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Chapter 3
Emerging Multiferroic Memories

Lane W. Martin, Ying-Hao Chu, and R. Ramesh

3.1 Introduction

Thus far in this book, we have focused on ferroelectric and magnetic spin torque
transfer memories. In this chapter, we describe the recent discoveries in the emerg-
ing field of multiferroic-based memories. In the last decade, considerable attention
has been focused on the search for and characterization of new multiferroic materi-
als as scientists and researchers have been driven by the promise of exotic materials
functionality (especially electric field control of ferromagnetism). In this chapter we
develop a holistic picture of multiferroic materials, including details on the nature
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of order parameters and coupling in these materials, the scarcity of such materials,
routes to create and control the properties in these materials, and prospects for these
materials in next generation devices—with special attention given to memory
applications.

Complex oxides represent a vast class of materials encompassing a wide range
of crystal structures and functionalities. Amongst these interesting properties, the
study of magnetic, ferroelectric, and, more recently, multiferroic properties has
driven considerable research. Specifically, in the last few years there has been a
flurry of research focused on multiferroic and magnetoelectric materials [1-3].
From the investigation of bulk single crystals to novel characterization techniques
that probe order parameters, coupling, spin dynamics, and more this is truly a
diverse field, rich with experimental and theoretical complexity. By definition, a
single-phase multiferroic [4] is a material that simultaneously possesses two or
more of the so-called ferroic order parameters—ferroelectricity, ferromagnetism,
and ferroelasticity. Magnetoelectric coupling typically refers to the linear magneto-
electric effect or the induction of magnetization by an electric field or polarization
by a magnetic field [5]. The promise of coupling between magnetic and electronic
order parameters and the potential to manipulate one through the other has captured
the imagination of researchers worldwide. The ultimate goal for device functional-
ity would be a single-phase multiferroic with strong coupling between ferroelectric
and ferromagnetic order parameters making for simple control over the magnetic
nature of the material with an applied electric field at room temperature.

Driven by advances in the synthesis of both bulk and thin-film versions of these
materials (see, for example, [6, 7], respectively), there has been a renewed interest
in these materials for a number of applications. As part of this chapter we will dis-
cuss a number of different classes of multiferroic materials, coupling between order
parameters in these materials, a number of model multiferroic thin films systems
that are candidate materials for memory applications, as well as the state-of-the-art
work on multiferroics based devices, before finally developing a picture of the
advances, both in terms of basic materials and device architectures, needed to see
multiferroic-based memories significantly impact the technology landscape.

3.2 Multiferroic Materials

Multiferroism describes materials in which two or all three of the properties ferro-
electricity (spontaneous polarization that is both stable and can be switched by
application of an electric field), ferromagnetism (spontaneous magnetization that is
stable and can be switched by application of a magnetic field), and ferroelasticity
(spontaneous deformation that is stable and can be switched by application of an
electric field) occur in the same phase. The overlap required of ferroic materials to
be classified as multiferroic is shown schematically in Fig. 3.1a. Only a small sub-
group of all magnetically and electrically polarizable materials are either ferromag-
netic or ferroelectric and fewer still simultaneously exhibit both order parameters.
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Fig. 3.1 (a) Relationship between multiferroic and magnetoelectric materials. Illustrates the
requirements to achieve both in a material (adapted from [7]). (b) Schematic illustrating different
types of coupling present in materials. Much attention has been given to materials where electric
and magnetic order is coupled. These materials are known as magnetoelectric materials (adapted
from [8])

In these select materials, however, there is the possibility that electric fields cannot
only reorient the polarization but also control magnetization; similarly, a magnetic
field can change electric polarization. This functionality offers an extra degree of
freedom and we refer to such materials as magnetoelectrics (Fig. 3.1b).
Magnetoelectricity is an independent phenomenon that can arise in any material
with both magnetic and electronic polarizability, regardless of whether it is multi-
ferroic or not. By the original definition a magnetoelectric multiferroic must be
simultaneously both ferromagnetic and ferroelectric [4], but it should be noted that
the current trend is to extend the definition of multiferroics to include materials pos-
sessing two or more of any of the ferroic or corresponding antiferroic properties
such as antiferroelectricity (possessing ordered dipole moments that are aligned
antiparallel and therefore cancel each other completely across the sample) and anti-
ferromagnetism (possessing ordered magnetic moments that are aligned antiparallel
and therefore cancel each other completely across the sample). More recently it has
also been extended to include the so-called ferrotoroidic order (a spontaneous order
parameter that is taken to be the curl of a magnetization or polarization) [8]. This
said, it should be abundantly obvious why there has been considerable renewed
interest in these materials over the last decade. The prospects for these materials in
applications are wide ranging and have driven a spectrum of both fundamental and
applied studies. Multiferroics have been proposed for use in applications ranging
from next generation logic and memory to sensing to tunable RF and much more.
Although we will only explicitly explore the implications for memory applications,
it is important to recognize the versatile possibilities for these materials.

With this as a background, the single largest limiting factor that has kept multi-
ferroics from making substantial in-roads into current technology is the scarcity of
multiferroics. This scarcity has been recently reviewed by Khomskii [9]. Taking as
an example the perovskite (ABO;) compounds, one can obtain a detailed list of
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magnetic perovskites in the tables compiled by Goodenough and Longo [10] and
further investigation will reveal similar tables of ferroelectric perovskites complied
by Mitsui et al. [11]. What becomes apparent after investigating these tables is that
there is essentially no overlap between these lists—magnetism and ferroelectricity
in materials are seemingly incompatible. Key insights into this scarcity of multifer-
roic phases can be understood by investigating a number of factors including sym-
metry, electronic properties, and chemistry [12, 13]. To begin, it should be noted
that there are only 13 point groups that can give rise to multiferroic behavior. Strong
magnetism in itinerant ferromagnets requires the presence of conduction electrons
in partially filled inner shells (d- or f-shells); even in double exchange ferromagnets
such as the manganites, magnetism is mediated by incompletely filled 3d shells.
The situation in ferroelectrics, however, is somewhat more complicated as many
different mechanisms for ferroelectric ordering and a number of different types of
ferroelectrics exist. Generally it is observed, however, that ferroelectrics (which are
by definition insulators) typically possess (for instance, in transition metal oxides)
cations that have a formal d° electronic state. This d° state is thought to be required
to drive the formation of strong covalency with the surrounding oxygen, thereby,
shifting the transition metal ion from the center of the unit cell and inducing a spon-
taneous polarization (this is the so-called second-order Jahn—Teller effect) [14].
The second-order Jahn—Teller effect describes the structural changes resulting from
a non-degenerate ground-state interacting with a low-lying excited state and it
occurs when the energy gap between the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbital is small and there is a symmetry allowed
distortion permitting the mixing of the HOMO and LUMO states. Mathematically,
the second-order Jahn—Teller effect can be understood through the use of second-
order perturbation group theory, but this is beyond the scope of this chapter [15].
Thus, in the end, it becomes clear that there exists a seeming contradiction between
the conventional mechanism of off-centering in a ferroelectric and the formation
of magnetic order which helps explain the scarcity of ferromagnetic—ferroelectric
multiferroics. The focus of many researchers, therefore, has been on designing
and indentifying new mechanisms that lead to magnetoelectric coupling and
multiferroic behavior. In the following section we will investigate a number of these
pathways.

An investigation of these various pathways to multiferroism is aided by separa-
tion of all multiferroic materials into one of two types [16]. Type I multiferroics are
materials in which ferroelectricity and magnetism have different sources and appear
largely independent of one another. One can create a Type I multiferroic, for instance,
by engineering the functionality on a site-by-site basis in model systems such as the
perovskites (ABOs;) where one can make use of the stereochemical activity of an
A-site cation with a lone pair (i.e., 6s electrons in Bi or Pb) to induce a structural
distortion and ferroelectricity while inducing magnetism with the B-site cation. This
is the case in the multiferroics BiFeO; [17], BiMnO; [18, 19], and PbVO; [20-23].
From the microscopic view, it can be understood that the orientation of the lone-
pairs in the materials can give rise to local dipoles that can order thereby creating a
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Fig. 3.2 Electron
localization function
representation of the
isosurface of the valence
electrons in BiMnO;
projected within a unit cell.
Dark colors correspond to a
lack of electron localization
and light to complete
localization (adapted from
[24D)

net polarization as has been demonstrated with ab initio models (Fig. 3.2) [24].
Much like the polarization observed in the classic ferroelectrics (i.e., BaTiO;), mate-
rials such as BiFeO; and BiMnOs; are referred to as proper ferroelectrics. In a proper
ferroelectric structural instability towards a polar state, associated with the elec-
tronic pairing, is the main driving force for the transition. If, on the other hand,
polarization is only a part of a more complex lattice distortion or if it appears as an
accidental by-product of some other ordering, the ferroelectricity is called improper
[25]. One pathway by which one can obtain an improper ferroelectric, Type I multi-
ferroic is through geometrically driven effects where long-range dipole—dipole
interactions and anion rotations drive the system towards a stable ferroelectric state.
This is thought to drive multiferroism in materials such as the hexagonal manganites
(i.e., YMnO;) (Fig. 3.3) [26, 27]. Again, in these materials ferroelectricity is achieved
despite violating the requirement of having a d° electron configuration on the B-site
cation. Despite this fact, the resulting ferroelectric transition temperatures for these
hexagonal manganites are typically quite high (~900-1,000 K)—suggesting a
robustness to the order parameter. Recent results also suggest that the off-center shift
of the Mn** ions (which, it should be noted, are not Jahn—Teller ions) from the center
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Fig. 3.3 Schematic illustration of the cooperative rotation of bipyramids in YMnO; that give rise
to ferroelectric polarization. The resulting rotations are shown with the arrows (adapted from [26])

of the Os trigonal biprism are quite small and are, in turn, not the major mechanism
for ferroelectric order in the system. Instead it is thought that the main dipole
moments are formed (for instance, in YMnO;) by the Y-O pairs—thus suggesting
that the mechanism of ferroelectricity in these materials is distinctly different from
that observed in classic ferroelectric materials such as BaTiO; [27].

Still another pathway by which one can achieve improper ferroelectricity in a
Type I multiferroic is via charge ordering where non-centrosymmetric charge order-
ing arrangements result in ferroelectricity in magnetic materials as is found, for
instance, in LuFe,O, [28]. It has long been known that in many narrow band metals
with strong electronic correlations, charge carriers become localized at low tem-
peratures and form periodic superstructures. The most famous example is magnetite
(Fe;0,), which undergoes a metal—insulator transition at ~125 K (the Verwey transi-
tion) with a rather complex pattern of ordered charges of iron ions [29, 30]. This
charge ordering (which occurs in a non-symmetric manner) induces an electric
polarization. More recently it has been suggested that the coexistence of
bond-centered and site-centered charge ordering in Pr;_,Ca,MnO; leads to a non-
centrosymmetric charge distribution and a net electric polarization (Fig. 3.4a) [31].
In the case of LuFe,0,, the charge ordering results in a bilayer structure and appears
to induce electric polarization. The average valence of Fe ions in LuFe,0, is 2.5+,
and in each layer these ions form a triangular lattice. Below ~350 K, it is thought
that alternating layers with Fe?*:Fe** ratios of 2:1 and 1:2 are produced, which result
in a net polarization (Fig. 3.4b) [28].

So far we have investigated Type I multiferroics, where magnetism and ferroelec-
tricity result from two unrelated mechanisms. In these systems because the ordering
results from very different mechanisms, one would not, a priori, expect there to be
strong magnetoelectric coupling in these materials. On the other hand, Type II mul-
tiferroics are materials in which magnetism causes ferroelectricity—implying a
strong coupling between the two order parameters. The prototypical examples of
this sort of behavior are TbMnO; [32] and TbMn,Os [33] where ferroelectricity
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Fig. 3.4 (a) Illustration describing how ferroelectric order can be achieved in charge-ordered
systems. The spheres correspond to cations with more/less charge and ferroelectricity is induced
by the presence of simultaneous site-centered and bond-centered charge ordering. Dimers are
marked by the dashed lines. (b) Charge ordering in LuFe,O, with a triangular lattice of Fe-ions in
each layer—charge transfer from the top to bottom layer gives rise to a net electric polarization
(adapted from [2])

is induced by the formation of a symmetry-lowering magnetic ground state that
lacks inversion symmetry. For instance, in TbMnOs, the onset of ferroelectricity is
directly correlated with the onset of spiral magnetic order at ~28 K [34]. The inti-
mate connection between magnetic and ferroelectric order results in extraordinary
coupling—including the ability to change the direction of electric polarization with
an applied magnetic field in TbMnO; [32] and switching from positive to negative
polarization in TbMn,0Os with a magnetic field [33]. The true nature of the mecha-
nism for ferroelectric ordering in these materials is still under debate. Current theo-
ries have noted that for most of these materials the ferroelectric state is observed
only when there is a spiral or helicoidal magnetic structure. The idea is that via some
mechanism, for instance the Dzyaloshinskii—-Moriya antisymmetric exchange inter-
action [35, 36] which is a relativistic correction to the usual superexchange with
strength proportional to the spin—orbit coupling constant, the magnetic spiral can
exert an influence on the charge and lattice subsystems, thereby creating ferroelec-
tric order. Similar effects have also been observed in Ni;V,0; [37].
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3.3 Principles of Magnetoelectricity in Multiferroics

From an applications standpoint, the real interest in multiferroic materials lies in the
possibility of strong magnetoelectric coupling and the possibility to create new
functionalities in materials. The magnetoelectric effect was proposed as early as
1894 by Curie [38], but experimental confirmation of the effect remained elusive
until work on Cr,O; in the 1960s [39-42]. As early as the 1970s a wide range of
devices, including devices for the modulation of amplitudes, polarizations, and
phases of optical waves, magnetoelectric data storage and switching, optical diodes,
spin-wave generation, amplification, and frequency conversion had been proposed
that would take advantage of magnetoelectric materials [43]. The magnetoelectric
effect in its most general definition delineates the coupling between electric and
magnetic fields in matter. Magnetoelectric coupling may exist regardless of the
nature of the magnetic and electrical order parameters and can arise from direct
coupling between two order parameters or indirectly via the lattice or strain. A bet-
ter understanding of magnetoelectric coupling arises from expansion of the free
energy of a material, i.e.

F(EH)=F,-PE,~M'H, —% e,c; EE,

HEE

i ke

1 1 1
__luoysziHj_EﬂijkEiHij_Ey 3.1

2

with £ and H as the electric field and magnetic field, respectively. Differentiation
leads to the constitutive order parameters polarization
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where ¢ and yu are the electric and magnetic susceptibilities, respectively, and «
represents the induction of polarization by a magnetic field or magnetization by
electric field and is designated the linear magnetoelectric effect. It should be noted
that higher order magnetoelectric effects like  and y are possible, however, they are
often much smaller in magnitude than the lowest order terms. Furthermore, it can
be shown that the magnetoelectric response is limited by the relation a;?<e;u;; or
more rigorously a;?<y;y;" where y* and y" are the electric and magnetic suscepti-
bilities. This means that the magnetoelectric effect can only be large in ferroelectric
and/or ferromagnetic materials. To date the largest magnetoelectric responses have
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been identified in composite materials where the magnetoelectric effect is the product
property of a magnetostrictive and a piezoelectric material and in multiferroic
materials [5].

Symmetry also has a key role to play in magnetoelectricity. In fact, Curie’s early
work had already pointed to the fact that symmetry was a key issue in the search for
magnetoelectric materials, but it was not until much later that researchers realized
magnetoelectric responses could only occur in time-asymmetric materials [44].
Detailed symmetry analyses [45—47] have produced lists of magnetoelectric point
groups and tensor elements. By definition the magnetoelectric effect involves both
magnetic and electric fields, thereby ruling out materials with either time reversal or
inversion symmetry. In the end there are only 58 magnetic point groups that allow
the magnetoelectric effect. These symmetry concerns have led to a strict set of cri-
teria that must be met for a material to exhibit magnetoelectric behavior.

3.4 Multiferroic Materials for Memory Applications

Multiferroics have a storied history dating back to the 1950s. At that time, Soviet
scientists attempted to replace partially diamagnetic ions with paramagnetic ones on
the B-site of oxyoctahedral perovskites [48, 49] making the phases Pb(Fe;,Nb,;,)Os
and Pb(Fe,,Ta;;)0; which were found to be both ferroelectric and antiferromag-
netic. This sparked the birth of the field of multiferroics. Following this initial
period of interest throughout the 1960s and 1970s, these materials were relegated to
the realms of physics novelty as the complex nature of these materials made it quite
difficult to produce high quality materials that possessed the desired combination of
properties. The so-called renaissance of magnetoelectric multiferroics [50] came in
the early 2000s as combined advances in the production of high-quality thin films
and bulk single crystals were augmented by significant advances in materials char-
acterization (especially scanning probe, optical, neutron, and synchrotron-based
techniques) made it, for the first time, possible to synthesize high-quality samples
and characterize multiple order parameters in these materials.

Today there are roughly four major classes of multiferroic materials (1) materials
with the perovskite structure, (2) materials with hexagonal structure, (3) boracites,
and (4) BaMF, compounds. Briefly we will investigate each of these classes of mul-
tiferroics before proceeding to focus on one major example. Let us begin at the end
of the list by investigating multiferroics with BaMF, (M=Mg, Mn, Fe, Co, Ni, and
Zn) structure. These materials have been studied since the late 1960s and are typi-
cally defined by their orthorhombic structure and 2mm point group symmetry [51,
52]. Often their extrapolated Curie temperatures are very high (in excess of the
melting point) and at low temperatures (<100 K) the ferroelastic, ferroelectric struc-
ture exhibits antiferromagnetic or weakly ferromagnetic order [53]. Moving on to
some of the other common multiferroic structures, the boracites, with general chem-
ical formula M;B,0;X (M =Cr, Mn, Fe, Co, Cu, Ni; X=ClI, Br), are typically fer-
roelastic ferroelectric, antiferromagnets (and occasionally weakly ferromagnetic).
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In some cases the ferroelectric Curie temperature can exceed room temperature, but
(again) the magnetic ordering temperatures are generally less than 100 K [53]. The
materials undergo a classic transition from a high-temperature cubic phase (—43m
symmetry) [54] at high temperatures to an orthorhombic structure (mm2 symme-
try). Note that some phases also possess subsequent phase transitions to m and 3m
symmetry at lower temperatures [55, 56]. The third common class of multiferroic
materials are those possessing hexagonal structure and general chemical formula
ABO; or A,B'B"Og. Of these materials, the best known and studied are the hexago-
nal ferroelectric, antiferromagnetic manganites (RMnQO;, R=Sc, Y, In, Ho, Er, Tm,
Yb, Lu) which were first discovered in the late 1950s [57, 58]. These materials are
defined by 6mm symmetry and up to four long-range ordered subsystems, including
the ferroelectric lattice with Curie temperatures typically between 570 and 990 K
[53, 58], the antiferromagnetic Mn*" lattice with Néel temperatures typically
between 70 and 130 K [59], and two rare-earth sublattices with magnetic order tem-
peratures below ~5 K [60]. This brings us to the oldest and best known class of
multiferroic materials that are based on the perovskite structure with general chemi-
cal formula ABO;, A,B’B"QOg, or a large variety of doped or chemically substituted
phases. Generally multiferroic perovskites do not possess ideal cubic symmetry
(m3m), but have some slight deformation (i.e., a rhombohedral distortion as is the
case in BiFeO; which has 3m symmetry). There are a large number of multiferroic
perovskites (for a nice listing see [53]), but by far the most widely studied material
has been BiFeO;. Bismuth ferrite or BiFeO; is a ferroelastic ferroelectric, antifer-
romagnet with high ordering temperatures and can be chemically alloyed to tune the
properties. Because of the versatility of this material, the high ordering tempera-
tures, and the robust order parameters, it has attracted unprecedented attention since
the first half of the 2000s.

The re-emergence of interest in multiferroics has been driven, in part, by the
development of thin film growth techniques that allow for the production of non-
equilibrium phases of materials and strain engineering of existing materials [61].
Thin films offer a pathway to the discovery and stabilization of a number of new
multiferroics in conjunction with the availability of high-quality materials that can
be produced in larger lateral sizes than single crystal samples. Much of the recent
success in strain engineering of multiferroics has arisen from the development of
new oxide substrate materials. Techniques and materials developed during the
intense study of high-temperature superconductors in the 1980s and 1990s have led
to a wide variety of oxide substrates. Many of the current technologically relevant
multiferroics materials possess perovskite or perovskite-derived structures and thus
chemically and structurally compatible perovskite substrates are needed [62]. These
substrates include YAIO;, LaSrAlO,, LaAlO;, LaSrGaO,, NdGaO;, (LaAlO;)g.0—
(S15Alp5Ta03)7 (LSAT), LaGaO;, SrTiO;, DyScOs;, GdScO;, SmScO;, KTaOs,
and NdScO; that give quality starting materials with lattice parameters from as low
as ~3.70 A to ~4.0 A. Using such substrates, multiferroic thin films and nanostruc-
tures have been produced using a wide variety of growth techniques including sput-
tering, spin coating, pulsed laser deposition, sol-gel processes, metal-organic
chemical vapor deposition, molecular beam epitaxy, and more.
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Despite the fact that there are a number of algorithms with which one can create
multiferroism in materials, to date only a limited number of single-phase multifer-
roics produced as thin films include the hexagonal manganites and Bi- and Pb-based
perovskites. In this section we will investigate these single-phase thin film multifer-
roics in more detail.

3.4.1 Manganite Thin Films

The rare-earth manganites (REMnQO;) are an intriguing materials system and
depending on the size of the RE ion the structure takes on an equilibrium ortho-
rhombic (RE=La-Dy) or hexagonal (RE=Ho-Lu, as well as Y) structure [63]. All
of the hexagonal rare-earth manganites are known to show multiferroic behavior
with relatively high ferroelectric ordering temperatures (typically in excess of
590 K) and relatively low magnetic ordering temperatures (typically between 70
and 120 K) [64]. In these hexagonal phases, the ferroelectric ordering is related to
the tilting of the rigid MnOs trigonal bipyramid [27]. On the other hand, only the
orthorhombic phases with RE=Dy, Tb, and Gd are multiferroic in nature and have
very low (~20-30 K) ferroelectric ordering temperatures [32, 65]. In these materials
the ferroelectricity arises from magnetic ordering induced lattice modulations.

One of the earliest thin-film multiferroic manganites to be produced was the
hexagonal manganite YMnO; (Fig. 3.5a) [67]. Work on YMnO; in the 1960s sug-
gested that it was both a ferroelectric [63] and an A-type antiferromagnet [59];
however, it was not until sometime later that the true nature of ferroelectricity in this
material was understood to arise from long-range dipole—dipole interactions and
oxygen rotations working together to drive the system towards a stable ferroelectric
state [27]. The first films [67] were grown via radio-frequency magnetron sputtering
and obtained epitaxial (0001) films on MgO (111) and ZnO (0001)/sapphire (0001)

]
o

Paraelectric Ferroelectric 6

—epi-YMO/Pt
4 | --oriented-YMO/Pt
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Fig. 3.5 YMnO;. (a) The crystal structure of YMnO; in the paraelectric and ferroelectric phases.
The trigonal bipyramids depict MnOs polyhedra and the spheres represent Y ions. (Adapted from
[27]) (b) P-E hysteresis of the epitaxial-YMO/Pt and the oriented-YMO/Pt. (Adapted from [66])
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and polycrystalline films on Pt (111)/MgO (111). It was soon shown that using the
epitaxial strain intrinsic to such thin films, one could drive the hexagonal phase of
YMnO; to a metastable, non-ferroelectric orthorhombic perovskite phase by growth
on the appropriate oxide substrates including SrTiO; (001) and NdGaO, (101) [68].
This work was of great interest because it was the first evidence for a competition
between hexagonal and orthorhombic YMnO; phases and how epitaxial thin film
strain could be used to influence the structure of this material. This is a perfect
example of the power of epitaxial thin film growth and how it can give researchers
access to high pressure and temperature phases that are not easily accessible by
traditional bulk synthesis techniques. Since this time YMnO; has been grown on a
number of other substrates including Si (001) [67, 69], Pt/Ti0O,/Si0,/Si (001) [70],
Y-stabilized ZrO, (111) [71], and GaN/sapphire (0001) [72, 73] and with a wide
range of deposition techniques including sputtering [69, 72], spin coating [70], sol-
gel processes [74], pulsed laser deposition [75, 76], metal-organic chemical vapor
deposition [77], and molecular beam epitaxy [72].

Although thin films of YMnO; typically exhibit a reduction in the ferroelectric
polarization as compared to bulk single crystals [67], high quality epitaxial films of
YMnO; have also been shown to possess better ferroelectric properties than
oriented-polycrystalline films (Fig. 3.5b) [66]. Polarization—electric field (P-E)
hysteresis loops for YMnO; films have revealed that the saturation polarization in
YMnOs; is rather small (just a few pC/cm?) and that films can have a retention time
of 10* s at £15 V applied voltages. Such results have led some to suggest that
YMnO,; films could be a suitable material for ferroelectric gate field-effect transis-
tors [66], but the high growth temperatures (800 °C [66, 78] —850 °C [79]) make it
impractical for integration into current applications. Work has also shown that dop-
ing the A-site with more than 5 %-Bi can decrease the deposition temperatures to
under 700 °C without detrimentally affecting the electric properties of the material
[79]. Like many other manganites, however, A-site doping can also have strong
effects on the properties of YMnOs; [80]. A-site doping with Zr has been shown to
decrease leakage currents, while doping with Li and Mg has been found to lead to
increases in leakage currents, and finally Li-doping can also drive the antiferromag-
netic YMnOs; to become a weak ferromagnet [78]. The weak ferromagnetic moment
is thought to have arisen from a small canting of the Mn spins. The hope that by
controlling the carrier concentration researchers could make the normally antifer-
romagnetic YMnO; a robust ferromagnet has not been realized. Additionally, dop-
ing on the B-site has been shown to enhance the magnetoelectric coupling in the
form of changes in the magnetocapacitance by two orders of magnitude [81].

Over the last few years thin films of a wide range of hexagonal-REMnO; materi-
als have been grown. This includes studies of films with RE=Nd, Ho, Tm, Lu [82],
Yb [83], and more recently Tb [84], Dy, Gd, and Sm [85]. Despite all of this focus,
researchers have yet to find a REMnQO; compound that exhibits both room temperature
ferroelectricity and magnetism, but hexagonal manganites remain a diverse system
with intriguing scientific implications for multiferroic materials. An increasing
amount of work has been reported on thin films of TbMnOs;, including the first
report of in early 2005 [86]. Soon after, Lee et al. [84] showed that a hexagonal thin
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Fig. 3.6 TbMnO:s. Ferroelectric properties of hexagonal TbMnO; as a function of the electric field
at selected temperatures. Polarization versus electric field hysteresis loops measured at 2 kHz at
(a) 20K, (b) 35 K, (¢) 70 K, and (d) 100 K. Insets show the hysteresis loops of the dielectric con-
stant versus the electric field at 100 kHz. (e) A phase diagram showing the ferroelectric and antifer-
roelectric regions as a function of temperature and electric field. The maximum remnant
polarization value is also plotted. (Adapted from [84])

film form of TbMnO; can be stabilized that shows 20 times larger remnant polarization
and an increase in the ferroelectric ordering temperature to near 60 K (Fig. 3.6).
More recently, studies have also demonstrated the ability to create ferromagnetic
interactions (below an ordering temperature of ~40 K) in partially strained TbMnO;
films on SrTiO; substrates [87, 88] and possible connection between the domain
structure of these films and the enhanced magnetization [89]. What has become
apparent is that these hexagonal/orthorhombic manganites serve as a model system
in the study of the power of thin film epitaxy to engineer new phases and proper-
ties—and the role of epitaxial strain in stabilizing the hexagonal-REMnO; phases is
paramount in creating high quality samples of these materials for further study.
Additionally, more recently the REMn,Os (RE=rare earth, Y, and Bi) family of
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materials has been studied extensively and has been shown to possess intriguing
fundamental physics including coinciding transition temperatures for magnetism
and ferroelectricity as well as strong coupling between these order parameters [33].
Prior to 2010, most studies focused on these materials were centered on bulk or
single crystal samples and only recently have thin films for these materials been
created [90].

3.4.2 BiMnO; Thin Films

Conventional growth of bulk samples of the ferromagnetic, ferroelectric [18]
BiMnO; required high temperatures and pressures [91] because the phase is not
normally stable at atmospheric pressure. Such phases lend themselves well to thin
film growth where epitaxial strain stabilization of metastable phases can be achieved.
The first growth of BiMnO; thin films was on SrTiO; (001) single crystal substrates
using pulsed laser deposition [92] and was quickly confirmed in other studies [93].
Films of BiMnO; have been found to be ferroelectric below ~450 K and undergo an
unusual orbital ordering leading to ferromagnetism at ~105 K (Fig. 3.7a) [19].
Temperature-dependent magnetic measurements have also shown that the ferro-
magnetic transition temperature varies depending on the substrate and can be as low
as 50 K on LaAlO; [94]. This depression in Curie temperature has been attributed to
concepts as varied as stoichiometry issues, strain, and size effects. The ferromagnetic
nature of BiMnO; has led some to study it as a potential barrier layer in magnetically
and electrically controlled tunnel junctions [95] and eventually led to the production
of a four-state memory concept based on La-doped BiMnO; multiferroics [96].
Gajek et al. reported La-doped BiMnO; films that retained their multiferroic char-
acter down to thicknesses less than 2 nm and proved that multiferroic materials
could be used to create new memories by demonstrating the possibility of spin-
dependent tunneling using multiferroic barrier layers in magnetic tunnel junctions.
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Fig. 3.7 BiMnOs;. (a) Magnetization curve of a BiMnO; film cooled under no applied magnetic
field. The inset shows the ferromagnetic hysteresis loop at 5 K. (Adapted from [92]) (b) P—E hys-
teresis loop of a thin film of BiMnO; on Si (100) above and below the ferromagnetic 7c. (Adapted
from [18])
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More recently, significantly La-doped BiMnO; films have been shown to exhibit a
70-fold increase in the magnetodielectric effect compared to pure BiMnO; [97].
Unfortunately, it coincides with a decrease in the ferroelectric Curie temperature to
~150 K and is observed only at applied magnetic fields of 97. Additionally, optical
second-harmonic measurements with applied electric fields [93], as well as Kelvin
force microscopy techniques [94], have been used to confirm the presence of fer-
roelectric polarization in BiMnO; films. High levels of leakage, however, have lim-
ited direct P—E hysteresis loop measurements (Fig. 3.7b) on thin film samples and
recently the reanalysis of diffraction data [98] and first-principles calculations [99]
have called into question the ferroelectricity in BiMnO;. Some calculations have
predicted a small polar canting of an otherwise antiferroelectric structure (weak fer-
roelectricity) that could be used to explain the experimental findings [100].
Regardless, recent studies of dielectric properties of BiMnOs; thin films done using
impedance spectroscopy between 55 and 155 K reveal that there is a large peak in
the dielectric permittivity in thin films at the paramagnetic—ferromagnetic transition
that could point to indirect coupling effects via the lattice in this material [101].

3.4.3 BiFeO; Thin Films

No other single-phase multiferroic has experienced the same level of attention as
BiFeO; in the last 7 years and because of this we will discuss the evolution of this
material in more length. The perovskite BiFeO; was first produced in the late 1950s
[102] and many of the early studies were focused on the same concepts important
today—the potential for magnetoelectric coupling [103]. Throughout the 1960s and
1970s much controversy surrounded the true physical and structural properties of
BiFeO;, but as early as the 1960s BiFeO; was suspected to be an antiferromagnetic,
ferroelectric multiferroic [104, 105]. The true ferroelectric nature of BiFeO;, how-
ever, remained somewhat in question until ferroelectric measurements made at 77 K
in 1970 [105] revealed a spontaneous polarization of ~6.1 pC/cm? along the
111-direction which were found to be consistent with the rhombohedral polar space
group R3c determined from single crystal X-ray diffraction [106] and neutron dif-
fraction studies [107]. These findings were at last confirmed by detailed structural
characterization of ferroelectric/ferroelastic monodomain single crystal samples of
BiFeO; in the late 1980s [103]. Chemical etching experiments on ferroelastic single
domains later proved without a doubt that the BiFeO; was indeed polar, putting to
rest the hypothesis that BiFeO; might be antiferroelectric, and proved that the fer-
roelectric/ferroelastic phase was stable from 4 K to ~1,103 K [108]. The structure of
BiFeO; can be characterized by two distorted perovskite blocks connected along
their body diagonal or the pseudocubic (111), to build a rhombohedral unit cell
(Fig. 3.8a). In this structure the two oxygen octahedra of the cells connected along
the (111) are rotated clockwise and counterclockwise around the (111) by +13.8(3)°
and the Fe-ion is shifted by 0.135 A along the same axis away from the oxygen
octahedron center position. The ferroelectric state is realized by a large displace-
ment of the Bi-ions relative to the FeOg octahedra (Fig. 3.8a—) [103, 111].
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Fig. 3.8 BiFeO;. (a) Structure of BiFeO; shown looking (a) down the pseudocubic-[109], (b)
down the pseudocubic-[110] polarization direction, and (c) a general three-dimensional view of
the structure. (d) The magnetic structure of BiFeO; is shown including G-type antiferromagnetic
ordering and the formation of the weak ferromagnetic moment. (Adapted from [7])

During the 1980s, the magnetic nature of BiFeO; was studied in detail. Early
studies indicated that BiFeO; was a G-type antiferromagnet (G-type antiferromag-
netic order is shown schematically in Fig. 3.8d) with a Néel temperature of ~673 K
[112] and possessed a cycloidal spin structure with a period of ~620 A [113]. This
spin structure was found to be incommensurate with the structural lattice and was
superimposed on the antiferromagnetic order. It was also noted that if the moments
were oriented perpendicular to the {(111)-polarization direction the symmetry also
permits a small canting of the moments in the structure resulting in a weak
ferromagnetic moment of the Dzyaloshinskii—-Moriya type (Fig. 3.8d) [35, 36].

In 2003 a paper focusing on the growth and properties of thin films of BiFeO;
spawned a hailstorm of research into thin films of BiFeO; that continues to the pres-
ent day. The paper reported enhancements of polarization and related properties in
heteroepitaxially constrained thin films of BiFeO; [17]. Structural analysis of the
films suggested differences between films (with a monoclinic structure) and bulk
single crystals (with a rhombohedral structure) as well as enhancement of the polar-
ization up to ~90 pC/cm? at room temperature and enhanced thickness-dependent
magnetism compared to bulk samples. In reality, the high values of polarization
observed actually represented the intrinsic polarization of BiFeQ;. Limitations in
the quality of bulk crystals had kept researchers from observing such high polariza-
tion values until much later in bulk samples [109]. More importantly this report
indicated a magnetoelectric coupling coefficient as high as 3 V/cm Oe at zero
applied field [17]. A series of detailed first-principles calculations utilizing the local
spin-density approximation (LSDA) and LSDA + U methods helped shed light on
the findings in this paper. Calculations of the spontaneous polarization in BiFeO,
suggested a value between 90 and 100 pC/cm? (consistent with those measured in
2003) [110] which have since been confirmed by many other experimental reports
(an example is shown in Fig. 3.9) [114].
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Fig. 3.9 (a) Ferroelectric polarization—electric field hysteresis loop of epitaxial BiFeO; thin film
measured at various frequencies and (b) PUND measurement for varying voltages at 1 ps voltage
pulses. (Adapted from [114])
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Fig. 3.10 (a) X-ray diffraction results from a fully epitaxial, single-phase BiFeOs/SrRuO;/SrTiO;
(001) heterostructure. (b) Low- and high-resolution transmission electron microscopy images of
this same heterostructure (adapted from [7])

Today, much progress has been made in understanding the structure, properties,
and growth of thin films of BiFeOs. High quality epitaxial BiFeO; films have been
grown via molecular beam epitaxy [115, 116], pulsed laser deposition [17, 117],
radio-frequency (RF) sputtering [118, 119], metal-organic chemical vapor deposi-
tion (MOCVD) [120, 121], and chemical solution deposition (CSD) [122] on a wide
range of substrates including traditional oxide substrates as well as Si [117, 123]
and GaN [124]. This work has shown that high quality films, like those shown in
Fig. 3.10 can be produced. Typical XRD 6—26 measurements (Fig. 3.10a) show the
ability of researchers to produce high quality, fully epitaxial, single-phase films of
BiFeO; (data here is for a BiFeO;/SrRuQO;/SrTiO; (001) heterostructure). Detailed
XRD analysis has shown that films possess a monoclinic distortion of the bulk
rhombohedral structure over a wide range of thicknesses, but the true structure of
very thin films (<15 nm) remains unclear [125]. The quality of such heterostructures
as produced by pulsed laser deposition can be probed further by transmission elec-
tron microscopy (TEM) (Fig. 3.10b). TEM imaging reveals films that are uniform
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over large areas and with the use of high-resolution TEM we can examine the atomi-
cally abrupt, smooth, and coherent interface between BiFeO; and a commonly used
bottom electrode material STRuQOs.

3.4.3.1 Controlling Domain Structures in BiFeO;

Today, aided by such thin film synthesis techniques, significant advances have been
made in controlling domain structures in thin films of BiFeO;. This work, in turn,
has enabled significant progress in the understanding of this complex multiferroic
material. In addition to being of great interest for photonic devices, nanolithogra-
phy, and more, fine control of the domain structures and the ability to create
extremely high quality thin films of these materials make it possible to probe a
number of important questions related to this material. To begin this discussion, it is
essential that we first understand what kinds of domain patterns can be obtained in
rhombohedral ferroelectrics. Several theoretical studies have been published that
provide equilibrium domain patterns of rhombohedral ferroelectrics such as BiFeO;.
On the (001). perovskite surface, there are eight possible ferroelectric polarization
directions corresponding to four structural variants of the rhombohedral ferroelec-
tric. Early work published by Streiffer et al. [126] found that domain patterns can
develop with either {100} or {101} boundaries for (001). oriented rhombohedral
films. In both cases, the individual domains in the patterns are energetically degen-
erate and thus equal width stripe patterns are theoretically predicted. Zhang et al.
[127] have gone on to use phase field simulations to understand how strain state can
affect the polarization variants and to predict the domain structures in epitaxial
BiFeO; thin films with different orientations. In these models, long-range elastic
and electrostatic interactions were taken into account as were the effects of various
types of substrate constraints on the domain patterns. These findings suggest that
the domain structure of BiFeO; thin films can be controlled by selecting proper film
orientations and strain constraints. Moreover, these phenomenological analyses
reveal that both the depolarization energy and the elastic energy play a key role in
determining the equilibrium domain structures. For instance, in the case of an asym-
metrical electrostatic boundary condition (i.e., the presence of a bottom electrode)
the dominant domain scaling mechanism changes from electrostatic-driven to
elastic-driven. Therefore, the domain size scaling law in epitaxial BiFeOs; films is
predicted to show a different behavior from the conventional elastic domains: the
101-type or the so-called 71° domains are expected to be much wider than the 100-
type or the so-called 109° domains despite the fact that these {100} boundaries
possess a larger domain wall energy.

Experimental demonstration of similar ideas has progressed in recent years. In
2006, Chu et al. [128] demonstrated an approach to create one-dimensional
nanoscale arrays of domain walls in epitaxial BiFeO; films. Focusing on BiFeOs/
SrRuO3/DyScO; (110) heterostructures, the authors took advantage of the close
lattice matching between BiFeOs;, StRuO;, and DyScO; (110) and the anisotropic
in-plane lattice parameters of DyScO; (a,=3.951 A and a,=3.946 A) to pin the
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structure of the SrRuQOs; layer and, in turn, the ferroelectric domain structure of
BiFeO;. This anisotropic in-plane strain condition leads to the exclusion of two of
the possible structural variants. Phase field modeling of the ferroelectric domain
structure in such heterostructures predicted stripe-like ferroelectric domain struc-
tures which were confirmed in the final BiFeO; films. The growth mechanism of the
underlying SRO layer was found to be important in determining the final ferroelec-
tric domain structure of the BiFeO; films. SRO layers grown via step-bunching and
step-flow growth mechanisms resulted in ferroelectric domain structures with
4-polarization variants and 2-polarization variants, respectively. These films have
been shown to exhibit excellent ferroelectric properties with room temperature
2P,=120-130 pC/cm? and strong intrinsic ferroelectric properties [114].

In 2007, Chu et al. [129] further demonstrated the ability to create different
domain structures in epitaxial BiFeO; films on (001), (110), and (111) SrTiO; sub-
strates that were consistent with phase field models. Such a result made a connec-
tion between the theoretical predictions and experiments and offered one pathway
for researchers to simplify the complex domain structure of the BiFeO; films. What
was discovered was that one must induce a break in the symmetry of the various
ferroelectric variants. One avenue to accomplish this is through the use of vicinal
SrTiO; substrates. Beginning with a (001) oriented substrate, one can progressively
tilt the crystal along different directions to end up with different orientations. For
instance, by tilting 45° along the 010-direction one can obtain a (110) oriented sub-
strate, while tilting by another 45° along the 110-direction gives rise to a (111) ori-
ented substrate. Through the use of carefully controlled, vicinally cut (001) StrTiO;
substrates researchers were able to demonstrate fine control of the ferroelectric
domain structure in BiFeO;. This includes evolving the domain structure from pos-
sessing 4-variants, 2-variants, and 1-variant. Added control comes from the use of
asymmetric boundary conditions including the use of SrRuO; bottom electrodes
that drives the out-of-plane component of polarization to be preferentially down-
ward pointing. Other reports have also demonstrated similar findings in films grown
on highly miscut StrTiO; (001) substrates [119]. These films represent an important
step forward in that they provide a set of model thin films that can be used to further
explore the magnetoelectric properties of this system as well as its interactions with
other layers. Additionally, multiferroic materials with electrically controllable peri-
odic domain structures such as these could be of great interest for applications in
photonic devices.

Finally, in 2009, Chu et al. [130], through the careful control of electrostatic
boundary conditions, such as the thickness of the underlying SrRuQO; bottom elec-
trode, were able to demonstrate the creation of ordered arrays of the prototypical
domain structures as predicted by Streiffer et al. nearly 10 years earlier [126]
(Fig. 3.11a, b). Figure 3.11a represents a series of 71° domain walls located on
101-type planes and Fig. 3.11b represents a series of 109° domain walls located on
100-type planes. When the bottom electrode layer is thick (typically >10 nm and
thus a good metal) the presence of an asymmetric boundary condition results in the
formation of a film that is fully out-of-plane polarized downward towards the
SrRuO; layer and elastic energy is the dominate energy in the system. On the other
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Fig. 3.11 Ordered arrays of ferroelectric domains and domain walls. (a) and (b) Schematics of
equilibrium structure of an ordered array of 71° and 109° domain walls, respectively. (¢) and (d)
Surface topography as measured by AFM of 71° and 109° domain walls samples, respectively.
Out-of-plane (e) and (f) as well as in-plane (g) and (h) PFM images for samples possessing ordered
arrays of 71° and 109° domain walls. (Adapted from [130])

hand, when the SrRuQO; layer is very thin, electrostatic energy becomes the domi-
nant energy and drives the film to have domains alternatively pointing up and down.
The surface morphology of the resulting films with 71° (Fig. 3.11c) and 109°
(Fig. 3.11d) is consistent with the theoretically predicted structure. The correspond-
ing out-of-plane (Fig. 3.11e, f) and in-plane (Fig. 3.11g, h) PFM images confirm the
presence of the periodic, equilibrium domain structures. Similarly, studies focused
on BiFeO; films grown on the new substrate TbScO; (which has <—0.3 % lattice
mismatch with BiFeO;) resulted in BiFeO; films possessing ordered arrays of (010)
domain walls [131].

In addition to epitaxial growth control of ferroelectric domain structures, recent
advances in scanning probe-based manipulation of ferroelectric domain structures
have opened up the next level of control. Zavaliche et al. [111] have developed a
standard procedure to use PFM to characterize and understand the domain structure
of such ferroelectric materials. These studies have identified locally three possible
polarization switching mechanisms namely 71°, 109°, and 180° rotations of the
polarization direction. 180° polarization reversals appear to be the most favorable
switching mechanism in epitaxial films under an applied bias along [001]. A com-
bination of phase field modeling and scanning force microscopy of carefully con-
trolled, epitaxial [109] BiFeO; films with a simplified domain structure revealed
that the polarization state can be switched by all three primary switching events by
selecting the direction and magnitude of the applied voltage [132]. Moreover, the
instability of certain ferroelastic switching processes and domains can be dramati-
cally altered through a judicious selection of neighboring domain walls. The
symmetry breaking of the rotationally invariant tip field by tip motion enables deter-
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ministic control of non-180° switching in rhombohedral ferroelectrics. The authors
also demonstrated the controlled creation of a ferrotoroidal order parameter. The abil-
ity to control local elastic, magnetic and toroidal order parameters with an electric
field will make it possible to probe local strain and magnetic ordering, and engineer
various magnetoelectric, domain-wall-based and strain-coupled devices.

For eventual device applications, the use of a coplanar epitaxial electrode
geometry has been proposed to aid in controlling multiferroic switching in BiFeO,
[133]. PFM has been used to detect and manipulate the striped ferroelectric domain
structure of a BiFeOs; thin film grown on DyScO; (110) substrates. Time-resolved
imaging revealed ferroelastic switching of domains in a needle-like region that grew
from one electrode toward the other. Purely ferroelectric switching was suppressed
by the geometry of the electrodes. Such results demonstrate the capability to control
the ferroelectric order parameter and domain structures in device architectures.

3.4.3.2 Evolution of Magnetism and Domain Wall Functionality
in BiFeO;

The ability to control domain structures has also been demonstrated to have serious
implications for the evolution of magnetism in thin films (i.e., variations from the
bulk picture and the mechanism of enhanced magnetism in thin films) and has sug-
gested the strong role of domain walls in determining macroscopic properties. In
this section we investigate the evolution of magnetic properties in BiFeOs.

Early theoretical treatments attempted to understand the nature of magnetism
and coupling between order parameters in BiFeO;. Such calculations confirmed the
possibility of weak ferromagnetism arising from a canting of the antiferromagnetic
moments in BiFeO;. The canting angle was calculated to be ~1° and would result in
a small, but measurable, magnetization of ~8 emu/cm® or ~0.05 pg per unit cell
[134]. It was also found that the magnetization should be confined to an energeti-
cally degenerate easy {111} perpendicular to the polarization direction in BiFeO;.
These same calculations further discussed the connection of the weak ferromagne-
tism and the structure (and therefore ferroelectric nature) of BiFeOs. This allowed
the authors to extract three conditions necessary to achieve electric-field-induced
magnetization reversal (1) the rotational and polar distortions must be coupled; (2)
the degeneracy between different configurations of polarization and magnetization
alignment must be broken; (3) there must be only one easy magnetization axis in the
(111) which could be easily achieved by straining the material [134].

This work coincided with considerable experimental work reporting on the
nature of magnetism in thin film BiFeOs. This subject, although contentious for
some time, appears to be nearly fully understood. The original work of Wang et al.
presented an anomalously large value of magnetic moment (of the order of 70 emu/
cm?®) [17], which is significantly higher than the expected canted moment of ~8 emu/
cm’®. There have been several studies aimed at clarifying the origins of this anoma-
lous magnetism. Eerenstein et al. [135] proposed that the excess magnetism was
associated with magnetic second phases (such as y-Fe,03); this was supported by
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the studies of Béa et al. [136] who showed that BiFeO; films, when grown under
reducing conditions (for example, under oxygen pressures lower than 1x 10~ Torr)
showed enhanced magnetism as a consequence of the formation of magnetic second
phases. It is, however, important to note that low oxygen pressure during growth is
not the cause for the enhanced moment in the 2003 report by Wang et al. where
films were grown in oxygen pressures between 100 and 200 mTorr and cooled in
760 Torr rendering formation of such secondary magnetic phases thermodynami-
cally unlikely and there was no evidence (despite extensive study of samples with
X-ray diffraction and transmission electron microscopy techniques) for such second
phases. Furthermore, subsequent X-ray magnetic circular dichroism studies sup-
ported the assertion that this magnetism is not from a magnetic y-Fe,O; impurity
phase [137]. To date, additional mixed reports—including reports of enhanced mag-
netism in nanoparticles of BiFeO; [138] as well as the observation of samples
exhibiting no such enhancement—have been presented.

What has emerged, however, is that the synthesis process can have considerable
effect on the overall magnetic properties of this complex material—especially in the
study of epitaxially strained thin films. For instance, Ederer and Spaldin found that
only one easy magnetization axis in the energetically degenerate 111-plane of
BiFeO; might be selected when one was to strain the material appropriately [134].
Until recently this scientifically and technologically important question of how
magnetic order in multiferroics such as BiFeO; develops with strain and size effects
had remained unanswered. In early 2010, using angle and temperature-dependent
dichroic measurements and photoemission spectromicroscopy (Fig. 3.12), Holcomb
et al. [139] discovered that the antiferromagnetic order in BiFeO; did indeed evolve
and change systematically as a function of thickness and strain. Lattice mismatch
induced strain was found to break the easy-plane magnetic symmetry of the bulk
and leads to an easy axis of magnetization that can be controlled via the sign of the
strain—110-type for tensile strain and 112-type for compressive strain. This under-
standing of the evolution of magnetic structure and the ability to manipulate the
magnetism in this model multiferroic has significant implications for eventual utili-
zation of such magnetoelectric materials in applications.

Also during the last few years, a number of exciting findings have come to light
that are poised to definitively answer the questions surrounding the wide array of
magnetic properties observed in BiFeO; thin films. There is now a growing consen-
sus that epitaxial films (with a thickness less than ~100 nm) are highly strained and
thus the crystal structure is more akin to a monoclinic phase rather than the bulk
rhombohedral structure. Furthermore, a systematic dependence of the ferroelectric
domain structure in films as a function of the growth rate has been observed [140].
Films grown very slowly (for example by MBE, laser-MBE, or off-axis sputtering)
exhibit a classical stripe-like domain structure that is similar to ferroelastic domains
in tetragonal Pb(Zr,,Ti;_,)O; films. Due to symmetry considerations, two sets of
such twins are observed. These twins are made up of 71° ferroelastic walls, that
form on the {101 }-type planes (which is a symmetry plane). In contrast, if the films
are grown rapidly (as was done in the original work of Wang et al. [17]) the domain
structure is dramatically different. It now resembles a mosaic-like ensemble that
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Fig. 3.12 (a) Schematic illustrating the experimental geometries used to probe the angle depen-
dent linear dichroism in BiFeOs. Photoemission electron microscopy images of BiFeOs; at several
angles of the electric vector of incident linear polarization a. The outlined arrows show the in-
plane projection of the four ferroelectric directions. Images of domain structures taken at (b)
©=90°, (¢) ©=70°, (d) ©=40°, and (e) ©®=0° (adapted from [139])
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consists of a dense distribution of 71°, 109°, and 180° domain walls. It should be
noted that 109° domain walls form on {001 }-type planes (which is not a symmetry
plane for this structure). Preliminary measurements reveal a systematic difference
in magnetic moment between samples possessing different types and distributions
of domain walls. The work of Martin et al. [140] suggests that such domain walls
could play a key role in the many observations of enhanced magnetic moment in
BiFeO; thin films.

This suggestion builds off of the work of Piivratskd and Janovec [141, 142],
where detailed symmetry analyses were used to conclude that magnetoelectric cou-
pling could lead to the appearance of a net magnetization in the middle of antifer-
romagnetic domain walls. Specifically, they showed that this effect is allowed for
materials with the R3¢ space group (i.e., that observed for BiFeOs). Although such
analysis raises the possibility of such an effect, the group-symmetry arguments do
not allow for any quantitative estimate of that moment. The idea that novel proper-
ties could occur at domain walls in materials presented by Pfivratska and Janovec is
part of a larger field of study of the morphology and properties of domains and their
walls that has taken place over the last 50 years with increasing recent attention
given to the study novel functionality at domain walls [143—145]. For instance,
recent work has demonstrated that spin rotations across ferromagnetic domain walls
in insulating ferromagnets can induce a local polarization in the walls of otherwise
non-polar materials [2, 145], preferential doping along domain walls has been
reported to induce 2D superconductivity in WO;_, [146] and enhanced resistivity in
phosphates [147], while in paraelectric (non-polar) StTiO; the ferroelastic domain
walls appear to be ferroelectrically polarized [148]. Taking this idea one step
further, Daraktchiev et al. [149, 150] have proposed a thermodynamic (Landau-
type) model with the aim of quantitatively estimating whether the walls of BiFeO;
can be magnetic and, if so, to what extent they might contribute to the observed
enhancement of magnetization in ultrathin films. One can develop a simple thermo-
dynamic potential incorporating two order parameters expanded up to PS and M°
terms (the transitions in BiFeO; are found experimentally to be first order, and the
low-symmetry (P, 0) phase is described here) with biquadratic coupling between
the two order parameters (biquadratic coupling is always allowed by symmetry, and
therefore always present in any system with two order parameters). Because biqua-
dratic free energy terms such as P>’M? are scalars in any symmetry group, this poten-
tial can be written thusly:

G, =G, +§(VP)2 +%(VM)2 + Ly (PM)
A
:GO+§(VP)2+E(VM)2+%P2+§P4+%P6 G4

P P Py L pr
27 T4 Te T2
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Fig. 3.13 Shape of (a) ferroelectric polarization and (b) magnetism across a domain wall in
BiFeOs; (adapted from [149, 150])

When one goes from +P to —P, it is energetically more favorable for the domain
wall energy trajectory not to go through the center of the landscape (P=0, M =0),
but to take a diversion through the saddle points at M,# 0, thus giving rise to a finite
magnetization (Fig. 3.13). The absolute values of the magnetic moment at the
domain wall will depend on the values of the Landau coefficients as well as the
boundary conditions imposed on the system, namely whether the material is mag-
netically ordered or not. Analysis of the phase space of this thermodynamic poten-
tial shows that it is possible for net magnetization to appear in the middle of
ferroelectric walls even when the domains themselves are not ferromagnetic
(Fig. 3.13b). The authors of this model note, however, that it is presently only a foy
model which does not take into account the exact symmetry of BiFeQ;, so it cannot
yet quantitatively estimate how much domain walls can contribute to the magnetiza-
tion. The exact theory of magnetoelectric coupling at the domain walls of BiFeO;
also remains to be formulated.

Recently, a holistic picture of the connection between processing, structure, and
properties has brought to light the role of magnetism at ferroelectric domain walls
in determining the magnetic properties in BiFeOs; thin films. By controlling domain
structures through epitaxial growth constraints and probing these domain walls with
a range of techniques (including detailed magnetotransport studies) He et al. [151]
have demonstrated that the formation of certain types of ferroelectric domain walls
(i.e., 109° walls) can lead to enhanced magnetic moments in BiFeO;. Building off
of the work of Martin et al. [140], the authors of this study were able to demonstrate
that samples possessing 109° domain walls show significant magnetoresistance (up
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Fig. 3.14 Conduction at domain walls in BiFeOs;. (a) Topographic image of the surface of a model
BiFeO5/SrRuO5/SrTiO; (110) sample. Corresponding (b) out-of-plane and (c) in-plane piezore-
sponse force microscopy image of an electrically poled region of this film. (d) Conducting-atomic
force microscopy image reveals that 109° and 180° domain walls are conducting. (e) Schematic
illustration of a 109° domain wall and a corresponding high-resolution transmission electron
microscopy image of a 109° domain wall (adapted from [152])

to 60 %). In summary, it appears certain domain walls can give rise to enhanced
magnetic behavior in BiFeO; thin films.

It is also important to note that Seidel et al. [152], motivated by the desire to
understand similar magnetic properties at domain walls in BiFeO;, undertook a
detailed scanning probe-based study of these materials and discovered a new and
previously unanticipated finding: the observation of room temperature electronic
conductivity at certain ferroelectric domain walls. The origin of the observed con-
ductivity was explored using high-resolution transmission electron microscopy and
first-principles density functional computations. The results showed that domain
walls in a multiferroic ferroelectric such as BiFeO; can exhibit unusual electronic
transport behavior on a local scale that is quite different from that in the bulk of the
material. Using a model (110)-oriented BiFeO,/SrRuOs/SrTiO; heterostructure
with a smooth surface (Fig. 3.14a), the researchers were able to switch the BiFeO;
material in such a way that enabled them to create all the different types of domain
walls possible in BiFeO; (i.e., 71°, 109°, and 180° domain walls) in a local region
(Fig. 3.14b, c). Conducting-atomic force microscopy (c-AFM) measurements
(Fig. 3.14d) revealed conduction at 109° and 180° domain walls. Detailed high-
resolution transmission electron microscopy studies (Fig. 3.14e) revealed this con-
ductivity was, in part, structurally induced and can be activated and controlled on
the scale of the domain wall width—about 2 nm in BiFeOs;. From the combined
study of conductivity measurements, electron microscopy analysis, and density
functional theory calculations, two possible mechanisms for the observed conduc-
tivity at the domain walls have been suggested: (1) an increased carrier density as a
consequence of the formation of an electrostatic potential step at the wall; and/or (2)
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a decrease in the band gap within the wall and corresponding reduction in band
offset with the c-AFM tip. It was noted that both possibilities are the result of struc-
tural changes at the wall and both may, in principle, be acting simultaneously, since
they are not mutually exclusive.

It is important to step back and recognize the importance of these discoveries
and the implications for this work on memory applications. For some time now,
domain walls in ferromagnets have been explored for logic and storage applications
(see, for example, [153]). Since 2000 there has been increasing effort to probe
domain walls in materials for functional devices—including the pioneering work of
Allwood et al. [154] who identified possible circuit manifestations for AND and
NOR gates using magnetic domain walls. More recently, domain walls in other
systems—especially ferroelectric and multiferroic systems—have joined the fray.
The observation of conducting domain walls provides an exciting opportunity to
create yet another pathway by which it might be possible to store information. This
would be particularly facilitated if the conduction at the walls were to be made
significantly larger. Research in this direction, however, is still in its infancy, but
this topic appears to be an attractive topic for future research. An insulator-metal
transition would be a highly desirable pathway to accomplish such large changes in
conduction, that are controllable with electric fields. Finally, E. Salje recently sum-
marized the status and promise of twin boundaries in ferroelectrics, as well as
curved interfaces between crystalline and amorphous materials, for future device
applications [155]. In the end, interface engineering has experienced a great
increase in attention of the last decade and the development of new phenomena at
interfaces is poised to enable new devices and applications in the future.

3.4.3.3 Magnetoelectric Coupling in BiFeQO;

Although many researchers anticipated strong magnetoelectric coupling in BiFeOs,
until the first evidence for this coupling in 2003 there was no definitive proof. Two
years after this first evidence, a detailed report was published in which researchers
observed the first visual evidence for electrical control of antiferromagnetic domain
structures in a single-phase multiferroic at room temperature. By combining X-ray
photoemission electron microscopy (PEEM) imaging of antiferromagnetic domains
(Fig. 3.15a, b) and piezoresponse force microscopy (PFM) imaging of ferroelectric
domains (Fig. 3.15¢, d) the researchers were able to observe direct changes in the
nature of the antiferromagnetic domain structure in BiFeO; with application of an
applied electric field (Fig. 3.15e) [156]. This research showed that the ferroelastic
switching events (i.e., 71° and 109°) resulted in a corresponding rotation of the
magnetization plane in BiFeO; (Fig. 3.15f) and has paved the way for further study
of this material in attempts to gain room temperature control of ferromagnetism (to
be discussed in detail later). This work has since been confirmed by neutron diffrac-
tion experiments in single crystal BiFeO; as well [157, 158].
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Fig. 3.15 Determination of strong magnetoelectric coupling in BiFeO;. Photoemission electron
microscopy (PEEM) images before (a) and after (b) electric field poling. The arrows show the
X-ray polarization direction during the measurements. In-plane piezoresponse force microscopy
images before (¢) and after (d) electric field poling. The arrows show the direction of the in-plane
component of ferroelectric polarization. Regions 1 and 2 (marked with green and red circles,
respectively) correspond to 109° ferroelectric switching, whereas 3 (black and yellow circles) and
4 (white circles) correspond to 71° and 180° switching, respectively. In regions 1 and 2 the PEEM
contrast reverses after electrical poling. (e) A superposition of in-plane PFM scans shown in (c)
and (d) used to identify the different switching mechanisms that appear with different colors and
are labeled in the figure (adapted from [156]). (f) Schematic illustration of coupling between fer-
roelectricity and antiferromagnetism in BiFeOs. Upon electrically switching BiFeO; by the appro-
priate ferroelastic switching events (i.e., 71° and 109° changes in polarization) a corresponding
change in the nature of antiferromagnetism is observed

3.4.3.4 Routes to Enhance Properties in BiFeO;

One considerable challenge to the full acceptance of BiFeO; into modern technol-
ogy has been the traditionally leaky nature of this material. Unlike more traditional
ferroelectric materials—which are robust electronic insulators—multiferroic mate-
rials such as BiFeO; are asked to perform multiple tasks (i.e., magnetism and fer-
roelectricity) and thus the electronic structure is highly susceptible to defects which
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can reduce the resistance of the material. In turn, researchers have attempted to take
head-on the common challenges that have traditionally limited the widespread
usage of such materials in devices—high leakage currents, small remnant polariza-
tions, high coercive fields, ferroelectric reliability, and inhomogeneous magnetic
spin structures [159]. The most common practice in this spirit is to study doped or
alloyed (here used interchangeably) BiFeO; thin films (both A-site and B-site dop-
ing) in an attempt to improve these various areas of concern. In this section we will
describe the work done to date on chemical routes to control properties in BiFeOs.

Following the rejuvenation of interest in BiFeOj; in the early 2000s, a number of
studies came forth aimed at understanding how to enhance properties in this excit-
ing material. One of the earliest studies looked at alloying the B-site of BiFeO; with
the transition metal ions Ti** and Ni?>* which are similar in size to the Fe** ion [160].
The idea was that the addition of 4+ ions into the BiFeO; would require charge
compensation which would be achieved either by filling of oxygen vacancies,
decreasing the valence of the Fe-ions, or creation of cation vacancies. On the other
hand, addition of 2+ ions would likely create anion vacancies or change the Fe-ion
valence. In the end the hope was that Ti* alloying would help to eliminate oxygen
vacancies and Ni** alloying would introduce more oxygen vacancies. This study, in
turn, showed that alloying with Ti* led to an increase in film resistivity by over
three orders of magnitude while doping with Ni** resulted in a decrease in resistivity
by over two orders of magnitude (Fig. 3.16). Additionally, the study suggested that
the current—voltage behavior was affected by the alloying and that increased densi-
ties of oxygen vacancies lead to higher levels of free carriers and higher conductiv-
ity. Over the next few years numerous other reports of the effect of alloying on the
properties of BiFeO; were published. Other studies also focused on B-site alloying,
including alloying with Nd which helped to enhance piezoelectricity in the films
and improve electric properties [161, 162], doping with Cr which was shown to
greatly reduce leakage currents in BiFeO; films [163], and others.

Although there are a number of studies on B-site alloyed BiFeO;, greater atten-
tion has been given to A-site alloyed phases. The most widely studied dopants are
materials from the Lanthanide series—especially La, Dy, Gd, etc. As early as 1991
work on these materials was undertaken [164], but again it was not until after 2003
that the number of studies on these alloyed systems really took off. Early studies
probe the effect of La-alloying on the magnetic structure of BiFeO; and showed that
the spin-modulated structure disappeared in single crystals with only 20 % addition
of La [165]. Soon after studies on La-alloyed thin films showed that the structure of
the films was greatly affected and that the ferroelectric fatigue life was seemingly
enhanced [159, 166]. Later studies showed that careful control of La-doping could
be used to control domain structures, switching, and produce robust ferroelectric
properties in films on Si substrates [167]. Other studies have also investigated Ba-
[168], Sr-, Ca-, and Pb-doping [169], and many others. It should be noted that there
are numerous studies of A-site alloying, too many to be covered thoroughly here.

Another exciting discovery occurred when researcher doped rare-earth elements
into BiFeOs;. Upon doping BiFeO; with Sm (at ~14 % Sm), a lead-free morphot-
ropic phase boundary was discovered [170]. The researchers found a rhombohedral
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Fig. 3.16 Leakage current
density as a function of
applied electric field for pure
and doped BiFeO; thin films.
Ti-doped BiFeO; is shown to
have significantly reduced
leakage currents. Inset shows
a zoom in of the low voltage
region of the data (adapted
from [160])
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to pseudo-orthorhombic structural transition (and an associated ferroelectric to anti-
ferroelectric transition) that produced an out-of-plane piezoelectric coefficient com-
parable to PbZr,Ti,_,O; materials near the chemically derived morphotropic phase
boundary in that material. Further investigations of this morphotropic phase bound-
ary have investigated the effects of Sm doping and have shown that the Sm** first
creates antiparallel cation displacements in local pockets and, with additional Sm, a
series of phase transitions and superstructural phases are formed [171, 172]. This
work has recently culminated in the observation of a universal behavior in such rare-
earth substituted versions of BiFeO; [173]. By combining careful experimental and
first-principles approaches to the study of complex phase development in this sys-
tem, researchers have discovered that the structural transition between arhombohedral
ferroelectric phase and an orthorhombic phase with a double-polarization hysteresis
loop and significantly enhanced electromechanical response is found to occur inde-
pendent of the rare-earth dopant species as long as the average ionic radius of the
A-site cation is controlled. Despite the somewhat complicated phase space related
to such doped versions of BiFeOs;, researchers have been able to identify and manip-
ulate dopants to greatly enhance the properties of this material. The work in alloyed
BiFeO; materials was undertaken with the expectation that this would present an
exciting pathway to unprecedented control and properties in this material. The find-
ings, although useful and insight full, had failed to produce a ground breaking dis-
covery until very recently. In 2009, Yang et al. [174], building off of the prior
observation of the development of interesting materials phenomena such as high-7¢
superconductivity in the cuprates and colossal magnetoresistance in the manganites
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Fig. 3.17 (a) Pseudo-phase diagram of the evolution of structures and properties in Ca-doped
BiFeOs;. (b) Conducting-atomic force microscopy image of an electrically poled and re-poled area
of a doped BiFeO; film. The as-grown state (outside the outer box) is insulating in nature, the
electrically poled area (inside the outer box and outside the inner box) has become conducting, and
the area that has been electrically poled twice (inside inner box) is insulating again. (¢) Illustration
of the process to create a multi-state memory from such physical properties (adapted from [174])

arise out of a doping-driven competition between energetically similar ground
states, investigated doped multiferroics as a new example of this generic concept of
phase competition. The results were the observation of an electronic conductor—
insulator transition by control of band-filling in Ca-doped BiFeO;. Application of
electric field enables us to control and manipulate this electronic transition to the
extent that a p—n junction can be created, erased, and inverted in this material. A
‘dome-like’ feature in the doping dependence of the ferroelectric transition is
observed around a Ca concentration of 1/8, where a new pseudo-tetragonal phase
appears and the electric modulation of conduction is optimized (Fig. 3.17a). c-AFM
images (Fig. 3.17b) reveal that upon application of an electric field the material
becomes conducting and that subsequent application of electric fields can reversibly
turn the effect on and off. It has been proposed that this observation could open the
door to merging magnetoelectrics and magnetoelectronics at room temperature by
combining electronic conduction with electric and magnetic degrees of freedom
already present in the multiferroic BiFeOs;. Figure 3.17c shows the quasi-non-
volatile and reversible modulation of electric conduction accompanied by the mod-
ulation of the ferroelectric state. The mechanism of this modulation in Ca-doped
BiFeO; is based on electronic conduction as a consequence of the naturally pro-
duced oxygen vacancies that act as donor impurities to compensate Ca acceptors
and maintain a highly stable Fe** valence state.

As we have noted, epitaxy presents a powerful pathway to control the phase
stability and electronic properties in thin-film systems [175]. The BiFeO; system
presents a fascinatingly complex strain-driven structural evolution. Although the
structure of BiFeO; had been studied for many years [103, 107, 176], in 2005 the
structural stability of the parent phase had come into question [177, 178]. This was
followed, in turn, by a number of thin-film studies reporting that a tetragonally
distorted phase (derived from a structure with P4mm symmetry, a~3.665 A, and
c~4.655 A) with a large spontaneous polarization may be possible [177, 179,
180]. In 2009, the so-called mixed-phase thin films possessing tetragonal- and
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Fig. 3.18 Strain-induced phase complexity in BiFeOs. First-principle calculations provide infor-
mation on the strain evolution of (a) the overall energy of the system and (b) the c/a lattice param-
eter ratio. High-resolution transmission electron microscopy (HRTEM) reveals the presence of two
phase (¢) a monoclinic version of the bulk rhombohedral phase and a (d) high-distorted monoclinic
version of a tetragonal structure. These complex phase boundaries manifest themselves on the
surface of the sample as imaged via (e) atomic force microscopy and these features correspond to
dramatic surface height changes as shown from (f) the line trace. (g) HRTEM imaging of boundar-
ies shows a smooth transition between phases. (Adapted from [181])

rhombohedral-like phases in complex stripe-like structures (and large electrome-
chanical responses) [181] dramatically changed the study of structures in BiFeO;.
It was found that the rhombohedral bulk crystal structure of the parent phase can be
progressively distorted into a variety of unit cell structures through epitaxial strain.
Ab initio calculations of the role of epitaxial strain clearly demonstrate how it can
be used to drive a strain-induced structural change in BiFeO; (Fig. 3.18a, b). These
calculations suggest that at a certain value of epitaxial strain, in the absence of misfit
accommodation through dislocation formation, the structure of BiFeO; morphs
from the distorted rhombohedral parent phase to a tetragonal-like (actually mono-
clinic) structure that is characterized by a large c/a ratio of ~1.26. Direct atomic
resolution images of the two phases (Fig. 3.18c, d) clearly show the difference in the
crystal structures.
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Much recent attention has been given to what happens when films are grown at
intermediate strain levels (e.g., ~4.5 % compressive strain, corresponding to growth
on LaAlO; substrates). It has been observed that the result is a nanoscale mixed-
phase structure (Fig. 3.18e, f). Figure 3.18g is an atomic resolution TEM image of
the interface between these two phases and reveals one of the most provocative
aspects of these structures. Although there is a large “formal” lattice mismatch
between the two phases, the interface appears to be coherent, i.e., it shows no
indication for the formation of interphase dislocations. Indeed, this mismatch
appears to be accommodated by the gradual deformation of the structure between
different phases.

Considerable detail has emerged concerning the symmetry of these phases
including the fact that the so-called tetragonal-like phase is actually monoclinically
distorted (possessing Cc, Cm, Pm, or Pc symmetry) [182—185]. Other techniques
such as second harmonic generation have been used to probe these different struc-
tures as well [186]. Recent reports [187] have also investigated the driving force for
the formation of these so-called mixed-phase structures and have revealed a com-
plex temperature- and thickness-dependent evolution of phases in the BiFeOs/
LaAlO; system. A thickness-dependent transformation from the monoclinically dis-
torted tetragonal-like phase to a complex mixed-phase structure likely occurs as the
consequence of a strain-induced spinodal instability. Additionally, a breakdown of
this strain-stabilized metastable mixed-phase structure to non-epitaxial microcrys-
tals of the parent rhombohedral structure of BiFeOj; is observed to occur at a critical
thickness of ~300 nm. Other reports have demonstrated routes to stabilize these
structures [188]. At the same time, electric field-dependent studies to these mixed-
phase structures have also revealed the capacity for large electromechanical
responses (as large as 4-5 %). In situ TEM studies coupled with nanoscale electrical
and mechanical probing suggest that these large strains result from the motion of
boundaries between different phases [189]. Despite this work, a thorough under-
standing of the complex structure of these phase boundaries in BiFeO; remained
incomplete until 2011.

A perspective by Scott [190] discussed the symmetry and thermodynamics of the
phase transition between these two phases as well as a number of other model iso-
symmetric phase transitions in other crystal systems. Soon after, a very detailed
thermodynamic and elastic domain theory analysis of the mixed-phase structure
was completed by Ouyang et al [191]. In that treatment, a balance of interdomain
elastic, electrostatic, and interface energies was analyzed and compared to provide
an anticipated low-energy structural configuration. Subsequent studies by
Damodaran et al. [192] helped uniquely identify and examine the numerous phases
present at these phase boundaries and resulted in the discovery of an intermediate
monoclinic phase in addition to the previously observed rhombohedral- and
tetragonal-like phases. Further analysis determined that the so-called mixed-phase
regions of these films were not mixtures of the parent rhombohedral- and tetragonal-
like phases, but were mixtures of highly distorted monoclinic phases with no evi-
dence for the presence of the rhombohedral-like parent phase. This work helped
confirm the mechanism for the enhanced electromechanical response and provide a
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All images 1 x 1 ym; Left: Topography; Right: Vertical PFM

Fig. 3.19 AFM image (left) and vertical PFM image (right) of 100 nm BiFeO;/La,sSr,sCoO,/
LaAlQO; (001) in the (a) as-grown state and after being poled in the box at (b) 5.25V, (¢) 10.25V,
d)-3V,(e)-5.25V,(f) -9V, (g)4.5V, and (h) 5.25 V. (All images are 1 x 1 pm). (i) A schematic
hysteresis loop with letters corresponding to the images in (a—h) shows the multiple pathways to
enhanced electromechanical response. (j) Illustration of the proposed mechanism for the large
electromechanical response without the need for ferroelectric switching. (Adapted from [192])

model for how these phases interact at the nanoscale to produce large surface strains
(Fig. 3.19). By under taken local electric field switching studies and navigating the
hysteretic nature of electric field response in this material, a number of important
features were revealed: (1) the large surface strains (4-5 %) occur any time the
material transforms form a mixed-phase structure to the highly distorted monoclinic
phase, (2) transformations between these two states are reversible, and (3) there are
numerous pathways to achieve large electromechanical responses in these materials—
including ones that do not need ferroelectric switching. The key appears to be the
ability to transform between the different phases through a diffusion-less phase
transition (akin to a martensitic phase). Similar discussions of the nature of the
electric field driven phase transformation have also been reported [193]. This report
additionally included single-point spectroscopic studies that suggest that the
tetragonal-like to rhombohedral-like transition is activated at a lower voltage com-
pared to a ferroelectric switching of the tetragonal-like phase and the formation of
complex rosette domain structures that have implications for future devices.

A number of additional studies on these strain-induced phases have been reported
in recent months. This includes considerable discussion on magnetic and magneto-
electric properties of these materials. Researchers have investigated the emergence of
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an enhanced spontaneous magnetization in the so-called mixed-phase structures [194].
Using X-ray magnetic circular dichroism-based photoemission electron microscopy
coupled with macroscopic magnetic measurements, the researchers found that the
spontaneous magnetization of the new intermediate monoclinic phase is significantly
enhanced above the expected moment of the parent phase as a consequence of a
piezomagnetic coupling to the adjacent tetragonal-like phase. Soon after this report,
researchers suggested that the magnetic Néel temperature of the strained BiFeO; is
suppressed to around room temperature and that the ferroelectric state undergoes a
first-order transition to another ferroelectric state simultaneously with the magnetic
transition [195]. This has strong implications for room temperature magnetoelectric
applications. This observation builds off of a detailed neutron scattering study of a
nearly phase-pure film of the highly distorted tetragonal-like phase which confirms
antiferromagnetism with largely G-type character and a 7y=324 K, a minority mag-
netic phase with C-type character, and suggests that the coexistence of the two mag-
netic phases and the difference in ordering temperatures from the bulk phase can be
explained through simple Fe—O-Fe bond distance considerations [196]. At the same
time, other reports suggest the possibility of a reversible temperature-induced phase
transition at about 373 K in the highly distorted tetragonal-like phase as studied by
temperature-dependent Raman measurements [197]. Similar results have been
reported from temperature-dependent X-ray diffraction studies that reveal a structural
phase transition at ~373 K between two monoclinic structures [198]. Finally there are
reports of a concomitant structural and ferroelectric transformation around 360 K
based on temperature-dependent Raman studies. This work suggests that the low-
energy phonon modes related to the FeOgy octahedron tilting show anomalous behavior
upon cooling through this temperature—including an increase of intensity by one
order of magnitude and the appearance of a dozen new modes [199]. Truly this is an
exciting and fast-moving field of study today. Such electric field and temperature-
induced changes of the phase admixture is also reminiscent of the CMR manganites or
the relaxor ferroelectrics and is accompanied by large electromechanical strains, but
there appears to be much more to these mixed-phase structures. Such structural soft-
ness in regular magnetoelectric multiferroics—i.e., tuning the materials to make their
structure strongly reactive to applied fields—makes it possible to obtain very large
magnetoelectric effects [200].

All of these observations of exotic phenomena have implications for memories
and future devices. For instance, the recent observation of large piezoelectric
responses in mixed-phase, strained BiFeO; thin films could provide a possible
pathway to enable probe based data storage elements [201]. Such materials require
considerable development before they can be utilized in devices and a number of
key questions must be answered in this regard. Among the most important for this
application is what is the smallest length scale of coexistence of these two phases?
This question is motivated by the desire to create the mixed phases responsible for
the large electromechanical effects on the same length scales as relaxor ferroelec-
trics (i.e., just a few nm). Likewise, the possibility of converting an insulating,
ferroelectric state in doped BiFeO; (such as in the example shown above of Ca-doped
BiFeO;) into a relatively conducting state could be used for information storage
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purposes. However, the exact physical mechanisms behind such changes in conduc-
tivity are still unclear. An ideal scenario would be one in which the insulating, fer-
roelectric state is converted into a conducting state via a true phase transition that is
triggered by an electric field. Such a sophisticated mechanism is still not available.

3.4.4 Other Single-Phase Multiferroics

Finally, we note that a number of other candidate multiferroic materials with lone-
pair active A-sites and magnetic transition metal B-sites have been produced in the
last few years. As early as 2002, Hill et al. [202] had predicted BiCrO; to be antifer-
romagnetic and antiferroelectric, but not until 2006 were thin films of this material
produced. Thin films of BiCrO; were grown on LaAlO; (001), StrTiO; (001), and
NdGaO; (110) substrates and were shown to be antiferromagnetic, displaying weak
ferromagnetism, with an ordering temperature of ~120-140 K. Early reports
suggested that these films showed piezoelectric response and a tunable dielectric
constant at room temperature [203] while others suggested that the films were anti-
ferroelectric as predicted in theory [204]. Other phases of interest include BiCoOs.
Bulk work on BiCoOs; [205] and theoretical predictions of giant electronic polariza-
tion of more than 150 pC/cm? [206] have driven researchers to attempt creating this
phase as a thin film as well. To date only solid solutions of BiFeO,—BiCoO; have
been grown via MOCVD [207]. Another phase similar to BiCoOj; that has been
produced as a thin film is PbVO; [22], PbVO; films were grown on LaAlO;, StTiO;,
(Lag 15Srp8,)(Aly 50 Tag41)O3, NdGaO;, and LaAlO;/Si substrates and were found to
be a highly tetragonal perovskite phase with a c/a lattice parameter ratio of 1.32.
Further analysis of this material using second harmonic generation and X-ray
dichroism measurements revealed that PbVO; is both a polar, piezoelectric and
likely an antiferromagnet below ~130 K [23]. There has also been attention given to
double-perovskite structures such as Bi,NiMnOg4 which have been shown to be both
ferromagnetic (Tc~100 K) and ferroelectric with spontaneous polarization of
~5 pC/em? [208].

It is also important to note the power of first-principles investigations and the
strong predictive power of modern computational approaches and the role they have
played in the discovery and study of multiferroics (for complete review of first-
principles approaches to multiferroics see [209-211]). For instance, in 2006 Fennie
and Rabe predicted a design strategy by which one could induce multiferroicity in
materials such as EuTiO; (Fig. 3.20) [212]. By applying tensile strain to the mate-
rial, normally a paraelectric antiferromagnet, it was suggested that a ferromagnetic
and ferroelectric phase could be produced. Recent results suggest that indeed this
should be possible. Soon after similar predictions suggested multiferroic behavior
might be possible in phases such as FeTiO; [213]. This prediction has also been
confirmed experimentally [214]. At high pressures (or strains) FeTiO; takes on a
LiNbOs-like structure, a combination of piezoresponse force microscopy, optical
second harmonic generation, and magnetometry has since revealed that this phase is
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both ferroelectric and displays a weak ferromagnetic response. More recently, new
calculations have suggested the material SrMnOs; could also exhibit strain-driven
multiferroicity [215]. Although these are but a few of the many examples of the
close interaction between computation and experimental work, they are illustrative
of the power of modern approaches to modeling and predicting materials properties.
It is clear that such approaches will continue to play an essential role in the future
development of this field.

3.4.5 Horizontal Multilayer Structures

Beyond single-phase multiferroics, great strides have been made in the area of com-
posite magnetoelectric systems. These systems operate by coupling the magnetic
and electric properties between two materials, generally a ferroelectric material and
a ferrimagnetic material, via strain. An applied electric field creates a piezoelectric
strain in the ferroelectric, which produces a corresponding strain in the ferrimag-
netic material and a subsequent piezomagnetic change in magnetization or the mag-
netic anisotropy. Work started in the field several decades ago using bulk composites,
although experimental magnetoelectric voltage coefficients were far below those
calculated theoretically [216]. In the 1990s theoretical calculations showed possible
strong magnetoelectric coupling in a multilayer (2-2) configuration; an ideal struc-
ture to be examine by the burgeoning field of complex oxide thin-film growth [217].
In this spirit, researchers experimentally tested a number of materials in a laminate
thick-film geometry, including ferroelectrics such as Pb(Zr,,Ti;_,)O; [218-223],
Pb(Mg33Nbg¢7)O0;-PbTiO; (PMN-PT) [224], and ferromagnets such as TbDyFe,
(Terfenol-D) [218], NiFe,O, [219, 221], CoFe,0, [223], NiygZn,y,Fe,0, [220],
Lay;S1,3MnO; [222], Lay;Cag3;MnO; [222], and others. These experiments showed
great promise and magnetoelectric voltage coefficients up to AE/AH=4,680 mV/
cm Oe have been observed. Work also continued investigating thin-film heterostruc-
tures by combining such ferroelectrics as Bag ¢St 4TiO3, BaTiOs [225], and PMN-PT
[226] with ferromagnets such as PrygsCagsMnO; [225] and Tb-Fe/Fe-Co multilay-
ers [226]; however, these attempts were unable to produce magnetoelectric voltage
coefficients above a few tens of mV/cm Oe. Current theories suggest that the in-
plane magnetoelectric interface is limiting the magnitude of this coefficient due to
the clamping effect of the substrate on the ferroelectric phase [227]. Since the
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amount of strain that can be imparted by the ferroelectric phase is limited via this
in-plane interfacial geometry, the magnetoelectric voltage coefficient can be reduced
by up to a factor of five. A set of excellent reviews of this film can be found in
[228-231].

3.4.6 Vertical Nanostructures

A seminal paper by Zheng et al. [232] showed that magnetoelectric materials could
also be fabricated in a nanostructured columnar fashion (Fig. 3.21a). By selecting
materials that spontaneously separate due to immiscibility, such as spinel and
perovskite phases [216], one can create nanostructured phases made of pillars of
one material embedded in a matrix of another. In this initial paper, researchers
reported structures consisting of CoFe,O, pillars embedded in a BaTiO; matrix. The
large difference in lattice parameter between these phases leads to the formation
of pillars with dimensions on the order of tens of nanometers, which ensures
a high interface-to-volume ratio, an important parameter when attempting to
couple the two materials via strain. Such structures were shown to exhibit strong
magnetoelectric coupling (Fig. 3.21b) via changes in magnetization occurring at the
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Fig. 3.21 Multiferroic Nanostructures. (a) Schematic illustrations of vertical nanostructure of
spinel pillars embedded in a perovskite matrix grown on a perovskite substrate. (b) Magnetization
versus temperature curve measured at 100 Oe showing a distinct drop in magnetization at the
ferroelectric Curie temperature—proof of strong magnetoelectric coupling. (¢) Surface topography
of a CoFe,0,/BiFeO; nanostructure as imaged by atomic force microscopy. Magnetic force
microscopy scans taken in the same area before (d) and after electrical poling at =16 V (e) (Scale
bars are 1 pm). (Adapted from [232, 233])
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ferroelectric Curie temperature of the matrix material. These nanostructures, in
which the interface is perpendicular to the substrate, remove the effect of substrate
clamping and allow for better strain-induced coupling between the two phases. An
explosion of research into alternate material systems followed as the design algo-
rithm proved to be widely applicable to many perovskite-spinel systems.
Nanostructured composites with combinations of a number of perovskite (BaTiO;
[234], PbTiO; [235], Pb(Zr,,Ti,_,)O; [236, 237], and BiFeO; [238, 239]) and spinel
(CoFe,0,[236, 237], NiFe,0, [235, 238], and y-Fe,0; [239]) or corundum (a-Fe,05
[239]) structures have been investigated. The magnetic properties of such systems
are generally well-behaved, but the ferroelectric properties are highly dependent on
the synthesis technique. When satisfactory ferroelectric properties can be produced,
more substantial magnetoelectric voltage coefficients are generally achieved. Pulsed
laser deposition has proven to be a successful growth technique for achieving satis-
factory properties in these nanostructured films [234, 240, 241].

Zavaliche et al. [242] showed AE/AH=100 V/cm Oe at room temperature in a
system comprised of CoFe,0, pillars embedded in a BiFeO; matrix. These films
were analyzed with scanning probe techniques that utilized both magnetized and
conducting tips. Typical surface morphology for such samples is shown in Fig. 3.21c.
Magnetic measurements show the preference of such structures to maintain magne-
tization along the length of the nanopillars. Magnetic force microscopy scans both
before (Fig. 3.21d) and after electric field poling (Fig. 3.21e) show a significant
number of CoFe,0, pillars switch their magnetic state from a downward direction
to an upward direction upon application of an electric field [233]. This work further
showed that the magnetization-switching event was non-deterministic and could be
improved by applying a small magnetic field (700 Oe) to the sample. This field is
essential to break time reversal symmetry and overcome the degeneracy between
the up and down magnetization states. Nonetheless, these structures have been
shown to be very versatile and offer an excellent opportunity for electrically con-
trolled magnetic storage.

We also note that other interesting nanoscale composite geometries have been
investigated. Using anodized aluminum oxide templates, Liu et al. [243] successfully
synthesized nanowires of NiFe,O, surrounded by a shell of PZT. However, successful
magnetoelectric coupling has been not yet shown in such a system. Overall, it has
been shown that nanostructured composite multiferroics have shown significantly
enhanced magnetoelectric properties over traditional multilayer heterostructures and
are excellent candidates for a wide range of devices that would take advantage of the
strong magnetoelectric coupling that can be achieved in these structures.

3.5 Design of Multiferroic-Based Memories

One of the major questions in the study of multiferroics today is how and when will
multiferroics make their way into a room temperature device and what will these
devices look like? Device manifestation of multiferroics and magnetoelectrics can
be broadly classified into a number of areas, including (1) information storage elements
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Fig. 3.22 Multiferroic-based Magnetoelectronics. (a) Schematic of the magnetoresistance curve
of a GMR device involving a magnetoelectric, multiferroic film as a pinning layer. Half-hysteresis
curves are shown, after saturation at positive field values. The change of polarity of the magneto-
electric, multiferroic layer upon application of an electric field changes the direction of the net
magnetization of the pinning field. The pinned layer (FM1) switches first at large positive field, or
second at large negative field. The low field magnetic configuration is therefore either antiparallel
or parallel, controlled by the magnetoelectric, multiferroic. (b) Schematic of the magnetoresis-
tance curve of a TMR device involving a magnetoelectric, multiferroic film as a tunnel barrier.
Half-hysteresis curves are shown, after saturation at positive field values. The arrows denote the
magnetization directions, with the bottom layer FM1 being harder (or pinned) than the top one
FM2. The dashed curve is the expected TMR behavior. The change of voltage polarity changes the
direction of the net magnetization of the magnetoelectric, multiferroic layer, adding an exchange
bias magnetic field to the resistance curve. The two curves indicate shifting of half-hysteresis
curves towards positive or negative fields, depending on the polarity of the applied voltage. At zero
magnetic field, the change of voltage polarity changes the resistance value of the device (dashed).
(Adapted from [244])

(i.e., memories), (2) information processing elements (i.e., logic elements), (3) sensors,
(4) high-frequency RF elements, and more. In this chapter, we will focus predomi-
nantly on memories, but will touch on others as needed.

The focus of this book is on emerging non-volatile memories. Multiferroics and
magnetoelectrics are but in the infancy of their investigation and thus there are
limited reports of full-scale devices based on these materials. However, as early as
2005, a number of what were referred to as magnetoelectronics based on magneto-
electric materials were proposed [244]. The idea was a simple one, to use the net
magnetic moment created by an electric field in a magnetoelectric thin film to
change the magnetization of a neighboring ferromagnetic layer through exchange
coupling. The authors went on to propose a number of electrically tunable giant
magnetoresistance (GMR) spin valves (Fig. 3.22a) and tunnel magnetoresistance
(TMR) (Fig. 3.22b) elements that could be made possible if such structures could be
achieved. One additional field that could be greatly affected by this research is the
burgeoning field of spintronics. Spin-based electronics, or spintronics, have already
found successful application in magnetic read-heads and sensors that take advan-
tage of GMR and TMR effects. The future of spintronics is partially focused on
evolving beyond passive magnetoelectronic components, like those used today, to
devices which combine memory and logic functions in one [245]. There has been
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growing interest in studying a direct method for magnetization reversal involving
spin-transfer from a spin-polarized current injected into the device. This effect has
been theoretically predicted by Slonczewski [246, 247] and Berger [248], and has
been experimentally confirmed by several groups [249-252]. And it is at this point
that the first major stumbling block is met.

From these initial experiments and theoretical treatments, it was found that sig-
nificant current densities (larger than 107 A/cm?) were required for switching the
orientation of even a magnetic nanowire [250]. One option is to further scale down
materials so that spin-transfer becomes a more attractive alternative to stray mag-
netic field techniques. In the end, integration of such effects into actual devices has
been limited because there are a number of technical difficulties involved in reliably
making such small structures, applying such large currents—while avoiding heating
of the samples, and based on the fact that the intrinsic sample resistance (on the
order of a few ohms) further limits the practical use for GMR devices. Similar issues
are found in TMR devices, which are hindered by the fact that a large current den-
sity must pass through a very thin insulator and the few reports on TMR systems to
date have been inconclusive [253, 254].

At the heart of what Binek and Doudin [244] were asking in 2005 was whether
we should attempt to use currents or some alternative method (i.e., electric field) to
create actual devices with new functionalities. Materials discoveries aside, a critical
materials physics question emerges from this question that lies at the heart of the
last 20 years of research on correlated oxides as well. This has to do with the role of
energy scales (as well as time and length scales) of relevance to the ultimate imple-
mentation of these materials into actual devices. Let us explore this issue in a bit
more detail using the data presented in Fig. 3.23 for the colossal magnetoresistant
(CMR) manganites (data shown here is for La,,Ca,;MnO; (LCMO)) as a frame of
reference. Over the past 20 years, there has been extensive research conducted on
these materials. By far the most interesting aspect of these very intriguing materials
is the large (colossal) change in resistance that occurs with the application of a mag-
netic field of several Tesla (67 in the present example) (shown in the green data in
Fig. 3.23a). It has also been demonstrated that a commensurate “colossal
electroresistance” can be obtained with electric fields of the order of a few hundred
kV (shown in blue in Fig. 3.23a) [255]. Let us now compare these two energy scales
and ask the question: how do these two types of fields compare from the perspective
of external power requirements?

We can understand this through a simple thought experiment. If one needed to
generate the necessary magnetic field of 67 at a distance of 1 pm from a metal wire
(Fig. 3.23b), a current of ~30 A would be required! We note that a 67 magnetic field
translates to a temperature scale in the material of ~8 K [256], which is significantly
smaller than the critical temperatures (for example, the magnetic transition tem-
perature or the peak in the resistivity). Regardless, this current is prohibitive both
from the point of view of the integrity of the metal wire that would carry the current
as well as the power requirements—especially as device sizes are decreased. Let us
now examine an alternative pathway to achieve the same effect through the use of
an electric field (Fig. 3.23c). If one desires to create the appropriate electric field
needed to observe colossal electroresistance in a 100 nm thick film, a potential of
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Fig. 3.23 Motivation for electric field control of properties. (a) Resistivity versus temperature for
La,,Ca,3;MnOs; thin films with no applied field (red), applied electric field (blue), applied magnetic
field (green), and both applied electric and magnetic fields (pink). Energy scales in materials dic-
tate the eventual incorporation of such materials into device structures. (b) The production of the
large magnetic fields (~67) required for colossal magnetoresistance in CMR materials requires
large currents (~30 A) while (¢) production of the appropriate electric fields to produce colossal
electroresistance (~4 V for a 100 nm thick thin film) are much more reasonable and possible in
standard semiconductor electronics circuitry. (Adapted from [255])

only 4 V is required. This is easily generated by standard semiconductor electronics
circuitry. However, if the thickness of the material is, say 1 mm, then a potential of
40,000 V is required to generate the same field.

These two scenarios present a number of important considerations. First, if the
energy scales for manipulation of these materials (be they CMR or multiferroics) do
not become significantly smaller, then the use of magnetic fields to probe and manip-
ulate them becomes technologically prohibitive. Indeed, this can be identified as the
most important reason why CMR based systems have not become commercially
viable. Second, if these energy scales are indeed maintained, it is clear that using thin
film heterostructures and manipulating them with electric fields is a more attractive
way to proceed in terms of technological manifestations of these phenomena. These
ideas form the technological foundation for the next section of our treatment.

3.5.1 Electric Field Control of Ferromagnetism

The overall motivating question for this section is a simple one: can we determinis-
tically control ferromagnetism at room temperature with an electric field? One
possible solution to this question is to utilize heterostructures of existing multifer-
roic materials, such as BiFeO;, to create new pathways to functionalities not
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Fig. 3.24 Schematics illustrating the design algorithm for gaining electrical control of ferromag-
netism. (a) By combining multiferroics together with traditional ferromagnets, we can create het-
erostructures that might have new functionalities. (b) These structures rely on two types of
coupling—magnetoelectric and exchange bias—to gain electrical control of ferromagnetism.
(Adapted from [7])

presented in nature. Such a concept is illustrated in Fig. 3.24. The idea is to take
advantage of two different types of coupling in materials—intrinsic magnetoelec-
tric coupling like that in multiferroic materials such as BiFeO; which will allow for
electrical control of antiferromagnetism and the extrinsic exchange coupling
between ferromagnetic and antiferromagnetic materials—to create new functional-
ities in materials (Fig. 3.24a). By utilizing these different types of coupling we can
then effectively couple ferroelectric and ferromagnetic order at room temperature
and create an alternative pathway to electrical control of ferromagnetism (Fig. 3.24b).
But what exactly are the opportunities for using multiferroics to gain electrical con-
trol over interactions like exchange bias anisotropy? Until recently the materials and
the understanding of the appropriate materials did not exist to make this a plausible
undertaking. Let us investigate, in detail, the work done in this field of study.

In the time since the proposal of these magnetoelectronics, studies have been
done on a number of multiferroic materials. Among the earliest work was a study of
heterostructures of the soft ferromagnet permalloy on YMnO; [257]. This report
found that, indeed, the multiferroic layer could be used as an antiferromagnetic pin-
ning layer that gives rise to exchange bias and enhanced coercivity, but suggested
that YMnO; would likely be an inappropriate choice for continued study as these
values varied greatly with crystal orientation and rendered actual device generation
unlikely. Soon after this initial result, Marti et al. [258] reported the observation of
exchange bias in all-oxide heterostructure of the ferromagnet SRO and the antifer-
romagnetic, multiferroic YMnO;. In both of these studies, the exchange bias existed
only at very low temperatures due to the low magnetic ordering temperature of the
YMnO;. Around the same time, the first studies using BiFeOj; as the multiferroic,
antiferromagnetic layer were appearing with hopes that these intriguing properties
could be extended to high temperatures. As part of this J. Dho et al. [259] showed
the existence of exchange bias in spin-valve structures based on permalloy and
BiFeO; at room temperature and Béa et al. [260] extended this idea to demonstrate
how BiFeO; films could be used in first generation spintronics devices. This work
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Fig. 3.25 Spin valve structures based on Co,gFe,;/Cu/CoyoFe,;/BiFeO; heterostructures. (a)
Schematic illustration and scanning transmission electron microscopy image of the actual device.
(b) Magnetic hysteresis loops of spin valve structures. (¢) Current-in-plane magnetoresistance
measurements. (Adapted from [261])

included the use of ultrathin BiFeO; tunnel barriers in magnetic tunnel junctions
with LSMO and Co electrodes where positive TMR up to ~30 % was observed at
3 K and also demonstrated that room temperature exchange bias could be generated
using CoFeB/BiFeO; heterostructures. Finally, Martin et al. [261] reported the
growth and characterization of exchange bias and spin-valve heterostructures based
on CoggFe, ;/BiFeO; heterostructures on Si substrates. In this work large negative
exchange bias values (typically 150-200 Oe in magnitude) were observed along
with the absence of a training effect—or a systematic decrease in the magnitude of
the exchange bias with repeated magnetic cycling (confirming the results of Bea
et al. [260])—even with over 14,000 magnetic cycles. This work also demonstrated
room temperature magnetoresistance of ~2.25 % for spin-valve structures of 2.5 nm
CogoFep /2 nm Cu/5 nm CogyoFey /100 nm BiFeO, (Fig. 3.25). What these initial
studies established was that exchange bias with antiferromagnetic multiferroics was
possible in a static manner, but these studies had not yet demonstrated dynamic
control of exchange coupling in these systems.

A first attempt at this concept was done by Borisov et al. [262] who reported that
they could affect changes on the exchange bias field in Cr,0; (111)/(Co/Pt); hetero-
structures by using the magnetoelectric nature of the substrate (Cr,O3) and a series
of different cooling treatments with applied electric and magnetic fields. A unique
aspect of this work was the ability to change the sign of the exchange bias with dif-
ferent field cooling treatments. Dynamic switching of the exchange bias field with
an applied electric field, however, remained elusive until a report by Laukhin et al.



3 Emerging Multiferroic Memories 147

a

8 o
Ve=1.2V s s
Vo= 0.6V ST 2l . eeeese—o—
4 - VZ =0V j\ 7\, > PO
= \/ Nl 7S
L ] |I ==
GE, , | | f 1
o 0] s LT Es d
=)
2 V|- N—
E -4 -....-o—"... " ,;I.." 8-4'7 f;;.,.‘fhl
e e E . S
0 0 20
-8 - Temperature (K)
-300 -150 0 150 300
H (Oe)
b
47 .
4 4 | R o .i
g g -4.84 4 \ l Py
] . J YMnO,
Y 042 <o / W A
hal £
E 5.0 : -
T2 0.0 1.2
n V) ¥ .
-1.2 -0.6 0.0 0.6 1.2
Ve (V)

Fig. 3.26 Low temperature electric field control of ferromagnetism. (a) Magnetization loops for
permalloy/YMnOs/Pt, measured at 2 K, after cooling the sample from 300 K in a 3 kOe field, under
various biasing-voltage (V,) values. The circle and arrow illustrate schematically the expected
change of magnetization when biasing the sample by an electric field. The inset shows the
temperature dependence of the magnetization at H=100 Oe and V,=0 when heating the sample
from 2 K to 25 K (top panel) and subsequent cooling-heating-cooling cycles between 25 K and 2 K
(bottom panel). (b) Dependence of the magnetization on V, measured at 2 K in H=100 Oe field
after cooling the sample from 300 K in 3 kOe field. The inset shows (left) a zoom of the —1.2 to
1.2 V portions of the bias excursion and (right) a sketch of the sample structure and electric bias-
ing. (Adapted from [263])

[263] focusing on YMnO; at 2 K. Utilizing heterostructures of permalloy and (0001)
YMnO,; films, the authors demonstrated that after cooling samples from 300 to 2 K
in an applied field of 3 kOe and at various applied electric field biases, significant
changes in the magnitude of magnetization were observed (Fig. 3.26a). Subsequent
cycling of the voltage at low temperatures resulted in reversal of the magnetization
direction in the heterostructure (Fig. 3.26b).
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In the last few years, significant advances in the understanding of the interactions
present in such heterostructures have been presented. Initial reports noted an inverse
relationship between domain size in BiFeO; film and the exchange bias measured in
CoFeB/BiFeO; heterostructures [264]. This initial report offered little detail on how
the domain structures were controlled and the nature of the domain walls present in
the films. A study that soon followed found a correlation not only to the density of
domain walls but also to the density of certain types of domain walls [140]. What
was observed was the presence of two distinctly different types of magnetic proper-
ties for CoqyFe,/BiFeO; heterostructures. Through careful control of the growth
process—specifically controlling the growth rate of the BiFeO; films—the authors
were able to create two starkly different types of domain structures: so-called stripe-
and mosaic-like domain structures. These different structures were found to possess
vastly different fractions of the different domain walls that can exist in BiFeOs.
It was observed that not only was there an inverse relationship between domain size
and the magnitude of the exchange bias measured, but that it was directly related to
the density and total length of 109° domain walls present in the sample. In addition
to identifying the importance of 109° domain walls in creating exchange bias (and in
turn suggesting the relationship with enhanced magnetism in BiFeO; thin films), this
report outlined the idea that two distinctly different types of exchange interactions
are occurring in these exchange bias heterostructures. The first interaction was called
an exchange bias interaction and takes place between pinned, uncompensated spin
occurring at 109° domain walls in BiFeO; and spins in the Cog¢Fe, ;layer. This inter-
action results in a shift of the magnetic hysteresis loop for the ferromagnetic layer.
The second interaction has been called an exchange enhancement interaction and it
arises from an interaction of the spins in the ferromagnet and the fully compensated
(001) surface of the G-type antiferromagnetic surface of BiFeO;. This interaction
results in an enhancement of the coercive field of the ferromagnetic layer.

Utilizing these findings, researchers have moved to create the first room tempera-
ture devices designed to enable control of ferromagnetism with an electric field.
Initial results point to the ability to utilize the above exchange enhancement interac-
tion to deterministically change the direction of ferromagnetic domains by 90° upon
application of an applied electric field (Fig. 3.27) [265]. By creating very high qual-
ity CoggFey /BiFeO,/StRuOs/SrTiO; (001) heterostructures, the authors were able
to demonstrate the first example of a room temperature device structure that utilizes
a multiferroic material to access new functionalities in materials. This work also
outlined the complexity of such an undertaking. It has become apparent that in order
to achieve significant advances with such systems one will need to understand and
be able to control (at least at some level) the coupling between the two (in this case
dissimilar) materials. This requires that one will have a perfunctory understanding
of the various energies-scales at play (including shape anisotropy effects, how pro-
cessing effects the interfacial coupling strength, magnetostriction effects, and
more). This initial work also demonstrated the importance of length scales in this
work as the observed ferromagnetic domain structures were typically much more
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Fig. 3.27 Electric field control of ferromagnetic domain structures at room temperature. In-plane
piezoresponse force microscopy images of ferroelectric domain structure (top) and corresponding
photoemission electron microscopy image of ferromagnetic domain structure (bottom) of CoygFe
features on BiFeO; as a function of applied electric field in the (a) as-grown state, (b) after applica-
tion of an electric field, and (c¢) following application of the opposite electric field. This represents
the first demonstration of reversible electric field control of ferromagnetic domain structures at
room temperature. (Adapted from [265])

complex than the underlying ferroelectric domain structures suggesting that dimin-
ished feature sizes could give rise to single magnetic domain configurations and
therefore a more robust and simple device. In this spirit, current work is focused on
making the coupling in such heterostructures more robust in hopes of extending this
coupling to high temperatures and producing more deterministic control of electric
field switching.

More recently, He et al. [266] have reported the exciting possibility of obtaining
deterministic, 180° switching control of ferromagnetic structures using one of the
oldest known multiferroics—Cr,Os. The elegance of this finding lies in the discovery
of new phenomena on the (0001) surface of Cr,0Os. Specifically, through the use of a
combination of magnetometry, spin-polarized photoemission spectroscopy, symme-
try arguments, and first-principles calculations researchers have demonstrated that
there is an electrically switchable magnetization at this surface in Cr,0O;. By coupling
the Cr,0; to an out-of-plane magnetized ferromagnetic Pd/Co multilayer, they have
demonstrated isothermal switching of exchange bias between positive and negative
values (Fig. 3.28). By applying combination electric- and magnetic-fields the
researchers were able to demonstrate the ability to change the direction of exchange
bias without changing the direction of the applied magnetic field. This represents a
strong step forward in the understanding of multiferroic materials and further proof
of the power of these materials for next generation applications.
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Fig. 3.28 (a) Exchange-biased hysteresis loops of Cr,O; (0001)/Pd 0.5 nm/(Co 0.6 nm, Pd
1.0 nm); at 7=303 K after initial magnetoelectric annealing in E=0.1 kV/mm and
HoH =77.8 mT. Hysteresis loops are measured by polar Kerr magnetometry in E=0, respectively.
The squares show the virgin curve with a positive exchange-bias field of p,Hgg =+6 mT. Isothermal-
field exposure in E=-2.6 kV/mm and p,H=+154 mT gives rise to a loop with a negative exchange-
bias field of p,Hrp=—13 mT (triangles). (b) The squares show the same virgin reference loop. The
circles show the hysteresis loop after isothermal-field exposure in E=+2.6 kV/mm and of
HoH=-154 mT, giving rise to the same negative exchange bias of pgHgg=—13 mT. (c) pgHgp versus
number of repeated isothermal switching through exposure to E=+2.6 kV/mm (circles) and
E=2.0 kV/mm (squares) at constant p,H=—154 mT, respectively (adapted from [266])

3.5.2 Multiferroic-Based Devices

In 2007, Scott offered a brief, but elegant summary of where multiferroic-based
devices, especially memory applications, might make an impact [267]. It is impor-
tant to note that although ferroelectric random access memories (FeERAMs) have
achieved fast access speeds (5 ns) and high densities (64 Mb) in a number of differ-
ent materials, they remain limited by the need for a destructive read and reset
operation. By comparison, magnetic random access memories (MRAMs) have been
lagging far behind, although Freescale Corporation reported commercial production
in 2006 of a smaller MRAM for testing. The appeal of multiferroics is that they offer
the possibility of combining the best qualities of FeERAMs and MRAM:s: fast
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Fig. 3.29 Multiferroic-based devices. (a) Tunnel magnetoresistance curves at 4 K at V4.=10 mV
in an Lay;Sr;;MnOy/Lag ;BipoMnO; (2 nm)/Au junction, after applying a voltage of 42 V (filled
symbols) and =2 V (open symbols). The combination of the electroresistance effect and the tunnel
magnetoresistance produces a four-resistance-state system. (Adapted from [96]) (b) The sketch of
the potential profiles for each of the eight configurations of a multiferroic-based tunnel junction.
Here, the arrows denote majority- and minority-spin carriers, D displays the electronic density of
states. (Adapted from [270])

low-power electrical write operation, and non-destructive magnetic read operation.
At the 256 Mbit level, such memory devices [268] would be a “disruptive technol-
ogy” and could eliminate competition such as EEPROMs (electrically erasable pro-
grammable read-only memories) for applications including megapixel photomemories
for digital cameras or audio memories in devices such as mp3 players.

With this in mind, over the last few years, a number of new devices based on
multiferroic materials and heterostructures have been demonstrated and proposed.
In early 2007, Ju et al. [269] presented a theoretical investigation of an electrically
controllable spin filter based on a multiferroic tunnel junction that could be switched
between multiple resistance states. Soon after this, Gajek et al. [96] demonstrated
the production of four logic states based on ultrathin multiferroic films used as bar-
riers in spin-filter-type tunnel junctions. The junctions were made of La, ;BiyoMnO;
which was proven to be both ferroelectric and magnetic down to film thickness of
only 2 nm and the devices exploited the magnetic and ferroelectric degrees of free-
dom of that layer. The ferromagnetism permitted read operations reminiscent of
MRAM and the electrical switching evoked FeRAM write operations without the
need for destructive ferroelectric readout. The results (Fig. 3.29a) suggest that it is
possible to encode quaternary information by both ferromagnetic and ferroelectric
order parameters, and to read it non-destructively by a resistance measurement. This
work represented the starting point for future studies on the interplay between fer-
roelectricity and spin-dependent tunneling using multiferroic barrier layers and, in
a wider perspective, suggested a new pathway toward novel reconfigurable logic
spintronic architectures.

Yang et al. [270] proposed that eight different logic states could be achieved by
combining spin-filter effects and the screening of polarization charges between two
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electrodes through a multiferroic tunnel barrier (Fig. 3.29b). In this work, the
conductance ratio was found to be dependent on the magnitude of the ferroelectric
polarization, exchange splitting, barrier width, and bias voltage. In 2009, Jia and
Berakdar [271] proposed a modified spin-field-effect transistor fabricated in a two-
dimensional electron gas (2DEG) formed at the surface of multiferroic oxides with
a transverse helical magnetic order. The local magnetic moments in the oxide are
said to induce a resonant momentum-dependent effective spin—orbit interaction
acting on the 2DEG and thus the carrier spin precession is dependent on the magnetic
spin helicity that can be electrically controlled in the multiferroic. Such a device
could, in turn, be used as a nanometer-scale, decoherence-suppressed spin field-
effect transistor and as a nanometer flash-memory device.

As a final note, there are other possible applications for multiferroics and mag-
netoelectrics that might make impact in the coming year. The first is in sensors. By
far, the quickest implementation of multiferroics and magnetoelectrics, especially
bi-layered systems (consisting of a piezoelectric/magnetostrictive composite) is in
magnetic field sensing elements. The work of Srinivasan, Viehland, and co-workers
[228, 231] has already shown proof of this concept. These structures sense changes
in magnetic field as a voltage signal through the mechanical coupling between the
piezoelectric and magnetostrictive layer. The key advantage of this approach is its
inherent simplicity, i.e., it does not require sophisticated processing, small
dimensions, or expensive peripheral circuitry. Furthermore, there is a current trend
to utilize antiferromagnetic resonance in ultrahigh frequency signal processing—
opening up a new door for multiferroics to make in-roads into devices. This is an
area that has not been well explored to date, but the idea is to take advantage of the
possibility of controlling antiferromagnetic resonance with electric fields, thereby
utilizing pre-existing multiferroic materials. Previous work (as is illustrated in
Fig. 3.15) clearly demonstrated that the antiferromagnetic order of multiferroics
such as BiFeOj; can be manipulated through electric field control of ferroelectricity
[156, 158] The question of interest today is to what frequency can this coupling be
pushed? It is well known that as a consequence of the large magnetic anisotropy
fields, resonance in antiferromagnets occurs at a frequency much higher than in
conventional ferromagnets [272, 273]. In the case of the related orthoferrites (the
parent compound to BiFeQOs;) antiferromagnetic resonances occur in the few hun-
dred GHz range, thus opening up the frequency range from ~100 GHz to 1 THz for
future applications in signal processing.

3.6 Challenges for Multiferroic-Based Memories and Devices

The memory market is a highly competitive, as illustrated by the DRAM and Flash
product evolution over the past decade or so. Thus, by far the biggest challenge fac-
ing new materials systems, such as multiferroic and magnetoelectric systems, is
the ability to make a memory product that is competitive with the existing volatile
and nonvolatile memories. Within the nonvolatile memory market-space, two funda-
mental attributes control the market penetration by any given technology. The first is
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the density, often quantified in Flash. For SRAM and DRAM products the figure of
merit is “F?” where “F” is the minimum feature dimension. In CMOS based memo-
ries such as the ones described above, F generally relates to the characteristic CMOS
generation, controlled by the gate metal lateral dimensions. Clearly, the smallest
dimension could be simply F?, i.e., the metal gate sets the storage cell dimension as
well. This has not been achieved in any memory architecture. As a comparison,
state-of-the-art Flash works at 8F?, while SRAMS work at 40F?. State-of-the-art
FeRAM designs project a 16-20F? cell size, still significantly larger than Flash,
while MRAMS are even larger (due to the need for an additional transistor).
Multiferroics, can in principle, compete in this space if the multiple functionality
(i.e., both the charge and the spin degrees of freedom) is capitalized. Challenges are
present at the processing level as well. These challenges are also common to
FeRAMs, namely the integration of complex oxides onto a Si-CMOS platform. Very
little work has been done to explore the integration of multiferroics on such a plat-
form. Likewise, the effect of polycrystallinity in multiferroic materials on the ulti-
mate properties and performance needs to be explored in greater detail. Additionally,
the reliability and robustness of switching processes and logic states have to be care-
fully studied as well. Finally, on a fundamental level, the limits of coupling behavior
need to be fully explored.

3.7 Conclusions: Looking to the Future

We are poised at a very interesting juncture in the evolution of these novel materials.
It has been over a decade since the reincarnation of multiferroics and magnetoelec-
trics. In this time, much progress has been made in synthesis, characterization, and
theoretical treatments of such materials. It is, however, clear that the next few years
are particularly critical in terms of the evolution of these materials into real applica-
tions. Thus, the concerted and collaborative effort of materials scientists, physicists,
and device engineers is essential. Particularly, the critical role of device physicists
in designing new possible pathways to use the multiferroic behavior is obvious. It
may only be through the development of revolutionary new capabilities that the
significant energy barrier to system development will be overcome. The onus is on
the researchers of today to provide the impetus for this significant investment of
time and money.
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