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Abstract
In complex transition-metal oxides, the interactions between the electronic spins,
charges, and orbitals produce a rich variety of electronic phases. The competition
and/or cooperation among these correlated-electron phases can lead to the emergence
of surprising electronic phenomena and functionalities and form the basis for a new
type of electronics.

Why Correlated Electrons?
One of the most intensively studied
areas of research in condensed-matter
physics is the field of strongly correlated
electronic materials.1,2 These compounds
are made of simple building blocks, such
as a transition-metal ion in an octahedral
oxygen cage forming a perovskite structure. Yet, the large ensemble of these constituents behaves in a highly nontrivial
complex manner, leading to collective
responses that are quite difficult to predict
a priori based on the properties of those
building blocks. Typical examples are the
high-temperature superconductivity that
exists in layered copper oxides and the
colossal magnetoresistance of manganites.
In these strongly correlated electronic systems, the collective states cannot be understood based on the one-electron (or
one-quasiparticle) approximation, even if
fully quantum mechanical. The mere addition of individual electronic properties is
not sufficient to rationalize these subtle
phenomena, such as the zero resistivity in
a dense electronic system where collisions
should dominate and the resistances that
change by several orders of magnitude
when such materials are immersed in relatively small magnetic fields. The strong
correlations between the particles
involved in the phenomena render the
one-particle approximation useless, and
more sophisticated approaches are needed
to rationalize these materials. Understanding, controlling, and predicting
the emergent complexity of correlatedelectron systems is one of the most press-

ing challenges in condensed-matter
physics at present.
Surprises in this field of research
abound. Consider, for instance, the recent
explosion of interest in the study of Febased layered superconductors.3 Most
efforts to increase the record critical temperatures of layered copper oxides had
been focused on the right-hand side of the
3d row of the periodic table. Iron is in the
middle and is usually associated with ferromagnetism. However, for unexplained
reasons, electrons in layers of Fe and As
produce an unexpected superconducting
state with a high critical temperature. It is
not clear yet whether these superconductors are indeed part of the family of
correlated-electron systems, but evidence
is accumulating that the superconductivity is unconventional.
On the theory side, it is difficult to carry
out reliable calculations in the context of
correlated electrons. Standard ab initio
methods do not properly incorporate correlations and often lead to metallic states
for cases where a Mott insulator, to be discussed in the next section, is the true
ground state. The other widely used theoretical approach is based on model
Hamiltonians that seem to better capture
the essence of correlated systems.
However, these models are still very difficult to solve accurately using analytic
techniques. For these reasons, it is not surprising that computational studies of complex systems in general, and correlated
electrons in particular, are becoming a
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widely used path to extract information
about models, and this avenue has
already led to considerable progress in
this area of research.
The importance of understanding how
complex phenomena emerge from simple
ingredients was identified as one of the
challenges for the next decade in the
recent study by the U.S. National
Academy of Sciences on the current status
of condensed-matter and materials
physics.4 Also, the Basic Energy Sciences
Advisory Committee of the U.S.
Department of Energy has identified five
“grand challenges” for science to reach the
ability to control matter all the way to the
atomic and electronic levels.5 Among
these challenges is an understanding of
how the remarkable properties of matter
emerge from the complex correlations of
the atomic or electronic constituents.
Without a doubt, controlling correlated
electrons is a crucial area of research in
condensed-matter and materials science.
This brief article is intended to provide
an overview of correlated electrons, with a
focus on transition-metal oxides. Our
opinions of the present status of the field
and its future are also included. This is
certainly not a comprehensive review, and
interested readers are referred to the articles cited herein for a more detailed perspective and a more complete list of
references.

Control of Correlated Electrons in
Complex Oxides
The fundamental parameters for controlling the behavior of correlated electrons are (1) the tunneling electron
hopping amplitude t (or the one-electron
bandwidth W) and (2) the density of
charge carriers (to be more precise, the
band filling).6 The hopping amplitude t
competes with the on-site electron–
electron Coulomb repulsion energy U
and the outcome of this competition
is the Mott transition, namely, an
insulator–metal transition that occurs in
correlated-electron systems. As a function
of U/t, the system undergoes several
changes in spin and charge dynamics. In
the limit of large U/t, every electron localizes on an atomic site when the number of
electrons precisely equals the number of
atomic sites. In a Mott insulator, the
ground state is usually antiferromagnetic
in nature. When U/t decreases and
reaches some critical value, the transition
to the metallic state occurs, as schematically shown in Figure 1. Another route to
the Mott transition is by changing the filling (charge doping) of the correlated Mott
insulator. Ideally, a minute deviation from
half-filling (or from an integer number of
1037
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Figure 1. Insulator (I)–metal (M )
transitions in correlated-electron system
controlled by the bandwidth W (or
equivalently by the hopping amplitude t)
or the band filling n (doping x). U is the
on-site Coulomb repulsion interaction,
and (U/t)c represents the critical value
at which the transition occurs. Note:
δ = 1−n for n<1; δ = n−1 for n >1.

Figure 2. (a) Perovskite structure, (RE,AE)MO3, with trivalent (3+) rare-earth (RE) ions and
divalent (2+) alkaline-earth (AE) ions at the perovskite A site and the transition-metal
element on the perovskite B site. (b) Orthorhombically distorted (GdFeO3-type) structure
of perovskites.

conduction electrons per atomic site in the
d-electron system) leads to a paramagnetic
metallic state with a divergently large
effective mass of conduction electrons. In
most actual cases, however, a finite
amount of filling change (doped charge) is
necessary to realize the metallic state,
which is free of the self-localization of conduction carriers caused by the interactions
with the lattice, spins, and so on.
These fundamental parameters, and
other related quantities, in correlatedelectron oxides can be well controlled typically by the crystal engineering of a
perovskite with the formula (RE,AE)MO3
(Figure 2a), where RE, AE, and M represent the trivalent rare-earth and divalent
alkaline-earth ions, which can be in solid
solution, and the transition-metal element,
respectively. The ideal perovskite (AMO3)
exhibits a simple cubic structure, but the
lattice distortions (Figure 2b), usually
referred to as GdFeO3-type distortions, are
governed by the size mismatch of the
ionic radii of A and M, or by the so-called
tolerance factor f, defined as
f = (rA+rO)/ 2(rM+rO)

(1)

where ri (i = A, M, or O) represents the ionic
size of each element i. When f is close to 1,
the cubic perovskite structure is realized. As
rA, or equivalently f, decreases, the lattice
structure transforms first to the rhombohedral and then to the orthorhombic (GdFeO3type) structure, in which the M–O–M bond
is bent and the angle deviates from 180°.
This bond-angle distortion decreases the
one-electron bandwidth W, because the
effective d-electron transfer amplitude t
between the neighboring M sites is gov1038

erned by the d-electron hybridization with
the intervening O 2p state. The impact of the
variation in W with rA is observed, for example, in the metal–insulator transition in the
family RENiO3;7 LaNiO3, with a maximum
tolerance factor ( f ≈ 0.96) close to unity, is a
paramagnetic metal with one conduction d
electron per Ni atom, whereas other RENiO3
materials with smaller f values (or decreasing RE ionic size) exhibit antiferromagnetic
insulating ground states and undergo a
thermally induced insulator–metal transition (IMT) with increasing temperature.
Another important advantage of perovskites or related structures (e.g., layered
structures, termed the Ruddlesden–
Popper series) is the ease of chemical control of the band filling. Using the solid
solution RE1−xAEx at the perovskite A site
(AMO3, see Figure 2a), the effective
valence of the transition metal (M)
becomes 3 + x. In analogy to doped semiconductors, the increase (decrease) of x is
customarily called “hole doping” (“electron doping”). In reality, this change in x
reflects a decrease (increase) of the band
filling or of the chemical potential.
The most well-known example of a
band-filling- (doping-) controlled Mott
transition is the case of high-temperature
superconductors of copper oxides, such as
La2−xSrxCuO4, in which the effective Cu2+
valence state, or more correctly the
[Cu–O]0 state, is doped with holes and
becomes a Cu(2+x)+ ([Cu–O]x+) state. It is
well known that, upon the IMT around
x = 0.06, the ground state becomes superconducting. Another prototypical example is La1−xSrxTiO3, where hole doping of
x ≈ 0.05 drives the ground state from an

antiferromagnetic Mott insulator to a
paramagnetic metal with a high carrier
density (band filling n = 1 – x) but with a
large enhancement of the carrier mass, as
compared to the calculated band mass.8
Figure 3 presents a schematic of the
overall electronic phase diagram of
RE1−xAExTiO3 under the control of both
the one-electron bandwidth W and the
band filling (i.e., 1 − x) in terms of varying
RE ionic radius and doping level x. The
“undoped” Mott insulator, for example,
La1−yYyTiO3, shows an increasing charge
gap (Mott–Hubbard gap) with decreasing
W (or increasing U/W), whereas the antiferromagnetic order turns to ferromagnetic through the influence of orbital
ordering (see the next section). The critical
doping level of the IMT is increased from
xc ≈ 0.05 for La1−xSrxTiO3 with the maximum W value (WLa), up to xc ≈ 0.4 for
Y1−xCaxTiO3 with a relatively small W
value (about 80% of WLa). The rather high
hole concentration needed to realize the
metallicity of the small-W systems, such as
Y1−xCaxTiO3, is quite common in the 3d
transition-metal oxides with perovskitelike structures; there should be shortrange/long-range polaronic ordering in
such a highly doped insulating ground
state because of the combined effect of
strong electron correlation and electron–
lattice coupling. The charge–orbitalordered insulating state in the perovskite
manganites is one such example where
the state changes substantially when subjected to an external stimulus such as a
magnetic field, electric field, or light irradiation, as described in the following
sections.
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Ordering of Charge, Spin, and
Orbital Degrees of Freedom

Temperature

Consider a transition-metal ion (M) in a
crystal with perovskite structure. M is surrounded by six doubly negative oxygen
ions (O2−) that give rise to the crystal field
potential and partly lift the degeneracy of
the d-electron levels (Figure 4). Wave functions pointing toward the O2− ions (dx −y
and d3z −r , called eg orbitals) have higher
energy than those pointing between the
ions (dxy, dyz, and dzx, called t2g orbitals). In
the Mott insulating state, all of the d electrons are localized almost on their respective atoms, making the spin and orbital
degrees of freedom simultaneously active.
The combination of these degrees of freedom produces versatile spin-orbital ordering patterns. Prototypical cases are shown
in Figure 5 for perovskites of LaVO3 and
YVO3, which are t2g electron systems, and
LaMnO3 and BiMnO3, which are eg
electron systems.
In LaVO3, for example, the antiferromagnetic spin ordering with ferromagnetic chains along the z direction is known
to induce an orbital-ordered state with
alternate occupancy of dyz and dzx in the x,
y, and z directions, in addition to the commonly occupied dxy orbital.9 (In Figure 5a,
the dxy orbital on each V site is omitted for
clarity.) Despite its nearly cubic character,
the electronic structure is highly
anisotropic because of the spin–orbital
ordering. On the other hand, in YVO3
(Figure 5b), with a larger orthorhombic
(GdFeO3-type) lattice distortion, staggered spin order and a dyz or dzx orbitalordered state along the z axis are known to
exist in the ground state. Thus, the relationships between the spin and orbital
orders for these two compounds are
exactly opposite, indicating the strong
coupling between the spin and orbital
degrees of freedom.
In the perovskite manganites, the
orbital degeneracy is easily lifted by coupling with the local deformation of the
MnO6 octahedron (called the Jahn–Teller
effect), such as the elongation and compression of the octahedron along the z axis
favoring the occupation of the d3z −r and
dx −y orbitals, respectively. Therefore, the
orbital ordering coupled with the collective Jahn–Teller distortion first emerges
with decreasing temperature, and then
regulates the spin ordering pattern at
lower temperatures. In LaMnO3, a local
linear combination of the d3z −r and dx −y
orbitals produces the orbital states d3x −r
and d3y −r , which alternate on the Mn sites
in the ab (xy) plane, as shown in Figure 5c.
In this case, the Jahn–Teller distortion produces a macroscopic lattice strain, compressing the c axis and expanding the ab
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Figure 3. Metal–insulator phase diagram of RE 1−x AExTiO3. In the end plane (temperature
vs. electron correlation U/W) with x = 0, the antiferromagnetic (TN) and ferromagnetic (Tc)
transition temperatures are plotted for the RE = LayY1−y system, where the variation of the
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Figure 4. d-electron orbitals and level splitting in the octahedral coordination of O2−.

plane. The spins couple ferromagnetically
on the ab plane, whereas they are stacked
antiferromagnetically along the c axis,
producing the layered antiferromagnetic
state.10 In BiMnO3, with a lower crystal
symmetry because of the lone pair on Bi3+
(Figure 5d), the complex orbital order can
give rise to a Mott insulating ferromagnetic ground state.11
In some relatively common cases, the
compound remains electrically insulating
or marginally metallic over a broad range
of band fillings, in which a periodic array
of doped holes or electrons appears. This
phenomenon is called charge ordering.
Figure 6 exemplifies several cases of such
charge ordering in some quasi-two-
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dimensional transition-metal (M) oxides
(RE,AE)2MO4, with the K2NiF4-type structure (Figure 6a). In the isolated MO sheet
of this crystal form, the spin, charge,
and/or orbital tend to take the form of
stripes. In La2−xSrxNiO4 (Figure 6a, with
RE = La and AE = Sr), for example, the
hole doping, x, in the parent Mott insulator
La2NiO4 cannot induce the insulator–metal transition up to x = 0.9 and instead
forms a charge (hole) and spin stripe pattern running parallel to the diagonal
direction of the NiO4 squares (“diagonal
stripe”), that is, along [110] in the tetragonal lattice.12 At x = 1/3, in particular, the
charge and orbital stripe state is the most
stable, as shown in Figure 6b.
1039
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spin order observed in the underdoped
region (say, x < 0.12) of La2CuO4 might
originate from this charge order.
Reflecting the one-quarter-filled nature of
the vertical stripe, the electrical conduction along the stripe appears to survive
and manifests itself as a one-dimensional
charge dynamics and Fermi-surface
structure.

A similar hole stripe is also known to
exist in some of the high-temperature
superconducting copper oxides, as exemplified in Figure 6c for the x = 1/8 holedoped La2CuO4.13,14 In this case, the
one-quarter-filled (i.e., 50% hole-doped)
stripes run along the [100] or [010] direction (“vertical stripe”) in the half-filled
CuO2 background. The incommensurate
a LaVO3

b

YVO3

Even more complex features arise in the
doped manganites as a consequence of the
close interplay among the spin, charge,
orbital, and lattice degrees of freedom, as
exemplified in Figure 6d for a hole-doping
levels of x = 1/2.15 In a classical picture,
Mn4+ (with three t2g electrons as the local
S = 3/2 spin) and Mn3+ (with the S = 3/2
local spin plus one eg electron) should
coexist. The charge ordering shows a
checkerboard pattern, whereas the orbital
on the same Mn3+ sites shows the larger
unit-cell ordering with alternating d3x −r −
d3y −r (or dy −z − dz −x ) orbital occupancy. The
observed spin ordering pattern is the compromise between the antiferromagnetic
superexchange interaction among the t2g
local spins and the ferromagnetic doubleexchange interaction mediated by the eg
electron hopping between the Mn3+ and
Mn4+ sites. The orbital ordering regulates
the anisotropic eg electron hopping, and
hence, the Mn4+ sites adjacent to the lobe
of the eg orbital on the nearest Mn3+ site is
linked through a ferromagnetic interaction. As a result, ferromagnetic zigzag
chains appear along the diagonal direction in the ground state. These complex
forms of charge–orbital–spin ordering are
ubiquitous in the highly (moderately)
doped, nonmetallic manganese oxides
with perovskite-related structure. Incidentally, the metallic counterpart of the doped
manganites is viewed as the orbitals
quantum-disordered state with nearly
isotropic ferromagnetic double-exchange
interactions.
2
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Figure 5. Spin-charge ordering of d electrons in (a) LaVO3, (b) YVO3, (c) LaMnO3, and
(d) BiMnO3, all with (distorted) perovskite structures.
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Figure 6. Charge order in the variety form of stripes in hole-doped two-dimensional metal
oxide sheets of layered perovskite materials: (a) K2NiF4-type structure [(RE,AE)2MO4,
where RE, AE, and M represent the trivalent rare-earth and divalent alkaline-earth ions and
the transition-metal element, respectively], (b) La2−xSrxNiO4 (x = 1/3), (c) La2−x BaxCuO4
(x = 1/8), and (d) La1−x Sr1+x MnO4 (x = 1/2).
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Giant Responses in CorrelatedElectron Systems
The several competing tendencies in
correlated-electron materials lead to rich
phase diagrams, containing a variety of
phases with spin, charge, and orbital
order; superconducting states; metals and
insulators; multiferroics; and other phases
(Figure 7). These phases are interesting in
themselves, but in addition, their presence
in the same material suggests that their
energies must be similar, given that small
changes in composition, temperature,
pressure, external fields, and other parameters tend to induce a transition from one
to another. These transitions are often of
first order, which is natural for states with
such different properties. However, often,
these transitions are more complex than
merely involving an abrupt change from
one state to another when some parameter
is varied.
In many materials, giant responses to
external fields have been observed in the
region of phase competition. A typical and
widely studied example is the case of the
colossal magnetoresistance (CMR) in
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manganites.17,18 At particular chemical
compositions, these materials present a
ferromagnetic metallic phase, but with
exotic resistivity versus temperature
curves. The resistivity is insulating above
the ferromagnetic ordering temperature
Tc , it presents a sharp peak at TC upon
cooling, and finally it drops to a metallic
state as the temperature is lowered further. This curve is exotic because it is
unusual to have an insulator as the “normal” state of a low-temperature metallic
ferromagnet. However, the most curious
property is obtained by introducing an
external magnetic field of only a few teslas. In this case, the resistivity peak is rapidly suppressed, generating a large and
negative magnetoresistance effect, which
was called colossal magnetoresistance in
the early days of its discovery in 1994.
Although technological applications of
this effect in read sensors will need Tc to
be raised by a substantial factor of two to
three, the CMR phenomenon defines a
fundamental science puzzle that many
researchers have been trying to decipher
in recent years.
The present understanding of the CMR
effect is based on phase competition. In
fact, of the several manganites obtained
by varying the trivalent and divalent ions
in the chemical formula, only those with
relatively small bandwidths show the
CMR effect. Concomitant with a small
bandwidth, competing insulating states
are often found in the phase diagrams.
A small bandwidth enhances the relative
importance of electron–phonon couplings, and complex charge, orbital, and
spin order arrangements are found at low
temperatures.
Theoretically, it was conjectured early
on that the region of phase competition
between the ferromagnetic metal and the
insulator is where CMR is found.18 This
hypothesis was confirmed by recent stateof-the-art computer simulations that use
the double-exchange model for manganites, supplemented by a robust coupling
to lattice displacements.19,20 Some representative theoretical curves are shown in
Figure 8. It is clear that these results,
which were obtained using Monte Carlo
simulations employing large clusters of
computers, present resistivity curves that
resemble those obtained in experiments. It
can be said that the CMR effect is “trapped
in a box,” and it is up to materials scientists to ask the proper questions to the
computers to understand its origin more
deeply.
Investigations suggest19 that, in the
insulating region above TC, the shortdistance charge and spin order closely
resemble that of the insulating state that
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Figure 8. Results of a computer simulation for a model for manganites, adapted from
Reference 19. Shown are the resistivity (ρ) versus temperature (T/t, where t is the electron
hopping amplitude) curves, parametric with couplings in the model, described in more detail
in the original publication. The characteristic resistivity peak of materials exhibiting colossal
magnetoresistance (CMR) is observed, particularly in (a). In (b) and (c), the rapid reduction of
the resistance with increasing magnetic field H is shown. Note: JAF is the antiferromagnetic
coupling constant, n is the band filling, λ is the electron phonon coupling, e is the charge of
the electron, h is planck’s constant, and ∆ is the strength of the quenched disorder.
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by disorder, and it is in the intermediate
region, which has glassy properties,
where the colossal effect is observed.18,21
The giant nonlinearity observed in
CMR manganites originating in phase
competition is simply one example of the
potentially enormous responses that
many correlated-electron systems could
have. In fact, the sketch in Figure 9 does
not depend in any detail on the properties
of the competing states, but rather
depends on the competition itself. Note,
however, that, if one of the phases is not
ferromagnetic, then the external perturbation that triggers the giant response might
be less obvious than a magnetic field. In
fact, recent investigations have suggested

competes with ferromagnetism. Perhaps
induced by the dominance of a large
entropy above Tc , the system behaves as if
the insulator were the dominant state.
However, at Tc , the energy prevails over
the entropy, and the true metallic state is
stabilized upon cooling. Moreover, it has
been observed,19–21 both theoretically and
experimentally, that quenched disorder
caused by chemical doping enhances the
window in parameter space where these
effects are observed. A schematic phase
diagram including both bandwidth and
disorder strength was predicted by theory
and confirmed by experiments. In this
phase diagram, shown in Figure 9, an
original first-order transition is smeared

giant responses in underdoped cuprates.
In this case, the external perturbation is
the proximity of a well-developed superconductor that induces superconductivity
in a non-superconducting underdoped
cuprate.22,23 More generally, it might be
that the exotic properties of the famous
pseudogap regime of the high-temperature
superconductors originates in phase competition between the parent compound,
which is an antiferromagnetic insulator,
and the superconducting state itself. In
addition, many other correlated-electron
materials might have similar exotic nonlinear properties. Surprises of this kind
might be found in several compounds of
the correlated-electron family.
T
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Figure 9. Generic phase diagram of manganites with varying bandwidth and quenched disorder. At a low degree of quenched disorder, a firstorder transition separates the competing ferromagnetic (FM) metallic and charge-ordered (CO) states. As this disorder strength increases, a
window opens between the competing states, and a glassy region with nanoscale inhomogeneities is formed. The large response to magnetic
fields (colossal magnetoresistance, or CMR) appears to occur in this regime, near the (now-reduced) Curie temperature. A new crossover
temperature T * > TC is observed in this regime, where the nanoscale clusters start forming. Finally, at large values of the disorder strength,
even the CO state is no longer observed. Note: SGI is spin-glass insulator.
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Note that the nonlinearities described
herein appear to occur concomitantly with
nanometer-length-scale
inhomogeneities.18,24 A variety of experiments in manganites have convincingly shown that, in
the CMR regime, there are nanoscopic
clusters with characteristics similar to
those of the charge-ordered state that is
stable at half-doping, even though the
ground state is a ferromagnetic metal.
Even before the experimental investigations in this context, theory had predicted
strong tendencies toward inhomogeneous
states, a tendency widely known as phase
separation.25 Self-organization of the electronic degrees of freedom also occurs in
some high-temperature superconductors
and nickelates where states with stripes
have been identified, as previously
described.14 Recent experiments26 have
shown that other types of inhomogeneous
states occur in the superconducting
cuprates (Figure 10).
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The use of both spin and charge degrees
of freedom is an essential feature for the
emerging field of spin-electronics, or spintronics. Its straightforward application is
the control of the electrical current by an
external magnetic field. In fact, the inventions of a giant-magnetoresistive magnetic
multilayer (composed of transition metals) and a tunneling magnetoresistance
(TMR) device were crucial milestones for
the field of spintronics and its industrial
application.
For the general spintronic use, a halfmetal, meaning a metallic ferromagnet
with perfect spin polarization in the
ground state, is of great interest. Several of
the ferromagnetic metallic transitionmetal oxides with strong electron correlation are expected to show such a
half-metallic ground state because of
potentially strong spin-charge coupling.
Hole-doped manganites with a perovskite
structure, La1−xSrxMnO3 (0.2 < x < 0.5),
provide a typical example of a half-metal
mediated by the strong Hund coupling
between the eg electron spin and t2g local
spins. However, the TMR characteristics
for the junction that uses La1−xSrxMnO3 are
known to show an unexpected degradation with increasing temperature, say, up
to 200 K, despite their higher Curie temperatures (330–370 K). Consensus has
now been reached that this seemingly
rapid fading out of the spin polarization is
due to the modification of the interface
magnetism of La1−xSrxMnO3 (0.2 < x < 0.5)
when facing the insulating barrier. To
attack this problem, alternative engineered magnetic interfaces are being
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Figure 10. Example of an experimental result showing inhomogeneous behavior in a
transition-metal oxide. Shown are results reported in Reference 26, containing scanning
tunneling microscopy (STM) data gathered using a high-temperature superconductor with a
critical (optimal) temperature of 93 K. The colored regions have a d-wave STM spectrum,
and the remarkable result is that these superconducting areas are observed even at
temperatures as high as 120 K. ∆ is the superconducting gap obtained from the local
density of states measured with the STM technique.

extensively explored.27 Moreover, the
emerging novel properties and possible
functionalities at the interfaces between
correlated oxides represent a new and
important area of investigations.28–31
More robust and higher-Tc half-metals
have also been sought in the family of perovskites. A consequence of such investigations was the discovery of the ordered
double perovskite family with half-metallic characteristics, represented by Sr2B1
B2O6 (B1 = Fe or Cr, B2 = Mo or Re).32 In this
class of compounds, the perovskite B (transition-metal) sites are alternately occupied
by B1 and B2 in a rock-salt form. The
valence of Fe (or Cr) is 3+, corresponding
to the maximum spin state S = 5/2 (3/2).
The Mo5+ (4d1) or Re5+ (5d2) ion provides

MRS BULLETIN • VOLUME 33 • NOVEMBER 2008 • www.mrs.org/bulletin

the conduction electrons, partially
hybridizing with the spin-down state of Fe
or Cr, and strongly coupling antiferromagnetically with the local spins (spin-up
states) on Fe or Cr. Thus, the states near the
Fermi level are composed only of the spindown electrons, forming the half-metallic
ground state. The ferromagnetic transition
temperature can be very high, for example,
420 K for Sr2FeMoO6 and as high as 615 K
for Sr2CrReO6. Possible antiferromagnetic
metals with a half-metallic ground state,
which is a highly spin-polarized state
without any magnetization, have also been
sought for in the family of ordered perovskites, but so far, the attempt has not
been successful because of the correlationinduced charge-gap opening.
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Another important group of compounds related to spintronic oxides is the
multiferroics, that is, materials with coexisting ferroelectric and magnetic orders,
which can potentially host a gigantic magnetoelectric (ME) effect. Concerning the
coupling between the magnetism and the
ferroelectricity, a new simple scheme has
recently been theoretically33,34 and experimentally35 demonstrated; the mutually
canted spins (Figure 11a), as generated by
the spin frustration effect, can produce an
electronic polarization through the
spin–orbit interaction. When the spins
form a transverse-spiral (cycloidal) modulation along the specific crystallographic
direction (Figure 11b), then every nearestneighbor pair produces a unidirectional
polarization pi, and, hence, a macroscopic
polarization P of electronic origin should
be generated. The direction of the polarization can be completely determined by
the clockwise or counterclockwise rotation of the spins that are proceeding along
the spiral propagation axis, called the spin
helicity.
In these cycloidal spin compounds, typically perovskite TbMnO3 and DyMnO3,
the spontaneous polarization can be easily
controlled by an external magnetic field of
a specific direction, inducing the generation and/or flipping of the spontaneous
polarization,35 which can be viewed as a
gigantic ME effect. Multiferroics based on
this mechanism have also been realized in
the conical spin state (Figure 11c) where
the transverse spiral component coexists
with the uniform (spontaneous or fieldinduced) magnetization component along
the cone axis, and hence, the flexible control of the polarization vector is possible
by external magnetic field.36 These
cycloidal and transverse-conical spin
states are widely seen in complex transition-metal compounds such as spinels
and perovskites, where competing
exchange interactions of the neighboring
spins can cause such a periodically modulated spin structure. As the natural extension of these studies, the electrical control
of the magnetization vector is now being
explored as a new and potentially important spintronic function.
In analogy to spintronics, one can also
consider the possibility of controlling electric currents through the d-electron orbital
state.37 Here, we call this possible correlatedelectron technology orbital-electronics or
orbitronics. In a broad context, the CMR
phenomenon itself amounts to a fieldinduced modification of the orbital correlation, and hence, it could provide one
such example. By analogy to the magnetoresistance effect in the spin-ordered
state, one can utilize the orbital degree of
1044
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Figure 11. Possible spin superstructures in multiferroics with strong coupling between the
magnetism and electricity. (a) Canted spins (Si, Sj) on neighboring atomic sites. (b) Spin
spiral structure producing a uniform polarization (P). (c) Conical spin structure allowing both
uniform magnetization (M) and P.

freedom to regulate the electrical conduction, as shown in Figure 12a. For example,
when the orbital ordering composed of
dx −y orbitals is realized in the nearly cubic
perovskite lattice, the charge dynamic is
highly anisotropic, specifically, confined
within the xy plane and insulating along
the z direction, as can be noticed from the
transfer hopping values shown in Figure
12a. In reality, such a ferroic orbital ordering is present ubiquitously in overdoped
manganites, and a highly two-dimensional charge motion is observed despite
the nearly cubic lattice structure.
The key idea of orbitronics is the ultrafast switching of the orbital state, and
hence of the related spin-charge state, by
means of electric fields and/or light irradiation. Because the orbital shape, rodlike
or planar, represents the electrons probability-density distribution, the orbital
degree of freedom can inherently couple
with the electric field through its
anisotropic polarizability. In this context,
the orbital manipulation might bear an
analogy to liquid-crystal technology, in
which rod-shaped or planar molecules
can respond to the electric field through
their anisotropic polarizability.
To describe the dynamical response of
the orbital to the external fields, we need
to define the orbital wave or orbiton in the
orbital-ordered state (Figure 12b). An
advantage of the use of the orbital degree
of freedom in ultrafast control of the electronic and magnetic state is that the
orbiton frequency is high,38 10–100 THz,
2
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Figure 12. (a) Electron hopping
amplitudes between the nearestneighbor sites with various orbital
states. t0 stands for the transfer integral
unit. (b) Quantal orbital wave, or orbiton,
of the orbital-ordered state.

as compared to the typical spin precession
frequency (i.e., the k = 0 magnon energy in
a ferromagnet) of 1–100 GHz. In fact, in
the initial process of the photoinduced
insulator–metal transition in the perovskite manganite (Pr0.7Ca0.3MnO3), the
orbiton mode of 30 THz is observed in
ultrafast optical spectroscopy.39
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Correlated-electron science is thus
exploiting a broad range of materials and
electronic properties, in addition to the
famous high-Tc and CMR-related phenomena that have received so much attention. Noteworthy is the recent advance of
the epitaxial-growth technology for
transition-metal oxide thin films and
superlattices, as well as the discoveries of
many intriguing properties at the heterointerfaces. At the interface, the spin
and orbital, as well as charge, states are
greatly modified, and they can be subject
to external magnetic and/or electric fields
that can induce large nonlinear effects.
One of the potential applications of such
phenomena is the resistance switching
memory effect of the correlated-oxide
interface with metal electrodes; the mechanisms are still to be clarified, but the possible application of this effect to
high-density, fast, nonvolatile memory
devices (resistive random-access memory,
or ReRAM) is now being investigated
extensively (see, for example, Reference
40). Another interesting example is the
creation of a polar ferromagnet with broken inversion symmetry at the interface,
in which many new intriguing magnetoelectronic functions, such as nonlinear/
nonreciprocal magneto-optical and
dynamical magnetoelectric effects, can be
observed because of the simultaneous
breaking of space-inversion and timereversal symmetries.

Conclusions
The study of correlated electronic materials continues at a fast pace. A close interaction between theory and experiments
has been crucial for the progress in this
field. The complexity of these compounds,
manifested in their rich phase diagrams,
self-organization, and nonlinear responses,
suggests their potential use in devices. Yet,
even if technological applications take considerable time to be realized, the interesting
properties of these materials define a field

of fundamental scientific research that is
full of surprises and will surely continue to
provide exciting and challenging phenomena in the near future.
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