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Abstract. Complex cobalt oxides known as cobaltites are
reviewed, including LnCoQOs-based perovskite-structured
rare-earth cobaltites (where Ln is lanthanum or a lantha-
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nide), quasi-two-dimensional and quasi-one-dimensional co-
baltites of the types LnCo,0s 5, La;CoQy4, and Ca3Co,0s,
and Na,CoQO; - yH,O superconducting compounds. Key ex-
perimental and theoretical results are presented, with emphasis
on the interplay between charge, spin, and orbital degrees of
freedom. Two problems of specific relevance to cobaltites — the
spin state instability of Co®* ions in LnCoO3, and the nature of
superconductivity in Na, CoQO; - yH,O — are also given signif-
icant attention.

1. Introduction

The discovery of high-temperature superconductivity in
layered cuprates stimulated tremendous interest in other
perovskite-structured oxides of 3d metals; these compounds
have been thoroughly investigated in the last two decades.
The feature common to most of them is that they belong to
systems with strong electron correlations (SECs) [1], which
result in the dielectric ground state of undoped La,CuQOy4
cuprates, LaMnO; manganites, and LaCoO; cobaltites.
Doping in cuprates produces an unusual pseudogap state
and high-temperature superconductivity (see, e.g., reviews [2—
5]). In manganites, doping leads to competition of the
antiferromagnetic and ferromagnetic exchange interactions
and to colossal magnetoresistance [6-9]. In ruthenates, we
observe exotic superconductivity in the case of Sr,RuO4 and
metal—dielectric transitions in the system Ca,_,Sr,RuOy [10,
11]. The natural question now is: what is so new and special
that studies of cobaltite could give to a wide range of Physics—
Uspekhi readers and is there a need at all for a special review
on cobaltites? We think that this need does exist, for the
following reasons.

First, in cobaltites, we find all the phenomena known in
cuprates and manganites: dielectric—metal transitions, super-
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conductivity [12], competition of antiferromagnetic and
ferromagnetic exchanges, giant magnetoresistance [13, 14],
and anomalously high thermo-emf[1, 15, 16]. It is likely that
the study of superconductivity in Na,CoO; - yH,O layered
cobaltites will allow extracting additional data on the nature
of high-temperature superconductivity (HTSC) in cuprates.
At the same time, the exotic superconductivity in these
cobaltites is of interest in itself because it arises on a
triangular lattice of cobalt ions where considerable frustra-
tion effects are possible.

Second, the interrelation between spin and orbital degrees
of freedom is very strongly pronounced in cobaltites. Orbital
ordering is also well known in manganites, but changes in the
orbital and spin states of the Co’* ion in cobaltites manifest
themselves in the competition between the low-spin (LS) tzég,
S =0, high-spin (HS) tje?, S=2, and intermediate-spin
(IS), ty,e,. S =1 levels. This competition is responsible for
the specific features of the magnetic, electric, and structural
properties of rare-earth cobaltites LaCoO;3. High spin—orbital
degeneration is regarded as a possible cause of giant
magnetostriction [17] and of the considerable thermoelectric
effects [15, 16] that appear attractive from the standpoint of
applications.

Third, cobaltites have proved to be a windfall for
demonstrating the advantages of unique new experimental
techniques for studying magnetic materials developed over
the last 10-15 years, such as the X-ray magnetooptics using
synchrotron sources (see review [18]). Examples of separat-
ing the orbital and spin contributions to the magnetic
moments of LaCoO; and Ca3;Co,0g using X-ray magnetic
circular dichroism and applying this information for
clarifying the state, spin, and orbital states are given in the
present review.

Cobaltites thus demonstrate a very rich collection of
properties, some of which belong exclusively to them. SEC
effects so typical of 3d elements are definitely present in
cobaltites, and this both creates additional complications for
the theory and enriches the physics of the phenomena.

2. Perovskite-structured cobaltites

2.1 Crystalline structure and physical properties

of rare-earth LnCoQj3 cobaltites

The class of rare-earth cobaltites includes several families; the
best studied among them are compounds with the general
formula LnCoOj3, where Ln stands for lanthanum, yttrium, or
a lanthanide (Pr, Nd, Sm, Eu, Gd, Tb...). The basic
representative of this series is LaCoO3;, whose valence
formula is La’*Co**O%~. Both transition and rare-earth
elements manifest the same valence, 3. It was shown in one
of the earliest papers that treated the crystalline structure of
these compounds in detail [19] that at room temperature,
LaCoO; has a rhombohedrally distorted perovskite-struc-
tured lattice whose unit cell belongs to the spatial group R3c,
DS, (Fig. la).

The crystalline lattice of all other compounds of the
LnCoOs; series with Ln =Y, Pr, Sm, Eu, Gd... contains
rhombic distortions, the spatial group being Pbnm, V¢
(Fig. 1b) [19]. The extent of distortion differs for different
kinds of Ln ions. The lowest distortion is found in
NdCoOs3, with an almost cubic structure. Therefore, cobalt
ions in the LnCoO; compounds are surrounded by weakly
distorted oxygen octahedra and form CoOg complexes.

LnCoO; (Ln = Cd, Pr, Nd, ...)

LaCoO3

o — Co3+,

@ —Ln*t, 0 -0

Figure 1. Perovskite-type crystalline structure of LnCoOj; (a) with
rhombohedral distortions, group R3¢ (LaCo03), (b) with rhombohedral
distortions, group Pbnm (LnCoO; with Ln # La) [19], (¢) surroundings of
a rare-earth ion [20].
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Figure 2. Curves of the linear thermal expansion coefficient o of a crystal
lattice as a function of temperature [22].

Only one type of position exists for the ion of a transition
element in stoichiometric compounds. However, rare-earth
cobaltites are typically somewhat deficient in oxygen. We
note that part of the cobalt ions are surrounded not by
octahedral but by pyramidal complexes. The pyramidal
surroundings of cobalt ions are also typical of layered
compounds of the LnMCo,0s,5 series (M stands for
alkaline-earth elements).

The surroundings of a rare-earth ion in LnCoOj has the
lower symmetry Cs. The trivalent rare-earth ion Ln* is
surrounded by a somewhat distorted cubo-octahedron
(Fig. lc) formed of 12 oxygen ions with which the rare-earth
ion forms three long bonds, six medium-length bonds, and
three short bonds. As the number of lanthanides in the group
increases, the unit cell volume decreases linearly as a result of
adecrease in the ionic radius of the rare-earth element [20, 21].

The extent of structural distortion in LnCoOj; changes
with temperature appreciably and, as a rule, nonmonotoni-
cally [22]. Anomalous thermal expansion of rare-earth
cobaltites is a striking feature of their behavior. According
to the data in [22] and subsequent paper [23], the linear
thermal expansion coefficient of LnCoQOs (where Ln = La,
Dy, Sm, Pr, Y, Gd, or Nd) is a nonmonotonic function of
temperature and displays maxima whose positions correlate
with the specifics of magnetic susceptibility and conductivity
(Fig. 2).

In fact, the compound LaCoOs first attracted attention
precisely because of the unusual temperature dependence of
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Table 1. Ionic radii of the Co** ion in different spin states.

State Spin r, A
LS 0 0.545
IS 1 0.560
HS 2 0.610

its magnetic susceptibility y(7') [24, 25], which has two broad
maxima at 7} ~ 100 K and 7, =~ 500 K. At high tempera-
tures, the susceptibility slowly decreases as the temperature
increases (Fig. 3). A study of polarized neutron scattering [26]
and the Knight shift in LaCoOs3 [27] showed that the cobalt
ions are in a low-spin nonmagnetic state at low temperatures,
but this state becomes paramagnetic at temperatures above
100 K. Cobalt ions have different ionic radii  in different spin
states (see Table 1).

A change in the spin state is accompanied by a corre-
sponding change in the volume of the unit cell. No long-range
magnetic ordering was found in LaCoOs.

In other compounds of the LnCoOj series, the same
specific features are observed in the magnetic susceptibility y
and thermal expansion as in LaCoQj3; however, two anoma-
liesin y(7") are less separated from each other in temperature,
are not as well defined, and are shifted to a higher temperature
range. Neutron scattering data [28, 29] showed no spin
transitions at temperatures up to room temperature for
compounds with Ln = Pr, Nd, Sm, Eu. In Ho,_,Ca,CoOs3,
there is no transition to another spin state at temperatures up
to 900 K [30]. The temperatures of spin transitions are in each
case higher than the spin transition temperature for LaCoO;
(100 K). Structural anomalies accompanying the magnetic
transition in the compounds LnCoO; (Ln =Y, Sm, Dy, Gd)
are also observed at temperatures that are considerably
higher than room temperature [22]. Three ranges can be
identified in the phase diagram of the LnCoO; series with
rare-earth ions from La to Lu (Fig. 4): nonmagnetic dielectric,
paramagnetic dielectric, and paramagnetic metal [31]. Transi-
tions between them are smooth and spread out, because these
are not phase transitions in the classical sense of the term but
Crossovers.

The transition between different spin states in LaCoO;
can be stimulated not only by applying temperature but also
by applying external pressure [32, 33] and illuminating with
light [34]. A compression of the crystal lattice and a
reduction of the Co—O bond length stabilizes the non-

Figure 4. Electron phase transition of compounds of the LnCoOs series, in
r— T coordinates (r is the ionic radius) [31].

magnetic state of the Co’* ion regardless of the way this
was achieved.

The dielectric properties of compounds are also affected
by transitions between different spin states of Co’* as the ion
radii vary from state to state. The real and imaginary parts of
the dielectric permittivity of single crystals of LnCoOj;
(Ln =La, Pr, Gd) change sharply with increasing the
temperature; specific features of the temperature dependence
of the dielectric permittivity measured at low frequencies (5—
10 kHz) are not very different from the behavior of the static
magnetic susceptibility and thermal expansion [35]. The
authors of Ref. [35] point to a similarity in the dielectric
permittivity as a function of temperature and frequency for
cobaltites and ferroelectric relaxors and conclude that
LaCoOs; is in an inhomogeneous state in which the para-
magnetic monoclynic phase coexists with the nonmagnetic
rhombohedral phase. Evidence of inhomogeneity is also
suggested by the data of X-ray absorption spectra [36],
which are discussed in Section 2.2.

As a rule, the electric resistance of cobaltites substantially
increases as the temperature decreases, but the type of
temperature dependence and the effect of the magnetic state
depend greatly on the composition. In the case of LaCoOs3,
only a very weak anomaly of resistance against the back-
ground of smooth change accompanies the low-temperature
anomaly of magnetic susceptibility in the vicinity of the 100 K
point. The activation energy is almost constant in this region
and approximately equals 0.2 eV [37]. In contrast to this, the
high-temperature anomaly is accompanied by a smooth
semiconductor—metal transition, which is evidence of deloca-
lization of charge carriers. We note that a considerable
decrease in resistance is also observed in the temperature
range above 500 K. In view of this, the high-temperature
anomaly of magnetic susceptibility is usually treated in the
current literature as having a ‘nonmagnetic nature.” Similar
transitions in conductivity are also typical for other repre-
sentatives of the family of pseudocubic rare-earth cobaltites
[38], except that they, along with magnetic susceptibility
anomalies, are observed at a higher temperature than in
LaCoO;.

The temperature dependence of electric conduction in
rare-earth-cobaltites does not obey a simple activation law.
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The activation energy of conductivity at a point, defined as
the derivative of the logarithm of conduction with respect to
the inverse temperature, changes with temperature in a wide
range of undoped LnCoO; compounds nonmonotonically
and has a maximum whose position on the temperature axis
correlates with the maximum linear thermal expansion of the
lattice and with a high-temperature transition in the magnetic
susceptibility [22]. At low temperatures, the Mott hopping
conductivity is typical for many compounds with cobalt
oxides [39, 40].

The nature of the dielectric-metal transition in LaCoO;
occurring as the temperature increases has been discussed in
various contexts: as thermal population of e, states accom-
panying the lengthening of the Co— O bond [41], as narrowing
of the semiconducting gap between unoccupied e, states and
filled to, states [42], or as an order—disorder transition in the
case of orbital ordering [43]. A comparison of data on
ordinary and optical conduction jointly with Hall measure-
ments in [37] showed that the conventional scenario of a
collapsing dielectric gap does not work for rare-earth
cobaltites. High-temperature transport measurements con-
firmed that at 7 > 400 K, the charge gap width rapidly
decreases as the temperature increases, and a metal-type
state, not a semimetal one, characterized by a large Fermi
surface, is formed at T = 800 K. After the spin transition is
completed, all observable properties of the thermally induced
metal-insulator transition (MIT) are typical of the Mott
transition in strongly correlated electron systems.

2.2 Electron structure, spin,
and orbital moment in LnCoQO3
Similarly to the situation in the physics of perovskite-
structured cuprates, the key problem is the mechanism of
high-temperature superconductivity, and in manganites, the
nature of the colossal magnetic susceptibility; in rare-earth-
cobaltites, a similar role is played by the problems of
transitions between high-spin, low-spin, and intermediate-
spin states of the cobalt ion. We know that in the octahedral
crystal field, the initially fivefold degenerate 3d level of the
Co*" ion splits into triply degenerate t,, orbitals and doubly
degenerate e, orbitals. The amount of degeneration is
A =10 Dg, where 10 Dgq is the parameter of the crystal field.
By Hund’s rule, the electron configuration d® must corre-
spond to the HS state t3.e; with the spin S =2, but as the
crystal field increases, an HS—LS crossover occurs [44] in
which the LS state has the ‘[26g configuration. For any
parameters realistic for LnCoQj3, the critical value of 4 in
the purely ionic Tanabe—Sugano model is 4 &~ 2 eV [36, 45].
Numerous experiments conducted with LaCoO; and
related compounds showed that the nonmagnetic (LS) state
is realized at low temperatures in all compounds of the
LnCoOs; series. It is also clear from the entire set of
experimental data that the spin transition in LaCoO; at
T =~ 100 K corresponds to the increasing magnetic moment
of Co*F. The presence of the HS—LS crossover on the
Tanabe—Sugano diagram is a sign that the crystal field 4 in
LnCoOj3 may be close to the critical value 4.. If 4 > A4, then
the LS is the ground level and the HS is the nearest excited
level. Precisely this model was proposed half a century ago in
[46]; in it, the low-temperature susceptibility anomaly
corresponds to the thermally activated spin transition from
the LS to the HS state. When the ratio of the numbers of ions
in the LS and HS states reaches 1:1, a magnetic superstructure
is formed in which these ions alternate. The existence region

of the superstructure corresponds to a susceptibility plateau
between the two transitions. According to [46], the second
anomaly stems from the semiconductor-metal transition,
destruction of magnetic superstructure, transition of all the
cobalt to the HS state, and realization of ordinary para-
magnetism. In many early studies [46], the temperature
transition in the vicinity of 7= 100 K was interpreted as
thermal population of the excited HS state from the ground
LS state [47-49]. But in most of the later studies (mostly X-ray
and neutron scattering), no signs of formation of a magnetic
superstructure in LaCoO3 were detected. Nevertheless, we
note that the possibility of the formation of superstructures in
the presence of transition ions in various spin states is
discussed theoretically in [50] and such spin superstructures
were indeed discovered in TISr,CoOs5 and in other layered
cobaltites [51, 52]. Magnetic data also disagree with the
assumption of the LS—HS crossover; namely, attempts to
describe y(7') by the Curie law at 7> 100 K give the spin
value S closer to 1 than to 2.

In order to remove the accumulating contradictions, a
two-stage model was suggested in [53, 54] in which the first
anomaly in susceptibility at 7= 100 K was interpreted as a
transition from the low-spin state to an intermediate-spin
state (LS — IS), and the second as a transition from IS to HS.
The presence of Co’* ions in the high-spin state at 7 > 500 K
is confirmed by experimental studies of electric conduction
[55], photoemission [56], thermal expansion [57], and specific
heat capacity [58]. As regards the intermediate temperature
range 100-500 K, numerous and quite advanced studies have
so far failed to produce any unambiguous evidence in favor of
the realization of the IS or HS state. For instance, recent
experiments on the spectroscopy of electron losses have
unambiguously (in the opinion of the authors of [59]) refuted
the hypothesis of the HS state of Co ions in LaCoOj. The IS
scenario is also supported by the Jahn—Teller distortion of the
crystal lattice and Jahn-Teller polarons discovered in [60, 61].
Nevertheless, the latest studies of the local structure of
LaCoOj; [62] have failed to detect any appreciable Jahn—
Teller distortions or reduction in symmetry to the group 12/a
that was reported earlier in [60]. A number of other data
(electron paramagnetic resonance (EPR), X-ray spectro-
scopy, and X-ray circular dichroism [36, 63, 64]) also support
the hypothesis of the HS state.

As regards the theoretical aspect of the problem, the wide
popularity of the two-stage model including the IS state of Co
ions is due to theoretical paper [43], which showed, using the
local density approximation (LDA) and taking account of the
Coulomb interaction (LDA + U), that the IS state can be
stabilized through the effects of hybridization of the Co-3d
and O-2p orbitals. The factor that plays an important role
here is the orbital ordering of the IS state, which is
schematically shown in Fig. 5. Two different orbital config-
urations are ordered in the model proposed in [43]. Position /
in Fig. Sshows anion with a filled d,»_.»e, orbital, and the ion
in position 2 has the d,»_. orbital filled. Recent calculations
of the electron structure of LaCoO3 and PrCoOs [65, 66] by
the generalized gradient approximation (GGA) method with
the spin—orbit interaction taken into account (GGA + U)
extended the scenario suggested in [43]. The authors of [65, 66]
calculated the electron structure at finite temperatures with
lattice parameters taken from experimental data for the given
temperature. Figure 6a clearly shows a peak near the Fermi
level formed by the three-dimensional states of cobalt in the
LS configuration. The spin—orbit interaction does not modify
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Figure 5. Hypothetical orbital ordering in LaCoOs [43]. Arrows indicate
the orientation of spins.

IS V |

PSD per eV per f.u.

E, eV

Figure 6. Partial state densities (PSDs) of Pr-4f, Co-3d, and O-2p
corresponding to the configurations LS (a), IS (b), and HS (c) and
calculated by the GGA + U method taking the spin—orbit coupling into
account [66] (f.u.: formula unit).

these LS states; for the IS state, it splits the peak due to
3d electrons of Co into two peaks, one below and one above
the Fermi level. For the HS state, the spin—orbit interaction
shifts this peak into the region above the Fermi level. A
comparison of the results with the experimental spectra of
photoelectrons originating from the valence band shows good
agreement at room temperature for the IS state both in
LaCoO; and in PrCoO; (Fig. 7). As the temperature
decreases, the contribution of the low-spin state increases
such that the temperature dependence of the absorption edge
in [66] is found to be in good agreement with the temperature
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Figure 7. The structure of the experimentally determined valence band of
PrCoOj; using the data of X-ray photoemission (XP) and Hel- and Hell-
radiation spectroscopy at room temperature. Only the XP spectrum is
plotted for LaCoOs;. The lower part of the figure shows the PSDs
corresponding to the IS state of the cobalt ion, calculated by the
GGA + U method taking the spin—orbit coupling into account [66].

dependence of the dielectric gap determined from the
conductivity data. In LDA + U and GGA + U calculations,
however, the assumption is that electron energy states split
according to spin, which can be acceptable only in magneti-
cally ordered substances. No long-range magnetic ordering
was found in LaCoOs, and hence the proofs of IS stabiliza-
tion based on LDA + U and GGA + U calculations can
hardly be considered credible.

We consider the diagram of the formation of the electron
structure of LaCoOj in detail, taking the SEC effects into
account. The kinetic energy of electrons in a Mott—-Hubbard
insulator is small compared with their potential energy. If we
completely neglect the kinetic energy, we arrive at an
assembly of Co®" ions in a cubic crystal field (the possible
small distortions of the crystal field due to deformations of
the CoOg octahedron can be additionally taken into account
later). We know that jointly taking the intra-atomic Coulomb
interaction and the crystal field into account leads to the
Tanabe-Sugano diagram of multielectron configurations
(Fig. 8) (levels d° in the case of Co®") [44]. This diagram is
best described for LaCoQOj in a series of papers [45, 67, 68]. As
the crystal field increases, the crossover of HS—LS states
occurs (see Fig. 8); consequently, the results depend on the
parameters rather strongly. For instance, an early paper [67]
assumed that the ground level of Co** is the high-spin one (in
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Figure 8. Energy of electron levels of the Co>" ion as a function of the
crystal field (the Tanabe—Sugano diagram) [44]. B, is the Racah parameter
for an octahedral crystal field.

the limit 4 — 0, thisis the atomic D energy level). The crystal
field and the spin—orbit interaction split it into three sublevels
with the effective moments J = 1, 2, and 3 (Fig. 9a); we note
that the lower triplet is split into the levels |0) and |+ 1) by the
trigonal component of the crystal field. In Ref. [67], it was
assumed that each Co®* ion at T'= 0 is in the nonmagnetic
state |0) and the doublet |+ 1) is populated gradually as the
temperature increases. But EPR measurements [63] disproved
this theory and showed that the resonance is observed with
transitions not from the ground level but from the excited
level of the triplet. The intensity of the EPR signal depends on
temperature in the activation-energy manner:

I(T) = Iyexp (—%?)

with the activation energy Ey, = 140 K [63]. In subsequent
paper [68], the authors therefore assumed that the crystal field
in LaCoO;3 is 4 = A, (4. is the crossover field). Then the
ground level at T = 0 is the low-spin singlet ' A| shown in the
lower part of Fig. 9a; the singlet is separated by the gap
As—y = Ey = 140 K from the triplet sublevel |0). With this
arrangement, it was possible to successfully describe the EPR
spectra and to fine-tune the parameters such that the g-factor
coincided with the experimentally observed value. The
authors of Refs [67, 68] made the following important
general conclusion: the orbital moment in LaCoOj; is
‘unfrozen,’ in contrast to the orbital moment in the familiar
picture of spin magnetism in oxides of 3d metals. It must be
remembered, however, that the purely ionic picture exists
only in the zeroth approximation in interatomic hopping,
resulting in a covalent admixture of d’p> states to ionic d®p®
states (the spectroscopic notation d° for the ionic state and
d’L for the state with a hole on the ligand, is frequently
encountered in the literature, e.g., in [56]).

To take the covalence of Mott—Hubbard insulators into
account, a widespread method of configurational interaction

++

++
4 4

Figure 9. (a) Electron structure of Co>" in the ionic model of LaCoQj [67],
where 4 ¢ is the energy of activation of the singlet—triplet transition.
(b) Diagram of the electron configuration d® + d’L: high-spin, intermedi-
ate-spin, and low-spin states.

in the cluster model that covers all atomic multiplets and
hybridization with the p-states of the ligand (oxygen for the
CoOgs cluster) is used [69, 70]. The diagram of the d® +d’L
configurations of the Co*" ion for HS, IS, and LS states is
shown in Fig. 9b. A similar calculation for LaCoOj3 and the
determination of the parameters of the model by comparing
them with the experimental results of X-ray absorption
spectra (XAS) and X-ray magnetic circular dichroism
(XMCD) are described in [36]. We note that the dichroism
signal is the difference between absorption spectra with two
opposite polarizations and is therefore small, about 1% of the
XAS signal in [36]; however, the high energy resolution
(relative resolving power of several meV) allowed reliably
measuring the XMCD signal. The sum rule in [71] was used to
separate the orbital moment L. from the spin moment S, and
calculate the ratio L./S, = 0.5 [36]. The results of calculating
the levels by the method of configurational interaction
(essentially an analog of the Tanabe-Sugano diagrams for
multielectron molecular orbitals of the CoOg cluster) show
that as the crystal field increases, the HS—LS crossover
occurs as in the ionic model. However, owing to the covalent
admixture, the wave function of the ground state of the CoOyg
cluster then takes the form [72]

¥ = 06|d°) + 07]d’L) + ag|d*L?) + ar9[d’L?)

o6l + o + s + oo = 1.

The ground state corresponds to LS and the first excited level
(split by the spin—orbit interaction to sublevels with the
effective moment J = 1,2, 3, ... as also in [68]) corresponds
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to HS. But because of the covalent mixing J = 1, the triplet is
characterized by (L.) ~ 0.6 and (S.) ~ 1.3 with the L./S.
ratio not very different from the experimental value 0.5. At
the same time, {S?) is close to 6 and the g factor equals 3.2 (the
experimental EPR value is g = 3.35[63]). The authors believe
that the closeness of (S.) to 1 may be the reason why the point
of view is so widespread that IS states make the leading
contribution to the spin transition in LaCoO; at the
temperature 100 K.

We also note that the authors of [36] succeeded in
describing the XAS spectra at different temperatures only
after assuming that the LS state has the parameter
10 Dg =0.7 eV, and the HS state, 10 Dg =0.5 eV. The
IS level always lies somewhat higher and here plays no role
at all. This means that at finite temperatures, LaCoOj3 is in a
nonuniform state, in agreement with the different ionic radii
of HS and LS ions. As the temperature increases, the fraction
of the HS state increases. Therefore, the magnetic suscept-
ibility as a function of temperature is well reproduced by
calculation in the region of the first spin transition 7'~ 100 K.

Despite this demonstration of the successful fitting of
parameters for the CoOg cluster in the scenario of an LS—HS
transition for the description of a number of experiments in
[36], this scenario can hardly be considered final. First, there is
no attempt to discuss the second spin transition at 7'~ 500 K.
Second, certain theoretical contradictions arise. Actually, the
covalent admixture should be small already because of the
problem setting, where the starting point is the limit of an
unperturbed ionic state. This means that the weight of the d°
configuration must dominate, while the contributions of d’L
and even more so d®L? must be small. Although the
contributions of these configurations are not given in [36],
we can still find them in similar calculations for SrCoO; [53]
and Ca3Co,0¢ [73]. In [53], the weight of the ionic level d° for
Co*t in the CoOg octahedron is 5%, that of d°L is 67%, and
that of d’L? is 25%. In [73], the mean number of d electrons of
Co’t in cobalt in the octahedron CoOg is nqy = 6.8, that is, the
covalent admixture to the ionic configuration d° is 80%. The
large covalent admixture in the calculations in [36] manifests
itselfin the value of the crystal field 10 Dg = 0.5 eV for the HS
level (and 0.7 eV for the LS level). This occurs because
covalence contributes to the total crystal field, Ay =
10 Dg + Acoy. The d® configuration is required in the ionic
model of the ion state for the description of EPR spectra of
LaCoOs; and 4 = 2 eV (by the way, a value close to this was
obtained in LDA calculations of LaCoO3; and HoCoO; for
the splitting of centroids of the ty, and e, bands [74]); the
crystal field obtained in the calculations in [36] was
10 Dg ~ 0.5 eV. This means that the covalent contribution
to the crystal field is far from small; in fact, it is almost three
times as large as the ionic contribution. With the covalent
admixture so large, the chemical bond is transformed from
ionic to covalent or even to a mixture of covalent and metallic
bonds. Why is it then that the crystal does not become
metallic at 80% of holes on oxygen? These arguments do
not allow regarding the results in [36] as putting an end to the
debate concerning the nature of spin transitions in LaCoQOs.

The two-stage model was supported by calculations of the
energies of the LS, IS, and HS levels by the method of exact
diagonalization of the multiband Hamiltonian of the general-
ized Hubbard model for the CoQOg cluster [75]. At low
temperatures, LS becomes the ground state, and as the
temperature increases, two crossovers, LS—IS and IS—HS,
occur at certain parameters of the model. All three config-

urations are thermally populated at finite temperatures. The
authors of [76] arrive at the same conclusions on the basis of
electron structure calculations using the LDA method in the
framework of the dynamic mean field theory (DMFT)
(LDA + DMFT). In contrast to LDA + U and GGA + U
calculations, this method does not require the presence of a
long-range magnetic ordering and is more adequate for
calculations in strongly correlated systems. The following
breakdown was obtained in [76]: 45% for LS, 30% for IS, and
25% for HS.

Summarizing the discussion of the electron states and spin
transitions in LaCoQOj3, we have to recognize the absence of
consensus in both theoretical and experimental studies. This
means that more research is needed. In our opinion, more
attention should be paid to the strong correlation of the
anomalies of magnetic properties and thermal expansion.

To conclude this section, we add a few words about the
possible orbital ordering in LaCoO;3; and other rare-earth
cobaltites. As mentioned above, the presence of Jahn—Teller
distortions of the crystal lattice was interpreted by a number
of authors as an argument in favor of the reality of the IS
state, by analogy to what happens in LaMnQOs;, where the
orbital ordering of the e, orbitals arises owing to their half
filling [60, 77]. Indeed, the IS state with a filled d,._, orbital
is, as pointed out in [36], considerably lower in energy than
with the filled d.. orbital; the reason for this is the strong
orbital-dependent Coulomb interaction. All this underlies the
orbital ordering shown in Fig. 5. However, this state does not
have any considerable orbital moment, which contradicts the
XMCD data.The nature of Jahn-Teller distortions observed
in LaCoOj is based, according to [67], on the orbital triplet
splitting in the crystal field with trigonal distortions.
Furthermore, this splitting is precisely an illustration of the
Jahn-Teller theorem, which states that the lower level is
always the least degenerate one. The Co>" jons in the high-
spin state have a nonspherical electron shell and are capable
of displaying a tendency to orbital ordering; however, the
characteristics of this ordering may differ from those
suggested in [43]. Indeed, as was shown in Refs [77, 78], the
Jahn-Teller distortions in cobalt oxides are largely of a
dynamic type, which appears to be a consequence of the
instability of the magnetic state of Co’" ions. In this sense, the
situation in cobaltites is intermediate between those in
manganites and cuprates. In manganites, the static Jahn—
Teller distortions are frozen and hence inactive. In cuprates,
stripe structures are observed when static distortions are
realized [1], while in the case of the dynamic effect, it is
averaged out as in the superconducting phase.

2.3 Magnetism, magnetoresistance,
and insulator—metal transitions
in the hole-doped Ln;_,M,CoO3 (M = Ca, Sr, Ba) system
A considerable number of cobaltites with partially substi-
tuted rare-carth elements have been synthesized by now.
Currently, nonsubstituted compositions exist as high-quality
single crystals, while systems with substitutions are mostly
synthesized into polycrystalline form. This is not an obstacle
for their practical application, however. Quite the contrary:
application-oriented experiments show that, indeed, substi-
tuted systems have higher efficiency and are therefore more
promising for practical work.

Cobaltites with substituted rare-earth elements are
special in a large diversity of compositions and physical
properties. These compounds can be classified into two large
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groups. The substituting element in the first of these groups
is an isovalent rare-earth element with a different ionic
radius [21, 29, 79]. In the second group, the substitution is
inovalent, typically by bivalent ions of alkaline-earth
elements (Ba, Ca, Sr). Among these last compounds, the
best investigated are La;_,Sr,CoOj3 [77, 80-84].

The introduction of an element with a different ionic
radius results in creating a chemical pressure that acts
equivalently to external pressure. Therefore, if the ionic
radius of the substituting element is smaller than that of the
rare-earth ions of the original compound, then the substitu-
tion should result in additional stabilization of the low-spin
state; this is indeed observed experimentally [29, 79].

The picture is much more complicated in the case of
alkaline-earth substitution. Compounds realized in this case
demonstrate cascades of magnetic transitions [85], colossal
magnetoresistance [86], high-temperature ferromagnetism
[87], charge ordering [88], electron separation of phases [77,
83], and memory effects [89]. Among the new effects are the
formation of giant polarons in La;_,Sr,CoO; at very low
concentrations of the alkaline-earth element (x ~ 0.002) [84].

One of the exceptional properties of rare-earth cobaltites
with bivalent substitution is their tendency to ferromagnetic
ordering: the higher the concentration of the alkaline-earth
element, the greater the ordering. In addition, the ferromag-
netic phase is also conducting. For example, the phase
diagram of La;_,Sr,CoOs3 at low temperatures includes the
spin-glass (x < 0.18) and ferromagnetic metal (x > 0.5)
states, as well as the cluster spin-glass state [90]. A similar
transition to the ferromagnetic metal state is also observed in
manganites when a rare-earth element is substituted, but then
it is accompanied with a structural transition that is not found
in cobaltites.

The alkali-earth substitution results in the formation of
Co** ions. The ground state of both the Co*t ion in the
highest valence state and Cu®*, Ni3*, and Fe** ions that are
similar to it and that have the highest valence are character-
ized by low or even negative energy of charge transfer [91, 92].
In this case, the p—d hybridization can change the order of
multiplets. A good example is found in the HTSC cuprates
where the HS level *By, in the d® configuration has a lower
energy than the LS level 'Aj,, while the levels in the d’L
configuration follow in the reverse order and the Zhang—Rice
singlet 'A, has the lowest energy.

In the case of Co**, the spin of the lowest HS level in the
d® configuration is S = 5/2, that of the IS level is S = 3/2,
and that of the LS level is S = 1/2. The mechanism of
stabilization of the IS state as a result of the p—d hybridiza-
tion is as follows [53]: the oxygen orbitals that hybridize with
the e, electrons of the d ion lie at a higher energy than those
that hybridize with ty, electrons, by the amount 2(fppe — fppr)»
where 1,55 and #,p; are the oxygen—oxygen hopping integrals
for the po and pr orbitals. As a result, an oxygen hole with the
e, symmetry has a lower energy than a hole with the
te symmetry, by approximately 1.5-2.0 eV [93]. Further-
more, the hybridization parameter tp,; is approximately
twice as large as #pr. These two factors together result in
stabilizing the ID level [53].

Because the LS ground state in undoped LaCoOj; has
almost the same energy as the HS (in the LS—HS scenario) or
as both the IS and HS levels (in the two-stage model), it
follows that the local lattice expansion produced by the
substitution by the larger Sr2* ion for the smaller La’* ion
reduces the crystal field and stabilizes the paramagnetic state

in any of the scenarios. The emergence of magnetic centers is
detected by the method of neutron scattering already at the
strontium doping concentration x = 0.002 [84]. The behavior
of the electric conductivity and thermal emf in LnCoO;
cobaltites doped by electrons and holes was successfully
interpreted in [94] based on the concepts of thermally stable
polarons composed of high-spin Co ions in the IS state and
moving in a weakly conducting LS- or LS—HS matrix.

Studies of nuclear magnetic resonance [95] and neutron
scattering [77] also point to the coexistence in La;_,Sr,CoO;
of ferromagnetic and nonferromagnetic nanoregions due to
the tendency to phase separation. This phenomenon is well
known in magnetic semiconductors [96]. Microregions
enriched in holes (ferrons) have higher conductivity, in
addition to the tendency to form a ferromagnetic order. An
increase in the size of ferromagnetic clusters at higher
substitution concentrations, or an increase caused by the
magnetic field when the percolation threshold is reached,
manifests itself as an insulator-to-metal transition. This
mechanism causes the extraordinarily high magnetoresis-
tance of the magnetic semiconductor EuO and seems to
play an important role in the rare-earth cobaltites discussed
here.

Experiments conducted in [76] showed, along with
ferromagnetic correlations, that weaker antiferromagnetic
correlations emerge in La;_,Sr,CoOs3. Because of the anti-
ferromagnetic component in exchange interactions, anti-
ferromagnetic ordering sets in at low temperatures [97].
Consequently, rare-earth cobaltites with alkaline-earth sub-
stitution give an impressive example of systems with compet-
ing exchange interactions of opposite signs.

The effects of charge ordering are typically observed in
perovskite-structured oxides of transition metals in the cases
where the relative concentration of the bivalent substitution
element (and hence the concentration of the injected holes)
takes integer values. This phenomenon is well known in
cuprates and manganites, e.g., in La;ssBa; 3CuOy4 [98], and
in La;/;S1r3,,MnOy [99]. No prerequisites to charge ordering
exist in stoichiometric LnCoQO3 compounds because all cobalt
ions have the same valence and occupy the same crystal-
lographic positions. However, there is a tendency in sub-
stituted Ln;_M,CoO;3_5 systems to ordering not only
different-valence cations but also oxygen vacancies. For
instance, short-range ordering in the arrangement of oxygen
vacancies was detected in the nonstoichiometric compound
H00,15r0,9CoO3,5 [100]

On the whole, we can conclude that the alkaline-earth
substitution in perovskite-structured cobaltites leads to the
formation of magnetic polarons at low concentrations, and of
ferromagnetically ordered clusters and phase separation at
high concentrations [101]. In a certain range of concentra-
tions, the competition of exchange interactions of opposite
signs may also stimulate the formation of spin glass. We note
that the boundaries of the temperature domains of the
existence of various phases depend strongly on the ionic
radius of both the lantanide Ln and the alkaline-earth
element M.

2.4 Ferromagnetism of nanometer-size cobaltites

As we discussed in Sections 2.1-2.3, bulk samples of LaCoQOj3
do not typically have a long-range magnetic order. This is
caused by the nonmagnetic low-spin state of Co** ions. It was
all the more surprising, therefore, to discover ferromagnetic
ordering in nanoparticles [102] and in epitaxial films [103] of
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LaCoOs. It was also discovered that both polycrystalline and
single-crystal bulk specimens show the tendency to ferromag-
netism in certain cases [104, 105]. The magnetic ordering
temperature is in all cases approximately 85 K. A broad
magnetic transition and the behavior of magnetic suscept-
ibility are in this situation typical for cluster glasses, rather
than for ordinary ferromagnets.

The interpretation of the nature of ferromagnetism in
nanodimensional materials has created contradictory points
of view. A hypothesis of so-called surface ferromagnetism
was formulated in [106], in accordance with the fact that the
spontaneous magnetic moment was found to depend strongly
on the morphology of the surface and the ratio of the surface
area to the volume of nanoparticles. Within the confines of
this assumption, only cobalt ions on the surface of a
nanoparticle (a film) are responsible for magnetic ordering.
The magnetic moment of such ions is caused by distortions of
their coordination.

But investigations of ferromagnetism induced in epitaxial
films by tensile strength [103] showed that the magnetic
moment of films increases as they become thicker; hence, a
magnetically ordered state is not limited to just one surface of
the film.

Another interesting interpretation of ferromagnetism in
LaCoOs3, suggested in [107], assumes the formation of
magnetic excitons in the vicinity of oxygen vacancies.

The nature of ferromagnetism in nanoparticles and
LaCoOs films therefore continues to be a matter of debate.
A recent study using X-ray spectroscopy [108] showed that in
contrast to polycrystalline films, epitaxial LaCoO; films do
not switch to the nonmagnetic state at low temperatures,
which points to the ‘frozen’ spin state of the cobalt ions in
them. In turn, the authors of Ref. [109] concluded, based on a
structural and magnetic study of nanoparticles of various
sizes under pressure, that the reason consists in the change of
the spin state of Co®* ions. This work showed that the volume
of the unit cell and the length of Co—O bonds increase
substantially if the particles are very small. The correspond-
ing decrease in the crystal field induces a spin on Co** ions,
while the ferromagnetic exchange results in the state of cluster
spin glass. This standpoint is supported by the spectacularly
pronounced suppression of ferromagnetism by hydrostatic
pressure.

3. Characteristics of quasi-two-dimensional
and quasi-one-dimensional cobaltites

3.1 Spin and orbital states

of layered LnBaCo,05, 5 systems

Layered cobaltites— structural analogs of superconducting
cuprates—can serve as examples of systems in which the
mutual influence of spin, orbital, and charge degrees of
freedom is most strongly pronounced. The main structural
element of layered cobaltites and cuprates is the CoO; plane,
and this permits classifying these compounds as low-
dimensional systems with a great variety of phases. For
example, the compound Sr,;;C0,0,,,1Cl, is an insulator,
whose resistance decreases with an increase in the number of
Co0O, layers n [110], and SryY(3Cap,C0,0¢ [111] is an
antiferromagnetic insulator, while Sr;Y(s5Cag5C0,07 is a
semiconductor with spin-glass magnetic ordering and clearly
pronounced ferromagnetic correlations [112]. Of special
interest are compounds with the K,NiF, structure. Cup-

Figure 10. Crystal structure of layered cobaltites: (a) LnBaCo,0s [115] and
(b) LnBaCo,055 [116].

rates, manganites, and nickelates with this structure demon-
strate spin and charge ordering as stripe structures, while
ruthenates manifest exotic superconductivity [10]. The
cobalt-oxide compound Sr,CoOy is a ferromagnet with a
relatively high Curie point [113].

Owing to their rich phase diagram, layered cobalt-oxide
compounds with the general formula LnBaCo,0s,5 [114]
have created a surge of interest. A spectacular feature of
stoichiometric compounds of the LnBaCo,0s, s series is that
they, like superconducting cuprates based on La,CuQy, have
dielectric properties, but cuprates may change to a super-
conducting behavior when doped, while doped cobaltites may
display an MIT and giant magnetoresistance. We note that
the transport properties are closely tied to magnetic ordering.
The compounds LnBaCo,0s, s are also made attractive by
the fact that the concentration and sign of the charge carriers
are easily controlled by changing the oxygen concentration. If
& = 0.5, all cobalt ions are in the Co’* state. By varying the
oxygen concentration, the CoO; planes can be doped with
either electrons (Co”* states) or holes (Co*t states). In
addition to controlling the degree of band filling with charge
carriers, it is also possible to vary its width by using rare-earth
elements with different ion radii.

The layered cobaltites LnBaCo,0s5_ 5 are therefore model
compounds for studying the mutual effects of spin—orbit
degeneration and also the kinetic and thermoelectric proper-
ties of strongly correlated electron systems.

The crystal structure of layered cobaltites is the same type
as in YBayCu3O; cuprates: a sequence of layers,
[CoO,] —[BaO]—[Co0,] —[LnOy] along the (001) axis. When
the concentration of oxygen vacancies in the [LnOjs] layers
reaches a maximum (6 = 0), each cobalt ion is inside a
pyramid with a square base, formed of five oxygen ions
(Fig. 10a) [115]. This forms a mixed-valence state with the
Co?*:Co’* ratio 1:1. If § > 0, then part of the cobalt ions are
in an octahedral, not pyramidal, environment; at 6 = 0.5, the
rows of pyramids and octahedra alternate (Fig. 10b) [116]. At
the maximum value § = 1, Co’* and Co*" ions are present in
equal amounts. Of maximum interest for studying the charge
and orbital ordering is a comparison of two situations:
(1) 6 = 0, with the mixed valence state realized, although the
surrounding of each cobalt ion has a fivefold coordination;
(2) 06 = 0.5, with all cobalt ions having an identical valence
equal to three, but with different crystallographic surround-
ings.

Oxygen octahedra in layered cobaltites are strongly
distorted, in contrast to octahedra in LaCoQs. The same can
be said about oxygen pyramids. Consequently, the aspect of
the spin state of cobalt ions is even more complicated in this
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situation. The crystal field produced by a pyramidal complex
should be weak, and therefore a transition metal ion in a
pyramidal environment should manifest the tendency to a
nonzero spin state. The evolution of the spin state of a
transition metal ion in the pyramidal environment was
analyzed in detail in [117], and it was shown that both the
HS state and the IS state can be the ground state depending on
the nature and degree of distortion of the ligand complex. A
calculation of the electron levels of a Co** ion in pyramidal
surroundings in [118] yielded only the HS state as a candidate
for the possible ground state, while the authors of theoretical
paper [119] concluded that only the IS state can be stable. No
consistent calculation of the electron structure of cobalt ions
taking the spin—orbit interaction, covalence, and strong
electron correlations into account has been carried out so
far; relevant conclusions drawn in experimental papers
continue to disagree.

Charge ordering is a typical phenomenon in the family of
layered cobaltites. Charge ordering is observed even in
materials having a single type of crystallographic position
for a transition metal ion. For instance, in layered
LnBaCo,0s (Ln = Tb, Dy, Ho) perovskites, two structural
transitions were found: at Ty ~ 340 K and T'co ~ 210K [120,
121]. The first of these structural transitions is connected with
the establishment of a long-range antiferromagnetic order,
and the second, with charge ordering. The presence of charge
ordering was established directly by observing an additional
superstructural peak in the neutron and electron diffraction
spectra. Indirect evidence of the implementation of this
phenomenon was also found in the data of differential
thermal analysis and conductivity. In the LnBaCo,Os
compounds, charge ordering results in doubling the unit
cell; this implies that pyramidal complexes surrounding
Co’7 ions are smaller in size than in the case of Co®*. The
magnetic moment of different-valence ions changes from ion
to ion, and the difference between saturation magnetizations
corresponding to different states equals 1.

A much richer palette of phenomena can be observed in
LnBaCo,0s,5 compounds, which demonstrate a plethora of
phases depending on the sort of the rare-earth element and the
concentration § of oxygen vacancies. Of special interest
among the phenomena observed in these materials are the
unusual magnetic transition between the antiferromagnetic
(AFM) and ferromagnetic (FM) states at Ty ~ 220—270 K,
the metal-insulator transition at Ty =~ 310—360 K, giant
magnetoresistance in the vicinity of Ty, and anomalous
distortion of the crystal lattice in the vicinity of Ty [122—
126]. The magnetic ground state of these materials is a state
with the AFM ordering, which indeed sets in at low
temperatures. But as the temperature increases, ferromagnet-
ism arises in the system, although it exists only in a relatively
narrow temperature range.

The corresponding temperature dependence of magneti-
zation is very unusual and has a peak close to Ty (Fig. 11)
[127-129]. It was also discovered in [86, 129] that the magnetic
behavior of high-quality single crystals of GdBaCo0,0s s hasa
strongly pronounced anisotropic Ising character; the mag-
netic field stimulates the AFM state to switch to the FM state,
which is accompanied by giant magnetoresistance arising in
the specimen. The interpretation suggested by the authors of
these papers using the totality of experimental data is based
on the spin and orbital ordering of Co’* ions. The authors of
[129] are of the opinion that the structure arising in
GdBaCo,0s s is formed of planes with Co** ions in various

0.4
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Figure 11. Anisotropic magnetization of GdBaCoOss as a function of
temperature [86].

spin states. The positions of the cobalt ions are not equivalent
because oxygen ions are ordered into alternating empty and
filled chains. Incidentally, octahedrally surrounded Co** ions
are nonmagnetic, while pyramidally surrounded ions have a
magnetic moment (Fig. 12). The authors of Ref. [129] assume
that Co** ions in a pyramidal environment are in the IS state.
Their magnetic moments are then oriented along oxygen
chains. The plane-to-plane interaction at low temperatures
across Co’* ions in the LS state is weak and has an
antiferromagnetic nature. As the temperature increases,
some Co* jons among previously nonmagnetic planes
acquire a magnetic moment, after which an additional
indirect exchange interaction orders the planes ferromagneti-
cally. The mechanism of giant magnetoresistance then
consists in a reorientation of magnetically ordered layers
weakly bound to one another; this in turn affects charge
transport. Layered LngsBagsCo0,0s 5 cobaltites are narrow-
gap insulators in which charge carriers are produced by
forming Co’* —Co*" pairs. The energy of these excitations
depends on the magnetic order. Indeed, each thermally
excited state in a low-spin Co—O layer is strongly bound to
two neighboring magnetically ordered layers, joining them
through a ferromagnetic ‘bridge.” The relative magnetic
ordering of layers can appreciably change the width of the
dielectric gap. An applied magnetic field ferromagnetically
orders the layers and reduces the gap width, which sharply
increases the number of charge carriers and enhances
conductivity.

Experiments with neutron scattering combined with
group-theory analysis in [128] for YBaCo0,0s., 5 showed that
the real situation may be more complex than assumed by
authors of earlier papers [86, 129]. It was thus established that
nonequivalent positions exist even within the octahedral and
pyramidal sublattices. The formation of superstructures also
brings about a more complicated scenario of magnetic
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Figure 12. Crystal and magnetic structures of GdBaCo0,0s 5. (a, b) AFM ordering in the case of Co** ions alternating in the IS and LS states, (c) switching

into an FM state in the presence of Co®* ions [86].

ordering. In the opinion of the authors of [128], a spontaneous
magnetic moment arises in the octahedral sublattice with a
staggered alternation of Co** ions in the LS and IS states. The
driving force of the magnetic phase transition is the thermal
excitation of the magnetic moment in diamagnetic Co ions.
At low temperatures, these excitations produce magnetic
frustrations that presumably provoke the formation of two
different types of antiferromagnetic ordering and spin-based
phase separation [130].

Layered cobaltites allow observation of the concentra-
tional metal-insulator transition owing to the possibility of
controlling the degree of doping by charge carriers with the
opposite sign. An interesting and unusual mechanism of spin
blockade that describes the transition from hopping to band
conductivity in rare-earth cobaltites was suggested in [131].
We know that the concentration of oxygen vacancies
critically affects the transport and thermoelectric properties
of layered cobaltites. A strongly pronounced MIT is observed
in compounds with x ~ 0.5. The low-temperature resistance
has a hopping Mott nature in the wide range 0 < x < 0.7; this
allows regarding the transfer process as hopping by localized
electrons (Co**) or holes (Co*"). The mechanism of spin
blockade shown schematically in Fig. 13 is an indication that
the processes of transfer for electrons and holes in a matrix
of cobalt ions in different spin states operate differently.
Almost localized ty, holes can move along the matrix
consisting of cobalt ions in the LS state (Fig. 13a), but the
conductivity is hopping in nature, as we observe at low
temperatures. Moreover, electron hopping is forbidden
(Fig. 13b) because it forces a change in the spin state of
cobalt ions with an exchange of an electron from a low-spin
to a ‘wrong’ high-spin state. At higher temperatures, when
most cobalt ions transfer to the nonzero-spin state, the
electron transfer is ‘allowed’ (Fig. 13c). The corresponding
band is then wider and the conductivity ceases to be hopping
in nature. The stark asymmetry of conductivity when the
compounds GdBaCo,0s,5 and NdBaCo0,05,4 [16, 132] are
doped with electrons and holes supports this hypothesis.

A characteristic feature of cobaltites that makes them
stand out from the families of other oxides of transition
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Figure 13. Diagram of the process of hole hopping (a) and electron
hopping (b) on a matrix of Co®* ions in different spin states (the ‘spin
blockade’ conductivity mechanism) [131].

metals is the high thermal emf. For instance, even though
layered Na,CoO, - yH,O cobaltites attract attention owing
to their superconducting properties, the basis compound
Na,Co0O, is known precisely due to its thermoelectric
properties [133]. It was discovered that Na,CoO, at
x = 0.6 simultaneously has the metallic conductivity, a low
thermal conductivity, and a high thermal emf. A combina-
tion of these properties allows treating Na,CoO, as an
efficient material for thermoelectric cooling. La;_,Sr,CoO;
also has a high thermal emf [80, 90]. The anomalous
behavior of the Seebeck coefficient for GdBaCo0,0s,5 and
NdBaCo,0s, s manifests itself in its different and nonmo-
notonic temperature dependence at different concentrations
(Fig. 14) [16]. In cobaltites, the thermal emf undergoes
sharp changes in the region around the metal-insulator
transition. In the highly conducting phase, the thermal emf
is low and negative, which points to the electron nature of
charge transfer. In the insulating region, the thermal emf
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Figure 14. The Seebeck coefficient of GdBaCo0,0s,s and NdBaCo,0s., s as a function of temperature [16].

reaches a maximum at ¢ ~ 0.5 and decreases appreciably
after doping with both holes and electrons, in contrast to
the asymmetric behavior of resistance. This behavior of the
thermal emf is not typical of ordinary semiconductors. A
thermodynamic analysis in [16] shows that the decisive
factor in cobalt oxide compounds is the entropic contribu-
tion to the thermal emf. The high values of entropy are here
due to the spin and orbital instability of magnetic cobalt
ions, which is closely related to the lattice and charge
degrees of freedom.

3.2 Correlation of orbital ordering

and magnetic and electron transitions

in layered La;_,Sr;,,CoOy4

There are compounds in the family of cobalt oxide materials
that constitute structural analogs of superconducting cup-
rates. These are cobaltites with the general formula Ln,CoQOy.
This class of materials has been studied in much less detail
than pseudocubic LnCoOj cobaltites.

The crystal structure type of Lny;CoQy is K, NiF, formed
of alternating layers of LnCoQj perovskite and LnO rock salt.
Cobalt ions in stoichiometric compounds of this family are
bivalent and their electron configuration is d’.

The compound La;CoOy4 has unusual magnetic proper-
ties. At low temperatures, it is an AFM insulator
(T~ =228 K) [134]. At the temperature 7, =103 K, a
magnetic transition occurs to a different, equally antiferro-
magnetic phase. Moreover, this magnetic transition is
accompanied by a structural transition from the rhombic to
the tetragonal phase. The behavior of magnetization in
La,CoQy4 points to a clearly pronounced anisotropy. As
follows from the neutron diffraction data [134] obtained
using a single crystal specimen of La;CoQy 5 at tempera-
tures below 227 K, long-range magnetic ordering is observed
in this compound, and at a temperature near 103 K, spins
rotate in the basis plane as a transition to a new antiferro-
magnetic phase occurs. This magnetic transition is connected
with a first-order structural phase transition, from the high-

temperature orthorhombic phase to the low-temperature
tetragonal phase.

Transformations occurring in La,CoO4 when strontium
is substituted for lanthanum are very unusual. The compound
La, ,Sr,CoO,4 demonstrates a concentrational spin transi-
tion accompanied by a complex magnetic and electronic
behavior [135]. Photoemission spectra [136] and transport
data [137] indicate that an MIT exists in this system in the
vicinity of x = 0.2. Furthermore, this transition corresponds
to a magnetic transition from a nonmagnetic to a ferromag-
netic state. To clarify the nature of the spin transition in
doped cobaltites, the electron structure of perovskite
La;_,Sr.CoO; was calculated in [138] in the range of
concentrations 0 < x < 1; the calculation showed that the
ground state of cobalt ions changes from LS (tfg‘xeg) at low
doping concentrations x <0.25 to IS (tje, ) at
0.25 < x < 0.41. As x increases from x = 0.41, cobalt ions
change to a HS state (ty,e; ) and are shown to be all in this
state at x = 1. For x > 0.25, the spins are ferromagnetically
ordered.

Such unusual magnetic properties are not a unique feature
of the isotropic perovskite La;_,Sr,CoOs; they are also
observed in the layered compound La, ,Sr,CoO4. The
results of studies of nuclear magnetic resonance (NMR) in a
zero field [139] showed that the magnetic state of this material
changes stepwise from an AFM to an FM state for x > 0.6.
The effective magnetic moment decreases slowly beginning
from x ~ 0.5 [140], which is followed by a sharp drop at
x ~0.7. The process is accompanied by a considerable
decrease in the electric resistance. These experimental data
allowed the authors of [140] to advance the hypothesis that
Co*" ions go through a transition from the HS to the IS state
at x ~ 0.7. However, as follows from the neutron diffraction
data [141], the cobalt ions in LaSrCoQO, are in the LS and
HS states in a 1:1 ratio at low temperatures. This is also
confirmed by the optical conduction spectra [142].

The Hartree—Fock calculation of the band structure of
La, Sr,CoQOy in [143] in the wide range of concentrations
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Figure 15. Relative energies of spin states of cobalt ions in La,_,Sr,CoOy4
as a function of concentration [143]. The inset shows the experimental
curve of the magnetic moment per double unit cell.

0 < x < 1.1 reproduced the experimental dependence of the
magnetic moment. The results of the theoretical calculation
yielded the AFM-ordered HS state (t5, *e;) for 0 < x < 0.39
and the ferromagnetic HS state (tzsgegz*"') for0.39 < x < 0.52.
For 0.52 < x < 1.1, the ferromagnetic HS — LS-ordered state
is realized. Therefore, two spin transitions occur in the above
range of concentrations. The relative energies of the states
obtained are plotted in Fig. 15 [143], where a cascade of spin
crossovers is well pronounced in the concentration range
0.39-0.52. Band calculations [143] show the presence of a
strong O-2p—Co-3d hybridization; in addition to magnetic
properties, these calculations qualitatively yield the MIT that
occurs when the Fermi level crosses the top of the valence
band. According to [143], this occurs in the concentration
range x ~ 0.3.

3.3 Charge, spin, and orbital states of Co ions

in quasi-one-dimensional Ca3Co,QOyg crystals

It follows from the results in Section 3.2 that lowering the
structural dimensionality in cobalt oxides produces a number
of new magnetic and electronic properties due to the
peculiarities of spin, charge, and orbital ordering. Another
representative of low-dimension cobalt oxides is the quasi-
one-dimensional cobaltite Ca3;Co0,0g.

The rhombohedral crystal structure of this compound is
formed of CoOg chains stretched along the corresponding
hexagonal unit cell axis. Each chain is a sequence of
alternating CoOg octahedra and trigonal CoOg prisms
(Fig. 16) [144]. According to the neutron diffraction data,
the ferromagnetic exchange interaction is predominant inside
the chains (in the direction of the ¢ axis), while the
antiferromagnetic interaction dominates between chains (in
the ab plane) [145]. The magnetic moment of a chain is 4.8y,
and the spin freezing temperature is 7= 7 K. The aniferro-
magnetic ordering temperature is 7 = 25 K [146]. At low
temperatures, this compound undergoes a transition induced
by a magnetic field from the ferrimagnetic to the ferromag-
netic state [146, 147].

The separation between cobalt ions inside a chainis 2.9 A,
which is much less than the separation between chains (equal

Trigonal
CoOg prism

P -
B
v MV )
b
evae
100
a8
v
Figure 16. (a) Projection of the structure of Ca3;Co,0g¢ onto the (001) plane

shows a triangular ordering of chains. (b) Chains of cobalt ions in
octahedral and prismatic environments [144].

to 5.3 A). Therefore, exchange interactions within chains are
much stronger than between chains, and the magnetism in
Ca3Co0,04 can be described in terms of a triangular Ising
lattice in which the magnetic moment of each chain plays the
role of one spin. The antiferromagnetic exchange between
chains produces frustration of magnetic ordering, which
manifests itself in an extremely unusual stepwise behavior of
magnetization curves in these compounds. Typical curves are
plotted in Fig. 17a [144]. As follows from Fig. 17a, the
magnetization curve contains a number of steps. The authors
of [144] relate them to the presence of various magnetic
superstructures, which are schematically shown in Fig. 17b.
Provisionally setting the magnetic moment of one chain to
unity, we see that the magnetic moment of the Co; triangle
can be —1, +1, or +3, as shown in the inset in Fig. 17b. An
applied magnetic field induces some chains to rotate and
causes changes in the two-dimensionally ordered array of
triangles. The ratio of magnetizations of these superstructures
corresponds to the height of the steps on the M(H) curve at
T = 2 K. Despite the very good qualitative agreement of the
magnetization curve with the model suggested, the unusual
magnetic properties of Ca3;Co,0Og can also be explained using
alternative models. As remarked in [148], similar steps on
magnetization curves develop in structures with magnetic
clusters (Mn,, Feg, etc.); the steps correspond to the
tunneling of microspins related to these clusters [149].

Modern neutron diffraction data demonstrate that the
magnetic structure of Ca3;Co,0Qg is significantly more com-
plex than that corresponding to ferrimagnetic ordering in a
triangular lattice. The magnetic structure of Ca3;Co,0g is a
longitudinal (along the ¢ axis) sine-modulated structure with
a very large period [150]. The authors of Ref. [150] insist on
the need to take the three-dimensional helicoidal nature of
interactions and a combination of short- and long-range
magnetic orders into account.

The problem of the spin state of cobalt ions is very acute
for Ca3Co,0g, just as it is for other cobaltites. It is claimed on
the basis of the results of density functional calculations in
[151] that the octahedral Co,; positions are occupied by Co**
ions in the LS state, while the trigonal Coyg positions are
occupied by HS ions Co?*. According to other experimental
and theoretical publications, however, all cobalt ions are
trivalent and Co, are in the LS state and Coyg are in the
HS state [152-154].

There is no clear understanding of the nature of Ising
magnetism in Ca3;Co,0g either. In [155, 156], this phenom-
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Figure 17. (a) Magnetization curves of Ca3;Co,Og (1, is the magnetic constant and H is the magnetic field strength). (b) Models of the magnetic structures

of C33C0206 [1 44]

enon is discussed from two different standpoints. According
to [155], the ground level for the cobalt ion in a prismatic
environment is the magnetically inactive orbital state dg, but
according to [156], the active d; orbital lies at a somewhat
lower energy. In [156], it was concluded from experiments on
X-ray spectroscopy and magnetic circular dichroism that the
valence of all cobalt ions in Ca3;Co0,0Og is equal to +3 and that
the ion spin state agrees with the results in [152-154]. An
anomalously large orbital moment 1.7 ug was found in Coyyig,
which the authors of [73] relate to the double occupancy of the
d, orbital. A detailed analysis of spectral lines while jointly
taking the magnetocrystalline anisotropy into account points
to the impossibility of the existence of an orbitally inactive
do level and the ground state. This, in turn, means that the
spin—orbit interaction must be taken into account in calcula-
tions of the band structure of Ca3;Co0,0g.

4. Layered Na,CoO; - yH,O cobaltites
with a triangular lattice

4.1 Crystal structure and phase diagram

As noted above, the interest in layered Na,CoO, cobaltites
arose in view of the high values of thermal emf [133]. But
these cobaltites became a truly ‘hot” subject of research only
several years later, after unusual superconductivity had been
discovered in Na,CoO, - yH,O [12]. One of the reasons for

the growing interest in layered cobaltites based on
Na,CoO, is that systematic theoretical and experimental
studies of this novel superconducting system may help in
comparing the mechanisms of superconductivity in cobal-
tites and traditional cuprate-based HTSC materials. The
crystal structure of the base compound Na,CoQO,; is quasi-
two-dimensional in nature and consists of electrically active
CoO; planes. These planes are separated by Na layers that
act like charge reservoirs (Fig. 18) [12, 157]. Cobalt ions
form a triangular lattice. For example, Nag ¢ CoO, crystal-
lizes at T 12 K into a hexagonal structure (the group
P63 /mmc) with the lattice parameters a = 2.83176 A and
c=10.84312 A [158]. Oxygen sits in a high-symmetry 2d
(1/3,2/3,3/4) position, and the Co—O distance is
1.9072(4) A. After intercalation of water, H,O molecules
settle in the neighborhood of sodium ions and lead to an
increase in the lattice parameter ¢, that is, an effective
increase in quasi-two-dimensionality.

As in the case of cuprates, the phase diagram of
Na,CoO; - yH,O includes several competing electron phases
and displays complexity and diversity (Fig. 19). Both the
deficit of sodium ions x and the degree of hydration y affect
the physical properties. In addition to the superconducting
state, which appears in response to the intercalation of water,
the phase diagram shows the presence of magnetically
ordered and charge-ordered states, as well as several
structurally different phases.
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Figure 18. (a) Crystal structure of Na,CoO,. (b) Evolution of this
structure in the process of intercalation of water [12]. (c) A CoO; layer in
which larger spheres correspond to Co and smaller ones to O.
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Figure 19. Phase diagram of Na,CoO, - yH,O. (CDW: charge density
wave; SDW: spin density wave.)

Judging by the electric conductivity, Na,CoO, - yH,Ois a
good metal at low temperatures in the entire range of
concentrations except in the neighborhood of the point
x = 1/2, where an insulating state is created [159]. At high
temperatures 7 > 300K, ionic conductivity arises in the
layered cobaltite as a consequence of the mobility of Na ions.

One of the first systematic studies of the magnetic
properties of Na,CoO,; as functions of concentration was
conducted in [159]. At low concentrations up to x = 1/2, the
magnetic behavior of Na,CoO; has a familiar paramagnetic

CO4+ (103+ a A(0707k5) r(07070) b
3d’ 3d¢
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Figure 20. (a) Diagram of Co energy levels near the Fermi level in
Na,CoO; and their population as the doping level is increased for an LS
configuration. According to band calculations, the crystal field Acp is
equal to 2 eV [210]. (b) The Fermi surface of Nag 33C00, in the hexagonal
Brillouin zone obtained by an LDA calculation [184]. (c) The Fermi
surface of Na,CoQO, for different concentrations x, measured by the
ARPES technique [175].

character, but the magnetic susceptibility is twice as high as
the Pauli susceptibility. The superconducting state arises in
the range of concentrations 1/4 < x < 1/3 [157, 160]. As x
increases further, the susceptibility again acquires the Curie—
Weiss nature, with the Curie paramagnetic point approxi-
mately equal to 70 K. A second-order transition to an ordered
phase was found at x > 2/3 and T~ 22 K [161]. Further
investigation using muon and neutron scattering showed that
this phase corresponds to the type-A long-range order, i.e.,
Co spins in the plane are ferromagnetically ordered with
Ju = —6 meV, and the exchange along the ¢ axis is
antiferromagnetic, J. = 12 meV [162-165]. Curiously, an
anomalously high thermo-emf is observed in the same range
of concentrations [133, 166-168]; it is suppressed by the
magnetic field [169]. This may point to its entropic nature
connected to the hopping of strongly correlated holes.

4.2 Electron structure

In contrast to HTSC cuprates, in which the Cu>* ion
configuration is 3d° and a hole occupies the only unoccupied
e, orbital, cobaltites are essentially multiorbital systems. The
electrons given by Na ions to the CoO, layer decrease the
valence of cobalt from Co*" (3d%) to Co*" (3d°) as x varies
from 0 for CoO; to 1 for NaCoQO,, which is a band insulator.
A hole in the d orbital occupies one of the ty, levels located
lower than the e, levels by Acp ~ 2 eV [159] (Fig. 20a). The
degeneration of the ty, levels is partly removed by a trigonal
crystal field, which splits them into a singlet a;; and two lower
e, levels.

The study of the electron structure of superconducting
cobaltites highlighted a number of problems; the most acute
of them is the discrepancy between first-principle calculations
in the LDA framework and ARPES (angle-resolved photo-
electron spectroscopy) data. At x = 0.33, LDA-based calcu-
lations yield a large Fermi surface in the neighborhood of the
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I' point of the Brillouin zone, mostly connected with a; states,
and six small pockets mostly of the eg' type in the neighbor-
hood of K points [157, 170-172] (Fig. 20b). But according to
ARPES data, only one hole Fermi surface exists around the
I' point, in a wide range of Na concentrations [173-179].
Bands to which the eé orbitals contribute lie at a lower level
and never intersect the Fermi level.

The absence of eé pockets is unexpected and imposes
serious limitations on a number of suggested models with
nonphonon superconductivity mechanisms and also on the
magnetic properties stemming from the nesting condition
[171, 180, 181]. Moreover, the measured quasiparticle band
width is approximately twice as small as that following from
LDA calculations. This substantial contradiction between
the ARPES and LDA results can be resolved in one of two
ways: by including the effects of strong electron correlations
into the picture and going beyond the LDA, or by
reconsidering the correctness of ARPES results. We con-
sider both options here.

The effects of local Coulomb repulsion treated by
combining the LDA with the Hubbard model (the local spin
density approximation, LSDA, and LSDA + U) reproduce
the absence of small pockets on the Fermi surface [182]. But
this results in a totally polarized ferromagnetic state, a band
splitin spin, and a spin-polarized Fermi surface twice as big in
area. All this contradicts the experimental data. An attempt
to explain how strong electron correlations produce orbital
polarization and the ARPES-observed band narrowing has
been made in [183, 184]. Using the model of t, bands with
dispersion taken from LDA calculations, and also the
Gutzwiller approximation [185-187], the authors of [183,
184] found that pockets are absent on the Fermi surface for
concentrations x > 0.2 because the strong Coulomb repul-
sion shifts the eé band to below the Fermi level, thus creating
an orbitally polarized state with a single cylindrical Fermi
surface centered at the I” point.

On the other hand, calculations based on the multiorbital
Hubbard model and DMFT have established that pockets
on the Fermi surface must be even larger than predicted by
the LDA [189]. The contradiction between the results of the
two theories for strongly correlated systems, the mean field
theory (the Gutzwiller approximation) and the DMFT, were
resolved in [190]. It was shown that the DMFT gives the
same results as the Gutzwiller approximation if the initial
splitting A,. of the levels a;, and eé is positive, i.e., the
e!levels lic at a lower energy. We note that this result is
independent of the magnitude of the Hubbard repulsion U
and the Hund exchange J. Hence, the sign of A, is
qualitatively important. Fine-tuning of the dispersion in the
multiorbital model of strong bonding (five d orbitals of Co
and three p orbitals of O) in the LDA framework gave the
value A, = —200 meV for x=0.3 [171]. When LDA
calculations are projected onto the tight-binding model for
the Co ty, orbitals, the result is 4,c = 53 meV [184], while the
alternative procedure for calculating the splitting parameter
yielded the value —144 meV [191]. Quantum chemistry
methods yielded a positive value of splitting equal to
315 meV [192]. In order to bring order to the matter of
calculating the splitting parameter, a first-principle calcula-
tion of 4,. was conducted in [193] taking two CoO, layers
per unit cell into account, without projecting onto the tight-
binding model. It became clear that the result is affected by
Na ions that were taken into account without using the
virtual crystal or any other approximation. Eventually, the

authors of [193] arrived at a negative value of 4,. of the
order of —100 meV. This means that even with the effects of
strong correlations taken into account, the eé hole pockets
must survive on the Fermi surface at high concentrations up
to x = 2/3, assuming, of course, that we rely on the DMFT
results. In reality, this theory cannot be justified in the two-
dimensional case because the inverse spatial dimension is not
small. Furthermore, the mass operator in the DMFT
approximation is independent of the quasimomentum, and
hence any description of the fine points of the dispersion law
and Fermi surface would be beyond the efficacy of these
calculations. The Gutzwiller approximation used in [183,
184] is a good interpolating solution in the theory of metallic
strongly correlated systems and its results are more reliable
in this particular case. Therefore, it appears that the
correctness of conclusions from ARPES experiments is
questionable.

In contrast to ARPES data, the detection of Shubnikov—
de Haas quantum oscillations points to the presence of
small sections of the Fermi surface, both for systems with
x = 0.3 and for Na(sCoO; [194, 195]. The authors of [194]
found that the frequencies of quantum oscillations for
x =0.3 are in good agreement with the results of LDA
calculations [157]. This interpretation was rejected, how-
ever, because the experimentally observed specific heat
value y, = 12 mJ K2 mol~! [196, 197] is less than the
quantity obtained from theoretical estimates in the case of
Six eé pockets. On the other hand, new measurements of
specific heat give the value y, = 16.1 mJ K~2 mol~! [198],
which is not very different from theoretical estimates.
Another experiment demonstrating the presence of small
pockets is Compton scattering [199].

To summarize, the totality of experimental data demon-
strating the presence of small eé pockets at x < 2/3 warrants
doubting the ARPES results. So far, we know the only answer
to the question of why ARPES fails to see small pockets. This
can be explained in terms of either the extreme sensitivity of
the ARPES method to details of the specimen surface [171,
191, 199, 200] or the smallness of the matrix elements of dipole
transitions for the appropriate wave vectors. We thus see that
neither the theory nor experiments currently provide reliable
results for the Fermi surface in Na,CoO,.

4.3 Dielectric state in the vicinity of x = 0.5

The most spectacular and utterly unusual feature of the phase
diagram of Na,CoO,; - yH;O is allegedly the presence of a
narrow region corresponding to a dielectric state in the
vicinity of x = 1/2. This state corresponds to the tempera-
ture dependence of susceptibility with two peaks at
Tspw = 88 K and Ty = 53 K [159, 201]. Electric resistance
changes monotonically on passing through Tspw but under-
goes an abrupt jump at Ty;. An investigation of the electron
diffraction revealed a superstructure in the arrangement of
sodium ions [159, 201, 202].

The state at T < Tspw was initially associated with charge
ordering of Co induced by the Na superstructure; Na ions at
x = 0.5 occupy two nonequivalent positions. One of them,
denoted by Nal, is located right above Co in the plane, and
the other (Na2) lies at the midpoint of the triangle formed by
cobalt ions. If Na in the Nal position yielded all its electrons
to cobalt, then cobalt would change its state to Co®*. All
other cobalt ions would be in the Co** state with the spin
S = 1/2. This charge segregation in chains of nonmagnetic
Co** ions and magnetic Co** ions would create a dielectric
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magnetic state [159, 202]. However, this interpretation fails to
explain why a dielectric state is formed only at temperatures
lower than Ty, while Na ions are observed to order at room
temperature as well. Nor has an explanation been found for
Tspw not being equal to .

An alternative interpretation was suggested based on the
data of NMR and neutron scattering experiments [197, 203—
206]. First, these experiments showed that charge ordering
does not follow the scenario outlined above. Namely, the
valences of cobalt chains are Co>>*? and Co3'5";, where
0 < 0.1. The temperature of this charge ordering is higher
than Tspw and approaches Tco =~ 150 K [204]. Second, the
valence of cobalt does not change on passing across Tspw
[203]. Therefore, Tspw has no direct connection to charge
ordering, and the available set of experimental data allows
classifying the state at 7' < Tspw as a magnetic order of the
spin density wave type [203].

On the other hand, this scenario leaves the situation with
the transition at Ty unresolved. Part of NMR data indicate
no charge ordering at temperatures 7' < Tmi, and the authors
of [203] suggest interpreting Tn as the temperature of yet
another transition to the state with a spin density wave and the
reconstruction of the Fermi surface, such that it produces a
small amount of charge carriers. The NMR data of another
group permitted the authors of [205] to discuss the transition
at Ty to a charge density wave. Obviously, further experi-
mental work is required to resolve the issue of the nature of
the transition in Nag sCoO, at Ty = 53 K.

4.4 Nature of superconductivity and magnetism

The behavior of magnetic susceptibility in Na,CoO, does
acquire features characteristic of the behavior of magnetic
susceptibility in magnetically ordered substances, but only at
high concentrations of Na ions (x > 0.75). In this concentra-
tion range, Na,CoO; is a type-A antiferromagnetic metal
with ferromagnetically ordered Co spins in the planes and
antiferromagnetic ones between planes. According to NMR
data, ferromagnetic spin fluctuations become considerable in
the metallic region at concentrations x > 0.67 [207], while the
data of nuclear quadrupole resonance (NQR) in super-
conducting specimens with 0.25 < x < 0.35 display signifi-
cant antiferromagnetic fluctuations at 7> T¢ [208, 209].
These observations are especially important in the case of
Na,CoO, - yH,O because precisely the spin fluctuations can
fill the role of the possible mechanism of Cooper pairing in
quasi-two-dimensional oxide compounds of transition
metals.

Another enigmatic observation is that a long-range order
forms only in a narrow range of concentrations
(0.75 < x < 0.9). In fact, according to first-principle LDA
calculations [210, 211], the ferromagnetic ground state is
expected to form in a wide range of concentrations, from
x=03 to x=0.7. Experimental data contradict this
prediction. Several theories have been proposed to explain
the observed behavior of magnetic ordering. The theory
based on metallic behavior of layered cobaltites at practi-
cally any concentration considers the behavior of the
magnetic susceptibility of collectivized electrons y(q,w)
[184, 212, 213]. It was also discovered that the peaks on
7(g,®) due to nesting of the Fermi surface depend critically
on the level of doping. Indeed, if the doping level is low, the
main contribution comes from scattering on the large Fermi
pocket formed mostly by the a;, band. This contribution
stemming from the nesting vector of the 120-degree

antiferromagnetism, Qupy = {(21/3,21/V/3), (4n/3,0)},
shows that the electron subsystem tends to this AFM order.
Hence, if this order fails to form, AFM fluctuations should be
observed; this conclusion agrees with experimental data. This
tendency persists at concentrations up to a critical value x;
that depends on the deviation from the nesting condition due
to the change in the volume of the Fermi surface, and also on
the following factor. Band calculations produce a local
minimum in the dispersion of the a;g band in the neighbor-
hood of the I" point. In the case of doping with electrons, the
ajg band is filled and the local minimum causes the formation
of a small-radius electron pocket. Scattering on the pocket
begins to dominate and the system shows a tendency to
ferromagnetic fluctuations at x > x.. The concentration x.
obtained by band calculations with the model of nonzero-
dispersion ty; bands is equal to 0.58 [212]. An analysis of
strong electron correlations in the Gutzwiller and Hubbard-I
approximations showed that taking them into account does
not result in qualitative changes, although x. shifts to the
range of large concentrations and increases to about 0.7 [184],
which agrees well with observational data [159, 161, 207]. Itis
worth noting that ARPES techniques have failed to detect a
small-radius electron pocket close to the I' point; but as
mentioned above, the modern ARPES data for layered
cobaltites cannot be considered reliable because of the
sensitivity of this method to the state of the surface of the
specimen and also in view of the contradiction between the
conclusions from the ARPES data and the experimental
results produced by other methods.

Simultaneously taking electron correlations and the
potential created by Na ions into account led to a similar
value for x. [214]. We note that the presence of a small-radius
electron pocket was not a necessary condition for the
formation of ferromagnetic order; the leading role in it was
played by the potential of disordered Na.

In addition to the theory of magnetism of collectivized
electrons, an approach exists based on the analogy to
manganites and three-dimensional LaCoO3 cobaltites. A
scenario for the creation of a magnetic polaron leading to
ferromagnetic fluctuations at high doping concentrations
was studied in [215]. This scenario is based on the possibility
of realizing an HS state in CoQOg octahedra, which is in fact
rather improbable in the case of this specific layered
cobaltite because of the large splitting of the ty, and e, levels
(~ 2 eV) and the relative smallness of the Hund exchange
(~ 1 eV). All this leads to the energy of the HS state lying
higher than that of the LS state by 1.75 eV [216], and hence
to stabilization of the low-spin state as the ground state at
any Na concentration. However, in subsequent paper [217],
a hypothesis was advanced that even in the case of
realization of the LS state as the ground level, the dynamic
IS and HS states can affect the magnetic properties of
quasiparticles.

Another interesting question is related to the ratio of
in-plane and interplane exchange interactions. An analysis
of neutron scattering data in [162-165] revealed that
Ju = —6 meV and J. = 12 meV. This result seems at first
glance to contradict the one expected for a quasi-two-
dimensional system. But as was shown in [218], magnetic
interaction along the ¢ axis is enhanced owing to the presence
of Na orbitals. Therefore, the magnetic properties of
Na,Co0O, remain essentially three-dimensional despite its
two-dimensional electron structure. It is interesting to note
that the three-dimensionality of the properties is violated
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when H;O layers are added; this leads to two-dimensional
magnetic fluctuations.

An additional factor causing suppression of the in-plane
magnetic moment may be the frustration effect. Indeed, the
planar lattice of Co ions is triangular. In this case of the AFM
interaction with the nearest neighbors and magnetic Ising
anisotropy, the long-range AFM order is suppressed. As a
result, ordering is dictated by the FM interaction between
next-to-nearest neighbors. Correspondingly, the exchange
integral obtained from the analysis of neutron scattering in
the ordered phase is in-plane ferromagnetic. At the same time,
AFM fluctuations start playing a decisive role in the
disordered phase because of the exchange between nearest
neighbors. This situation is typical of a broad class of
magnetically frustrated systems, which includes both oxides
of transition metals and intermetallic compounds.

As regards the superconductivity of Na,CoO; - yH;O,
general agreement was not reached for a long time concern-
ing the symmetry of the superconducting gap 4. Studies of
specific heat [219-222] and measurements of the penetration
depth using muon spectroscopy (LSR) [223] revealed lines of
zeros of Ay on the Fermi surface. The same conclusion was
obtained from the NMR measurement data on the spin—
lattice relaxation [the quantity 1/(77T), where T) is the
spin—lattice relaxation time] which yielded a power-law
temperature dependence and no Hebel-Slichter peak so
typical of the s-type superconductors [208, 209, 221, 224,
225]. At the same time, strong AFM fluctuations were
observed at T > T.. Early work devoted to studying the
Knight shift as a function of temperature supported the
choice of a spin-triplet symmetry of the superconducting gap
because the Knight shift in the direction perpendicular to
CoO; layers was practically independent of the temperature
[226, 227]. This behavior of the Knight shift stimulated a
series of theoretical papers treating the triplet superconduc-
tivity in Na,CoO, - yH,O [171, 180, 228-231]. However,
modern high-precision NMR data [232, 233] detected a
decrease in the Knight shift in all directions with decreasing
the temperature, which is an unambiguous indication of the
spin-singlet Cooper pairing.

The group-theory analysis classifies the symmetry of the
singlet order parameter on the triangular lattice as follows:

e s-type, Ax = Ao;
e cxtended s-type,

Ay = 2/3 Ag[cos ky + 2 cos (kyV/3/2) cos (k,/2)];
o d.>_)2-type,

Ay = Ag[cosky, — cos (kyV/3/2) cos (ky/2)];
e dy,-type, A = A9[V3 sin (kyv/3/2)sin (k,/2)];
e d,>_ > +idy,-type

and higher harmonics (see [234] and the references therein).
Both types of symmetry, d,>_,> and d,,, are characterized by
the presence of lines of zeros of Ay on the Fermi surface. We
note that the symmetry type d,»_ > + idy, is then broken with
respect to time reversal.

The effect of symmetry of the superconducting gap and
electron structure on the dynamic spin susceptibility of the
compound Na,CoO; - yH,O was systematically investigated
in theoretical paper [235], where three models were studied: a
single-band a;, model with hopping between nearest neigh-
bors, and a realistic three-band t», model, both with eg’ pockets

on the Fermi surface and without them. It was possible to
show that antiferromagnetic spin fluctuations with large wave
vectors are responsible for the dominant contribution to the
magnetic response in the normal state and that the presence or
absence of e/ pockets does not play a significant role.
According to [235], the available set of experimental data
indicates that the order parameter in the superconducting
state must have the symmetry type d,>_,» or d,,, while the
symmetry d,_,2 4 idy, must be excluded.

A comparative analysis of superconductivity in HTSC
cuprates and layered cobaltites seems to support the spin-
fluctuation mechanism of Cooper pairing by exchanging two-
dimensional AFM fluctuations in the two systems; this easily
explains the d-type symmetry of the order parameter. We note
that the difference between T, values is determined in this
scenario by the difference between exchange levels in cuprates
and cobaltites. The role of water in cobaltites consists in the
mutual repulsion of CoO, planes, which results in essentially
two-dimensional magnetic fluctuations, similar to those
found in HTSC. However, the role of the electron—phonon
interaction, which is known to be important in cuprates (see
[236] and [237]), must also be clarified in order to fully
understand the nature of superconductivity in the two
systems. For Na,CoQO,, the strength of the electron—phonon
interaction was derived by analyzing Raman scattering
spectra as a function of doping concentration [238]. Even
though the obtained value of 7, due to the electron—phonon
interaction is near the experimental value, it remains
unknown why in this case superconductivity sets in only
after the intercalation of water and in a narrow range of
doping concentrations.

5. Possible practical applications of cobaltites

Cobalt oxides are of enormous interest owing to the
potential of their practical applications, which are evolving
in several directions embracing solid-state power supply
units [239-245], oxygen membranes [246, 247], catalyst
systems [248, 249], membrane reactors for oxidizing hydro-
carbons [250], gas sensors [251, 252], and thermoelectric
devices [253, 254].

Most of the practical applications of these materials, with
the exception of thermoelectric ones, are based on properties
such as high electron and ion conductivities [246, 247, 255]
and catalyst activities. The high ion conductivity is in turn
related to the defect structure of these materials, mostly
oxygen nonstoichiometry. The ion diffusion coefficient in
cobaltites is greater than in manganates by several orders of
magnitude [256, 257], which certainly creates better prerequi-
sites for gas transport.

One of the first and currently best developed applications
of cobalt oxides is their use as cathodes for solid oxide fuel
cells (SOFCs). This kind of power supply has recently
attracted much attention. Their advantage lies in their being
highly efficient, being ecologically clean, and allowing
miniaturization. A SOFC generates energy from substances
such as hydrogen, carbon monoxide, and methanol [258]. It
comprises an electrolyte and two electrodes. Oxidation of fuel
at the anode releases electrons, which reach the cathode
through an external circuit. The working electrode of a
solid-state battery acts simultaneously as a charge source
and a catalyst. Therefore, SOFC working principles can also
be applied to electrocatalytic reactors, as was implemented in
[259] for oxidation of methane.
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The catalytic ability of cobalt oxides allows using them for
oxidation of light volatile hydrocarbons. Catalytic oxidation
is very important because it may proceed at sufficiently low
temperatures. Noble metals are good catalysts, but they are
very costly. The catalytic activity of perovskites is usually
lower than that of noble metals [260]. But investigations have
shown that practically the same results can be achieved with
ceramic perovskites because of their porous structure and
correspondingly higher area per unit volume [261]. Moreover,
using the method of electrochemical catalysis borrowed from
the SOFC technology greatly enhances the catalytic activity
and allows obtaining products of chemical reactions in a
reversible and controlled manner.

When cobalt oxides are used as SOFC cathodes or
electrochemical catalysts and membranes, a very important
stage is the passing of oxygen through a polycrystalline
specimen. The gas transport through porous membranes
includes surface reactions involving the transformation of
oxygen in the lattice from molecular to ionic form. The main
contribution to oxygen transport through ceramics comes
from the oxygen diffusion across grain boundaries, and
therefore the grain size and the technology of membrane
manufacturing become very important. The thermody-
namics of processes occurring at the so-called three-phase
boundaries was treated in [262] in the case of ionic
conductors; in fact, the rules used in developing specific
devices are typically rather empirical. For example, it was
established that high ionic conductivity is a signature of a
cubic or rhombic structure [263], while thermodynamic
stability increases with increasing the Goldschmidt number
and ionic radius of the rare-earth cation [264]. The ionic
conductivity and membrane permeability decrease with
decreasing the ion radius. Knowing these correlations helps
specify the doping strategy.

Great efforts have been devoted in recent decades to
enhancing the efficiency and service life of solid-state
electrochemical devices. It has proved possible to design
devices up to 100 kW in power. Nonetheless, there are a
number of problems connected with choosing materials for
SOFC devices, mostly because of the high working tempera-
ture (~ 1000°C). Such temperatures are required for achiev-
ing high ionic conductivity and sustaining sufficiently high
rates of chemical reactions. Unfortunately, high operational
temperatures entail a number of negative consequences. First,
cyclic heating and cooling lead to material degradation. The
exposure of ceramics to cyclic thermal loads of SOFC may
result in mechanical stresses in them and mechanical failure.
Second, even though cobalt oxides have a much higher
conductivity than, for instance, La;_Sr,MnOs;, their ther-
mal stability is not as high as that of manganites, because high
ionic conductivity implies weak interionic bonds, which are
also responsible for the chemical composition. Finally, the
third factor is that thermal expansion of cobaltites is typically
considerable; this generates problems when combining
different parts of a device, especially at high temperatures. A
certain shortcoming of cobalt oxide cathodes is the impossi-
bility of using them in combination with the traditional
zirconium-based electrolyte, because chemical reactions in a
heated system rapidly produce La,Zr,O; and SrZrO;
dielectric phases [265]. However, a combination of cobaltites
and electrolytes based on bismuth and cerium oxides looks
quite promising [266].

Several approaches to overcoming these problems exist.
The first approach is related to searching for new materials

that combine high electron and ion conductivity and at the
same time are compatible with other elements of the battery.
In [267], materials such as Lng 4Srg¢CogsFep20;_s (Ln = La,
Pr, Nd, Sm, Gd) and in [268], Smg 5SrysCoO3; were studied
with a view to using them as SOFC cathodes. The properties
of SrCoOj; were studied in [269]. Perhaps the best result is to
be obtained by using A;B,0Os-based compounds, such as
Srp.9Ceo.1Co0.3Fe0 70255 [270], SrooLagCopsFep7025-5
[246], and compositions with excess oxygen content, such as
Pry(Ni, Co)O4,5 [271]. Layered Lay;CoOy4 and La, SryCoOy
compounds [272, 273] demonstrate an unusually high rate of
oxygen transport. The high catalytic activity of these
materials with respect to CO and C;Hg was established.
Cobalt oxides with the structure K,NiF, have not yet been
sufficiently studied, but a hypothesis was formulated in [274]
that the use of precisely these materials may allow decreasing
the working temperature to room temperature.

The second approach consists in developing multilayer
systems. It is well known that the quality of contact between
two materials having different physical properties can be
improved by a gradual change in composition in the region
of contact [275]. The composition of each individual layer in
this region is adjusted such that one composition smoothly
transforms into another.

Another important application of cobalt oxides is using
them as materials for gas sensors. Such sensors are required
in control devices for chemical processes and for monitoring
the state of the environment; they are also used for medical
purposes. For example, it is important in many cases to
measure the concentration of ammonia, NH3. The existing
sensors determining the concentration of ammonia already
use semiconducting materials, organic compounds, and
carbon nanotubes [276-278]. But the sensitivity of all these
devices is low and their practical applications are signifi-
cantly limited. A special problem is their low selectivity:
many devices sensitive to NHj are at the same time highly
sensitive to other natural gases. In [250], the high catalytic
activity of polycrystalline LaCoO; was used to develop a
converter that oxidizes ammonia to NO, rapidly and
efficiently. The amount of NO, produced can be deter-
mined, as shown in [250], with high accuracy by the
chemiluminescence technique, which has high sensitivity
and good selectivity. In [279], another principle of measur-
ing the partial pressure was used —thermogravimetric
analysis based on measuring the changes in the weight of a
membrane made of La;_,Sr,Co;_,Fe, O3_5 as a result of
desorption or adsorption of oxygen. The high sensitivity of
the method has been confirmed. Gdy;Cag3CoO;_s can also
be used as a gas sensor [280].

An interesting and important development is outlined in
[281], where it was discovered that the mixed compound
Sr,Ca;_,FesCoy505_; has a high adsorption capacity with
respect to carbon dioxide; this is especially important for
counteracting the greenhouse effect.

The bibliography given below of the already imple-
mented applications of cobalt oxides, as well as those
expected to be implemented, based on their transport and
chemical properties, is far from complete, but it is already
clear that considerable progress has been achieved in this
applied field. As regards the utilization of the unusual and
strongly pronounced thermoelectric properties of cobal-
tites, this is still a matter for the future. Nevertheless, we
can cite paper [253] as an example of an already completed
development: a thin-film thermocouple is described, based on
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La;_,Sr,CoOs, fabricated by laser sputtering onto a sapphire
substrate. Good stability of the composition was observed at
temperatures up to 1273 K, especially at x = 0.3. Electric
conductivity and the Seebeck coefficient were stable up to
T =1023 K. This thermoelectric device can therefore be
successfully used for measuring high temperatures.

6. Conclusion

We hope that the example of several families of cobalt oxide
compounds has allowed us, at least partly, to demonstrate the
variety of physical properties revealed by these compounds
and to show how these properties are formed under the
interacting influences of various— lattice, charge, spin, and
orbital—degrees of freedom. Despite impressive progress
achieved in the physics of cobaltites, many issues remain open
or without a final solution, including the widely known
problem of the instability of the spin state of cobalt ions, or
the determination of the nature of superconductivity and
magnetism in Na,CoO, - yH,O. This is meant to show that
cobalt oxide compounds offer a broad range of problems for
physicists, both in fundamental and in applied research.
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