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Abstract

Transition metal oxides exhibit a range of correlated phenomena with appli-
cations to novel electronic devices that possess remarkable functionalities.
This article reviews recent progress in elucidating both mechanisms that gov-
ern correlated behavior in transition metal oxides and advancements in device
fabrication that have enabled strong correlations to be controlled through ap-
plied electric fields. Advancements in the growth of transition-metal-oxide
films and artificial heterostructures have enabled superconductivity, mag-
netism, and metal-insulator transitions to be controlled in cuprates, man-
ganites, and vanadates by using the electric field effect. In addition, interfaces
between transition metal oxides have recently emerged as a setting in which
strong correlations can be manipulated in two dimensions to realize unusual
quantum-ordered phases. Finally, key relationships between structure and
transport in ultrathin films of transition metal oxides have been elucidated.
Coupling the structural degrees of freedom in oxides to applied electric fields
thus opens new pathways to control correlated behavior in devices.
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INTRODUCTION

Transition metal oxides (T'MOs) are characterized by strong correlations that give rise to a variety
of electronic phases, including ferromagnetism, superconductivity, and other charge- and spin-
ordered states. Such phenomena arise from the complex interplay between the charge, spin, orbital,
and lattice degrees of freedom that are inherent in many TMOs, as illustrated in Figure 1. Two
of the best-known examples of correlated TMOs are the cuprates and manganites; the former
exhibits high-temperature superconductivity and the latter colossal magnetoresistance (CMR).
The formation of correlated phases remains one of the greatest challenges to our understanding
of emergent phenomena in condensed matter systems. Thus, the study of correlated behavior in
TMOs is of fundamental importance.

Beyond fundamental interest, correlated behavior in TMOs also provides a pathway to realize
novel electronic devices in which magnetism, superconductivity, and metal-insulator transitions
can be controlled by using an externally applied electric field or signal. The basic premise behind
correlated devices is illustrated in the generic phase diagram shown in Figure 24. Phases A and
B represent two phases with dissimilar electronic characteristics. The approach is to actively and
reversibly induce a change in the phase of the TMO as a means to modulate device behavior (1).
For example, if phases A and B represent insulating and metallic phases, then switching the TMO
between the two phases can form the basis for memory or logic applications. Similarly, magnetic
phases exhibited by TMOs can lead to novel devices in which applied electric fields can control
magnetism. Such novel functionalities cannot be achieved by using conventional semiconductors
alone.

Recent advancements in thin-film growth have allowed correlated phases for electronic devices
to be exploited. TMO thin films can be synthesized with atomic-scale precision by using advanced
techniques such as molecular beam epitaxy (shown in Figure 25). Such control of growth allows
oxides differing in chemical composition to be epitaxially combined in layered heterostructures, in
which atomic-scale structure, carrier density, and dimensionality can be manipulated. The control
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Figure 1

Electronic and structural degrees of freedom. The interplay between charge, orbital, lattice, and spin degrees
of freedom gives rise to correlated phases in transition metal oxides.
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Thin films and phase control. (7) Generic phase diagram. Active switching of material between phases A and B (red arrow) through an
applied electric field forms the basis for correlated oxide electronics. Abbreviations: 7, temperature; g, generic variable (e.g., bandwidth,
doping) that enables the oxide to transition from one phase to another. (5) Advanced thin-film-growth techniques such as molecular
beam epitaxy enable transition metal oxides (TMOs) to be integrated into artificial heterostructures. Reflection high-energy electron
diffraction (RHEED) enables in situ characterization of epitaxial heterostructures that form the basis for correlated oxide devices.
Panels # and 4 reproduced from Reference 31. (¢) Two-and-a-half unit cells of SrTiO3 grown on Si (100). Molecular beam epitaxy
enables TMOs to be epitaxially integrated with established technology platforms. Reproduced from Reference 3.

of such parameters is essential for manipulating correlated behavior in TMOs. Furthermore, the
epitaxial growth of a TMO directly on Si allows such heterostructures to be integrated with
established technology platforms, as shown in Figure 2¢ (2, 3).

Advancements in the growth of TMO thin films and heterostructures have come at a time when
the performance of the complementary metal oxide semiconductor (CMOS) transistors ubiqui-
tously found in all electronic devices has reached a plateau. This plateau in performance is due in
part to the fundamental materials constraints of Si. Limitations in carrier mobility and fluctua-
tions in carrier density can contribute to short-channel effects, which become more pronounced
as transistors are scaled to smaller dimensions. Recognizing the potential that TMOs could play
in the development of post-CMOS electronics, the International Technology Roadmap for Semi-
conductors categorized TMOs as emerging research materials (4). At present, electronic devices
based on correlated TMOs are years away from commercialization. However, key progress in ma-
terials growth and device fabrication has opened new pathways to control correlated phenomena
through applied electric fields. Field-effect transistors in which magnetism, superconductivity,
and metal-insulator transitions can be controlled have become a reality. With regard to materials
development, interfaces between electrically dissimilar oxides have recently emerged as a setting
in which strong correlations can be manipulated to realize coexisting quantum states of matter.
Finally, key relationships between structure and transport in ultrathin films of correlated TMOs
have been elucidated. Such relationships can potentially enable correlated behavior to be con-
trolled by modifying atomic-scale structure with applied electric fields. This article aims to review
these key developments and to outline future directions to be taken in the development of cor-
related TMO devices. This article is not intended to be a comprehensive review, as emphasis is
given to some of the work of the authors.
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TUNING CORRELATED BEHAVIOR IN TRANSITION METAL OXIDES

In essence, correlated phenomena in TMOs derive from the competition between (#) kinetic
hopping of carriers and (b) localization due to Coulomb repulsion between carriers. These strong
interactions are not adequately accounted for in conventional band structure models, nor can
their effects be fully captured by enhancing the effective mass of carriers, as used in Fermi liquid
theory. The strong interactions can lead to the opening of a gap in the partially filled d-bands of
TMOs, resulting in the creation of upper and lower Hubbard bands. For this class of oxides, a
TMO is classified as a charge-transfer (or a Mott-Hubbard) insulator if the energy of the oxygen
2p band is situated above (or below) the lower Hubbard band (5). For both types of insulators,
correlated phases emerge as the competition between localization and carrier itinerancy is tuned.
For example, localization and itinerancy in Mott-Hubbard insulators are typically described by the
parameters U and W, where the former describes on-site Coulomb repulsion and the latter is the
single-particle bandwidth. In the limit in which U/W > 1 (< 1), insulating (metallic) behavior is
generally exhibited. In the intermediate regime of U/IW ~ 1, the competition between localization
and itinerancy can give rise to a range of correlated phases, depending on the specific electronic
and structural properties of the TMO (6). How such states emerge from the competition between
localization and kinetic hopping continues to be a topic of active theoretical investigation.

In actual materials, tuning the competition between localization and kinetic hopping involves
modulating carrier density or introducing structural changes that affect bandwidth (6). The former
approach is known as filling control, whereas the latter is known as bandwidth control. For bulk
materials, filling and bandwidth control are typically achieved through chemical substitution.
For example, in the ReNiOj; system (where Re denotes rare earth), the bandwidth can be reduced
(enhanced) by substituting rare-earth ions of decreasing (increasing) size. Filling control is enabled
through the substitution of nonisovalent cations to introduce changes to the carrier density. For
example, hole-like carriers are introduced into La; _,Sr,MnOj; by substituting trivalent rare-earth
La with divalent alkaline-earth Sr. Although effective in bulk materials, chemical substitution is
not suitable for tuning correlations in devices, in which active control through applied electric
fields is desired.

In this regard, the integration of TMOs into artificial heterostructures has allowed carrier
density to be controlled through field-effect gate doping (7). The basic device geometry of a
semiconductor field-effect transistor can also be utilized to gate dope TMO materials. As shown
in Figure 3, an electric field is applied through an insulating dielectric to attract or repel carriers
from a conducting channel made of a correlated TMO. Unlike chemical substitution, electrostatic
doping is a form of filling control that does not introduce additional disorder into materials.
Carriers are accumulated or depleted from a region that has a characteristic thickness determined
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Figure 3

Electrostatic control of correlated phases in transition metal oxides (TMOs). Geometry of electric-field-
effect devices for electrostatically doping TMO-based channel materials. For effective modulation of carrier
density, the thickness of the TMO channel should be comparable to the electrostatic screening length Aj. D
and S denote drain and source, respectively.
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by the electrostatic screening length .. Due to the high carrier densities of correlated TMOs,
el s limited to a few angstroms (8). The high carrier densities present two critical challenges in
the development of TMO-based field-effect devices. First, very high changes to carrier density
need to be achieved to alter electronic correlations, and thus gate materials must exhibit high
dielectric constants and breakdown fields. Second, the thicknesses of correlated TMO channels
in field-effect devices must be comparable to A to avoid shunting effects. Significant progress has
been made in the growth of TMO thin films and heterostructures to overcome these challenges.
The electric field effect has successfully controlled correlated behavior in a variety of TMOs,
such as superconductivity in cuprates, magnetism in manganites, and metal-insulator transitions
in nickelates and vanadates. We review these experiments below.

In addition, interfaces between polar and nonpolar TMOs have recently emerged as a setting in
which strong correlations can be manipulated to produce quantum phases that are confined to two
dimensions. The reduced dimensionality and electronic structure found at interfaces can produce
correlated effects that are not observed in the bulk of the constituent compounds forming the
interface. For example, magnetism has been found at the interface between the two nonmagnetic
oxides LaAlO; and SrTiOs. Correlated behavior found at TMO interfaces can be manipulated by
integrating such interfaces into electric-field-effect devices. We also review these developments
in the study of interfaces below.

Finally, recent progress has been made in elucidating relationships between electronic trans-
portand atomic-scale structure in ultrathin films of correlated TMOs. Surfaces and interfaces alter
the atomic-scale structure in ultrathin films of a TMO, leading to pronounced effects on carrier
bandwidth and transport. Such relationships between structure and transport could potentially be
exploited to control correlated behavior in devices. Novel device geometries that utilize applied
electric fields to alter structure were recently proposed. We also discuss these developments below.

ELECTROSTATIC CONTROL OF MAGNETISM

One of the more alluring aspects of utilizing correlated materials in devices is the possibility of
realizing functionalities that cannot be achieved by using conventional semiconductors alone.
One such functionality is the ability to control magnetism through applied electric fields. Devices
that enable magnetism to be manipulated through applied electric fields would have tremendous
use in spintronics and electromagneto-optical applications. Several naturally occurring materials,
such as YMnOj; and BiFeOj, exhibit multiferroic behavior in which magnetic and electric order
parameters coexist and are coupled through the lattice (9). However, the coupling between mag-
netic and electric order parameters in such materials is typically weak. In comparison, multiferroic
coupling can be enhanced through the design and growth of layered heterostructures composed
of magnetic and ferroelectric materials. In such heterostructures, coupling between electric and
magnetic orders occurs via proximity effects near interfaces.

Heterostructures composed of the manganite La;_,Sr,MnQO; (x=0.2) and the ferroelectric
Pb(ZrosTip2)O; (PZT) provide an example of magnetoelectric coupling in artificial het-
erostructures, as shown in Figure 4. In such heterostructures, ultrathin (11-unit-cell-thick)
films of La;_,Sr.MnOj3; grown on SrTiO; substrates are capped with an epitaxial layer of PZT.
La;_,Sr,MnOj has a rich phase diagram that exhibits ferromagnetic metallic and insulating phases
that can be accessed by controlling the carrier density. The composition of the La;_,Sr,MnO;
(r=0.2) used in the magnetoelectric devices coincides with a phase boundary between insulating
and ferromagnetic metallic phases. Switching the ferroelectric polarization of the PZT layer
induces changes in the carrier density within A of the La;_,Sr,MnOjs layer below, thus inducing
changes in the magnetization. The change in magnetization was determined through transport,
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Figure 4

Electric field control of magnetism. The magnetoelectric hysteresis curve shows the magnetic response of a
La;_SrxMnOj3 channel (x=0.2) and a Pb(Zr( g Ti( )O3 gate as a function of the electric field applied to the
gate. The two magnetization values correspond to modulation of the magnetization of the La;_,Sr,MnO3
channel. The insets represent the magnetic and electric states of the Laj_,SryMnO3 and Pb(Zrj g Ti )O3
layers. The thickness and size of the arrows qualitatively indicate the magnetization amplitude. Reproduced
from Reference 10.

magnetic susceptibility, and optical measurements; Kerr rotation of polarized light was utilized
in the optical measurements (10). Near-edge X-ray absorption spectroscopy confirms that the
magnetoelectric coupling observed in La; _,Sr,MnO;/PZT heterostructures arises from a change
in the valence of the Mn ions induced by electrostatic doping through the PZT gate (11).
Besides inducing changes in areal carrier density on the order of ~10-10'* cm~2, the use of
PZT as a gate dielectric also enables nonvolatile control; i.e., the correlated state of the field-effect
device is retained after the applied gate voltage is removed. Nonvolatile devices based on TMOs
could be exploited in memory and logic applications. For the latter, nonvolatility would provide
several advantages over conventional field-effect transistors, namely reduced power consumption,
instant-on computing, and dynamic hardware and software coexecution. As the demand for mobile
battery-powered electronic devices increases, such features become increasingly desirable.

SUPERCONDUCTIVITY

Some of the earliest work on correlated TMO field-effect devices focused on modulating supercon-
ductivity in cuprates. For example, early devices that used Sr'TiO; as the gate material were success-
ful in introducing moderate shifts in the superconducting transition temperature of YBa, Cu; O7_s
(12). The early work on cuprates demonstrated that superconductivity could be controlled through
electrostatic doping, provided that the modulation in carrier density was sufficiently large. Later,
the introduction of ferroelectric gates, such as PZT, significantly enhanced the changes to carrier
density that could be achieved. The larger changes in carrier density enabled underdoped films of
GdBa,;Cu;O7_, to be switched between superconducting behavior and insulating behavior (13).
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Figure 5

Electric field control of high-temperature superconductivity. Modulation of the superconducting transition
temperature in ultrathin films of an underdoped La;_,Sr,CuO4 channel using an ionic liquid gate. Such
experiments revealed that phase fluctuations determine the disappearance of superconductivity in the
pseudogap regime. Reproduced with permission from Reference 16.

The need to induce large changes in carrier density in TMO field-effect devices has motivated
the search for alternative materials that could replace conventional gate dielectrics. In this regard,

large changes in sheet carrier density exceeding ~10'° cm~2

were recently achieved by using
ionic liquids. In ionic liquid—based field-effect transistors, application of an electric field between
a conducting TMO channel and a metallic electrode causes ions to collect near the surface of
the TMO, forming a type of capacitor referred to as an electric double layer, in which, unlike
the case for conventional dielectric materials, the drop in applied gate voltage occurs over a
very short distance near the surface of the TMO channel. Thus, electric fields and changes to
sheet carrier density can be exceptionally large. Such ionic liquid gates have been utilized to
induce superconductivity both near the surfaces of nominally insulating single-crystal substrates
of SrTiO; and in ZrNCl films (14, 15).

Recently, a more detailed study of the superconducting-insulator transition in underdoped
cuprates was performed by using an ionic liquid gate (16). Using molecular beam epitaxy, Bollinger
etal. (16) successfully fabricated unit-cell-thick films of La,_,Sr,CuQj at various doping levels. By
varying the polarity and magnitude of the gate voltage, hole-type carriers were accumulated and
depleted in the cuprate thin films, leading to enhancement and suppression of the superconducting
transition temperature and normal-state sheet resistance, respectively, as shown in Figure 5.
Systematic tuning of the carrier density revealed that the superconductor-insulator transition
follows a universal scaling behavior. Beyond enabling electric field control of superconductivity in
cuprates, the electric-double-layer transistor also revealed fundamental information on the physics
governing pairing in underdoped cuprates. The critical resistance for the superconductor-insulator
transition was revealed to be precisely the quantum resistance for Cooper pairs, #/(2¢)?, indicating
that phase fluctuations, and not pair breaking, determine the disappearance of superconductivity
in the underdoped regime (17). Such information is critical to our understanding of the nature
of the pseudogap and the microscopic mechanism behind high-temperature superconductivity
(18, 19).

The manipulation of superconductivity in devices can also be achieved in a dynamic manner by
introducing disequilibrium that suppresses the superconducting order parameter. For example, the
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injection of spin-polarized carriers disturbs the equilibrium of the quasiparticle spectrum for the
superconductor, namely an imbalance in the densities of spin-up versus spin-down quasiparticles
(20). Because pairing in cuprates is singlet in nature, the predominance of one type of spin orien-
tation suppresses the recombination of quasiparticles into pairs. Such spin injection experiments
were performed on layered, epitaxial heterostructures composed of cuprates and half-metallic
manganites, where the latter was a source of spin-polarized carriers (21-25). Transport measure-
ments showed a suppression of the critical current density in cuprate thin films as a function of
injected spin-polarized carriers.

MOTT METAL-INSULATOR TRANSITIONS

Beyond experiments on cuprates, field-effect experiments using ionic electrolyte gates were
recently extended to nickelates and vanadates, which are systems that exhibit metal-insulator
transitions. Interest in controlling metal-insulator transitions in TMOs stems from the potential
of utilizing such materials in memory and logic devices. Scherwitzl etal. (26) modulated the metal-
insulator transition temperature in ultrathin films of NdNiO; (Figure 6). In the bulk, NdNiO;
exhibits a first-order transition between a paramagnetic metallic state to an antiferromagnetic
insulating state near ~200 K. By growing ultrathin films of NdNiO; on LaAlOj; substrates,
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Figure 6

Electric field control of a metal-insulator transition. (2) Modulation of the metal-insulator transition
temperature in ultrathin films of NdNiO3 by using an ionic liquid gate. Arrows represent the nominal
transition temperature of the metal-insulator transition. (») Electroconductivity as a function of temperature
and applied gate voltage. Reproduced with permission from Reference 26.
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compressive strain was imparted to the films, which reduced the metal-insulator transition to
90 K. By using an ionic liquid gate and thus electrostatically adding hole-type carriers, the
transition temperature was subsequently further reduced from 90 to 41 K. Hall measurements
indicated that ~3 x 10" cm ™ or 480 nC cm™ charges were added to the NdNiOj; films, which
represents a 21% change in the volume carrier density for the eight-unit-cell-thick films used in
Scherwitzl et al.’s study. Similarly, Ha et al. (27) also used ionic liquids to electrostatically dope
and induce modest shifts in the metal-insulator transition temperature in the nickelate SmNiOs.

Thus far, our discussion on modulating carrier density focuses on gate doping through exter-
nally applied electrostatic fields. Carriers can also be electrostatically doped by exploiting internal
fields arising at heterojunctions between materials of dissimilar band alignments and electron
chemical potentials. For example, Son et al. (28) introduced electron-like carriers into a 2.5-nm-
thick layer of NdNiOj; through an adjacent layer of Sr'TiO; that was doped with La cations. The
transfer of charge carriers arises from equilibrating the respective electron chemical potentials of
La-doped SrTiO; and NdNiOj at the interface (28). Son et al. modulated the carrier density by
6% and induced moderate shifts in the metal-insulator transition temperature in NdNiOjs. Intro-
ducing carriers through an adjacent doped oxide layer is analogous to the technique of modulation
doping used extensively in compound semiconductor devices.

In the above examples, the manipulation of superconductivity and metal-insulator behavior
through field-effect gate doping was achieved in ultrathin films that were limited to a few unit
cells in thickness. The short A intrinsic to TMOs necessitates the use of ultrathin channels so
that appreciable changes in carrier density can be achieved.

In this regard, recent experiments by Nakano et al. (29) on VO, are noteworthy in that an
electric field applied through an ionic liquid gate modified the conductivity of films that far
exceeded A in thickness. VO, is a Mott insulator that exhibits a metal-insulator transition near
340 K associated with a first-order transition from tetragonal to monoclinic symmetry. Nakano
et al. suppressed the sharp metal-insulator transition in films up to 70 nm thick. To explain the
unexpected suppression of the metal-insulator transition in thick films, Nakano et al. suggested
that carriers electrostatically doped near the surface induced a phase transition that delocalized
carriers throughout the film. Inducing phase transitions in films thicker than A would representa
significant advancement over previous field-effect experiments and a new paradigm for controlling
correlated behavior through electrostatic doping. However, similar field-effect experiments by
Jeong et al. (30) indicate that the suppression of the metal-insulator transition in VO, can be
attributed largely to the creation of oxygen vacancies by the ionic liquid. Thus, electric fields
applied through ionic liquid gates appear to induce motion of both electrons and oxygen ions in
VO,. Further work will be necessary to fully elucidate the effects of ionic liquid gates on VO,
channels.

The ionic liquid field-effect experiments on VO, highlight the challenges associated with
finding suitable gate materials that can modulate the high carrier densities in TMOs. Ionic
liquid gates, although effective in introducing large changes in carrier density and creating
proof-of-concept devices, are not amenable to practical implementation, given the slow switching
speeds. Furthermore, lingering questions surrounding the stability of TMOs and the reactivity of
TMOs to organic electrolytes have not been fully resolved (27). In comparison, ferroelectric gate
materials have been shown to be effective in introducing moderate changes in carrier density.
Furthermore, ferroelectric gate materials enable nonvolatile devices to be developed, unlike the
case for ionic liquid gates, which require continuous application of a gate voltage. Increasing the
polarization of ferroelectric gate materials is necessary to enhance changes in carrier density (31).
Thus, a high priority is to develop gate materials that are chemically stable, have low electrical
leakage, and form interfaces with TMOs that are free of defect states that trap charge.
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CONTROLLING CORRELATED BEHAVIOR AT
TRANSITION-METAL-OXIDE INTERFACES

The challenges associated with fabricating TMO channels that are limited in thickness to A in
field-effect devices highlight the need to create correlated systems in which carriers are naturally
confined in two dimensions. Therefore, interfaces between TMOs have recently emerged as a
setting in which two-dimensional correlated systems can be realized (32). Interfaces between elec-
tronically dissimilar materials are typically characterized by band offsets and discontinuities in
polarization and electron chemical potentials. The latter types of discontinuities can be compen-
sated for or equilibrated by transferring charge across the interface from one material to the other.
These concepts have been developed in the study of interfaces between conventional semicon-
ductors and have led to the realization of many useful devices, including high-mobility transistors
and semiconducting lasers (33, 34). Such concepts of charge transfer naturally carry over to the
study of oxide interfaces.

However, unlike the case for compound semiconductors, carriers transferred across TMO
interfaces occupy strongly correlated 34 bands. The limited kinetic hopping imposed by the in-
terface combined with strong Coulomb interactions and Hund’s coupling can lead to exchange
interactions between transferred carriers. Such exchange interactions can lead to magnetism and
to other forms of spin-ordered states.

Mechanisms that compensate for discontinuities in ionic polarization at interfaces are not lim-
ited to charge transfer. Structural degrees of freedom allow atomic-scale distortions, particularly
distortions to the oxygen octahedra that surround transition metal ions, to arise in the lattice.
Such distortions can affect the single-particle bandwidth because carrier hopping occurs between
transition metal sites via oxygen ions. If sufficiently strong, such distortions to the oxygen octa-
hedra can further lift degeneracies among 34 orbitals of transition metals, giving rise to orbital
occupation that does not exist in bulk compounds (35, 36).

Much of the interest in correlated effects at TMO interfaces has emerged from the discovery of
a quasi-two-dimensional electron gas at the interface between LaAlOj; and Sr'TiO3; (37, 38). Along
the [100] direction, LaAlOjs has alternating planes of LaO and AlO, that are nominally +1 and —1
inionic charge, respectively. In contrast, the alternating planes of SrO and TiO, along the [001] di-
rection of Sr'TiO; are charge neutral. Interfaces between LaAlO; and Sr'TiO; in the [001] direction
thus exhibit a discontinuity in the polarization. The formation of a quasi-two-dimensional electron
gas is believed to compensate for the discontinuity in polarization. Investigators have proposed
several mechanisms to explain the origin of the carriers, such as charge transfer from LaAlO; to
SrTi0;3, oxygen vacancies in the SrTi0Oj, and intermixing of La and Sr cations (39, 40). The latter
two extrinsic sources of carriers can be minimized or eliminated through careful control of growth
conditions (41). The origin of intrinsic carriers transferred from the LaAlOj is still not clear. One
model suggests that carriers are transferred from the valence band of LaAlO; to the conduction
band of SrTiO; (42). However, recent synchrotron X-ray photoemission experiments found that
the polar electric field in the LaAlOj is too small to allow charge transfer from the valence band
to occur (43, 44). Instead, electron donors such as oxygen vacancies at the surface of LaAlOj; are
believed to provide the carriers to the interface to form the two-dimensional electron gas (45, 46).

Here we highlight two correlated phenomena at the LaAlO;/SrTiOj; interface, namely super-
conductivity and magnetism (47-52). The latter is particularly intriguing, given that SrTiO; and
LaAlOs do not exhibit magnetism in the bulk. Yet even more unexpected is that superconductivity
and magnetism have been found to coexist, because the two forms of quantum order are in general
mutually exclusive. Evidence from transport and X-ray absorption spectroscopy measurements
suggests that two types of carriers exist at LaAlO3/SrTi0s heterojunctions: high-mobility carriers
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situated away from the interface and low-mobility carriers prone to localization at the interface
(43, 44, 53, 54). Magnetism (superconductivity) has been associated with the latter (former) type
of carriers. Supporting the idea of localized carriers, density functional calculations indicate that
the band structure at the LaAlO;/SrTiOs interface has multiple subbands occupied by carriers
with heavy and light masses, which exhibit low and high mobilities, respectively (55).

The magnetism that arises at the LaAlO;/SrTiO; interface demonstrates that oxide inter-
faces can exhibit correlated phases that have not been observed in the bulk of either constituent.
Thus, the search for correlated effects at TMO interfaces should not be limited to heterojunc-
tions between oxides that exhibit correlated phases in the bulk. The LaAlO;/SrTiO; interface
also highlights the important role that discontinuities in polarization play in the emergence of
correlated phases. The strong electric fields at interfaces between polar materials and nonpolar
materials can produce band structures that support strong correlations for which there is no bulk
analog. Conducting electron gases and strong correlations have also been found at interfaces be-
tween Sr'TiOj; and other types of polar oxides, including LaTiO; (56), GdTiO; (57), LaVOs (58),
and LaGaOjs (59). The first three polar oxides are also Mott insulators, whereas the fourth is a
conventional band insulator.

The conductivity and correlated effects found at the LaAlO;/SrTiOjs interface can be controlled
through applied electric fields. For example, the electric field effect has been implemented to tune
superconductivity at the LaAlO;/SrTiO; interface by using the SrTiO; substrate as the gate
dielectric (47). Due to the thicknesses of typical Sr'TiO; substrates, applied voltages of >100 V
were required to effect appreciable changes in the density of carriers. Integrating thinner dielectrics
reduced the magnitude of voltages required to modulate carrier density. For example, Forg et al.
(60) fabricated LaAlOs/SrTiOs-based field-effect transistors that showed current and voltage
gain at room temperature by using the LaAlOs layer as a gate dielectric. For LaAlO;/SrTiO;
samples in which the LaAlOs layer is precisely three unit cells thick, the electron gas at the
interface can be reversibly created and destroyed by applying voltages through a scanning probe
tip. Cen et al. (61) used a scanning probe tip to laterally define nanoscale wires and devices on
the surfaces of LaAlO;/SrTiO; samples. The relative simplicity of using a scanning probe tip
to create devices circumvents the challenges associated with creating nanoscale devices by using
conventional lithography (61).

If properly understood, the electronic and structural degrees of freedom found at TMO inter-
faces provide a pathway to realize entirely new correlated materials. For example, recent interest
has focused on creating nickelate-based heterostructures that are electronic analogs to the su-
perconducting cuprates (62). For LaNiOs, the Ni ion is in a 347 configuration in which a single
electron is shared between degenerate d3.?_,? and d,>_,* orbitals. In comparison, the Cu ion in
cuprate superconductors is in a 3d9 configuration characterized by a singly occupied 34,%_,* or-
bital. The two-dimensional nature of the singly occupied 3d,?_,? orbital combined with strong
Coulomb repulsion gives rise to the antiferromagnetic state that is essential for superconductivity.
Density functional calculations by Chen et al. (63) showed that the general principles of charge
transfer and symmetry breaking at TMO interfaces can be applied to create a singly occupied
3d,>_,* orbital in LaNiO;. Controlling orbital occupation in artificial TMO heterostructures
would open a new paradigm in materials development and in the study of correlated phenomena.

BANDWIDTH CONTROL IN CORRELATED OXIDE
HETEROSTRUCTURES

Control of the single-particle bandwidth provides another method by which to manipulate corre-
lated behavior in TMOs. Recent studies have elucidated key relationships between structure and
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transport in ultrathin films. Furthermore, device geometries designed to manipulate atomic-scale
structure through applied electric fields are beginning to emerge. Integrating correlated TMOs
into such device geometries could lead to active devices in which metal-insulator transitions and
other correlated effects are manipulated through structural changes.

Carrieritinerancy in TMOs is determined largely by the degree to which transition metal 34 and
oxygen 2p orbitals hybridize, because carriers hop between transition metal sites via oxygen ions.
Wave functions for 34 orbitals are spatially more confined, and thus subtle changes in bond angles
can have large effects on orbital overlap and hybridization. Interfaces and free surfaces break the
translational symmetry of the lattice, leading to changes in the electrostatic boundary conditions
that affect bonding and atomic-scale structure. As films approach A in thickness, changes in
atomic structure near interfaces and surfaces have an increasingly pronounced effect on transport
properties and correlated behavior. For example, Disa et al. (64) found that the metal-insulator
transition temperature in ultrathin Nd;_,La,NiOjs films is renormalized to lower temperatures
when such films are grown under compressive strain on LaAlO; substrates. X-ray diffraction
measurements and soft-X-ray absorption spectroscopy confirmed that the renormalized transition
temperature is due to the enhanced Ni-O bond hybridization associated with compressive strain.

The example of Nd;_,L.a,NiOj; discussed above highlights static atomic distortions that af-
fect carrier transport and correlated behavior. Structural distortions can also give rise to dy-
namic effects, i.e., phonons, that influence carrier scattering. For example, in ultrathin films of
La;_,Sr,MnO; (x=0.47) grown on single-crystal Sr'TiO; substrates, a pronounced cusp in the
resistivity appears as a function of temperature near 108 K (65). This cusp coincides with a struc-
tural transition that is characterized by rotation of the TiO4 octahedra in SrTiOs; to an antifer-
rodistortive configuration (66). Because the La;_,Sr.MnOj is coherently strained to the SrTiO;
substrate, rotations in the TiOgs octahedra propagate across the interface and cause the corre-
sponding MnOy octahedra to also rotate in the first few unit cells. As this structural transition in
SrTiO; is approached from both directions in temperature, there is a divergence in the occupation
of phonon modes associated with the TiOs and MnOg octahedral rotations. These phonons are
particularly effective at disturbing the hybridization between Mn 34 and O 2p orbitals, leading to
the cusp observed in the resistivity.

Relationships between atomic-scale structure and electronic transport in TMOs could po-
tentially be exploited to actively control transport behavior in devices. For example, the cusp in
resistivity observed in La;_,Sr,MnO; films can be suppressed by electrostatically pulling carriers
away from the La;_,Sr,MnO;/SrTiOj; interface, where phonon scattering is most intense. The
electrostatic movement of carriers was achieved by switching the polarization of a ferroelectric
gate grown on top of the La;_,Sr,MnOs. Conversely, electrostatically pushing carriers toward
the La;_,Sr,MnOs/SrTiO; interface restored the cusp in resistivity (65).

More-ambitious device geometries aimed at inducing macroscopic structural changes to
modify bandwidth are just beginning to be proposed. Newns et al. (67) recently proposed a
so-called piezoelectronic transistor (PET) that uses a piezoelectric gate to mechanically compress
a conducting channel composed of a piezoresistive material (Figure 7). Calculations indicate that
the PET has the potential to be a high-speed, low-power switch that could replace CMOS-based
devices, provided that highly piezoresistive channel materials can be found or developed. The
high sensitivity to pressure is necessary to realize PET's that exhibit sufficiently high on-off ratios
comparable to those of present CMOS devices. Oxides that exhibit metal-insulator transitions
under applied pressure, such as (V;_,Cr,),0s, are thus ideal candidate materials to be used
in PETs (68). However, candidate channel materials are not limited to materials that exhibit
piezoresistivity in the bulk. Given that ultrathin films of TMOs, such as LaNiOjs, are prone to
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Figure 7

Schematic of a piezoelectronic transistor showing the piezoelectric (PE) and piezoresistive (PR) elements,
along with metallic contacts (red ). The PE layer applies strain to the PR layer, inducing changes in resistivity.
Such device geometry could be utilized to actively induce macroscopic structural changes in a transition
metal oxide with altered materials behavior or phase. Reproduced with permission from Reference 67.

atomic-scale distortions that affect bandwidth, actively inducing structural changes that give rise
to piezoresistive effects may be possible.

FUTURE OUTLOOK

Beyond developing methods to control correlated phenomena in device geometries, elucidating
materials behavior on nanometer length scales is also required. Recent studies have revealed that
the electronic structure of a correlated TMO can be spatially inhomogeneous at nanometer length
scales. For example, doped carriers can self-organize into stripes or checkerboard patterns in un-
derdoped cuprates (69, 70). Also, the size of the superconducting gap varies spatially across the
surfaces of cleaved crystals (71). The manganites provide another example of electronic inhomo-
geneity. The competition between ferromagnetic metallic phases and antiferromagnetic insulating
phases gives rise to phase separation; e.g., a crystal divides into spatial clusters exhibiting dissimi-
lar phases. Phase separation has been established to be essential for the phenomenon of CMR, in
which large changes in resistivity can be driven by applied magnetic fields. Evidence for electronic
inhomogeneity has been found in a variety of oxide systems (72), suggesting that inhomogeneity
may be present in TMOs in which competition between phases is important. Quenched disorder
in the form of, for example, dopant-induced lattice distortions and nonstatistical distributions of
dopants apparently plays a key role in the emergence of electronic inhomogeneity.

Electronic inhomogeneity presents both opportunities and challenges in the development of
correlated TMO-based devices. Candidate materials for post-CMOS technology will need to
exhibit behavior that is consistently reproduced as materials dimensions are decreased to nanome-
ter length scales. Thus, on the one hand, electronic inhomogeneity and quenched disorder are
potential challenges in the development of scalable devices. Controlling sources of quenched dis-
order from materials synthesis will be key to mitigating such issues. On the other hand, electronic
inhomogeneity in TMOs also opens a potential pathway to realize materials that exhibit unusual
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nonlinear effects such as CMR (73). For CMR, the phase-separated state that characterizes
manganites is composed of ferromagnetic metallic and antiferromagnetic insulating clusters.
Application of a field aligns the randomly oriented moments of ferromagnetic clusters, leading
to enhanced carrier hopping between such clusters. Experiments have demonstrated that the
disorder-induced phase-separated clusters in the manganites are essential for CMR (74). In
principle, materials that exhibit a giant or colossal response to other types of perturbations such
as electric fields, temperature, and pressure could potentially be realized by controlling phase
separation in TMOs (73). Materials that exhibit a giant or colossal response to perturbation
would be particularly useful in microelectronic and sensing devices.

Finally, materials behavior may not follow the bulk phase diagram as sample dimensions are
reduced to nanometer length scales. Finite size effects can enhance or suppress various types of
quantum order, leading to unusual effects in materials behavior. For example, fluctuations in the
transport characteristics of nanowires made from underdoped YBa,Cu; O;_s have been observed
(75). These fluctuations have been attributed to fluctuating domain structures possibly associated
with the stripe order found in underdoped cuprates (69). Such effects are anticipated to emerge in
materials in which several phases may coexist and compete (76). Thus, elucidating how correlated
behavior evolves as materials dimensions are reduced is also essential for the development of
TMO-based electronic devices.

CONCLUSION

With the advancements in materials growth, characterization, and device fabrication discussed
above, the outlook for electronic devices based on correlated TMOs is promising. Progress in
materials growth has made the fabrication of high-quality conducting channels thatare comparable
to Aq in thickness a reality. Furthermore, the use of alternative gate materials, such as ionic
electrolytes, has enabled changes to areal carrier density of up to ~10" c¢cm™~2 possible. Such
advancements have enabled magnetism, superconductivity, and metal-insulator transitions to be
controlled through the electric field effect. Interfaces between TMOs have emerged as a setting
in which correlated behavior can be manipulated in quasi-two dimensions to realize quantum-
ordered phases that do not exist in bulk oxides. Moreover, the reduced dimensionality of interfaces
is particularly amenable to integration into field-effect devices. Finally, key relationships between
structure and transport in ultrathin films of TMOs have been elucidated. Integrating TMOs into
novel device geometries could allow applied electric fields to control bandwidth by coupling to
structural degrees of freedom. Bandwidth control of transport and correlated behavior in TMOs
could open the pathway to a new generation of devices that use less power than is presently
possible. Thus, TMO-based heterostructures and devices promise to reveal fundamental physics
and to be a source of useful technology in the years to come.
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