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In the past decade, the rich physics exhibited by solid interfaces combining octahedral
framework structures of transition-metal oxides has fascinated the materials science com-
munity. However, their behavior still eludes the current understanding of classical semicon-
ductor and metal epitaxy. The reason for that is rooted in the surprising versatility of linked
coordination units to adapt to a dissimilar substrate and the strong sensitivity of strongly
correlated electron oxides to external perturbations. The confluence of atomic control in
oxide thin film epitaxy, state of the art high spatial resolution characterization techniques,
and electronic-structure computations, has allowed in recent years to obtain first insights
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INTRODUCTION

Interfaces bridging complex metal oxides have emerged in recent
years as a new paradigm of epitaxy owing to their extraordi-
nary potential to exhibit unanticipated and conceptually chal-
lenging states such as highly conducting electron gases between
two insulating materials (Ohtomo and Hwang, 2004), interfa-
cial superconductivity (Reyren et al., 2007; Gozar et al., 2008), or
polarization-dependent spin transfer (Garcia et al., 2010). This fas-
cinating behavior stems from the delicate balance existing among
strongly coupled lattice, charge, spin, and orbital degrees of free-
dom, which in turn manifests a strong sensitivity to external per-
turbations (Hwang et al., 2012), such as the biaxial stress induced
by a mismatched substrate, polar discontinuities, and even very
subtle effects like slight dissimilarities in the orientation of the
coordination units. These compounds commonly exhibit an ABO3
perovskite-type crystal structure characterized by a framework of
corner sharing BOg oxygen octahedra hosting the B cation that can
be derived from a common undistorted cubic aristotype through
the tilting of essentially rigid BOg units (Glazer, 1972; Howard
and Stokes, 1998). As illustrated in Figure 1A, considering that
the coordination units are rigid but free to rotate about their
shared corners, one obtains an articulated framework that may
exhibit auxetic behavior (Alderson and Evans, 2002). In this ide-
alized case, the misfit strain directly couples with octahedral tilts,
which in turn control the chemical bonding and the physical prop-
erties through changes in the overlap between the B-site 3d and
oxygen 2p orbitals (Tokura and Nagaosa, 2000). Thus, controlling
the topology of the octahedral framework through misfit strain
appears as an obvious strategy to control the stability of electronic
and magnetic states. In practice, however, the deformation of the
framework appears to be governed by the relative rigidity between
the B-O-B angles bridging adjacent octahedra and the B—O bonds.
The latter, in turn, can be distorted either at the expense of elastic
or electronic energies depending on the electronic structure of the

on the microscopic mechanisms governing the epitaxy of these complex materials.
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transition metal. As a consequence, a deterministic manipulation
of interfacial structure and misfit strain in these complex mate-
rials demands simultaneous control on electronic (spin, charge,
orbital) and lattice (elastic, octahedral tilting) degrees of freedom.
Here, we review these mechanisms and highlight their potential in
the design of self-organized oxide nanostructures with enhanced
functionalities.

INTERFACIAL EFFECTS

Interfaces combining octahedral frameworks of transition-metal
oxides tend to react against film/substrate dissimilarities in a coop-
erative way. This is because the various degrees of freedom of the
system are associated with similar energies and therefore there is
not a unique leading mechanism. To illustrate a common sce-
nario, Figure 1B exemplifies the types of dissimilarities found
between the canonic room temperature half-metal ferromagnet
Lag7Sr3MnO3 (Urushibara et al., 1995) and the commonly used
(001) oriented SrTiOj; substrate. In the following subsections,
we briefly analyze the consequences of the various dissimilari-
ties on the topology and the electronic structure of the epitaxial
framework.

MISFIT STRAIN

Rhombohedral perovskites like Lag 7Srg3MnO3 (space group R-
3c) are characterized by equal antiphase tilts of the BOg octahedra
about the three Cartesian axes, « = =y (see Figure 1A), result-
ing in a net rotation w about the pseudocubic [111] direction o
=B=y=w/3"3 (Haun et al., 1989). According to Glazer, 1972,
this octahedral tilt pattern is noted as a~—a~a~, where the com-
ponents of the triad describe the octahedral tilts about the unit
cell axes of the undistorted cubic aristotype (Pm-3m, a’a®a®). As
a result of this tilting, the unit cell interaxial angles, o, are no
longer 90° (Megaw and Darlington, 1975), inducing a misfit shear
strain x = tan(a. — 90°) relative to the underlying (001) plane of
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FIGURE 1 | (A) Pseudocubic (distorted) unit cell of an ABO; perovskite. The
aristotype structure (space group Pm—3m) consists of a three-dimensional
framework of untilted (=P =vy = 0) regular BOs octahedra (O atoms are red
circles) within the cavities of which lie the A cations (large green circles).
Group-theoretical analysis yields 15 tilt systems (Howard and Stokes, 1998),
which are commonly noted following the Glazer notation by the manner in
which adjacent octahedra rotate one relative to each other along a particular
axis of the undistorted cubic unit cell (Glazer, 1972); for instance, a=*
indicates out-of-phase (in-phase) tilts and a° indicates no tilt. Thus the Pm-3m
space group corresponds to the a’a’a® tilt system, while a#p#y#0° (a~b~c¢c)
corresponds to the triclinic space group P—1. (B) Different sources of
dissimilarity between Lag;Sr,sMnO; and SrTiO;. The rhombohedral structure
of Lay;SresMnQ; is forced to match the cubic SrTiO; substrate. The film is
submitted to a tensile misfit strain besides a shear strain and a discontinuity
between the a~a-a~ and a°a°a® tilt systems. Moreover, as indicated in the
right column, the (002) planes in Lay;SrosMnQO; have alternating net charges,
while the (002) planes in SrTiO; are neutral, resulting in a polar discontinuity
at the interface. (C) The six O?~ anions surrounding the Mn®*+ cations in
Lay;SrsMnO; create an octahedral crystal-field potential that partly lifts the
degeneracy of the 3d one-electron orbital levels. Orbitals pointing to the
oxygen ions, &, 3z> — r? and x? — y?, are higher in energy than those pointing
between them, t,: xy, yz, zx (not shown). According to recent findings

4 8 12
Unit cell

(Pesquera et al., 2012), a tensile misfit strain would favor the preferential
occupation of in-plane x? — y? orbitals, while a compressive misfit strain
would favor the occupation of the out-of-plane 322 — r? ones. Near the polar
Lag;SrosMnO4/SrTiO; interface, the Mn®/Mn** ratio is high and the strong
localization of the e, electron gives rise to a measurable deformation of the
MnOs octahedra that contributes to the relaxation of the misfit strain. As the
Mn*/Mn** ratio is decreased away from the interface, the delocalized e,
electron does not give rise to any measurable distortion of the coordination
environment and the octahedra submitted to a misfit strain deform elastically
(Sandiumenge et al., 2013). (D) Planar view annular dark field images of the
misfit dislocation network in a 7.1 nm thick Lag;Sr,3sMnO; film grown on a
LaAlO; substrate. The images have been obtained under low angle annular
dark field (LAADF) conditions in order to emphasize the strain contrast. The
images clearly reveal a self-organized strain pattern associated to the misfit
dislocation network. The magnified bottom image shows in detail the
correlation between the dislocations (yellow arrows indicate the positions of
dislocations and circles mark their intersections) and the strain modulation.
(E) Bright field scanning transmission electron microscopy image of a
BiFeO,/Lag;SrosMnO,/SrTiO; heterostructure, and evolution of octahedral tilt
angles. The two curves correspond to the antiphase tilting of alternate
octahedra. (E) Modified from Borisevich et al. (2010a), copyright 2010,
American Physical Society.
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the cubic substrate. Note that since the substrate does not impose
constrains on the inclination of the out-of-plane pseudocubic axis,
the initial —3m rhombohedral point symmetry is reduced to a 2/m
monoclinic one (Daumont et al., 2010). Therefore, the total strain
energy of the rhombohedral film, Er, splits into two contributing
elastic energies, a shear and a normal one, ET = E(x) + E(8). In
the absence of further perturbations at the interface, and assum-
ing that the lattice distorts elastically (i.e., that strain couples with
the B—O bonds, with no octahedral rotations), dislocation models
(Matthews, 1975) predict a relaxation of E(3) at critical thick-
ness of ~10nm (Abelldn et al., 2009), in strong contrast with
the observation of fully strained in-plane lattice parameters up to
475 nm (Sandiumenge et al., 2013). Conversely, E() is expected
to be relieved from the initial growth stages by twinning on the
(100) and (010) planes perpendicular to the interface (Farag et al.,
2005), again in conflict with experimental observations pointing
the occurrence of a shear transition at a critical thickness of about
2.5nm (Sandiumenge et al., 2013; Santiso et al., 2013). Such dis-
crepancies constitute in fact a dramatic manifestation of the ability
of octahedral frameworks to propagate interfacial perturbations
over length scales exceeding a few 100 nm at a lower energy cost
than that associated with the formation of the misfit dislocation
network needed to plastically relax an equivalent elastic strain
energy.

Misfit strains have important consequences on the electronic
structure of the films. As shown in Figure 1C, the octahedral
coordination of the Mn-sites splits the 3d orbitals into a degen-
erate ty, triplet and a degenerate e; doublet with xy/yz/xz and
x* — y?/3z%* — r* symmetries, respectively. Misfit strains induce
further lowering of the symmetry that also unfolds the e, doublet.
This is commonly achieved by half-filling of the eg orbitals, in
which case the strong electron-phonon coupling induces a Jahn—
Teller distortion of the coordination environment that breaks
the degeneracy of the x*> — y* and 3z% — r2 orbitals, thus modi-
fying their electron occupancy and eventually leading to orbital
reconstructions. In the La;_xSryMnQOj3 solid solution, the electron
occupancy of the eg doublet depends on the strength of the Jahn—
Teller distortion, which in turn is determined by the hole doping
level, x (Tokura and Nagaosa, 2000). In epitaxial thin films, how-
ever, similarly to the Jahn-Teller distortion, misfit strains have
the ability to break the x? — y2/3z% — r? orbital degeneracy (Fang
etal.,, 2000) as recently confirmed by X-ray linear dichroism inves-
tigations (Huijben et al., 2008; Tebano et al., 2008; Pesquera et al.,
2012). A thorough investigation taking into account the attenu-
ation of the signal with the depth in the sample, suggests that
the observed X-ray linear dichroism is rather a consequence of
the superposition of interfacial and free surface effects (Pesquera
et al., 2012). As shown in Figure 1C, those results suggest that a
tensile strain would favor the occupancy of the in-plane x? — y?
orbitals, while a compressive strain would induce the occupancy
of the out-of-plane 3z> — 72 ones, as expected from electrosta-
tic arguments. On the other hand, the Mn®* cations located at
the free surface appear to exhibit a preferred 3z2 — r? occupancy
regardless of the sign of the interfacial biaxial strain. According
to theoretical work (Calderon et al., 1999), this scenario is pro-
moted by the absence of the apical oxygen in the coordination
environment of surface cations and the resulting reduction of the

repulsive electron—electron interaction between the manganese 3d
(322 = r?) and oxygen 2p (z) orbitals.

Despite the surprising adaptability of the octahedral frame-
work, there are situations where plastic relaxation is energetically
favored. As an example, Lag 7Srg3MnOs3 films grown on LaAlO3
substrates under a compressive strain of —2.3% are relaxed by mis-
fit dislocations at a critical thickness of about 3 nm. This indicates
that there is a limited range of rigid octahedral tilts within which
the film can deform to fit the substrate. In this case, the value
of the out-of-plane lattice parameter prior to the onset of plastic
relaxation, 3.98(1) A, is consistent with the value derived from the
Poisson’s ratio v=0.33, 3.975 A, indicating that the film behaves
elastically. Note that on a rigid octahedron basis, see Figure 1A, a
shrinking of the in-plane lattice parameters can be either accom-
plished by increasing the octahedral tilt y about the c-axis, or by
increasing the octahedral tilts simultaneously about the in-plane
a and b axes. While the first operation would leave the length of
the c-axis unaltered, the latter would even shrink it resulting in a
strong contraction of the unit cell volume. Figure 1D shows the
strain pattern associated with the misfit dislocation structure of a
7.1 nm thick film projected on the interface plane, using annular
dark field scanning transmission electron microscopy at low beam
convergence angles (Fitting et al., 2006). The density of the pat-
tern can be manipulated through the thickness of the film. Thus,
misfit dislocations in such compounds provide a means for the
self-organization and spatial modulation of strain patterns in a
strongly susceptible functional matrix, expanding the possibilities
of interfacial engineering beyond homogeneous manipulations of
the octahedral pattern. Moreover, dislocations in complex oxides
are known to exhibit distinct electrical properties compared to the
host material (Szot et al., 2006). Although the control of their den-
sity and distribution has been extensively studied in other func-
tional oxides in bulk form (Sandiumenge et al., 2000), the sponta-
neous formation of regular patterns at interfaces in heteroepitaxial
systems offers unique opportunities for miniaturization.

POLAR DISCONTINUITIES

Besides misfit strains, polar discontinuities are a common dri-
ving force for interfacial charge and orbital reconstructions. They
appear as a result of the fact that individual atomic layers AO and
BO; in ABO3 perovskites can be electrically charged, as is the case
of Lag 7Sr93MnOs3 (see Figure 1B). The net charge per area unit
is +2/3e and —2/3e in Lag 7Srp.3MnQs3, while it is null in SrTiO3
(e is the electron charge). Polar discontinuities lead to a diverging
electrostatic potential which in the absence of any reconstruc-
tion results in the so-called polar catastrophe (Nakagawa et al.,
2006). Since Lag7Srg3MnQO3 exhibits metallic behavior, mobile
charges can screen the diverging potential (Dagotto, 2009), result-
ing in a compensating charge transfer of 1/3e. This would lead to
a shift of the Mn valency at the interface over a screening length
of a few nanometers toward 3+, as confirmed by electron energy
loss (Riedl et al., 2009), X-ray absorption (Lee et al., 2010), and
x-ray photoemission (Sandiumenge et al., 2013) spectroscopies.
According to the bulk La; _4SryMnOj3 phase diagram (Dabrowski
et al., 1999), the transfer of charge toward the interface results
in the formation of a non-ferromagnetic and insulating wetting
layer called “dead-layer.” As films thicken beyond ~2.5nm, the
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number of eg electrons decreases and become delocalized with
strong consequences on the deformation behavior of the films;
the electronic energy gained by removing the eg orbital degener-
acy becomes progressively exceeded by the elastic energy opposing
a similar expansion of the equatorial Mn—O distances needed to
keep the in-plane lattice parameters fully strained (see Figure 1C).
This unbalance evolves until a fully elastically strained rhombo-
hedral phase condenses at a thickness of 10—20 nm, similar to the
critical thickness for plastic relaxation. Strikingly, above this thick-
ness the elastic energy is released by a composite octahedral tilting
mechanism, which allows to maintain fully strained in-plane lat-
tice parameters up to at least 475 nm (Sandiumenge et al., 2013).
This complex behavior clearly reflects the competing nature of the
different degrees of freedom involved in the relaxation mechanism
of such materials.

Thanks to the extraordinary progress achieved in the atomic
control of interfaces in oxide heterostructures, the formation of
the dead-layer can be avoided by precise modifications of the
interfacial architecture (Boschker et al., 2012), or even polar dis-
continuities can be exploited to intentionally induce hole doping
avoiding disorder effects typically associated with chemical doping
(Dagotto, 2009).

OCTAHEDRAL TILT DISCONTINUITIES
A more subtle dissimilarity is that between the octahedral tilt
systems of the film and the substrate. The concept of interfacial
octahedral coupling resides in the idea that the substrate tends to
transmit its octahedral pattern to the film. This concept has moti-
vated an intense research on its use for the engineering of novel
tilt patterns with specific functionalities (Rondinelli and Spaldin,
2011; Rondinelli et al., 2012; Moon et al., 2014). Excitingly, recent
advances in electron microscopy have provided direct access to
oxygen positions (Jia et al., 2009; Borisevich et al., 2010a), and
though direct experimental evidences are still very scarce, indeed
they support the idea of octahedral coupling across the interfaces.
As an example, Figure 1E shows the variation of octahedral tilt
angles in a BiFeOs3 film grown on a 5nm Lag 7Srg3MnO3 buffer
layer fully elastically strained on top of a SrTiOj3 substrate, as deter-
mined by bright field scanning transmission electron microscopy
imaging (Borisevich etal.,2010a). As can be seen in the right panel,
the in-plane octahedral tilts of the Lag 7Srg 3MnOj3 buffer are sup-
pressed by the influence of the cubic SrTiO; substrate, and this
pattern is transmitted to the first unit cells of the bismuth ferrite
film. Tilt angles in the BiFeOs3 layer almost recover their bulk val-
ues at ~10 u.c. ahead of the interface. Similarly, the propagation
of the octahedral tilt pattern of a rhombohedral LaAlO3 substrate
into an epitaxial cubic SrTiO3 film has been directly determined
using the negative spherical aberration imaging technique (Jia
et al., 2009). These experiments provide direct evidence for the
coupling of the antiferrodistortive order parameter (octahedral
tilting) at interfaces, previously postulated for the SrTiO3/LaTiO3
(Hamann et al., 2006; Okamoto et al., 2006) and SrTiO3/LaAlO3
systems (Willmott et al., 2007) systems. Notably, a similar octahe-
dral tilt suppression has also been determined inside the twin walls
of BiFeOs3 (Borisevich et al., 2010b), thus pointing an increased
orbital overlap and thus bigger bandwidth as responsible for their
enhanced conductivity (Catalan and Scott, 2009).

SELF-ORGANIZATION OF NANOSTRUCTURES

Island growth in heteroepitaxial systems is driven by high inter-
face energy and high film surface energy. In octahedral frame-
work systems, the flexibility of the lattice to accommodate large
interfacial dissimilarities favors the wetting of the substrate hin-
dering the formation of islands. However, interesting results
have been obtained by the combination of different structural
families using chemical solution deposition, like, for instance,
perovskite/rock-salt (Lag 7Srg sMnO3/MgO) (Abellan et al., 2012),
fluorite/perovskite (CeO,/LaAlO3) (Gibert et al., 2010), and per-
ovskite/fluorite (Lag.7Srg3MnQ3/YSZ) (Zabaleta et al., 2013). In
all cases, interfaces appear highly dislocated and therefore affected
by strain fields that may extend over a few unit cells into the
island with negative effects on their functionalities, such as the
induction of polarization instabilities in ferroelectric materials
(Chu et al., 2004). Interestingly, dislocation free PbTiO3 nanois-
lands exhibiting spontaneous polarization have been grown under
a small tensile misfit strain of 0.15% on conducting Nb-doped
SrTiO3, using block copolymer micelles followed by epitaxial crys-
tallization (Kim et al., 2010). The strong sensitivity of the growth
mode to interfacial subtleties was demonstrated in the pulsed laser
deposited Y-stabilized ZrO,/SrTiO3 (fluorite/perovskite) system,
in which the fluorite film form continuous films or islands depend-
ing on the atomic termination plane of the SrTiOj; substrate
(Cavallaro et al., 2011).

On the other hand, it has been recently reported that the
extent of interfacial perturbations along the growth direction
can be controlled through the growth kinetics, inducing mor-
phological instabilities, which ultimately lead to self-organized
surfaces. In particular, robust patterns of self-organized nanopits
have been obtained on the surface of Lag 7Srp 3MnOj3 films grown
on SrTiO3 substrates (see Figure 2A) (Konstantinovic et al., 2013).
The nanopits are aligned with the steps of the underlying sub-
strate and result from the morphological evolution of continuous
grooves created during the first growth stages to relax the strain
concentration at step edges. In contrast with the mechanism oper-
ating in semiconductors, such as InGaN-based heterostructures,
where nanopits form at the apex of threading dislocations (de
Sousa Pereira et al., 2008) or associated to other strain sources
embedded in the volume of the film (Liliental-Weber et al., 1997),
here the formation of the nanopits does not require the pres-
ence of other defects, which could deteriorate the properties of
the film. Moreover, the nanostructured surface has been success-
fully employed as a template for the integration of epitaxial Au
nanocrystals exhibiting a perfect octahedral shape (Figures 2B-D)
and excellent metallic-like behavior across the Au/Lag 7Srg 3MnQO3
interface (Figure 2E). Interestingly, such films exhibiting a modi-
fied distortion not found in conventional films, exhibit enhanced
colossal magnetoresistance response (Pomar et al., 2014), thus
further exemplifying the wide range of applications that can be
accessed through the control of octahedral frameworks.

FUTURE PROSPECTS

Last decade has witnessed the emergence of unprecedented phe-
nomena at transition-metal oxide interfaces that could not have
been anticipated from the knowledge built upon conventional
semiconductor epitaxy. This behavior stems from the confluence
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FIGURE 2 | (A) Scanning electron micrograph showing self-organized
nanopits on the surface of a Lag;SrysMnO; film. Inset shows the nanopit
size distribution histogram. (B) Scanning electron micrograph of the Au
nanocrystals grown inside the nanopits. Upper left inset shows the size
distribution histogram of the Au nanocrystals. Upper right inset: upper
panel is a magnified image of an Au nanocrystal exhibiting octahedral
shape; lower panel shows a typical atomic force microscopy topographic
profile of one Au nanocrystal. (C,D) (111)-X-ray diffraction pole-figures
corresponding to the La,;SrosMnO; film and the Au nanocrystals,
demonstrating their cube-on-cube epitaxial relationship. (E) /-V curves
obtained by using atomic force microscopy in current sensing mode when
the conducting tip is placed directly on top of the bare Lay;SrosMnOs
surface (black curve) or on top of an Au nanocrystal (red curve). The black
curve exhibits the typical features of tunneling conduction, resulting from
the deterioration of the Lay;Sr,;MnQ; surface, while the red curve exhibits
metallic-like behavior, indicating that the Au nanocrystals protect the
Lao;SrosMnO; surface against degradation due to ambient conditions (from
Konstantinovic et al., 2013).

of strongly competing charge, spin, orbital and lattice degrees of
freedom, the coupling between them, and a surprisingly versatile
mechanical response of octahedral frameworks to external per-
turbations. A radically new concept that holds strong promise
for the predictive manipulation of the framework topology is
the translation of the octahedral pattern of the substrate to the
film (Rondinelli et al., 2012). Nevertheless, detailed knowledge
on the boundaries between elastic, electronic, octahedral tilting,
and plastic deformation regimes (Sandiumenge et al., 2013), as
well as on the ability to control polar discontinuities (Dagotto,
2009; Boschker et al., 2012), is still needed to avoid interactions
that could interfere with octahedral couplings. Besides electronic
bandwidth-dependent properties, preferential orbital occupan-
cies, particularly at free surfaces, open the door to catalytic appli-
cations (Suntivich et al., 2011a,b). An almost unexplored field is
the manipulation of the octahedral framework to induce growth
instabilities ultimately leading to self-organized surfaces (Kon-
stantinovic et al., 2013), interfaces, or modulated bulk structures.
On the other hand, guided organization using block copolymer
micelles has been successfully used to limit the lateral dimensions
of ferroelectric islands under almost null misfit strain (Kim et al.,
2010). There is no doubt that octahedral frameworks still demand
new challenging conceptual approaches toward nanofabrication
and interface manipulation, but are becoming the working horse
of many future applications.
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