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Abstract

Complex transition metal oxides have played a central role in the study of
magnetic materials, serving as model systems for explorations of fundamental
exchange interactions and the relationships between structural, electronic,
and magnetic responses. Enabled by advances in epitaxial synthesis tech-
niques, abrupt heterointerfaces and superlattices have emerged as a power-
ful platform for engineering novel magnetic behavior in oxides. Following a
brief introduction to the dominant exchange mechanisms in metal oxides, we
review the general means by which interfacial magnetism can be tailored in
ABO; perovskites, including interfacial charge transfer, epitaxial strain and
structural coupling, orbital polarizations and reconstructions, and tailoring
exchange interactions via cation ordering. Recent examples are provided to
illustrate how these strategies have been employed at isolated interfaces and
in short-period superlattices. We conclude by briefly discussing underex-
plored and emerging research directions in the field.
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1. INTRODUCTION

Complex oxides incorporating 3d transition metals, in particular ABO; perovskites and AB,Oy4
spinels, have been fertile ground for the discovery and application of many novel forms of mag-
netism (1). Such developments are due to (#) the nature of the electronic states that arise when
3d transition metals hybridize with oxygen and (§) the bonding geometries in these structures (2).
In recent years, creating atomically sharp interfaces in epitaxial complex oxide heterostructures
has become possible (3). The result is new opportunities to realize model systems in which ex-
change interactions can be tailored on an atomic length scale, yielding novel magnetic properties
and perhaps even new applications. In addition to the usual exchange interactions found in com-
plex oxides, interfaces enable new effects that include charge transfer, structural coupling, and
orbital reconstructions. With advances in synthesis and modeling, this area of research is ripe for
explorations to advance our fundamental understanding.

In this review, we focus on ABOj; perovskite heterostructures. In the first part, we summarize
the structural and electronic properties of ABO; perovskites and the magnetic interactions that
arise at interfaces. We follow with several examples showing how novel magnetic behavior has been
realized in this class of materials. We focus on the fundamental mechanisms by which the exchange
interactions, and resultant magnetic properties such as spin structure and ordering temperatures,
are altered at interfaces. We omit more applied topics such as oxide spintronics (see Reference 4)
and areas such as exchange bias and multiferroic heterostructures, about which thorough reviews
have already been written (5, 6).

2. STRUCTURE AND MAGNETISM IN PEROVSKITES

We begin with a brief introduction to perovskite structure. In ABO; perovskites, the transi-
tion metal cation occupies the B-site (Figure 1), coordinated with six O’~ anions in corner-
connected BOg octahedra. The interstitial A-sites are occupied by a cation (e.g., alkaline earth
or lanthanide), whose oxidation state determines the electron count on the B-site transition
metal. Besides the charge state of the B-site cation, the geometry of the B-O-B network plays
an important role in magnetic properties. The B-O-B bonding environment is determined partly
by the relative sizes of the A4 and B cations. For a perfectly cubic ABO; unit cell with 180°
B-O-B bond angles, the 4-O and B-O bond lengths are such that the Goldschmidt tolerance
factor (7) t = r.4.0/(rp-0/2) is 1.0. However, for a large number of magnetic oxides, 0.71 < # < 1,
where the constraints of three-dimensional connectivity and optimal coordination between atoms
are accommodated by cooperative tilts and rotations of the BO4 octahedra (8). For relatively
small distortions, this situation leads to pseudocubic structures with orthorhombic, tetragonal,
or rhombohedral symmetry. The octahedral rotations alter B-O-B bond angles and, to a lesser
extent, bond lengths. Due to multiple competing magnetic interactions, even relatively small dis-
tortions can affect the sign and strength of the exchange interactions mediated through these
bonds.

In the 3d perovskites, the outermost electrons on the transition metal nominally occupy 4
orbitals. The bonding states are mostly of 2p character (Figure 1), whereas the antibonding
states are mostly of 34 character (with important exceptions!) and have spins that are primarily
responsible for the observed magnetization. Due to electrostatic interactions and hybridization
of the 3d states with the nearest O>~-2p orbitals in a cubic crystal field, the fivefold degeneracy
of the 3d manifold is lifted. The eigenstates are no longer spherical harmonics but are linear
combinations of these, with an ¢, doublet (d,2_,2, d5.2_,2) and a 1y, triplet (dy, d,., d..) separated
by the crystal field splitting, Acr ~ 1-2 eV (Figure 1). Due to the loss of degeneracy, the orbital
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Figure 1

(@) Structure for an ABO3 perovskite, shown with an ideal cubic structure (+ = 1) and with octahedral dlts
(t < 1). (b)) An ABO3/A'B'Os interface. (¢) The electronic configuration at a B-O-B’ bond at a perovskite
interface. The crystal field splitting, Acp and A’cp, is shown for the B and B’ cations at the interface.

angular momentum of the 3 states is partly quenched. The degeneracy in the ¢, and #,, manifolds
can be lifted further by structural distortions (e.g., Jahn-Teller effects) (8). The degeneracy in
the #,, manifold can also be removed by spin-orbit coupling, although this is not true for the e,
states (12). For the 34 oxides considered here, spin-orbit coupling is relatively weak, and we can
ignore the orbital component of magnetization to a first approximation. Thus, we assume that the
Lande g factor is ~2 and that the magnetic moment is simply gugS, where S is the total spin of
the electrons in the 3d manifold and up = 2— is the Bohr magneton (SI units).

The exchange interaction between electrons is a consequence of Fermi statistics, which pro-
hibits identical electrons (e.g., two spin-up electrons) from occupying the same state, and the e-e
Coulomb repulsion that depends on the spatial part of the electron wave functions. The exchange
interaction plays an important role in electronic structure, due to interactions between electrons
on the same site as well as on neighboring sites.

For electrons in the 34 manifold of a transition metal atom, the intra-atomic interaction favors
parallel spin alignment, which minimizes Coulomb repulsion due to Hund’s exchange coupling
(J1). For interatomic exchange interactions between localized states, the strength of the interaction
is a function of the direct overlap between them. The complex oxides were recognized early on as
being different in this regard. In the 3d perovskites, the direct overlap between neighboring B-site
cations is negligible and cannot account for the strength of the exchange interaction (this becomes
progressively less true for 44 and 54 compounds). In fact, the interaction is mediated through the
bridging oxygen and directly involves its electrons. Two types of exchange interactions occur in
this manner. The first, termed superexchange, involves a virtual transfer of electrons between the
transition metal cations. The second, double exchange, involves mediation of magnetic interactions
by delocalized carriers. In this section, we briefly describe these interactions and set them in the
context of interfaces.
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Superexchange

The so-called rules for superexchange are codified in papers by Goodenough (9), Kanamori (10),
and Anderson (11) and are thus collectively known as the GKA rules. Khomskii (12) provides
an excellent review of these rules, and we refer the reader to this and several other reviews (e.g.,
Reference 13) for detailed discussions. In our simplified description, we consider a single 34 orbital
per B-site with one electron per orbital. Transfer of electrons between two adjacent B-site cations
involves two hops, one for each B-O bond (see Figure 24). The effective d-d hopping integral
between orbitals on two identical B-site cations is given by 4 = #,,/A. Here 1, is the p-d hopping
integral, and A, the charge transfer gap, is the energy needed for an electron to hop between an
O-2p and a B-3d level (more on this below). 7, has important symmetry constraints; for example,
two d,, orbitals can connect through a p, ligand orbital along the y direction, but not through p,
or p,. The combinations of orbitals that participate in exchange are thereby restricted. Let us now
consider a lattice of transition metal sites, each initially having # electrons in the 34 manifold (d”);
all occupied orbitals have exactly one electron. If an electron were to hop between neighboring
sites, it would have to pay an energy cost associated with the change in electron count on both the
sites involved. This cost, which is mostly due to on-site Coulomb repulsion between electrons, is
often referred to as the Mott-Hubbard U,

U = E@" "' +d™") — E@" +d"). 1.

In many 3d perovskites, where U ~ 4-7 eV and #;; ~ 0.1-0.3 eV (U > t4), the energy lowered
by delocalizing electrons is unable to overcome the Coulomb blockade between sites, and a Mott
insulator is obtained for what would be a metallic half-filled band in the noninteracting limit.

However, the electrons can still make virtual hops to neighboring sites, where by second-order
perturbation we expect a lowering of energy by an amount given by

2y
U
This virtual hop is allowed by the Pauli principle so long as the virtual state has a spin opposite

J= 2.

to that of the electron occupying the orbital. The neighboring sites labeled 7, j are antiferro-
magnetically coupled with an exchange energy given by —J S; S;. The first GKA rule states that
exchange interactions between filled 34 orbitals on adjacent B-site cations are antiferromagnetic
(AF); examples include SrMnOjs, LaCrO;s, and LaFeO;. The factor of 2 in Equation 2 considers
both (#) virtual hops from filled orbitals on one site to its neighbor and (J) the reciprocal process
(Figure 2a). Of course, the d-d charge transfer involves a sequence of p-d hops between the
2p ligand oxygen orbitals and the 3d transition metal orbitals (Figure 2b4). The o overlap be-
tween the O-2p and ¢, orbitals is stronger than the 7 overlap between O-2p and #,, orbitals, and
tpar ~ (1/2)tpao - The exchange energy J, which varies as 7, is thus approximately 16 times larger
for interactions involving e, orbitals compared with #,, orbitals between two neighboring B-site
cations.

The d-d charge transfer is not necessarily the lowest-lying charge excitation. It competes with
O-2p-B-3d charge transfer A, which is defined as

A = E(dnJrIPS) _ E(dnpé). 3.

The charge transfer gap can also localize electrons for U > A > #;; and leads to a charge transfer
insulator (14). The difference between the two types of insulators is essentially a matter of where
the holes created by the excitations live: in a d-like orbital for a Mott-Hubbard insulator and in a
2p-like orbital for a charge transfer insulator. In perovskites with 34 transition metal cations, U <
A for elements with lower atomic number (like T1), whereas for higher oxidation states like Mn**
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Figure 2

(#) Antiferromagnetic (AF) superexchange mediated through the ligand oxygen between two singly occupied
orbitals through a 180° B-O-B bond. The dashed blue arrows indicate virtual hops back and forth from
occupied to unoccupied states. Unoccupied states for a second electron on a given orbital are depicted as
open boxes above the Fermi level (Ey) (dotted black line). The Pauli principle dictates that an electron virtually
excited to this state have a spin opposite to that of the existing electron in the same orbital. (b)) The sequence
of configurations for one-half of the superexchange interaction in panel #, when a spin-up electron makes a
virtual hop from the left B-site to an excited state on the right B-site and back. The equivalent reciprocal
virtual hop from an occupied spin-down state on the right site to the left site is not shown. (¢) AF
superexchange at a B-O-B’ bond, where we consider the energy level mismatch between d orbitals on B and
B’. Here, a virtual hop from left to right (dashed blue arrows) is inequivalent to the reciprocal process from
right to left (dashed red arrows). (d) Ferromagnetic (FM) superexchange at a B-O-B’ interface, where B is
occupied and B’ is unoccupied in an insulating oxide. (¢) Double exchange involves hopping between sites
with a noninteger average occupancy per orbital, typically in a mixed-valence compound. The hopping leads
to delocalized electrons and aligns the localized core spins on neighboring sites (not shown) via Hund’s
coupling to the itinerant electron spins. (f) Superexchange between a 3d° site and a 3d* site. The
interactions between the three filled 754 orbitals are 7-AF. The interaction between the filled ¢, orbital and
the empty ¢, orbital is o-F. The interaction between the two filled ¢, orbitals is o-AF. The sum over all
interactions is shown as AF.

and for elements further to the right in the periodic table like Ni and Cu, U < A, yielding charge
transfer insulators. The literature provides values for U and A for 3d transition metals (15).
For exchange interactions, the charge transfer process involves virtual excitations of electrons
from the O-2p orbital to the singly occupied d orbitals. In this case, 1/U in Equation 2 can be
substituted by 1/A in the simplest picture. Mott-Hubbard and charge transfer processes must
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always be considered in parallel, with one dominating the other in limiting cases: Mott-Hubbard
for A > U and charge transfer for U > A.

These concepts can be extended to B-O-B’ interactions at interfaces where the two transition
metals are not the same and where the d orbitals on both cations are singly occupied (12). We
consider only the Mott-insulating limit for brevity, for which A > U. Figure 2¢ shows the case
for singly occupied cations. Starting with Equation 2, we consider the two reciprocal processes
that are now inequivalent due to the offset in levels between the B and B’ cations. These processes
lead to two terms:

—tiy | —tia
U’ U’
where #;, = (tyatpe)/ A” and for the reciprocal hop tyy = (tyatya)/A* (Figure 2¢).

J=

Ferromagnetic Superexchange

The most common way in which ferromagnetic (FM) superexchange occurs is when the interaction
involves an occupied orbital and an empty orbital in an insulator, for instance, in the double
perovskite La,MnNiOy. Figure 2d shows the process for a virtual hop between a singly occupied
orbital on B and an unoccupied orbital on B’. The cost of adding an electron to the empty orbital
on B’ is U’. The energetic advantage of a FM alignment over an AF one is due to the Hund’s
energy Ji; on B’ and is given by

1 1 1 Ji
]=t217_ =1, — 7‘1 5.
“ [(U’—Jh) (U’)] “ [(U’> U= Jy)
Here, there is only one channel per orbital for interaction compared with two per orbital in
Equation 4. Because Ji; ~ 0.8 eV, these interactions are weaker than the AF superexchange in

Equation 4 by a factor of ~5.

Another form of FM superexchange can happen for a 90° B-O-B bond (e.g., in LiNiO, or
CuO; chains) when the 4 orbitals on both cations are singly occupied. Any deviation from an
180° angle in an AF B-O-B’ bond will mix in the 90° FM interaction, although in pseudocubic
structures this effect is very weak and can be ignored to a first approximation.

Double Exchange

A second type of exchange, known as double exchange (Figure 2e), involves a real hop of an electron
between orbitals in neighboring transition metal cations (16). As in superexchange, the transfer in-
volves a sequential hop of an electron from the oxygen to a transition metal and from a neighboring
transition metal orbital to the oxygen. However, unlike superexchange, in which the electrons are
localized, double exchange favors delocalization of carriers, long-range FM order, and metallicity.
If the core spins on the B-cations are sufficiently large and Jiy >> 14, the itinerant electron’s
spin is aligned parallel to the core spins on the transition metal sites, giving rise to a strong FM
interaction (17). Double exchange has an angular dependence that varies as cos(0/2), where 6 is
the angle between the core spins (here we consider only 0° < 6 < 180°). This angular dependence
is like that in a spin valve in which parallel alignment between neighboring spins favors itinerancy,
whereas the opposite is true for antiparallel spins. The strength of double-exchange interaction is
nominally proportional to the number of itinerant carriers, which varies with doping, and to the
bandwidth for charge transport, which is proportional to z4,. The inclusion of both superexchange
[which varies as cos(f)] and double exchange in the simplest models for a cubic lattice results in
a rich phase diagram including ferromagnetism, antiferromagnetism, and the famously elusive
canted states (18). At an interface with competing magnetic interactions, the overall magnetic
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The ability to realize abrupt heterojunctions enables numerous mechanisms by which magnetism at interfaces can be modified.

Four intrinsic mechanisms are illustrated: tailoring of B-O-B’ bonding configurations across an interface to control local exchange
interactions, interfacial charge transfer to alter electronic occupancy at interfaces, orbital polarizations and reconstructions, and strain and
structural coupling to modify distortions and rotations of the BOg octahedra. Abbreviations: AF, antiferromagnetic; FM, ferromagnetic.

structure is that which minimizes the total exchange energy when summed over all neighbor-
ing cations, where each nearest-neighbor interaction is the sum over all exchange pathways

(Figure 2f).

3. INTERFACIAL MAGNETISM IN OXIDE HETEROSTRUCTURES

The ability to form heterojunctions between oxides with dissimilar magnetic, electronic, orbital,
and structural properties can give rise to modified or novel magnetic behavior. The changes
in magnetism due to the formation of a heterostructure can be either spatially confined to an
interface, for instance, due to interfacial charge transfer, or present throughout an entire film, as
typically occurs in the case of strain-driven phenomena or in short-period superlattices in which the
entire crystal effectively consists of interfaces. This section reviews the most common mechanisms
(Figure 3) by which exchange interactions can be engineered or altered due to the formation
of a heterointerface, including interfacial charge transfer (Section 3.1), structural modifications
and orbital polarizations (Section 3.2), tailored B-O-B’ interactions obtained by cation ordering
(Section 3.3), and reduced dimensionality (Section 3.4). Additionally, we describe how extrinsic
effects such as point defects and intermixing can alter interfacial magnetism (Section 3.5).

3.1. Charge-Based Control of Interfacial Magnetism

As exchange interactions are sensitively dependent on orbital filling, modifications to the local
electron count on the B-site cation can have significant consequences for magnetic ordering.

www.annualyeviews.org o Magnetic Oxide Heterostructures 71
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Here, we describe how interfacial charge transfer and field-effect-induced charge accumulation
can alter magnetism at interfaces.

3.1.1. Interfacial charge transfer. Charge transfer at oxide interfaces has been one of the most
popular pathways toward realizing new electronic and magnetic states in oxide heterostructures
(19). In this approach, charge transfer occurs at an interface to equilibrate the difference in chem-
ical potentials between carriers in the two materials, in analogy with interfaces in conventional
semiconductors and metals. This has been proposed as a general method for interfacial doping
at epitaxial interfaces between oxides (20) and is the focus of this section. One way in which
interfacial charge transfer has been realized is modulation doping, in which the A-site compo-
sition is varied between different layers, whereas the B-site transition metal is kept the same
(e.g., La**T**O3/Sr?+ Ti** O3 or La**Mn** O3/Sr**Mn** O3) (21-23). This process causes the
nominal electron count on the transition metal to vary across an interface. If the B-site energy
levels are appropriately aligned, the amplitude for hopping between them may be substantial
and can cause charge to quantum mechanically leak across the interface. However, this comes
at the cost of a Coulomb binding energy of ~ ¢*/(sa) for leaving behind a hole, where ¢ is the
dielectric function and # is the lattice spacing (24). This gives rise to a natural length scale for
charge spreading across an interface, analogous to a Thomas-Fermi length in conventional metals,
Lyg ~ t(ea’/e*), where t is the hopping amplitude. For typical material parameters in oxides
(e ~ 15, ¢t ~ 0.2 eV), this length scale has been calculated to be ~1-3 unit cells (25). The
amount of charge that leaks across an interface is such that the resulting electric field integrated
over approximately Ly yields the difference in chemical potentials between the two materi-
als. This charge transfer causes the interfacial region, extending over a few unit cells, to have
an electron count different from the bulk values of the two materials. Although the lineup be-
tween levels for ABO;/A'BO; interfaces seems intuitively obvious, as it involves charge leak-
age between B-cations with different valences (eg. B**-O-B*), for AB'O;/ABOj5 interfaces (e.g.,
LaNiO;/LaMnO; or LaTiO;/LaMnOs) and A'B'O3/ABO; interfaces (e.g., SrTiO;/LaMnOs),
it is not so clear and must be inferred from experiment. For example, measurements of the
Schottky barrier formed by various ABO; perovskites with degenerately doped 7-SrTiO; have
revealed trends in the variation of chemical potential with doping, as well as across differ-
ent 34 transition metals on the B-site (26, 27). These experiments indicate that, as the B-
site is occupied by transition metals with increasing atomic numbers, the chemical potential
decreases for a given 3d occupation. These trends may be used as a guide to design charge
transfer across interfaces. The literature on redox couples, in which one pair of oxidation
states is preferred over the other, can also provide a useful guide. For example, the right-hand
side of the reaction Ni** + Mn** — Ni** + Mn** is believed to be energetically favored
(28).

Experimentally, when charge transfer occurs, it can change the nature of magnetic interac-
tions and transport properties of the interfacial region. For example, near the interface between
the AF insulators LaMnO; and SrMnOQjs, the electron count is intermediate between 34* and
3d* over a region of several unit cells, which can favor double-exchange ferromagnetism. Thus,
one can obtain quasi-two-dimensional ferromagnetism at the interface between two AF insula-
tors. Although ferromagnetism is sensitive to structural issues such as interfacial roughness, this
concept has been realized (Figure 4) and verified with photoemission (30), transport (31, 32),
and optical conductivity (33) measurements. Because the GKA rules depend on the number of
electrons in orbitals participating in exchange interactions, changes in orbital occupancy with in-
terfacial charge transfer can also give rise to new types of magnetic interactions. Polarized X-ray
scattering results showed that, in large-period (LaMnO3),,/(SrMnOs), superlattices (7 > 5), the
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(@) Metal-insulator transition in (LaMnO3),,/(StMnO3),, superlattices with increasing 7z, where the superlattices are insulating for

n > 3 and metallic for » < 3. Reproduced from Reference 31. Copyright 2008, American Physical Society. (6) Modulated magnetization
as measured with polarized neutron reflectometry in a large-period (LaMnO3)/(StMnQO3) insulating superlattice. The Z-contrast
scanning transmission electron microscope image of the superlattice shows that the bright regions correspond to LaMnOj3 and that the
dark regions correspond to SrMnO3, due to the higher atomic number (Z) of the La atom columns. The magnetization is strongly
suppressed in StMnOs3. In this particular sample, interfaces alternate, on average, between smooth and rough. Rough interfaces have
lower magnetization than do smooth interfaces. Adapted with permission from Reference 29. Copyright 2008, American Physical
Society. (¢) Photoemission experiments from a series of (LaMnO3),,/(StMnO3), superlattices. The spectral weight at the Fermi surface
is strongly reduced going from the metallic # = 1 superlattice to the insulating » = 3 superlattice. The two maps for each superlattice
are at the Fermi level (E) and at a binding energy of 0.1 eV below Er. Reproduced with permission from Reference 30. Copyright
2012, Nature Publishing Group. (4) Delta doping of ferromagnetism within an antiferromagnetic manganite. The left panel shows a
schematic of the charge distribution in the delta-doped LaMnO3/SrMnOj3 superlattice that is shown in the middle panel. The spins are
canted, with the angle between spins at 157° in the low-moment regions and at 103° in the high-moment regions (right panel). Adapted
with permission from Reference 40. Copyright 2011, American Physical Society.

orbital occupancy was distinct in the bulk of LaMnOj; compared with that at the interface (34).
This difference in orbital polarization was accompanied by a change in the anisotropy of spins in
the vicinity of the interfaces compared with the bulk of LaMnOs.

In short-period ABO;/A'BO; superlattices, in which the period is smaller than or comparable
to L, the charge spreads out between the layers, and all B-site cations have a nominal valence
set by the composition of the superlattice, e.g., Mn*%7* for (LaMnO3),/(SrtMnO;); superlattices,
which yields a FM metallic phase. This phase is realized without the A-site cation disorder that
accompanies the usual doping strategies in bulk single crystals. The absence of cation disorder can
have important consequences for phases that are sensitive to this kind of disorder. For example,
in (LaMnO3),/(SrMnOs),, superlattices, the AF Néel temperature (7x) was enhanced compared
with that of a random alloy of Lag 33 Srg 5 MnOj3 by approximately 70 K from ~250 K to 320 K (35).
This enhancement was presumably due to the fact that at this composition, the bulk material has
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two competing AF states: an A-type (layered) AF state and a C-type (chain-type) AF state (36). At
first-order phase boundaries between such phases, there are theoretical predictions of enhanced
sensitivity of the ordering temperature to disorder (37). Such competing electronic/magnetic
phases are found in many transition metal oxides. Mitigating the effects of disorder by cation
ordering may thus be a general strategy by which to obtain enhanced transition temperatures or
other new properties in magnetic oxides.

The precise placement of dopants in a lattice may enable other effects that are not observable
in bulk samples. As an example, theoretical calculations show that the homogeneously canted
AF phase that arises as a result of the competition between double exchange and superexchange
in manganites is fundamentally unstable to phase separation between FM and AF regions (38).
However, by using a delta-doping approach (Figure 4d) (39), a canted AF state could be realized
within an A-type AF host (40). In these superlattices, epitaxial constraints may be responsible for
stabilizing the canted AF state. In principle, this quasi-two-dimensional FM metal may be tuned
with a gate electric field.

3.1.2. Electrostatic charge accumulation/depletion. The interfacial electronic configuration
can also be modified by using electrostatic field-effect gating (41), providing a route for control-
ling interfacial magnetism with electric fields. The use of ferroelectrics such as Pb(Zrg,Ti95)O;3
(PZT) or electrolytic polymers and liquids as alternative gate dielectrics enables the accumulation
of carrier concentrations on the order of 10 cm™2 (42, 43), significantly higher than those that
can be achieved by using conventional dielectric oxides. These levels of induced charge can alter
the nominal valence of the B-site cation in the few unit cells nearest the interface, producing
changes in the saturation magnetization and in the stability of FM-versus-AF exchange interac-
tions. Recent work on PZT/LaggSrg2MnO; field-effect structures provided an example of this
approach. By switching the polarization of the PZT with the application of an electric field, an ac-
cumulation or depletion of carriers was achieved in the interfacial region of the manganite layer,
leading to bias-dependent and reversible changes in the Curie temperature (7¢) and magneti-
zation of Laj gSro,MnQOs. X-ray absorption spectroscopy measured at the Mn L; ; edge during
biasing revealed a shift of 0.3 eV between depletion and accumulation; this shift corresponded to
approximately 0.1 electrons per Mn in the near-interfacial region (44). The measured change in
magnetization between the two biasing conditions was ~0.76 pp per Mn, significantly larger than
the value of 0.1 pg per Mn expected if the effect on magnetism was limited solely to a change in the
number of unpaired d electrons. Instead, this discrepancy suggested that the relative magnitudes
of the exchange interactions are altered via electrostatic doping, for instance, weakening the FM
(AF) exchange while enhancing AF (FM) interactions, an effect also captured in density functional
theory studies of manganite/ferroelectric interfaces (45).

3.2. Structure- and Orbital-Driven Control of Magnetism

The strong coupling between atomic structure and magnetic properties has been well established
in bulk perovskites (46, 47), including clear demonstrations of how ordering temperatures and
magnetic ground states are highly sensitive to B-O-B bonding environments because electronic
bandwidth is dependent on metal-oxygen bond lengths and angles. Thin films provide the op-
portunity to realize nonbulklike crystal structures through epitaxial stabilization and to alter the
metal-oxygen bond environments and d orbital polarizations via substrate-induced strain, which
can result in films with magnetic properties quite different from those of their isocompositional
bulk counterparts. Additionally, interfacial structural coupling and orbital reconstructions can
induce novel magnetic behavior confined to length scales of a few unit cells at an interface.
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3.2.1. Epitaxial stabilization. In epitaxial stabilization, a metastable phase becomes preferable
to the equilibrium phase due to an energy reduction at the film/substrate interface (48). The
growth of hexagonal manganite films offers a good example of epitaxial stabilization as applied to
complex oxides. In bulk, rare earth manganites with relatively large A-site cations, such as LaMnOj,
exhibit an orthorhombic perovskite structure with corner-connected MnOg octahedra. However,
the substitution of smaller 4-site cations, such as in LuMnQOs, leads to a hexagonal structure
with MnOs trigonal bipyramids (49). In rare earth manganites in which the A-site ionic radii are
between La and Lu, for instance, HoMnO; or DyMnO3, the energetic difference between the two
different crystal structures becomes small. For such compounds, the hexagonal or orthorhombic
structures can be manifested through the choice of substrate. For example, whereas GAMnO; is
orthorhombic in bulk, films grown on (111)-oriented (ZrO;)ys5(Y>O3)0.15 or hexagonal YMnO;
substrates can be stabilized in the hexagonal structure (50, 51). Above a critical thickness, the
interfacial energy reduction is offset by the larger enthalpy of the hexagonal phase compared
with that of the orthorhombic phase, causing the film structure to revert back to orthorhombic
(50). Similarly, hexagonal manganites can be stabilized in pseudocubic perovskite structures; an
example is YMnOjs. Orthorhombic YMnOj films have attracted considerable interest due to their
multiferroic behavior, including the presence of AF and cycloidal magnetic order (52-54).

Epitaxy can also be used to stabilize the perovskite structure in films in which the cations are
forced into unfavorable valence states, as in the case of EuMoQOs. Bulk high-pressure synthesis
resulted in the pyrochlore Eu, Mo, 07, which displays the preferred valence states of the cations
Ed** and Mo*". By using pulsed laser deposition, epitaxial EuMoQ; films were stabilized on
GdScO; substrates with a Sr'TiO; buffer layer (55). EuMoO; films, in which Eu takes on a 2+
valence, are metallic ferromagnets.

3.2.2. Epitaxial strain. When pseudocubic perovskite films are grown on pseudocubic perovskite
substrates, epitaxial strain can have a profound effect on the BO4 bonding environment, as the
substrate in-plane lattice parameters are imposed on the film, resulting in BOg distortion and/or
rotations that are quite different from those found in compositionally equivalent bulk compounds
(56). Given that magnetic ordering and transition temperatures in perovskites depend sensitively
on the B-O lengths and on the B-O-B angles (46, 47, 57), modifying octahedral distortions and
rotations in films provides a means by which to engineer magnetism in oxide heterostructures.
Indeed, multiple studies have shown that epitaxial strain can dramatically alter magnetic properties
by suppressing ferromagnetism, inducing FM states in otherwise paramagnetic materials, and al-
tering the stability of magnetic ground states. In this way, epitaxial strain enables isocompositional
films to be realized with either FM or AF structures.

The mixed-valence manganites have been a model system for investigations of how epitaxial
strain can alter magnetism. The magnetic properties of bulk manganites, such as La;_,Sr,MnO;
and La;_,Ca,MnOj3, have received considerable attention due to their rich phase diagrams in
which multiple magnetic ground states are present and competition between neighboring phases
can give rise to colossal responses (36). Figure 5 illustrates three AF orderings—A type, C type,
and G type—found in manganites and other magnetic perovskites.

Strain-induced changes in the magnetic properties of manganites are driven largely by two
coupled effects: (#) the modification of B-O bond lengths and B-O-B bond angles and (/) the
creation of an orbital polarization favoring occupancy of either the d,>_,» or d;.2_,» orbitals
(Figure 6a) (58-62). The former effect produces changes in the hopping probability between
adjacent heterovalent B-site cations, altering the strength of FM exchange interactions. Similarly,
AF superexchange interactions are also sensitive to bond lengths and angles (both depend on #,).
Strain-induced orbital polarizations also result from alterations to the local bonding environment.
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Schematics showing the arrangement of spins in (2) A-type, (b) C-type, and () G-type antiferromagnets (AF). For clarity, only the
B-site sublattice of the perovskite structure is shown. The red and blue colors denote spin up and spin down, respectively.
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(@) The preferred orbital occupations arising from a difference in the B-O bond lengths along the in- and out-of-plane directions are
shown schematically. Tensile strain (¢/a < 1; top) favors a d _y2 orbital polarization, whereas compressive strain (¢/a > 1; bottonz) favors
ads,_ o orbital polarization. (b) These orbital polarizations can be measured by using X-ray linear dichroism (XLD), in which the
differential absorption of vertically and horizontally (V-H) polarized X-rays is measured as the photon energy is scanned through a
B-site or oxygen absorption edge. For example, XLLD has been used to measure these orbital polarizations in Lag 7Sro 3MnO3 (LSMO)
films on SrTi0O3 (STO) (tensile strain) and on LaAlO3 (LAO) (compressive strain). XAS denotes X-ray absorption spectroscopy. Panel
b is adapted with permission from Reference 63. Copyright 2006, American Physical Society. (c) The phase diagram of strained
Laj_,SryMnOs films reveals how strain-induced orbital polarizations can be used to tune the spin structure between ferromagnetic (F)
and A- and C-type antiferromagnetic orderings. The symbols correspond to films grown on LAO, (La,Sr)(Ta,Al)O3 (LSAT), and STO
substrates. Panel ¢ adapted with permission from Reference 59. Copyright 1999, Physical Society of Japan.
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In perovskites, the ¢, orbitals are elongated toward the O-2p orbitals, increasing the energy of the
¢, states relative to t,, orbitals, which do not point directly at the O-2p,, orbitals. The Coulomb
interaction of the ¢, orbitals can be further modified through changes to the B-O bond lengths.
Tensile strain, which extends the in-plane B-O bond and contracts the out-of-plane B-O bond,
reduces the energy of the d,._,» orbital relative to the ds.»_,> orbital, leading to an enhanced
occupation (often referred to as an orbital polarization) of the d,>_ > states. Similarly, compressive
strain produces a d;.>_,> orbital polarization. Experimentally, these orbital polarizations can be
probed by using soft-X-ray linear dichroism, an example of which is shown in Figure 65 (63).

Lag7Srg3MnO; (LSMO) is a canonical double-exchange ferromagnet, and numerous studies
have investigated the effect of strain on its magnetic properties. Adamo and coauthors (64) grew
LSMO films on nine different substrates, spanning strains from —2.3% compressive to 3.2%
tensile. Both compressive and tensile strain states suppressed 7¢ in a manner consistent with
previous theoretical work of Millis et al. (58), in which the strain dependence of T was modeled
by considering the effects of lattice distortions on the Jahn-Teller splitting and on the electron
hopping amplitude. The use of piezoelectric substrates, with which the strain can be controlled
by an external bias, has enabled studies of how strain alters magnetic behavior in a single LSMO
film. Changes to the strain state of only 0.1% shifted 7¢ by 19 K, illustrating the sensitivity of
magnetism to subtle structural modifications (65). In FM manganites, strain and the symmetry of
the substrate also play a critical role in a film’s magnetic anisotropy (66, 67).

With increased Sr (or Ca) composition, the orbital polarization induced by strain begins to play
a critical role in the magnetic ground state of manganite films. In bulk manganites, a crossover from
FM order to AF order typically occurs near half-doping of trivalent and divalent A-site cations,
making this region of the phase diagram susceptible to phase competition between FM and AF
behavior. For thin films, the close proximity of these phases provides an intriguing region of the
phase diagram in which to explore how orbital polarization can be used to control magnetism.
The preferential occupation of the 4,2 > orbitals induced by tensile strain allows for FM in-plane
interactions between full and empty d,._» states and AF out-of-plane interactions between full
t;, states. This combination of exchange interactions results in A-type antiferromagnetism. In
contrast, a ds>_,» orbital polarization induced by compressive strain promotes out-of-plane FM
interactions and in-plane AF interactions, leading to C-type antiferromagnetism. Konishi and
coauthors (59) demonstrated this strategy of using orbital occupancy to tailor the spin structure.
These authors produced a phase diagram of the magnetic ordering as a function of strain and
composition (Figure 6¢) on the basis of experimental measurements of strained La;_,Sr,MnO;
films. Subsequent density functional theory calculations reproduced the essential features of the
phase diagram while also expanding the range of compositions and strain states (60). More recent
neutron diffraction measurements confirmed the presence of the A-type AF ordering type in
tensile-strained Lag 5SrypsMnOj; on SrTiO; (39).

Strain-induced transitions between ordered spin structures are not limited to manganite films.
EuTiOs, when grown on different substrates, exhibits a transition between FM and AF orderings
(68), although the origin of this behavior lies in biquadratic spin-lattice coupling (69) as opposed
to ¢, orbital polarization effects.

In some cases, epitaxial strain has been used to coax magnetic ordering out of materials that
otherwise exhibit paramagnetic behavior in their equilibrium structures. An example material
exhibiting a strain-induced paramagnetic-to-FM transition is LaCoOjs, which lacks an ordered
magnetic ground state in bulk form. Numerous groups have reported ferromagnetism in insulating
LaCoO; films under tensile strain, with a consistent 7¢; of ~85 K (70-72). The application of
epitaxial strain also promotes the high and/or intermediate spin state and suppresses the spin state
transition observed in bulk LaCoOs (73, 74). The origin of ferromagnetism in strained LaCoO;
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remains the subject of intense ongoing investigations. Proposed mechanisms include the ordering
of high- and low-spin Co’** that leads to FM superexchange (75), a canted spin structure due to
competing exchange interactions in an ordered high- and low-spin state (76), and the presence of
an orbitally ordered intermediate- and high-spin superstructure (77).

3.2.3. Interfacial structural coupling and orbital reconstructions. Depending on the magni-
tude of lattice mismatch, perovskite films can remain coherently strained for up to tens of unit cells.
In addition to strain, a symmetry mismatch or a difference in the magnitude of octahedral rotations
at a coherent heterointerface provides a second means by which to alter local atomic structure.
To maintain the corner connectivity of the BOgs octahedra across an interface, the octahedral
rotations near a perovskite heterointerface are modified. For instance, rotations are suppressed in
the near-interfacial region of orthorhombic or rhombohedral perovskites epitaxially constrained
to cubic perovskites (78-81). In contrast to the length scales associated with strain, the length
scales associated with coupling of octahedral rotations and distortions across heterointerfaces are
much shorter: on the order of one to ten unit cells (78, 79, 82-85).

Recent studies of (GdTiOs3),/(SrTiOs); superlattices (86), enabled by the application of
the position-averaged convergent beam electron diffraction (PACBED) technique to oxide het-
erostructures (87), illustrate how changes to interfacial atomic structure can lead to magnetic
behavior that would be otherwise unexpected on the basis of bulk phase diagrams. Rare earth
titanates exhibit a transition from AF to FM behavior, with increasing A-site displacements and
octahedral rotations induced by decreasing A4-site cation size (88). Whereas bulk GdTiO; ex-
hibits Gd displacements and octahedral rotations large enough to render it FM, the formation
of a heterointerface with cubic Sr'TiO; suppresses these lattice distortions. By increasing # from
6 to 10, the distortions in GdTiO; are increasingly able to relax back to their bulk magnitudes
(Figure 7a,b). Via magnetometry and PACBED measurements performed on the same super-
lattices, the relationship between the magnetic properties and atomic structure in GdTiO; was
determined, and these magnetic properties and atomic structures were compared with those of
bulk titanates (Figure 7c—e). Surprisingly, ferromagnetism is present in GdTiOjs layers even where
the distortions are quenched to magnitudes comparable to those of bulk AF LaTiOs, suggesting
that the orbital order believed to play a critical role in the FM behavior can be sustained in confined
layers despite significant reductions to the lattice distortions (86).

Similar to the case of how interfacial structural coupling can alter octahedral behavior over a
length scale much shorter than that of epitaxial strain, the orbital behavior at an oxide interface
or surface can be modified in a manner distinct from that of strain-induced orbital polarization.
This phenomenon, in which the surface or interfacial orbital occupancy differs from that of the
noninterfacial region of a material, is referred to as an orbital reconstruction (89). Orbital recon-
structions can give rise to novel magnetic states and to coupling between dissimilar perovskites, as
demonstrated in heterojunctions of AF BiFeO; (BFO) and FM LSMO (90). X-ray magnetic cir-
cular dichroism (XMCD) measurements revealed the presence of a FM moment on interfacial Fe
cations at temperatures less than ~100 K, coupled antiferromagnetically to the magnetization di-
rection of LSMO. Concurrent with the onset of this interfacial magnetization, the energy of the Fe
ds.>_,2> orbital decreased with decreasing temperature, in contrast to the slight increase in energies
of the Fe d,»_,» and Mn ¢, orbitals. This experimental observation was attributed to the hybridiza-
tion of the Fe and Mn d;»_,» states, leading to the formation of a bonding Fe d;,> _,> orbital and of
an antibonding Mn d;_»_,> orbital at the interface. The increased energy of the Mn d;>_,» orbital
produces a d,2_» orbital polarization on the interfacial Mn cations. The authors (90) hypoth-
esized that this orbital reconstruction leads to AF coupling between the interfacial LSMO and
the noninterfacial LSMO, which can be thought of as two layers of A-type, antiferromagnetically
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The case of GdTiO3 confined between SrTiO3 provides an example of how understanding interfacial
atomic structure can yield new insights into magnetic behavior. (#) A scanning transmission electron
microscopy image of a sample with a 2-nm GdTiO3 layer is shown. (#) The angles between three successive
Gd/Sr cations, which act as a measure of the A-site displacement and relative magnitude of octahedral tilts,
are shown as a function of distance through GdTiOs3 for different layer thicknesses. The structural distortion
is suppressed as GdTiO3 thickness is reduced. (c—¢) Combining the measured magnetic properties (c,d ) with
the structural information enables comparison of confined GdTiO3 and bulk GdTiO3 (e). Abbreviations: AF,
antiferromagnetic; FM, ferromagnetic; PM, paramagnetic. Reproduced with permission from Reference 86;
copyright 2013 by American Physical Society.
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ordered LSMO. The interactions between the occupied interfacial Fe 45> .. orbital and the empty
interfacial Mn d;»_,> orbital produce a FM exchange between the interfacial BFO and LSMO.
In this scenario, the FM exchange between the Fe and Mn is accommodated by a canting of the
spins in BFO near the interfaces, leading to the net FM moment observed in XMCD. Calderén
and coauthors (91) reproduced the Mn d,. > orbital polarization at the interface by using a model
Hamiltonian. The calculations also reproduced the net magnetization in the top BFO layer, cou-
pled antiferromagnetically to the LSMO, which did not deviate from FM behavior, even at the
interface. A second example of orbital reconstructions playing a key role in interfacial magnetism
is the Lag 7Cag 3 MnO3/YBa, Cu; O system, in which a net magnetic moment oriented antiparallel
to the Mn moment is observed on the Cu atoms (92). An orbital reconstruction—in which the
holes in the interfacial cuprate layer partially occupy the 45>, orbital, in contrast to their bulk
behavior—is believed to play a critical role in stabilizing the interfacial magnetism (89).

3.3. Controlling Local B-O-B’ Exchange Interactions at Interfaces

The ability to form abrupt (4BOs)/(AB'O;3) interfaces allows the local magnetic exchange in-
teractions to be designed by controlling the number of B-O-B, B-O-B’, and B’-O-B’ bonds.
This approach is particularly powerful in the case of (4BOs),/(4'B’Os); superlattices, offering a
route to stabilize spin structures not observed in compositionally equivalent bulk compounds. To
illustrate the general approach, consider the case in which both ABO; and AB'Oj; are G-type an-
tiferromagnets, all B-O-B and B’-O-B’ bonds produce AF interactions, and the B-O-B’ coupling
is FM. Taking advantage of these three bonds—AF B-O-B, AF B’-O-B’, and FM B-O-B'—the
spin structure in (4BOs),/(AB'O3); superlattices can be tailored by growing along different crys-
tallographic directions without changing the overall cation composition. Deposition on a (001)
substrate leads to alternating BO,/B’'O; (001) planes, as shown in Figure 84. In this superlattice,
every B cation has two FM B-O-B’ interactions along the [001] direction and four AF B-O-B
interactions within the (001) plane. This leads to the C-type AF structure shown in Figure 85. In
a (110)-oriented superlattice (Figure 8c), every B cation has four FM B-O-B’ interactions and two
AF B-O-B interactions, producing the A-type AF structure (Figure 84). Finally, when grown on
a (111) substrate, every B cation has six FM B-O-B’ interactions and no B-O-B bonds (Figure 8e).
This arrangement, equivalent to a perfectly ordered double perovskite, yields a FM spin structure
(Figure 8f).

Ueda etal. (93, 94) reported experimental attempts to stabilize these different spin structures in
superlattices, synthesizing (LaFeOs),/(LaCrOs); superlattices grown on (001)-, (110)-, and (111)-
oriented Sr'TiOj; substrates. Both bulk LaFeO; and LaCrOs are G-type antiferromagnets, which
can be understood by using the GKA rules. LaFeOs has a high-spin 4° configuration, resulting in
tull-full ¢, interactions and therefore AF coupling across all Fe-O-Fe bonds. Similarly, LaCrO; has
ad® configuration with full-full 7;, (empty-empty ¢,) interactions, leading to AF exchange across
all Cr-O-Cr bonds. When these two compounds are brought together at an interface, Fe-O-Cr
bonds are formed, producing FM full-empty e, and AF full-full #,, interactions. The magnetic
coupling associated with this configuration leads to either ferro- or ferrimagnetism, depending
on the relative strengths of the ¢, and 1, exchange interactions and the correlation energy U (95,
96). FM-like behavior was reported in the (111)-oriented superlattice, with a 7 of 375 K and a
saturation moment of 2.5 pg per B-site (94). In contrast, (110)- and (001)-oriented superlattices
exhibited temperature-dependent magnetization behavior consistent with antiferromagnetism. A
similar result was obtained for (BiFeOs),/(BiCrOs), superlattices (97). More recent studies of
La,FeCrOg films in which detailed X-ray measurements were used to quantify the degree of B-
site ordering found ferrimagnetic behavior in highly ordered films with a 7¢ of ~50 K (98). The
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Schematic illustrating (4BO3)1/(AB'O3); superlattices grown along different orientations and the resultant
spin structures, assuming antiferromagnetic (AF) B-O-B, AF B’-O-B’, and ferromagnetic (FM) B-O-B’
interactions. Growth on (#) (001)-oriented, (c) (110)-oriented, and (e) (111)-oriented substrates produces

(b) C-type AF, (d) A-type AF, and (f) FM spin structures, respectively. The A-site cations are represented by
gray spheres. In panels 4, ¢, and ¢, the BOg and B’Og octahedra are blue and orange, respectively.

saturation moment depended strongly on the degree of ordering, transitioning from Mg = 1 ug
per B-site in ordered films, as expected for a ferrimagnetic ground state, to the loss of a magnetic
moment with increasing disorder.

Control of exchange interactions in B-site-ordered superlattices has been investigated in ma-
terial systems beyond (LaFeQs)/(LLaCrOs). The magnetic properties of nickelate/manganite (99—
102), ferrite/manganite (103-105), and chromate/manganite (99) superlattices in which the 4-site
valence is uniform have been analyzed in the context of local exchange couplings. However, in
some of these cases, interfacial charge transfer plays a key role in the sign and magnitude of the
exchange interactions, adding an additional layer of complexity to the magnetic behavior.

More intricate magnetic orders may be achieved by tuning the superlattice composition, 7
and 7, in (ABOs),/(AB'O;),, heterostructures. Two-dimensional Monte Carlo simulations of
ordered (LaFeO;),/(LaCrO;), lattices produced increasingly complex magnetic structures as the
superlattice period was increased; » = 2 yielded an E-type AF structure, and » = 4 resulted
in multiple ordering wave vectors (106). Experimental work proving the stability of these spin
structures has not yet been reported and therefore represents unexplored territory in oxide
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heterostructures. Additionally, although the measured magnetic and transport behavior in the
(110)- and (001)-oriented (4BO;),/(AB'Os), superlattices described above is consistent with AF
order, neutron diffraction experiments proving the spin structure are yet to be reported.

3.4. Dimensionality and Magnetism in Superlattices

Even in the absence of charge transfer or significant B-O-B’ exchange interactions, novel mag-
netic properties can arise in (ABO;)/(AB'Os) superlattices due to two-dimensional confinement
of carriers. Although this is a nascent field of study, recent measurements of magnetic behavior
in (LaNiOs3),/(LaAlOs), superlattices provide an intriguing example. Bulk rare earth nickelates
exhibit an insulating AF ground state, with the exception of LaNiOs, which is paramagnetic and
metallic. Although no evidence for magnetic ordering is observed in superlattices with n = 3, 4,
muon spin rotation measurements of 7 = 2 superlattices indicate an AF state with Ty = 50 K
(107). Subsequent resonant X-ray diffraction measurements of magnetic (1/4 1/4 L) reflections
confirmed the presence of long-range ordering in » = 2 samples (108). Additionally, the az-
imuthal intensity dependence of this peak is indicative of a noncollinear magnetic structure, the
spin orientation of which is coupled to the strain-induced orbital polarization. The general ob-
servation of magnetic ordering in LaNiOs-based superlattices has catalyzed theoretical studies of
magnetic phase stability in confined nickelates as a function of layer thickness and epitaxial strain
(109-111).

3.5. Extrinsic Effects and Interfacial Magnetism: Vacancies,
Stoichiometry, and Intermixing

Extrinsic effects such as oxygen vacancies, local nonstoichiometry, and cation intermixing are al-
ways present to some degree at real interfaces, and in some cases these effects dominate magnetic
behavior. As magnetic ordering is often sensitively dependent on the nominal B-site valence state,
the presence of oxygen vacancies and/or cation nonstoichiometry can induce magnetic behavior
in films that is quite different from that of their bulk stoichiometric counterparts. An example is
LaMnOs, which has a strong propensity for cation vacancies. Although stoichiometric LaMnO;
is an A-type antiferromagnet, cation nonstoichiometry decreases the Mn valence state, inducing
FM behavior (112). Therefore, quantitative measurements of cation stoichiometry, for instance,
with Rutherford backscattering spectroscopy, are a critical first step in identifying the origin of
unexpected magnetic behavior in films. Oxygen vacancies, which can also modify magnetic behav-
ior by altering the nominal B-site valence, present a more difficult challenge to an experimentalist,
as there is no direct method by which to quantify oxygen stoichiometry in ultrathin films.
Although oxygen vacancies provide a means for reducing a B-site cation out of an unfavorable
valence state (e.g., Fe*t, Co**, Ni**), epitaxial strain can provide a further driving force for vacancy
formation. Oxygen vacancies couple strongly to the lattice, inducing changes to the B-O bond
lengths and unit cell volume. Thus, ordered planes of oxygen vacancies provide an avenue, in
addition to octahedral distortions and rotations, for relieving the elastic energy incurred by strain.
For example, in Lag;SrysCoOs_s films, ordered oxygen vacancies are a mechanism for strain
relaxation (113-115). The vacancies, which expand the Co-O bond lengths, order on (100) and
(010) planes in films under tensile strain and on (001) planes in films under compressive strain.
The relationship between strain and vacancy formation energy has also been investigated by using
computational techniques (116-118). Density functional theory calculations of strained CaMnO;
reveal a reduction of the formation energy for oxygen vacancies with increasing tensile strain and
show that the energetically favorable vacancy ordering under tensile strain is on the (100) and
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(010) planes (116). This coupling between the equilibrium vacancy concentration and epitaxial
strain can complicate the physical interpretation of studies focused on strain-induced magnetic
behavior in films containing magnetic cations in high oxidation states.

Compositional variations through the thickness of a film can also lead to variations in mag-
netic properties at surfaces and interfaces compared with magnetic properties in the noninter-
facial region. These depth-dependent chemical changes can arise from cation segregation, as in
La;_,Sr,MnOjs and La;_,Ca,MnO; films, in which multiple groups have reported surface segre-
gation of Sr and Ca (119-123). An additional mechanism for compositional gradients is vacancy
accumulation near interfaces. For instance, an increased concentration of oxygen vacancies in the
near-interfacial region of La;_,Sr,CoOs_s on Sr'TiO; has been observed with scanning transmis-
sion electron microscopy-electron energy loss spectroscopy (STEM-EELS), leading to magnetic
phase separation in the cobaltite near the film/substrate interface (124). Evidence for the accumu-
lation of oxygen vacancies has also been reported at LSMO/SrRuQj interfaces (125), a system of
interest due to the novel interfacial magnetic coupling of Mn and Ru cations (126-128).

Finally, identifying the origin of interfacial magnetism requires a detailed understanding of
cation intermixing at interfaces, which can be quantified by using techniques such as STEM-
EELS, ion scattering, and X-ray scattering (123, 129-132). Multiple studies have revealed differ-
ences in the profiles of 4-site and B-site diffusion across interfaces (130, 132-134). Additionally,
intermixing and interfacial roughness can depend on the specifics of interfacial termination (135,
136), producing asymmetries in the behavior of A4/B and B/A interfaces (29). These deviations
from perfectly abrupt interfaces have important consequences for magnetization, as intermixing
and roughness can change the local valence of the B-site cation and alter the average number of
B-O-B’ bonds at an interface. For example, density functional theory calculations of the
BFO/LSMO interface found that AF coupling of the Mn-Fe spins is energetically favorable in
the presence of intermixing but that, at abrupt interfaces, the formation of a net magnetization
in BFO is not favorable (137). These issues highlight the need for extensive compositional and
structural characterization, using local or depth-resolved probes, in combination with magnetic
characterization to fully elucidate the origins of novel magnetic behavior at oxide interfaces.

4. CONCLUDING REMARKS AND FUTURE DIRECTIONS

We review the physical mechanisms that lead to novel magnetic behavior in perovskite oxide het-
erostructures and at heterointerfaces. By utilizing the GKA rules as a foundation for understanding
exchange interactions in complex oxides, we provide basic principles and examples of how charge
transfer, interfacial atomic structure, orbital reconstructions, and the number of interfacial B-O-B’
bonds can alter magnetism at various length scales near an interface. With all these mechanisms
available to influence interfacial magnetism, obtaining quantitative experimental measurements of
B-O-B bond angles and lengths, charge transfer, orbital polarization, and magnetization at buried
interfaces remains a key challenge. Advanced characterization techniques will play an increasingly
critical role in disentangling the effects of local atomic structure and composition, orbital polariza-
tion, and charge transfer on interfacial magnetism. Recent demonstrations have shown the ability
of STEM (78, 79, 86, 138) and synchrotron-based multiple Bragg rod analysis (123, 139-141) to
resolve subtle changes in lattice distortions and composition as a function of distance from a het-
erointerface. The newly developed orbital reflectometry technique, which combines soft-X-ray
reflectivity with linear dichroism, provides an avenue to depth-profile orbital polarization in het-
erostructures (142). Advances in hard-X-ray photoemission have enabled the study of electronic
structure at buried heterojunctions (143, 144). We envision significant progress over the next
decade in better understanding the physical origins of interfacial magnetism by combining these
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structural/orbital/electronic probes with techniques capable of measuring and depth-resolving
magnetism at interfaces, including XMCD and polarized neutron reflectometry. These magnetic
probes are especially valuable as techniques complementary to conventional magnetometry meth-
ods, which can yield spurious results when applied to low-signal samples (145), such as a few
magnetic unit cells at an interface.

Finally, we highlight some underexplored areas and emerging research directions that may
enable new strategies for or insights into the design and control of magnetism in oxide het-
erostructures. The vast majority of work on oxide heterostructures has centered on A/B interfaces
or superlattices; however, the synthesis techniques used in depositing these heterostructures are
quite capable of producing more complex structures such as multicomponent superlattices. We
believe that multicomponent heterostructures or superlattices with complex periodicities are an
underexplored area with the potential for interesting magnetic behavior. An example is so-called
tricolor superlattices, with three constituent materials forming an ABC periodicity, in which in-
version symmetry is broken, enabling interesting magnetoelectric phenomena (146-148). The
addition of a third component can also induce magnetic frustration through the creation of two
interfaces (A/B and B/C) with distinct and possibly competing interactions (149). The use of ex-
ternal electric or magnetic fields to alter interfacial charge transfer and/or orbital reconstructions
may also prove to be a fruitful area of research, in particular in moving the study of interfacial
magnetism along a more applied path. At interfaces, the intrinsic electric field due to broken in-
version symmetry and charge transfer and the effects of dimensional confinement can cause new
magnetic states to emerge. Stabilizing spin spiral states via the Dzyaloshinskii-Moriya interaction
may be possible (150). These states may in principle be tuned by gate electric fields via the Rashba
effect.
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