spectra. The photon
incident angle (30◦) and the degree of circular polarization (70%) have been taken into
account by multiplying µ+ and µ− by [1/ cos(30◦)]/70%. First, as a validity check,
the magnetization of the Mn in the LSMO layer is calculated from the Mn-XMCD
signal. We have found that the spin and orbital components of the magnetization
are calculated to be ∼ 3 µB/Mn and 0.14 µB/Mn, respectively. We note that within
the limit of the uncertainties in the sum rule estimation process for low 3d metals,
the calculation values are in great consistent with the magnetization measurements
on LSMO ultra thin film as shown in Figure 5.7, while it is about 10% larger than
the magnetization of LSMO/BFO films as measured by SQUID. The magnetization
of the BFO layer at the interface was obtained using a similar method as for the
LSMO layer. However, the resulting spin and orbital moment of 0.63 µB/Fe and
0.09 µB/Fe, respectively for Fe are likely underestimated, considering the relatively
small magnetic moment (∼ 0.03 µB) of BFO thin film, which also contribute to the
measured XMCD.

Moreover, since the TEYmode used is an interface sensitive probe, detailed studies
of the TEY will provide us more information about the spin-structure across the
interface. In TEY mode, the x-ray only probes the top layer of the thin film, with
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Figure 5.9: The XAS (a,b) and XMCD (c,d) integration applied in sum-rules calculations
for Mn and Fe respectively.

the total electron escape profile described as [187]:

I(x) = I0 exp(−x/x0) (5.3)

where x0 is the escape depth, which is the mean scattering path of the electron in the
material. For LSMO, the escape depth is found to be around ∼ 5 nm. [188] While,
to the best of our knowledge, we could not find published values for escape depth
from BFO. So in our simple estimation, we have used the escape depth (∼ 3.5 nm)
measured for another similar canted antiferromagnetic iron compound, α-Fe2O3. [189]
Based on these parameters, the ratio between the total electron yield (TEY, I(x)) to
the total excited electrons (I0) could be descried based on the Figure 5.10. If we
choose 10% as a cutoff for the TEY signal, then the TEY measurement would be
only sensitive to the ∼4 nm interfacial region of BFO, in addition to the 5nm of the
LSMO that is above the BFO layer (i.e., a total TEY layer thickness of ∼9 nm).
Thus, based on this first order estimation, the contribution to the Fe-XMCD should
be mainly coming from this 4nm layer at the interface to the LSMO.

To estimate the spin moment of this 4 nm interfacial layer, detailed information
about the profile of the spin moment is indeed needed, which, however, out of reach of
current measurements. Since the magnetization behavior of Fe is mainly an interface
effect, it is reasonable to assume an exponential decay of the magnetization away
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Figure 5.10: Total Electron Yield (TEY) intensity profile for the LSMO/BFO heterostruc-
ture with 5 nm LSMO and 30 nm BFO layers.

from the interface on the BFO side. To give an approximate description, a profile
with exponential decay is assumed [16]:

m(x) = m0 exp(−(x− 5)/x�); 5nm ≤ x ≤ 9nm. (5.4)

where x� is chosen as 2 nm. (We note that the choice of the spin profile here is
arbitrary, and further studies such as polarized neutron diffraction and theoretical
simulation/calculation are needed to get a clear picture about this.) Then the TEY
intensity from Fe L edge can be estimated as:

I1 = I0 exp(−5/5)

� 9

5

exp(−(x− 5)/3.5) dx; (5.5)

As a consequence, the TEY intensity coming from the spin polarized Fe can be
expressed as:

I2 = I0 exp(−5/5)

� 9

5

exp(−(x− 5)/3.5) exp(−(x− 5)/2) dx; (5.6)

Since I1/I2 = 2.38/1.22 = 1.95, the spin and orbital moment at the interface could
be estimated as 1.2µB/Fe (1.95 × 0.63 µB/Fe) and 0.2µB/Fe (1.95 × 0.09 µB/Fe )
respectively. We note that this estimation will change with the value of x�; so, if
x� is 4 nm, the moment is accordingly smaller, with spin and orbital moments are
estimated to be 0.9µB/Fe and 0.1µB/Fe respectively. We reiterate that the exact
value of the moment is not the central finding in this study; what is central is that
there is a significantly enhanced moment compared to the bulk, canted moment (∼
0.03 µB/Fe), which is beyond the detection limit of current XMCD measurements,
and the interfacial moment is antiferromagnetic coupled to the LSMO bulk spins and
localized near the interface, which, moreover, is responsible for the exchange-bias
coupling observed in the LSMO/BFO heterostructure.
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5.4 Orbital reconstruction and magnetic coupling

across the interface

In the previous two sections, we have studied the interface ferromagnetism in
the BFO layer at the interface with LSMO. In this section, we would like to go one
step further to answer the following questions: what is the origin of the interface
ferromagnetism, and what is the underlying physics involved for the AFM coupling
between the interfacial BFO and bulk LSMO spins?

We note that in transition metal oxides, the magnetic coupling between the metal
ions is mainly determined by the occupancy of d orbitals. [114] In order to study
the orbital structure information at the interface, the oxygen K-edge spectra were
measured with both in-plane and out-of-plane linearly polarized x-rays. The differ-
ence between the XAS spectra with different linearly polarized x-rays is called x-ray
linear dichroism (XLD), which could provide direct information of the 3d electron
orbital polarization in the transition metal oxides. [53] During the measurement, the
polarization directions of the linearly polarized x-rays (98 % polarized) are tuned by
rotating the x-ray incident angle, with 90◦ and 30◦ corresponding to complete in-
plane (E//a) and majority of out-of-plane (E//c) polarized component, respectively,
as shown in the inset of Fig. 5.11.

Figure 5.11a shows the polarized XAS of the oxygen K−edge for the LSMO/BFO
heterostructure. In contrast with the higher energy region (s, p characters of metal
elements), the lower energy region (O 2p-Mn (Fe) 3d) reflects a strong dependence
of the spectra on the linear polarization directions of incident x-rays. To investigate
the hybridization process, temperature dependent studies of the linearly-polarized
XAS were performed as shown in Figs. 5.11b,c. Since the TEY signal comes from
approximately the top 5-10 nm of the sample, the overall spectra are similar to that
of the reference pure LSMO (top layer); however, the spectra also reveal information
about the near-interface BFO. For example, the feature around ∼530 eV (labeled as
P1a and P1c ) corresponds to a mixture of Fe (t2g orbital) and Mn (t2g and eg orbitals)
states, while the feature located at ∼ 532 eV (labeled as P2a and P2c) is related
to only the eg levels of BFO (green curves in Figs. 5.11b,c). By following these
features as a function of light polarization direction (in-plane and out-of-plane), we
obtain insight into the electronic orbital structure of the BFO at the interface. Figure
5.11d shows the temperature dependence of the peak positions of both the P1 and
P2 features deduced from Fig. 3b,c. With changing temperature (from 300 K down
to 10 K), the P1a (red), P1c (blue) and P2a (green) features show a slight blue shift
of the peak positions, due to a localization of the band at the low temperature. On
the other hand, a dramatic change for the spectra measured by out-of-plane polarized
x-rays (E//c) is observed (see purple curve in Fig. 5.11d). The clear red shift of the
peak position of the P2c feature (d3z2−r2 orbital) suggests that normal to the interface
a strong hybridized state between LSMO and BFO d3z2−r2 orbitals via oxygen 2p
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orbital is formed below ∼100 K. Again, the similar temperature dependence between
the hybridization effect (i.e., the position of the O K-edge in the BFO and LSMO,
Fig. 5.11d) and the induced magnetization (as well as the EB effect) all point to a
direct correlation between these observations and an electronic orbital reconstruction
at the interface.

Figure 5.11: Probing hybridization effect by oxygen K−edge linearly polarized x-rays
spectroscopy. (a) Polarization dependent oxygen K-edge XAS spectra with linearly polar-
ized x-rays in wide energy range at T=10 K. Temperature dependent measurements of the
polarized XAS spectra with polarization direction in-plane (b) and out-of-plane (c) for the
specified bonding region of O 2p-Mn (Fe) 3d. (d) Temperature dependence of peak positions
of interface orbitals. The red shift of orbital indicates the strong hybridization between Mn
and Fe across the interface.

We note that the linear dichroism signal could originate from both magnetic (spin)
[190] and electronic (orbital) [53, 191] anisotropy. To exclude the contribution of the
magnetic anisotropy from the induced magnetism, data shown in Figure 5.11 were
taken without magnetic field, while comparison with the results taken with an applied
magnetic field (0.2 T) has also been shown in Fig. 5.12. It is clear that no change of
the spectral shape or peak position was observed between with and without applied
magnetic field. Thus, the contribution of the Fe ferromagnetic ions to the linear



73

dichroism could be neglected. Furthermore, the magnetic Curie temperature of LSMO
(300 K) and Néel temperature of BFO (643 K)) in our samples, LSMO/BFO//STO,
are well above the transition temperature (100 K) we observe in the XLD, XMCD
and exchange-bias experiments. Hence, the temperature dependence of the O K-edge
linear dichroism in our samples cannot be attributed to the magnetic anisotropy or
orbital anisotropy that develops with the Curie (LSMO) or Neel (BFO) transitions.
Therefore, we attribute the energy shifts in the spectra primarily to a hybridization
effect, possibly originating from an orbital reconstruction.

Figure 5.12: Comparison between the XAS and XLD of oxygen K−edge taken with (0.2
T) and without applied magnetic field. Measurements were carried out at 10 K with the
magnetic field direction parallel to the film plane [100] axis.

We now focus on bringing these experimental observations (XMCD and XLD)
together to help explain the origin of ferromagnetism in the BFO layer at the interface
as well as the resulting exchange-bias coupling. The hybridization between the d3z2−r2

orbitals of Fe and Mn at the interface will modify the energy state and break the
degeneracy of the Mn dx2−y2 and d3z2−r2 orbitals as well, as illustrated schematically
in Fig. 5.13a. Due to the strong hybridization effect, the energy levels of the bonding
orbital will be pushed lower, while the energy level of anti-bonding orbital will be
pushed higher by a similar amount. The energy level of the dx2−y2 orbitals in the Fe
and Mn will not be significantly influenced due to the small coupling strength between
them. [192] Before taking into account the hybridization, the prerequisite of Fermi
energy continuity at the interface suggests a possible energy alignment as shown in
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Fig. 5.13a, in which the energy level of BFO is lower than that of LSMO due to
the insulating nature of BFO and metallic nature of LSMO. After the hybridization,
the electrons in thed3z2−r2 orbital states will occupy the lower energy bonding orbital
(which is confirmed by the oxygen K−edge study as shown in Fig. 5.11), while the
electron at the Mn site will take the dx2−y2 orbital state since this energy level is lower
than that of the anti-bonding d3z2−r2 orbital state. As a consequence, dx2−y2 orbital
ordering will be favored at the interface for LSMO.

Figure 5.13: Schematic of the hybridization induced orbital reconstruction and the cor-
responding spin configuration at the interface. (a) Schematic of the interface electronic
orbital reconstruction, with hybridization. orbital ordering will be formed at the interface
for LSMO. (b) Proposed interface spin configuration and coupling mechanism with orbital
ordering in the interfacial LSMO. The superexchange interaction between Fe and Mn ions
is ferromagnetic, while the coupling between 1st Mn and 2nd Mn layer is antiferromagnetic
due to the superexchange interaction between t2g spins. (c) Schematic of the origin of the
interface magnetism. The competition between the ferromagnetic coupling across the in-
terface triggered by the orbital order and the antiferromagnetic ground state of bulk BFO
leads to a frustrated spin state with a large canting angle.

Armed with the information of the orbital structure at the interface, we now
turn to the magnetic coupling mechanism at the interface. From the Goodenough-
Kanamori-Anderson (GKA) rules [24, 25, 27], the superexchange coupling between
Fe3+ and Mn3+ (with dx2−y2 orbital ordered in-plane, Fig.5.13b) and Fe3+ and Mn4+

both expected to be strongly ferromagnetic, mainly because there is essentially a low
energy cost to excite an electron from the d3z2−r2 orbital in Fe to an empty d3z2−r2
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orbital in Mn when its spin is parallel to the t2g spins in both Fe and Mn. More-
over, the dx2−y2 orbital ordering naturally leads to the antiferromagnetic coupling
between the interfacial Mn layer and its neighboring Mn layer via the superexchange
interaction between neighboring t2g spin and oxygen 2p orbital, which is responsible
for the A−type (planar) antiferromagnetic ordering in metallic manganites such as
Pr1/2Sr1/2MnO3 and Nd1/2Sr1/2MnO3 [193]. Fig. 5.13b leads to the conclusion that
the interfacial Fe spins and the Mn spins in bulk LSMO region are coupled antiferro-
magnetically, as is experimentally observed, in Figs. 5.5 and 5.8.

Having established this, we now examine the spin structure, in the BFO near the
interface. Fig. 5.13c schematically describes the spin structure at the interface in
the LSMO and the BFO layers. The competition between the ferromagnetic coupling
across the interface is triggered by the orbital order ( Fig. 5.13a,b), and the antifer-
romagnetic ground state of bulk BFO leads to a frustrated spin state with a large
canting angle, Fig.5.13c. The magnitude of the canting angle is thus directly con-
trolled by the strength of the interface coupling, while in the current study, the strong
magnetic coupling between Fe and Mn at the interface due to the orbital ordering of
LSMO would induce strong canting (magnetic moment) at the interface of BFO. We
speculate that the EB effect is caused by the antiferromagnetic coupling between the
interfacial Mn and the second Mn layers together with the induced moment in BFO.
However, the induced moment in BFO must be pinned by additional mechanism such
as the spin anisotropy [168] in BFO or the interface roughness [160], which may cause
a complicated magnetic domain structure. Clarifying such a microscopic structure is
an important future direction.

5.5 Conclusions

To summarize, we have shown that at the interface between LSMO and BFO
a new magnetic phase has been induced as a consequence of the electronic orbital
reconstruction. This magnetic state directly influences the exchange-bias coupling
between the BFO and the LSMO upon freezing in at low temperatures and produces
the pinned, uncompensated spins required for EB. Finally, we emphasize that chang-
ing of the interface electronic state (electronic doping level of Mn ions) by simply
switching the polarization direction could in-principle modulate the interface mag-
netic coupling and eventually enable control of the magnetic state of ferromagnet
LSMO, which is the main focus of next chapter.
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Chapter 6

Magnetoelectric coupling at

BFO/LSMO heterostructures

6.1 Motivation: a new approach for electric-field

control of magnetism via exchange-bias cou-

pling

Recently, there have been significant efforts to electrically control the magneti-
zation of ferromagnetic thin films, since the associated magnetoelectric coupling has
great potential for applications in data storage, sensors, and spintronics. [17,61,62,64]
One key pathway to obtain the magnetoelectric coupling is through multiferroic ma-
terials, which show both ferroelectric (FE) and ferromagnetic (FM) spontaneous or-
derings. [57, 58] However, the mutually exclusive of materials constrains for FE and
FM order parameters have led to the rarity of multiferroic materials, and hindered the
progress of the magnetoelectric study. [66] Nevertheless, it is worth to pointing out
that there has been significant progress in direct single phase magnetoelectric cou-
pling in multiferroic materials. [57–60,63,65] For example, Tokunaga et al. have shown
electrical control of magnetization in domain walls of multiferroic GdFeO3. [194] Al-
though this is a significant achievement, the relatively small magnetoelectric coupling
strength hinders it for practical applications. To overcome this issue, a unique method
has been proposed to use indirect coupling through a heterointerface between a FE
materials and a FM materials, in which the charge degree of freedom, i.e., electric
polarization, is used to manipulate the ground state of the FM materials to achieve
the magnetoelectric coupling. [17,61,62,64] The discovery of room temperature mul-
tiferroic BiFeO3 (BFO, both FE and antiferromagnetic (AFM)), however, gives the
magnetoelectric coupling a new knob, in which the magnetoelectric coupling can be
mediated through an intermediate AFM order parameter. [72] In this approach, a
bilayer heterostructure consisting of a thin FM material and a layer of AFM/FE mul-
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tiferroic is employed. The AFM order parameter in the multiferroic acts as a medium
that indirectly couples the FM ordering of a FM thin film and the FE ordering of
the multiferroic. [17] The coupling mechanism between the AFM and the FM is the
so-called exchange-bias coupling, which introduces an unidirectional anisotropy to
the spin. [96] While the magnetoelectric coupling could be achieved by using either
the intrinsic coupling between AFM and FE or the control of the magnetic coupling
between the FM and AFM with FE polarization. Controlling this exchange-bias cou-
pling may allow for the manipulation of magnetization, by biasing at a magnetic field
and electrically shifting the magnetic hysteresis curve beyond the coercive field in
either direction. This behavior is shown schematically in Figure 6.1. An ideal candi-
date structure for this type of indirect coupling is the heterostructure of multiferroic
(AFM/FE) BFO and ferromagnetic LSMO, which were previously mentioned to show
significant exchange-bias coupling due to interfacial magnetism in the previous two
chapters. [177] We note that the interface magnetism is strongly correlated with the
interface electronic state (i.e. electronic doping level of Mn ions at the interface),
thus it is promising to modulate the interface magnetic coupling and eventually en-
able control of the magnetic states of the ferromagnet by electrically control of the
FE polarization in the BFO layer. [195]

Figure 6.1: Schematic of proposed method to manipulate the magnetism through exchange-
bias coupling.

6.2 Ferroelectric field effect transistor

In this chapter, an experiment has been conducted to test the proposed idea, i.e.
electrically control of the magnetism, with a typical vertical ferroelectric field-effect
transistor (FFET) device structure [196–199], in which the BFO layer is used as the
FE gate to modulated the charge state at the interface with LSMO channel. The thin
film heterostructure of LSMO and BFO was heteroepitaxially grown by pulsed-laser
deposition on a SrTiO3 (STO) (001) substrate, as discussed in great details in Chapter
2. For this study, since in the conventional exchange-bias system, the exchange-bias
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field is inversely proportional to the thickness of FM layer [96], the LSMO layer was
chosen to be ∼ 3 nm thick, in order to enhance the interface magnetic coupling
effect (exchange-bias effect) while still remaining conducting. Figure 6.2 illustrates
a schematic layout of the FFET device used in the study. In order to prevent the
gate leakage due to the possible pinhole or any other leakage path in a precautionary
manner, the BFO layer used in the study was chosen to be ∼ 600 nm thick.

Figure 6.2: Schematic of the ferroelectric field-effect transistor made with BFO and LSMO
layers. To change the BFO ferroelectric polarization, a pulsed voltage VG is applied between
the gate (Au) and the bottom contact (LSMO channel). The resistance of the LSMO channel
is measured as a function of both the applied magnetic field, which is applied parallel to the
current direction (in the device plane), and the gate voltage, which is applied perpendicular
to the current direction across the gate structure.

Before the device fabrication, as-grown films have been measured with SQUID
magnetometer. The measurements were carried out along [100] axis of the samples.
Prior to the measurement, 1 T magnetic field is applied while cooling the sample from
350 K to 10 K for magnetic hysteresis measurements and to desired temperatures for
temperature dependence measurements. Cooling the sample in positive magnetic
field results in a negative shift of the hysteresis loop (∼225 Oe) and vice versa, as
shown in Figure 6.3a. Furthermore, from the temperature dependent measurements,
the blocking temperature of this system was determined to be ∼100-120K, which
nevertheless is consistent with our previous measurements shown in Chapters 4 and
5. This temperature sets an upper limit for the temperature where the device can
be operated. After the fabrication, the ferroelectric polarization hysteresis loop was
measured, which shows a clear electric polarization of BFO layer (Figure 6.3b).

With the initial characterization of both FE and exchange-bias coupling, we will go
one step further to explore how we can combine these two aspects together to achieve
the magnetoelectric coupling. In another word, whether we could use the electric-field
control the magnetic state or the exchange-bias state in the current case? For the
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Figure 6.3: Ferroelectric and magnetic performances of the ferroelectric field-effect transis-
tor. (a) Magnetic hysteresis curves of the BFO/LSMO/STO sample before device fabrica-
tion obtained from SQUID measurements made at 7 K. Curves are shown for measurements
after field cooling process from 300 K to 7 K with +1 T (red) and -1 T (blue) magnetic
field. (a) Ferroelectric hysteresis loop of the same sample after the device fabrication. Mea-
surements were carried out with the external voltage bias applied between the gate contact
(Au) and the conducting LSMO layer.

typical FFET device structure as shown in this study, the first order effect one would
expect is the influence of the ferroelectric polarization on the sheet resistance of the
conducting LSMO layer. [196–199]

Figure 6.4: Hysteresis of the channel resistance in LSMO layer with respect to the gate
voltage. (a) Schematic of the BFO/LSMO field-effect device. (b) The resistance of the
LSMO channel as a function of the gate voltage, which is applied perpendicular to the
current direction across the gate structure. The data were obtained at 5.5 K. The arrows
show the direction of the pulse sequence.

The resistance of the LSMO channel was further measured as a function of applied
gate voltage, which forms a nice square hysteresis loop, as shown in Figure 6.4. The
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arrow on the curve shows the direction of the pulse sequence. Two distinct resistant
states are formed depending on the polarization directions. For VG pulses greater
than 17 V, the sheet resistance obtains an upper saturation value of 11.2 kΩ/✷ and
for VG less than -17 V, it exhibits a lower saturation value of 7.5 kΩ/✷. Moreover,
the switching voltages of (+/- 17 V) are consistent with the electric coercive field
obtained from the ferroelectric hysteresis loop measurements, suggesting the fact that
the electronic state of the conducting channel LSMO layer is indeed tunable with the
applied electric field through the ferroelectric polarization.

6.3 Electric-field control of magnetic coupling across

BFO/LSMO heterointerfaces

Figure 6.5: Typical magnetoresistance curves of the BFO/LSMO heterostructure after field
cooling. The magnetotransport measurements were carried out after field cooling from 185
K in +1T (red) and -1T (blue). Resistance is normalized to the value of the resistance at
the point where the hysteretic MR curve crosses. The double peaks of the MR curves are
corresponding to the coercive fields obtained from SQUID measurements. An exchange-bias
field of ±225 Oe is observed at the measurement temperature of 7 K.

With the initial characterization of the device completed, we then studied the
effect of BFO polarization on the magnetic coupling through the heterointerface. To
do this, magnetic hysteresis loops were obtained using the magnetotransport, which
were measured for the voltage-pulse sequence at 7 K. This temperature was chosen
to be well below the blocking temperature to maximize the magnitude of exchange-
bias field. The sample was mounted in a low-temperature vacuum probe with the
ability to apply variable magnetic field parallel to the sample plane. For comparison
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of the magnetic transport to the magnetometry measurements, magnetoresistance
(MR) was measured by sweeping the magnetic field between ±10 kOe parallel to the
direction of the electric current, as shown in Figure 6.5.

The data exhibit hysteresis when measured along the [100] axis of the LSMO
layer. In this set of data, the location of the positive (negative) peak corresponds to
the positive (negative) coercive field, H+ (H−). Thus, the coercive field (HC) could
be defined as HC = (H+ −H−)/2, which is the half distance between the two peaks.
Similarly, the exchange-bias field (HEB) is defined as the magnitude of the shift of
the peak from zero, HEB = (H+ + H−)/2. For positive and negative field cooling,
we have obtained essentially identical values of both the coercive and exchange-bias
fields to those measured with a SQUID magnetometer, as shown in Figure 6.3a.

Figure 6.6: Ferroelectric polarization modulation of the magnetic coupling between
BFO/LSMO heterointerface. (a) Schematic of ferroelectric switch in the FFET and cor-
responding magnetoresistance curves (b,c) measured with upward (b, blue) and downward
(c, red) ferroelectric polarization states. The measurements were carried out at 5.5 K.

To study how the ferroelectric polarization could be used to manipulate the mag-
netic coupling across the heterointerface and the corresponding magnetoelectric ef-
fect, ± 60 V (VG) external pulse voltages (with 10 ms pulse widths, which are large
enough to fully saturate the BFO ferroelectric polarization) are employed to switch
the ferroelectric polarization between two opposite directions. We note that during
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the ferroelectric switch, the magnetic field is set to zero. To obtain the information
about the coercive field and the exchange-bias field of the heterostructure, we have
measured the magneto-transport across the LSMO layer for polarization upward and
downward states respectively, shown in Figure 6.6. For polarization upward state,
the coercive and exchange-bias fields are measured to be around 1220 Oe and 240 Oe,
respectively. On the other hand, very different magnetic anisotropy was obtained for
the polarization downward case: with the enhancement of coercive field (1660 Oe)
and suppression of exchange-bias field (120 Oe).

Figure 6.7: Hysteresis of the coercive field of the LSMO layer measured with magneto-
transport with respect to the gate voltage. The measurements were carried out at 5.5
K.

To study the correlation between the change of magnetic anisotropy (coercive field
and exchange-bias field) and the ferroelectric polarizations, we have also studied the
magnetic coercive field of the LSMO layer as a function of external voltage applied
through the BFO gate. Like the RS-VG curve, a distinct hysteresis loop was obtained
from the measurement, showing the saturation values at 17 V and -17 V of 1550 Oe
and 1000 Oe, respectively. The similarity between the magnetic coercive field and
the ferroelectric polarization strongly indicates the causal relationship between the
ferroelectric polarization and the magnetic anisotropy of the LSMO layer.

Furthermore, a pulse sequence, which alternates between the two ferroelectric
polarization states after every five pulses, is employed to demonstrate the dynamics
and reversible nature of this control, as shown in Figure 6.8a. The results of the
electric-field control of the magnetic anisotropy (for both remnant magnetization
polarities) are presented in Figures 6.8b and c, in which HEB was normalized to the
coercive field (HEB /HC) to eliminate complications that could arise from concurrent
changes in the coercive field. Clearly, two very interesting aspects were observed
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from this study. The first one is that HEB/HC can be modulated significantly by the
application of an electric field, between high and low states that correspond to low
and high resistances respectively. We would emphasis that this change is reversible
with the application of electric field, requires no field cooling or any applied magnetic
field during voltage pulses. The maximum exchange-bias modulation was ∼0.15 HC ,
which corresponds to an exchange-bias field of ∼125 Oe. Secondly, we have observed
in this system that the polarity of the exchange-bias field is always opposite to the
remnant magnetization MR in LSMO layer before the gate pulse is applied. This
remnant magnetization arises from the magnetoresistance sweep and can be set into
either a negative or positive state, depending on the direction that the swept magnetic
field approaches zero.

Figure 6.8: Dynamics reversible electric-field control of exchange-bias coupling. (a) The
gate-voltage-pulse sequence used for the measurements. (b,c) Measurements of normalized
exchange-bias field and channel resistance for the gate-pulsed sequence shown in (a). Each
point is determined from an MR sweep at 5.5 K after pulsing the gate with gate voltage VG

(60 V). The exchange-bias coupling modulates with the ferroelectric polarization and also
the initial magnetic state before the switch. The data shown for (b) were obtained with
a negative remnant magnetization in the LSMO channel whereas the data shown in (c)
obtained with a positive remnant magnetization. Error analysis was done on (b) by taking
multiple MR sweeps. Standard deviations of the individual peak locations were obtained
and the error was calculated for each point using standard error propagation techniques.
Both measurements were taken without field cooling process.

Finally, at the end of this chapter, we would speculate on the possible mechanisms
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for the electric field induced modulation of the magnetic coupling. Clearly, two steps
are required for this understanding: the first is the origin of exchange-bias coupling
in the BFO/LSMO heterostructure; the second is the consequent modulation of the
magnetic state with an electric field.

Let us recall that in the previous chapter, using the x-ray magnetic circular dichro-
ism, the formation of a novel interface ferromagnetic state was observed in the BFO
layer at the interface. Temperature dependent measurements of this interface mag-
netism shows that it disappears by ∼100-120 K consistent with the blocking tempera-
ture of the exchange-bias field, measured with a SQUID magnetometry. This finding
establishes a causal relationship between the induced interface magnetism and the
exchange-bias coupling that results.

Armed with this insight, one can then look into the possible origin of the mag-
netoelectric coupling. Here we attempt to lay out and then comment some possible
scenarios for the mechanism behind. The first possibility is the strain imposed on
the LSMO layer due to the switching of the FE polarization through a magnetostric-
tive effect involving the BFO and LSMO interface. However, the strain is an equal
polarity, thus the polarization upward and downward states should be degenerate.
Moreover, two unit cells of non-magnetic STO inserted between the LSMO and BFO
completely quenched the exchange-bias coupling despite the fact that the LSMO layer
is still strained. The second possibility is the charge modulation imposed by the ferro-
electric switch. The charge state at the interface can be modulated by the ferroelectric
depolarization field with the the carriers (holes) in the LSMO moving closer or further
from the interface, much like in two dimensional semiconductor systems. However,
this argument is not sufficient to explain the effect observed here, because electric-
field modulations of the exchange-bias field and coercive field are not observed in
similar field effect devices made from PbZr0.2Ti0.8O3/LSMO heterostructures. [88,89]

Thus, one would expected a more delicate model, which would invoke the atomic
scale information across the interface, for example, the electronic state, chemical bond
length, orbital occupation state, etc, which would be the focus of Chapter 7 in this
dissertation.

6.4 Summary and implications of this work

In summary, using a field effect device employing multiferroic (FE/AFM) BFO
as the dielectric and FM LSMO as the conducting channel, we have demonstrated
a novel strategy of electrical control of the magnetism. We have shown that the
magnetic coupling across the heterointerface can be reversibly switched between two
distinct exchange-bias states by switching the FE polarization of BFO. This finding is
an important step towards controlling magnetization with electric fields, which may
enable a new class of electrically controllable spintronic devices and provide a new
basis for producing electrically controllable spin polarized currents. Clearly, due to
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the multiplicity of physical phenomena that are likely to be involved, further studies,
especially the combination between the experimental results and theoretical models,
are required to fully understand the phenomenon at hand. Furthermore, similar
material systems need to be thoroughly investigated in order to find higher blocking
temperatures to enable room temperature operation.
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Chapter 7

Mechanism of magnetoelectric

coupling

In the previous chapter, using magnetotransport, we have demonstrated the mag-
netoelectric coupling at the BiFeO3/La0.7Sr0.3MnO3 (BFO/LSMO) heterostructure,
i.e. the magnetic state in the LSMO layer can indeed be controlled with ferroelectric
polarization of the BFO layer. Here we demonstrate macroscopically the electric-
field control of magnetic coupling across heterointerfaces of multiferroic BFO and
ferromagnetic LSMO and unveil that both the lattice and charge degrees of freedom
are strongly coupled with the interface spin interaction, thus providing the intrigu-
ing magnetoelectric coupling at the heterostructure. Moreover, by combining first-
principle calculations and phenomenological model, we propose a microscopic model
that explains the unique magnetoelectric coupling in the current system, in which,
charge, spin, orbital and lattice degrees of freedom are all involved and interplay
together to induced the exotic magnetoelectric coupling.

7.1 Ferroelectric polarization on the magnetic cou-

pling

Figure 7.1 shows two possible atomic stacking sequences of BFO/LSMO heteroin-
terfaces. Depending on the type of atoms sitting in between these two transition
metal oxide layers (MnO2 and FeO2), two different interfaces could be formed and
labeled as BiO and La0.7Sr0.3O (LSO) interfaces. As discussed in chapter 3, high
qualify heterointerfaces between BFO and LSMO could be engineered perfectly to
atomic scale sharpness as designed by using reflection high-energy electron diffraction
(RHEED) assisted pulsed-laser deposition (PLD). Moreover, the polarization order
of BFO brings in another freedom and leads to totally four configurations, which we
will explore individually in this chapter.

As stated in Chapter 4, exchange-bias coupling strengths are quite different be-
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Figure 7.1: Atomic stacking sequence of the perovskite BFO/LSMO heterointerface for the
magnetoelectric study. The fact that both LSMO and BFO are perovskite structures leads
to two possible interface configurations, MnO2-BiO-FeO2 (BiO) interface (a) and MnO2-
La0.7Sr0.3O-FeO2 (LSO) interface (b). The difference between these two interfaces is the
termination of the LSMO layer during the growth, which is controlled by switching the
termination of the STO substrates. This together with the polar nature of ferroelectric
BFO leads to in total four possible configurations. The arrows indicate the ferroelectric
polarization in BFO.

tween these two interfaces with as-grown ferroelectric polarization states. Thus, it will
be very interesting to study the influence of ferroelectric polarization on the magnetic
coupling, i.e. the magnetoelectric coupling, for both these two heterointerfaces. To do
this, we have developed a technique, which can macroscopically switch the ferroelec-
tric state of the thin films, with a schematic of the experimental setup shown in Figure
7.2. A metal probe with a dimensional of 50 µm diameter spherical tip is used, which
leads to a tip-sample contact area of about tens of µm2 and makes the macroscopic
switch possible. During the switch process, a tip-relative-to-sample DC voltage of -/+
5 V was applied, and the tip was scanned over the sample controlled by an x-y step
motor stage with spatial resolution of 0.5 µm. The scanning was along the x-axis with
5 µm spacing per line, and the scanning speed is 40 µm/s. To prevent sample damage,
the tip was kept soft contact with the BFO film through the whole process by using
a balance sample stage. Due to the round-tip geometry, the poled region has a high
coverage of the sample area, which is also confirmed by the randomly selective PFM
testing with micrometer scales. Figure 7.3 shows out-of-plane PFM images of both
MnO2-BiO-FeO2 (BiO) interface (a) and MnO2-La0.7Sr0.3O-FeO2 (LSO) interface (b)
with as-grown states and the corresponding results after the macroscopic switch (c,d).
The contrast of out-of-plane PFM images is correlated with the orientation of the fer-
roelectric polarization, with black (white) indicating upward (downward) ferroelectric
polarization. Clearly, the as-grown ferroelectric polarization states are exactly oppo-
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site, which is due to the induced interface electrostatic potential step, as we have
discussed in details in Chapter 3. [127] As we expected, the contrasts of the PFM
images after the macroscopic switch were reversed, with a ratio of the switching area
is bigger than 96%, which validates the high efficiency of the macroscopic switch and
makes subsequent measurements possible.

Figure 7.2: A schematic of the microscopic scanning metal-probe setup. The metal probe
has a dimensional of 50 µm diameter spherical tip, which leads to a tip-sample contact area
of about tens of µm2 and makes the macroscopic switch possible.

Thus, instead of using in-situ microscopic switch and probing indirectly the mag-
netism using magneto-optic Kerr effect [88,89,97], photoemission electron microscopy
[74], or magnetic transport [195], we can measure directly the macroscopic magnetism
of the samples using a state-of-art magnetometer, MPMS SQUID. For identical sam-
ples, we compared the magnetic hysteresis loops measured before and after the ferro-
electric polarization switch. Figure 7.4a shows typical results for the heterostructure
with BiO interface. Clearly, three aspects could be observed from the measurement
when the polarization state was switched from upward to downward: 1) enhancement
of the saturation magnetization from 470 emu/cc to 530 emu/cc, which is further con-
firmed by temperature dependence measurements (Fig. 7.4b); 2) suppression of the
exchange-bias field from 50 Oe to 20 Oe; 3) increase of in-plane spin anisotropy en-
ergy with the enhancement of coercive field from 200 Oe to 300 Oe. On the other
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Figure 7.3: Macroscopic switch of the ferroelectric polarization. Out-of-plane PFM images
of the as-grown states of MnO2-BiO-FeO2 (BiO) interface (a) and MnO2-La0.7Sr0.3O-FeO2

(LSO) interface (b), and the corresponding results after the macroscopic switch (c,d).

hand, exactly the same measurements on the LSO interface (Fig. 7.4c, 7.4d) re-
veal that polarization switch has an insignificant influence on any of these three
aspects. The very different magnetoelectric couplings for the structures with differ-
ent stacking sequence, again strongly suggest the importance of the local structure
and electronic information. Finally, we note that the ferroelectric polarization switch
of PbZr0.2Ti0.8O3/LSMO heterostructure results in only the change of magnetization,
but has insignificant influence on either exchange-bias or coercive field.

7.2 Mechanism of magnetoelectric coupling

Previous XMCD studies of LSMO/BFO heterostructures have shown an impor-
tant role of interface orbital and spin structures to the exchange-bias coupling ob-
served. Thus, to reveal the mechanism of the magnetoelectric coupling, the knowledge
about the lattice as well as electronic structures across the interface will be neces-
sary. We note that first-principle calculations have successfully predicted/explained
the spin structures of the heterostructures of manganites with both ferroelectric
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Figure 7.4: Magnetoelectric coupling across the BFO/LSMO heterointerfaces. The com-
parison of the exchange-biased hysteresis loops (a,c) and temperature dependence of mag-
netizations (b, d) with opposite ferroelectric polarizations for the heterostructures with
BiO (a,b) and LSO (c,d) interfaces. The arrows label the center of the biased hysteresis
loops. Dramatically changes of magnetization, exchange-bias field and coercive field were
observed for the BiO interface with the ferroelectric switch. By contrast, for the LSO inter-
face case, the polarization switch has an insignificant influence on the magnetic coupling.
Such striking difference suggests again the important role of the local atomic structure for
the magnetic coupling.

BaTiO3 [87] and high temperature superconductor YBa2Cu3O7−δ [200]. However,
the complexity of the current BFO/LSMO heterostructure, in which, charge, spin,
orbital and lattice degrees of freedom interplay strongly together, has prevented di-
rect modeling of spin structures across such interface. Instead, a two-step approach is
developed. First, we used first-principle calculations to obtain the atomic lattice and
electronic structures across the interface. Then based on the result, a phenomenolog-
ical model was employed to reveal the mechanism of the magnetoelectric coupling.

First-principle calculations were carried out for all four possible BFO/LSMO het-
erointerfaces (shown in Fig. 7.1), with the focus on the interface lattice (d, the
lattice spacing between Mn and Fe ions across the interface) and electronic (valence
state of interface Mn atomic layer) structures. We carried out first-principles density-
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functional total-energy calculations using the projector augmented-wave method as
implemented in the VASP code. The calculations were performed using the spin-
polarized generalized-gradient approximation for the exchange-correlation potential.
Super-cells were used consisting of an eight-unit-cell layer of BFO and an eight-unit-
cell layer of LSMO. The interfacial atomic plane between FeO2 and MnO2 planes
was chosen to be either BiO or La0.7Sr0.3O, to simulate the corresponding interfacial
chemical compositions of the samples. The in-plane lattice constant was fixed to the
STO lattice constant of 0.3905 nm, to simulate the epitaxial growth of BFO and
LSMO on an STO substrate. The interface lattice spacing and valence states of Mn
ions were obtained from the optimized atomic positions (Table 7.1).

Interface Polarization Interfacial Mn Mn-O-Fe
type state valence state spacing (nm)

LSO interface
Up 3.59 0.390

Down 3.44 0.391

BiO interface
Up 3.53 0.393

Down 3.18 0.405

Table 7.1: Lattice and electronic structures of the LSMO/BFO heterointerfaces from first-
principle calculation.

For the BiO heterointerface, the lattice spacing changes by about 3% as the ferro-
electric polarization switched from upward (pointing from LSMO layer) to downward
(pointing toward the LSMO layer). In contrast, the lattice spacing at the LSO het-
erointerface is insensitive to the ferroelectric switching, which is, however, understand-
able by taking into account the fundamental important role of bismuth lone-pairs on
the ferroelectricity in BFO. [125] For the LSO interface, the atoms between Fe and
Mn are La0.7Sr0.3O, which is polar inactive compared with the BiO layer. As a result,
the ferroelectricity at the interface will be quenched and form a so-called ferroelectric
“dead layer”, which is relatively insensitive to the polarization switch. Furthermore,
the valence state of the interface Mn was obtained from valence bond theory. [201]
As expected, for BiO interface, the valence state of the interface can be tuned be-
tween +3.18 (polarization downward) and +3.53 (polarization upward) due to the
ferroelectric charge screening effect at the interface. By contrast, only a slight change
of the valence state is observed for LSO interface. Such an insensitive response of
both interface lattice and electronic structures to the ferroelectric switching strongly
correlates with the insignificant magnetoelectric response at LSO interface.

Armed with the knowledge of both the atomic lattice and electronic structures
across the interface, we propose the mechanism of the emergent magnetoelectric cou-
pling observed in BiO heterointerface with phenomenological models illustrated in
Figures 7.5 and 7.6. By taking into account the orbital nature at the interface, all of
the three aspects of the magnetoelectric measurement can be qualitatively explained.
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1) Total moment: For the polarization upward state, the valence state of interface
Mn (+3.53) is near quarter filling, which intrinsically favors the planar orbital order.
In addition, the suppression of the interfacial Mn-Fe spacing further stabilizes the
dx2−y2 orbital ordering at the interface to minimize the electron hopping to the neigh-
boring Mn layer. As a consequence, the AFM superexchange (SE) interaction (Fig.
7.5a) between the nearest neighbor t2g orbitals takes over the FM double-exchange
(DE) interaction. [192] On the contrary, FM coupling (Fig. 7.5b) would persist for
the polarization downward state since the valence states of the interface Mn ions are
still in the FM range. The change of the adjacent Mn spins at the interface from
parallel to antiparallel configurations could induce a change of total moment by ∼
2/13=15%, which is profoundly consistent with our experimental results.

Figure 7.5: Schematic illustrations of the spin and orbital reconstructions across the BiO
heterointerface. The lattice and electronic structures around the interface drives the orbital
and spin reconstructions of interfacial Mn cations for polarization upward (a) and downward
(b). The arrows indicate the spin orientation in the Mn (green) and Fe (yellow) cations.

2) Exchange-bias field: In the heterostructure of BFO/LSMO, the exchange-bias
coupling is mediated through the FM SE coupling between Mn and Fe ions across the
interface and the AFM SE (polarization upward) or the FM DE (polarization down-
ward) between the interfacial Mn layer and adjacent Mn layer. For the polarization
upward state with dx2−y2 orbital order, the AFM SE interaction is the smallest in-
teraction and, therefore, the dominant factor of the exchange-bias coupling observed.
For the polarization downward state, the increased lattice spacing (d) between Mn
and Fe ions is expected to suppress the SE coupling dramatically [114], while the
coupling between Mn layers now became the strong FM DE. Thus the former (FM
SE) dominates the exchange-bias field, and the amplitude of which is much reduced
compared with that in the polarization upward state because the Fe-Mn hybridiza-
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tion is suppressed and Mn d3z2−r2 orbitals are partially occupied. As a consequence,
the exchange-bias coupling for polarization downward case is smaller than that of
polarization upward case.

Figure 7.6: Contour plots of spin anisotropy energy at the MnO2-BiO-FeO2 (BiO) het-
erointerface. The profiles of spin anisotropy energy at the heterostructure interface for
charge accumulation (a) and depletion (b) cases. For the charge accumulation case, the
spin anisotropy energy is isotropic due to the collinear spin configuration. Thus, the spins
could rotate coherently when the external field cancels the exchange-bias field and form
square-like hysteresis loop with small coercive field. By contrast, the perpendicular spin
configurations will result in a spin flop coupling and induces an anisotropic energy barrier
for the spin rotation. As a consequence, relatively larger coercive field is brought about,
and the hysteresis loop is less square-like.

3) Coercive field: The changing of in-plane anisotropy energy (coercive field)
could also be attributed to the orbital reconstruction at the interface. We note that
for polarization upward state, AFM SE interaction at the interfacial Mn layers is
the dominated factor for the exchange-bias coupling. In this case, a collinear spin
configuration is realized between the interfacial Mn and the adjacent Mn layer. The
spin anisotropy energy is expected to be small (Fig. 7.6a) because the rotation of
Mn moment does not accompany the additional motion of the interfacial collinear
Mn spins, which are strongly coupled with the non-collinear Fe spins. On the other
hand, for the polarization downward state, the SE coupling between the Mn and Fe
across the interface becomes the dominant factor for the exchange-bias coupling. In
such a perpendicular spin configuration, the rotation of the Mn moment accompanies
the “flop” of the Fe spins. We consider a simple model in which a two-dimensional
antiferromagnet (spin SFe, coupling constant J and uniaxial anisotropy D) is coupled
with a two-dimensional ferromagnet with spin SMn with coupling constant JFM via
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weak ferromagnetic interactionJ �
1. Thus the Hamiltonian is given as:

H =
�

<i,j>∈x,y

(J �SFe
i · �SFe

j −JFM
�SFe
i · �SFe

j )−D
�

<i>∈x,y

(�SFe
i )2−J �

1

�

i∈x,y

�SFe
i · �SMn

j . (7.1)

Here we assumed that the system is cooled under an applied field along the x
direction, thus the spins in the antiferromagnet alternate with the local moment
points along the +y or −y direction with the finite canted moment along the x
direction in parallel with the ferromagnetic moment. Assuming that theJ �

1 is much
smaller than J , JFM and D, and all spins are confined in the x, y plane due to the
shape anisotropy, thus the mean field energy per site is given by:

E(θ, θ1, θ2) = E0 + J(SFe)2(θ1 + θ2)
2 +

1

2
D(SFe)2(θ21 + θ22)

+
1

2
J �
1S

FeSMn[
1

2
sin θ(θ21 − θ22)− cos θ(θ1 + θ2)],

(7.2)

with E0 = −(2J + D)(SFe)2. θ1(2) is the small deviation of spins from the +(−)y
direction in the antiferromagnet, and θ is the deviation of the ferromagnetic moment
from the x direction. By minimizing the energy with respect toθ1 andθ2, one obtains
the mean field energy as a function of the direction of the ferromagnetic moment as:

E(θ) = E0 −
(J �

1S
Mn)2

4(4J +D)
cos2 θ. (7.3)

Clearly, the system will gain energy by introducing a finite canting in the an-
tiferromagnet layer. As long as the antiferromagnetic ordering persists during the
rotation cycle of the ferromagnetic moment, this coupling acts as a potential barrier
and results in a finite coercive field as sketched in Figure 7.6(b). We also expect that
the hysteresis loop will be deformed from an ideal square shape because of the domain
formation and incoherent spin flop at the interface.

7.3 Conclusions

In summary, we have studied the magnetoelectric coupling in the model system
of multiferroic BFO and FM LSMO, and demonstrated in which the electric-field
control of magnetization, in-plane magnetic anisotropy and exchange-bias anisotropy.
Using a combination of first-principles calculations and phenomenological models,
we conclude that the magnetoelectric coupling arise from the strong interplay and
reconstruction between charge, spin, orbital and lattice degrees of freedom driven
by a ferroelectric switching. Moreover, the change of ground state of the interface
magnetic coupling may provide a novel approach to deterministic and permanent
control of the magnetism with electric field, which illustrates one possible pathway
to achieve new spintronics based memory, logic and sensing devices.
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Chapter 8

Conclusions and future prospects

Novel phenomena and functionalities at epitaxial complex oxide heterostructures
have been attracting much scientific attention from fundamental physics as well as
technological applications. Essentially, the charge and spin reconstructions at the
interface could lead to exotic, totally unexpected state of matters at the interface,
such as conductive interface between insulating materials and interfacial ferromag-
netism at the proximity of antiferromagnet. In this dissertation, we present a system-
atic study of the electronic (charge) and magnetic (spin) interactions in an all-oxide
model heterostructure system consisting of multiferroic (ferroelectric (FE) and antifer-
romagnetic (AFM)) BiFeO3(BFO) and ferromagnet (FM) La0.7Sr0.3MnO3 (LSMO).
High-quality BFO/LSMO heterostructures were synthesized using reflection high-
energy electron diffraction (RHEED) assisted pulsed-laser deposition (PLD). Various
characterizations have shown that an atomically smooth and well-controlled epitaxial
interface indeed can be fabricated, thus providing a solid platform for the subse-
quent investigation of reconstruction and interplay between charge and spin degrees
of freedom at the interface.

We first investigate the electronic interaction at BFO/LSMO heterointerfaces.
We note that an interface dipole state is formed at the interface, as a consequence
of the valence mismatch between these two materials, and the sign of which depends
on the interfacial atomic stacking sequence. Using piezoresponse force microscopy
(PFM), we measured the ferroelectric polarization states in the BFO layer, which
demonstrates a novel consequence of the interface valence mismatch, namely that the
ferroelectric polarization direction in the BFO layer is strongly correlated with the
interface stacking sequence. In addition, subsequent piezoresponse hysteresis loops
measurements reveal that an electrostatic potential step is formed at the interface,
and responsible for this macroscopic ferroelectric control. It is worth noting that
the tuning and manipulating of the interface electronic structure as presented in this
dissertation is of fundamental importance for the applications of ferroelectric device,
such as field-effect transistors, ferroelectric tunnel junctions and photon diode, since
those effects are strongly correlated with the interface electronic structures.
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Another interesting aspect of the study is related to the magnetic coupling and
spin reconstruction across the interface. At the interface of BFO/LSMO heterostruc-
tures, we demonstrate the existence of a strong magnetic coupling, manifested in
the form of an enhanced coercive field as well as an exchange-bias field. Systematic
temperature dependence study indicates that this magnetic coupling is likely due to
spin frustrations at the interface. This speculation is supported by x-ray magnetic
circular dichroism on a reversed LSMO/BFO heterostructure, which reveals a novel
ferromagnetic state formed in the antiferromagnetic BFO sublattice at the interface
with LSMO due to the spin frustration. Moreover, our results demonstrate that
the magnetic state is directly related with an electronic orbital reconstruction at the
interface, which is supported by the polarization-dependence of x-ray absorption mea-
surement at oxygen K−edge. Inspired by this finding, we achieved successfully the
electrical control of the magnetic coupling using a field effect device, using multifer-
roic BFO as the ferroelectric gate and ferromagnet LSMO as the conducting channel.
Magnetotransport measurements clearly demonstrated a reversible switch/control of
exchange-bias coupling between two distinct states correlated with the FE polariza-
tion of BFO. With both first-principle calculations and phenomenological models, we
propose that this interesting magnetoelectric coupling is correlated with an electric-
field control of both the orbital degree of freedom at LSMO layer and atomic structure
across BFO/LSMO interface.

In summary, BFO/LSMO heterointerfaces present an intriguing model system
to study the interaction of charge and spin degrees of freedom at heterointerfaces.
In additional, the ferroelectric nature of multiferroic BFO provides a pathway to
manipulate these couplings with electric field as a perturbation, so as to obtain the
magnetoelectric coupling. Clearly, such coupling is not limited to only these two
degrees of freedom. The coupling and reconstruction of other degrees of freedom, e.g.
orbital and lattice, and their implication to the magnetic and electronic properties of
heterostructures will definitely bring in amazing physical concepts to this developing
field of complex oxide heterointerfaces. Furthermore, other external perturbations,
such as light, magnetic field and strain could also be employed to manipulate interface
phenomena to achieve novel functionalities.
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