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The features of the characteristics of LnCoO; cobaltites, where Ln is a rare-earth element, are discussed.
Both experiment and theory demonstrate that their essentials are related to the low-spin ground state of cobalt
ions. The thermally induced occupation of the excited high-spin state gives rise to peaks in the magnetic sus-
ceptibility, specific heat, and thermal expansion, as well as to a smooth insulator—metal transition. The anal-
ysis is based both on the data from the current literature concerning LaCoO; and in many aspects on our own
studies of GdCoO; and La,_,Gd, CoO; solid solutions.
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1. INTRODUCTION

Similarly to other perovskite oxides such as cupra-
tes and manganites, rare-earth cobaltites belong to
strongly correlated electron systems. At the same time,

they exhibit a unique feature: the filling of the d % shell

of the Co’" ion does not obey Hund’s rule, and the
ground state is the low-spin (LS) atomic term with §'=
0 instead of the high-spin (HS) state with spin S = Z.
Hund’s rule is violated because the crystal field 10Dg
(which lowers the energy of the LS term) exceeds the
critical value determined by the competition with
Hund’s coupling constant J. As a result, spin cross-
over occurs: the levels corresponding to the HS term
E\s and those of the LS term E| ¢ intersect at some
point with the growth in the 10Dg/J ratio. This phe-
nomenon was discovered rather long ago [1]. It is

clearly seen in the Tanabe—Sugano diagrams for d 4,

d’, dé, and d’ ions [2]. Currently, two classes of mate-
rials with spin crossovers are of common knowledge.
The first one includes organometallic compounds
with magnetic ions [3]. In such compounds, the cross-
over is achieved by changing the temperature of a
compound or by applying a relatively low pressure.
Another class is formed by the Mott—Hubbard insula-
tors, mainly iron oxides, with predominantly ionic
chemical bonds. They exhibit the crossover at high
pressures, P~ 100 GPa [4].

Rare-earth cobaltites belong to the second group of
compounds, but in contrast to iron oxides, they turn

! Supplementary material is available at http://link.springer.com;.
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out to be in the LS state already at 7" = 0 and at zero
applied pressure; i.e., the spin crossover already
occurs in the course of the formation of their structure
owing to the “chemical pressure” determining the
equilibrium volume of the unit cell. The vicinity to the
spin crossover is characterized by the spin gap
Ag = Eyg — Eg. In iron oxides, where Ag <0 and
|Ad~ 1 eV at zero applied pressure, even a slight
change in temperature affects the spin crossover,
whereas the corresponding value in LaCoO; is Ag ~
0.01 eV. If La is replaced by heavier rare-earth ions, the
spin gap increases [5] owing to the lanthanide com-
pression; nevertheless, the typical value is Ag~ 0.1 eV.
Just this small energy scale in rare-earth cobaltites
underlies their specific electron, magnetic, and ther-
mal characteristics, which will be considered in the
present review article. The further plan of the paper is
the following. In Section 2, we present the main
experimental facts from the available publications and
from our own studies on underdoped stoichiometric
LnCoO; cobaltite and on the compounds with isova-
lent substitution. In Section 3, we discuss the mul-
tielectron nature of the formation of electron and
magnetic properties near the spin crossover. Section 4
deals with the specific features of cobaltites with het-
erovalent substitution. The final remarks are presented
in Section 5.

2. PROPERTIES OF UNDERDOPED
COBALTITES

Similarly to the other transition metals (iron, cop-
per, or manganese), cobalt can exhibit several possible
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valence states (Co>", Co’*, and Co*") and can have
different coordination geometry, namely, tetrahedral,
octahedral, and pyramidal. As a result, structures with
mixed cobalt valence and nonstoichiometric com-
pounds with oxygen vacancies can exist. Hund’s rule

implies that Co’" is always in the high-spin state tzsgeg?
(S =3/2), whereas Co*" is usually in the low-spin
state, t5,e, (S =1/2). The possible states of Co™"—
low-spin e, (LS, S =0), high-spin 5,e; (HS,

S =2), and intermediate-spin tzsge‘lg (IS, S =1) (see
Fig. 1 in the supplementary material)—appear to be
very sensitive to the magnitude of the crystal field, i.e.,
to the changes in the Co—O bond lengths and in the
Co—0—Co angles [6]. Some unique properties both of
underdoped stoichiometric perovskite-type oxides
and of the compounds with isovalent and heterovalent
substitution of the rare earth are described in many
review articles (see, e.g., [7, 8]).

The active study of rare-earth cobaltites was initi-
ated by the anomalous behavior of the temperature

dependence of the magnetic susceptibility in LaCoQO;,
which exhibits two smeared peaks near 7} = 150 Kand

T, = 500 K (see the lower panel of Fig. 2 in the sup-
plementary material) [9—12]. In the first attempts at
explaining these magnetic anomalies, they were
related both to the formation of a magnetic super-

structure because of changes in the spin state of Co™
ions [13—15] resulting from the close values of inter-
atomic Hund’s rule exchange energy J and the crys-

tal-field energy 10Dgq at Co’* sites and to the assump-
tion that the state with spin S =2 becomes more
favorable in energy than the low-spin state at a certain
temperature. The low-temperature anomaly was asso-
ciated with the spin-state transition of a certain part of

Co’* ions from the nonmagnetic 5,e; LS state to the

paramagnetic t;‘geé HS state, whereas a smeared peak
in the temperature dependence of the magnetic sus-
ceptibility should correspond to the 1 : 1 ratio of the
numbers of HS and LS ions [16]. The high-tempera-
ture anomaly was associated with a semiconductor—
metal transition (see the upper panel of Fig. 2 in the
supplementary material) and was interpreted as a con-
sequence of the destruction of the spin-ordered state
driven by the increase in mobility of e, electrons
accompanied by the transition of the remaining LS
cobalt ions to the HS state. However, the further
numerous experiments revealed neither any magnetic
superstructure nor the long-range magnetic order in
LaCoO,. While the ground state of cobalt ions has
without doubt been identified as the nonmagnetic LS
state, the nature of the first excited state (IS or HS) has
been under debate for many years. The possibility of
the intermediate-spin state is supported by the
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attempts to fit the x(7") curve in LaCoO; at 7' > 100 K
by the Curie law with the resulting value of spin S
being nearer to unity than to two. The suggested two-
stage model [17, 18] assuming that the first anomaly is
related to the transition of cobalt from the LS to IS
state, whereas the second one should be attributed to
the IS—HS transition, which has been supported by
the corresponding calculations [19—21], would seem
to explain the existing controversy.

However, the calculations [19] in the framework of
the LDA+U approach can be valid only for the hypo-
thetical ferromagnetic phase, which does not actually
exist. Therefore, it is unreasonable to enlist them to
interpret the properties of LaCoO, and such interpre-
tation can only mislead an inexperienced reader.
Moreover, a series of ESR experiments [22] and the

X-ray spectroscopy data [23] for the LaCoO; com-
pound, which appeared later on, suggested the transi-
tion of cobalt ions from low- to high-spin state. These
data support the scheme of multielectron levels [24],
in which the ground low-spin state is separated by the
spin gap from the series of the high-spin terms with the
total angular momentum J =1, 2, and 3. According to
the neutron scattering data, the cobaltites with Pr, Nd,
Sm, and Eu do not exhibit any traces of the high-spin
state up to room temperature [25].

The active studies of the magnetic, transport, and
thermal properties of the other compounds in the
LnCoO; series demonstrate that they exhibit the same
features in the behavior of the magnetic susceptibility,
thermal expansion (see Fig. 3 in the supplementary
material), specific heat, and electrical conductivity
(see Fig. 4 in the supplementary material) as those
observed in LaCoO; [26—33]. At the same time, the
anomalies in the behavior of y (T'), o.(T'), Cp (T), and

p(T") become shifted toward higher temperatures and
more smoothed, exhibiting the correlation between
the transport and thermal properties. The obtained
data allow drawing the electron phase diagram for the
series of lanthanides demonstrating the dependence of
the properties on the ionic radius r, (see Fig. 5 in the
supplementary material) [34]. In this diagram, we can
outline three states: the nonmagnetic insulator, para-
magnetic insulator, and paramagnetic metal. The
smooth and smeared transitions between these states
suggest that we are dealing with the crossovers rather
than with the phase transitions in their classical
meaning.

The structural studies of the rare-earth LnCoO,
cobaltites [ 14, 35—38] have demonstrated that all stoi-
chiometric LnCoOj; oxides are not perfect Pm3in-type
cubic perovskites (see Fig. 6 in the supplementary
material), and those with Ln # La belong to the Pbnm
space group (see Fig. 7 in the supplementary material)
or to the similar Pbna group obtained by the rear-
rangement of the crystallographic axes. The magni-
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tude of distortions changes depending on the specific
choice of lanthanide. The smallest distortions are

observed in the NdCoO; compound.
We focused our efforts on the studies of LnCoO;,

and La,_ Ln_CoO, compounds, choosing Gd** as the
rare-earth element. Gadolinium was chosen because
this ion has a constant valence and zero orbital angular
momentum (L = 0, § = 7/2). Therefore, in the com-
pounds under study, we do not need to take into
account the contributions from the Pauli and Van
Vleck paramagnetism. The effective magnetic

moment per formula unit, [, = 7.91uy, obtained in

experiment for GdCoO; [39] nearly coincides in the
low-temperature range with the theoretical value

Uer = 7.9415. This confirms the nonmagnetic state

for Co’" ions and agrees with the earlier results [40—
43]. At the temperature 7y = 3.3 K, the gadolinium
sublattice undergoes the transition to the antiferro-
magnetic state.

To determine the additional chemical pressure
similar to the hydrostatic one and arising at the substi-
tution of a rare-earth element by another rare-earth
element with a smaller ionic radius, we use the Birch—
Murnaghan equation of state [44, 45]

=58
" {1 -y- BJ»K%}“ _ 1}

where B, and B(') are empirical parameters having the
physical meaning of the isothermal bulk modulus and

of its first pressure derivative, respectively (B, = 4 for
the perovskite-type cobaltites and B, = 150 GPa for
LaCoO; [6]); V, is the volume of the unit cell for
LaCoO;; and V' is the volume of the unit cell for Ln

lanthanide. Assuming also that the intraband parame-
ters of the Coulomb interaction (Racah parameters)

are the same for Co’" in LaCoO; and GdCoO;, we
have managed to estimate the increase in the crystal
field resulting from the “lanthanide” compression and
the width of the spin gap in GdCoO; (Ag = 2000 K)
[46]. At the same time, taking the volumes of the unit
cells from the current literature, we are able to estimate
the spin gap width for the whole lanthanide series (see
Fig. 8 in the supplementary material) [5, 46].

The X-ray diffraction and the temperature depen-
dence of the dc magnetization for GdCoO; within the
high-temperature range (from 298 to 1273 K) demon-
strate [47], first, the pronounced asymmetric broad-
ening of the diffraction peaks, which gradually
decrease and disappear at higher and lower tempera-
tures (see Fig. 9 in the supplementary material), and,
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second, an additional growth with temperature contri-

bution to the magnetic susceptibility provided by Co™
ions (see Fig. 10 in the supplementary material).

The thorough study of the temperature depen-
dence for the lattice parameters and ab initio calcula-
tions using the DFT—GGA technique allow us to for-
mulate the model of virtual crystal [47, 48], where the
domains with cobalt ions in the LS and HS states
coexist in a certain temperature range (from 200 to

700 K for GdCoO,). Using this model, we establish
the relation between the anomalously high thermal

expansion in GdCoO;, and fluctuations of the multi-
plicity. We also obtain the expression for the molar

magnetic susceptibility ¥ -, of cobalt in the form of the
Curie—Weiss law with the effective constant C.; and
the Curie temperature O depending on the popula-
tion nyg of the high-spin state

C

0 = N eff ,
Ko = M ST 0.
Cepr = gzuéS(S + Dnys,

8us XP(—As/kgT) ‘
1+ gys exp(=Ag/kgT)

nys(T) =

The magnetic susceptibility of Co™ ions calculated in
such a way is illustrated in the inset of Fig. 10 in the
supplementary material. On the basis of this model,
we have calculated the temperature dependence of
magnetic susceptibility of La,_ . Gd, CoO; samples,
which appears to be in good agreement with the exper-
imental data. Then, we have calculated the depen-
dence of the spin gap on the concentration of dopants
for the solid solution with the isovalent substitution
[48] and demonstrated the possibility of controlling
magnetic characteristics by changing the spin gap. The
calculations based on the modified crystal field theory
also confirm that the contribution to the magnetic sus-
ceptibility comes just from the high-spin cobalt ions;
these calculations demonstrate that the energy corre-
sponding to the intermediate state of cobalt ions is
much higher than that of the high-spin state [49].

In spite of the obtained interpretation of some

amazing properties of stoichiometric LnCoO; rare-
earth cobaltites, the studies of these materials do not

stop. In particular, the studies of LaCoO; in ultrahigh
magnetic fields up to 133 T at different temperatures
reported in [50] reveal an unusual magnetic field
dependence of the magnetization (see Fig. 11 in the
supplementary material).

JETP LETTERS  Vol. 104 No.8 2016
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3. MULTIELECTRON NATURE
OF THE FORMATION OF ELECTRON
AND MAGNETIC PROPERTIES
NEAR SPIN CROSSOVER

Perovskite-type cobalt oxides being close to the
spin crossover exhibit fluctuations of the spin and
orbital multiplicity of cobalt ions and this causes many
peculiar features of the magnetic, electrical, and
structural characteristics. The additional degrees of
freedom related to the fluctuations of multiplicity
affect also such transport characteristics as electrical
and thermal conductivities, giving rise to unusually
high thermoelectric coefficients in cobaltites.

In addition, many properties of the compounds
under study are quite sensitive to different kinds of dis-
order and to the oxygen nonstoichiometry. For exam-
ple, a slight deviation of the oxygen content from the
stoichiometric one (& < 0.002) leads to the change in
sign and in the temperature dependence of thermo-
electric power in LaCoO;_s. Another example is
GdCo00;, which is a semiconductor with the band gap
E, = 0.5 eV (according to the measurements of elec-
trical transport characteristics). It has unusual optical
absorption spectra without the transparency window
expected for a semiconductor. Instead of it, we
observed a narrow transmission peak (see Fig. 1) [51].
To reconcile the data on the electrical conductivity
and optical absorption, we studied the effect of oxygen

vacancies on the electronic structure of GdCoO,_g.

Nonstoichiometric oxides, nitrides, carbides, sul-
fides, and other compounds in the solid phase form a
large class of disordered solid systems, which are
actively studied both experimentally and theoretically
owing to their unique physical and chemical charac-
teristics. Therefore, the implementation of the tech-
niques for electronic structure calculations allowing
the description of nonstoichiometric compounds with
disordered positions of vacancies is of special interest
in itself.

For rare-earth cobalt oxides, there is still no unam-
biguous theoretical description of the scenario for the
temperature-dependent transition of cobalt ions from
the nonmagnetic to magnetic state. Indeed, for the
formulation of such a scenario, we need to take simul-
taneously into account both the Coulomb correlation
and the hybridization between oxygen p orbitals and
cobalt d orbitals and to perform a detailed analysis of
the temperature evolution of the multiplet states of
cobalt ions. A specific feature of the energy band
structure of these systems is the existence of the
mutual overlapping and smearing of the hybridized
and correlated states. Such a situation creates difficul-
ties for the modeling of electronic structure for this
type of compounds. The key problem is the effect of
Coulomb correlations on the magnetic, lattice, and
spectral characteristics of the systems with the pre-
dominantly ionic bonding type but also with a suffi-
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Fig. 1. (Color online) Transmission spectra of GdCoO;_g
measured at temperatures 7" = (solid line) 3.2, (dashed
line) 297, and (dotted line) 523 K. The inset represents the
spectrum obtained at room temperature within a broader

energy range.

ciently strong covalent bonding related to the hybrid-
ization between the states of ligand and partially occu-
pied states of metal. In the compounds under study,
the correlation effects are important for the states near
the Fermi level, which are described by hybridized
wavefunctions.

Most of the methods used in condensed matter
physics and in quantum chemistry for calculations of
the electronic structure of solids are based on the den-
sity functional theory (DFT). The main problem of
density functional theory is that exact analytical
expressions for the functionals corresponding to the
exchange and correlation energies are known only for
the specific case of free electron gas. In the physical
applications, the local density approximation (LDA)
is the most popular one. This approximation assumes
that the functional calculated at some point in space
depends only on the electron density at this point.

The problem of strong electron correlations has
been known for a long time, beginning from the semi-
nal works by Mott and Hubbard. However, a satisfac-
tory solution to this problem is still lacking. Such a sit-
uation occurs because the conventional perturbation
theory is inapplicable for the systems with strong elec-
tron correlations, whereas the exact solution for the
Hubbard model exists only for the one-dimensional
case. A vivid example of the inapplicability of the stan-
dard methods of quantum theory based on the elec-
tron density functional theory is the erroneous metal-
lic ground state for all perovskite-type cobalt oxides
and of other underdoped Mott insulators. Therefore,
the idea of developing some hybrid methods incorpo-
rating the power of the density functional approach
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method with adequate involvement of strong electron
correlations has been known for a long time. At pres-
ent, we can emphasize two such approaches, namely,
LDA + DMFT [52] and LDA + GTB [53, 54]. Both
of these methods employ the wavefunction basis cor-
responding to the LDA. These basis functions are used
for calculating the parameters of some simplified
model Hamiltonian (usually of the Hubbard model in
LDA + DMFT and of the multiband p—d model in
LDA + GTB). Both methods have their advantages
and drawbacks, but in general, we can say that these
two methods are complementary. The generalized
tight-binding (GTB) method is constructed as a con-
sistent cluster perturbation theory. In this approach,
we can single out three stages.

(i) Dividing the infinite crystal lattice into a set of

unit cells (clusters), e.g., CoOq clusters in the case of
cobaltites. Since oxygen ions belong simultaneously to
two neighboring cells, oxygen wavefunctions are
orthogonalized and oxygen Wannier functions are
constructed. The details of this procedure are
described in [55]. Then, we perform the exact diago-
nalization of the intracell Hamiltonian and find the
energies and multielectron wavefunctions correspond-
ing to the local states; it is convenient to classify these
states according to the number of electrons per cell.

(ii) Constructing the Hubbard X operators on the
basis of local multielectron eigenstates. The calcula-
tion of matrix elements for electron creation operators
on this basis allows us to write one-electron operators
at a given site as a linear combination of Hubbard
operators. After that, we perform a general perturba-
tion theory analysis with the intersite hopping as a
small parameter and formulate a generalized Dyson
equation in the representation of Hubbard operators.

(iii) The multiband p—d model with cation and
anion orbitals involving the strong onsite Coulomb
interaction at cations and the Coulomb interaction
between cations and anions is exactly written in the
form of the generalized Hubbard model including a set
of local states and intercell hoppings, as well as inter-
actions between them. Dispersion laws and the band
structure of the fermion excitations appear owing to
the intercell hoppings and are calculated using all the
experience gained in the studies of strongly correlated
electron systems in the Hubbard model in the limit of
strong correlations. An important novelty of the the-
ory under discussion is the dependence of the quasi-
particle dispersion laws on the occupation numbers of
the local states of different electron terms. In the pres-
ent case, the temperature determines the occupancy of
different multielectron terms and this leads to the
clearly pronounced temperature dependence of the
dispersion laws.

In Fig. 2, we compare the results of calculations of
the band structure for the cubic GdCoO; crystal at
T = 0 in the cases of (a) the LS ground state of cobalt
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Fig. 2. Quasiparticle spectrum at 7" =0 for (a) the LS
phase and (b) the hypothetical HS phase (see the main
text) of GdCoOj; crystal. G(0,0,0), M(mm,0),
X(m,0,0)/(0,7,0), and R(m, 7, w) are the symmetry points
of the Brillouin zone. The dashed line shows the position
of the chemical potential.

ions (LS phase) and (b) the artificially created HS
state (this is a hypothetical HS phase, for which the
HS ground state of cobalt ions was assumed in the cal-
culations). We can see a fundamental difference
between these two phases. In the former case, the
spectrum has a band gap, whereas the band structure
in the latter case is of a semimetallic type. With the
growing occupancy of the high-spin term occurring on
heating, a gradual metallization of the crystal should
take place; a more detailed discussion of such behavior
is given below. This figure also demonstrates the sec-
ond feature characteristic of strongly correlated fer-
mion bands; namely, their spectral weight is different
at different points of the Brillouin zone; this is indi-
cated by varying thickness of the curves.

In Fig. 3, we show the dependence of the electronic
structure of GdCoO,_s on temperature and oxygen
nonstoichiometry (in experiment, the value of § is
determined by the thermogravimetric analysis and
appears to be equal to 0.01). At 7 =0 and 6 =0,
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Fig. 3. (Color online) Total and partial densities of states of (a) the GdCoOj stoichiometric compound at 7 = 0 and (b—e) the
GdCoOj3_g nonstoichiometric compound at 7= (b, ¢) 0, (d) 300, and (e) 500 K calculated using the LDA + GTB method. At
T = 0and d = 0, GdCoOj is an insulator with the band gap £ ¢ = 0.5eV.At 0 # 0, in-gap states arise below the conduction band

and are characterized by the temperature-dependent spectral weight. The dashed line shows the position of the chemical poten-
tial. In panel (f) for clearness, we show at a larger scale the plots of the total density of states near the chemical potential at tem-

peratures 7= (solid line) 0, (dashed line) 300, and (dotted line) 500 K and at the fixed d = 0.01.

GdCoO; is a charge transfer insulator with the band
gap E, = 0.5 eV (Fig. 3a). With the growth of tem-
perature, the quasiparticle spectrum is determined by
the thermally induced occupancy of the HS state of

Co’" ions and hence by the spin gap Ag. Owing to the
temperature dependence of the latter, the band gap E,
in GdCoO, decreases with the growth of temperature
and vanishes at the characteristic insulator—metal

transition temperature 7}y = 780 K [47]. Note that
the transition from the insulating to the metallic state

JETP LETTERS Vol. 104 No.8 2016

in rare-earth cobaltites is actually not a phase transi-
tion and the band gap is not a thermodynamic order
parameter. The quasiparticle band structure at three
temperatures 7 = 0, 300, and 500 K and at 6 = 0.01 is
shown in Figs. 3b, 3d, and 3e, respectively. We can see
that some so-called in-gap states appear near the
chemical potential within the band gap below the bot-
tom of the conduction band and above the top of the
valence band. The temperature-induced increase in
the spectral weight and in the band width correspond-
ing to the in-gap states correlates with the observed
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shift of the transmittance peak and with the narrowing
of the transparency window. For a clearer representa-
tion of the data, the plots of the total density of states
near the chemical potential at different temperatures
T =0, 300, and 500 K (shown by the solid, dashed,
and dotted lines, respectively) are presented in Fig. 3f
at a larger scale. Note that the electronic structure
undergoes similar changes with the growth of tem-
perature at small 6 and with the increase in the oxygen
nonstoichiometry at low temperatures (Figs. 3¢ and
3e).

The oxygen nonstoichiometry and thermal fluctu-
ations of multiplicity play an important role in the for-
mation of the electronic structure of cobaltites and of
its temperature dependence. In this case, the tempera-
ture dependence of the band structure and the exis-
tence of in-gap states related to the oxygen nonstoichi-
ometry appear to be principally many-particle effects.

The physical mechanism giving rise to the new
states and bands is related to a nonzero contribution to
the one-particle density of states coming from the
excited multielectron term, which is missing in the
case of perfect stoichiometry. It is well known that the
impurity levels in usual semiconductors appear owing
to fluctuations of the crystal potential occurring near a
defect. As we can see, the “impurity-like” levels can
appear in the semiconductors with electron correla-
tions, which are discussed here, even in the absence of
such fluctuations. We do not take into account any
defects in the initially formulated p—d model. In
actual materials, the nonstoichiometry surely leads to
the fluctuations of the crystal lattice potential and to
the quasiparticle scattering by these fluctuations.
Therefore, in the calculations related to the specific
systems, this new mechanism should be taken into
account along with the usual scattering mechanism.

The in-gap states arising even at a low density of
oxygen vacancies lead to the narrowing of the trans-
parency window, to the formation of a narrow trans-
mittance peak (an absorption minimum), and to the
shift of the optical absorption edge down to 10 meV
(see Figs. 3b and 3d) in agreement with experiment
(Fig. 1). In Fig. 3, we can also see that the main con-
tribution to the density of states corresponding to the
bottom of the conduction band and the band formed
by the in-gap states comes from d electrons. At the
same time, the electrical conductivity of charge-trans-
fer insulators is mostly due to p electrons of oxygen;
therefore, the appearance of in-gap states only slightly
affects the electron conductivity. Thus, using the per-
formed calculation and modeling of the electronic
structure of the real GdCoO; crystal inevitably having
the deviations from the perfect oxygen stoichiometry,
we managed to lift the seeming controversy between
the measured electrical transport and optical charac-
teristics.

Similar results were obtained in [56] by studying
the effect of nonstoichiometry with the random distri-
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bution of vacancies on the electron spectrum of rutile
in the framework of the coherent potential approxima-
tion. These studies demonstrate that the arising oxy-
gen vacancies lead to the formation of the vacancy
peak within the band gap, which is in agreement with
the measured photoemission spectra.

4. SPECIFIC FEATURES OF COBALTITES
WITH HETEROVALENT SUBSTITUTION

Complex oxides (A'A")Co0O,_g (A'is a lanthanide,
A" is an alkaline-earth element, and d is the parameter
characterizing the oxygen nonstoichiometry) with the
perovskite structure, where some rare-earth ions are
replaced by alkaline-earth ones exhibit an even greater

diversity of physical and chemical characteristics [57—
63].

A complementary usage of electron, X-ray, and
neutron diffraction allows finding out the conditions
for the formation of doped single-phase rare-earth

cobaltites Ln, Sr.CoO, 5 (Ln = La’*—Yb*") and
reveals a whole set of the tetragonal and orthorhombic
superstructures, in which the magnetic and structural
characteristics are determined by the type of cations
and by the deficit with respect to oxygen (see Fig. 12 in
the supplementary material) [64, 65].

The systems with heterovalent substitution exhibit
magnetic phase transitions [40], interplay of ferro-
magnetic and antiferromagnetic exchange interac-
tions, superconductivity [66], colossal magnetoresis-
tance [67], high-temperature ferromagnetism [68],
charge ordering [69], electronic phase separation [70,
71], shape-memory effects [72], and the formation of
giant polarons at very low concentrations of alkaline-
earth elements [73]. All these characteristic features
require an adequate theoretical description and exper-
imental verification.

Currently, the most well-studied compositions are
the compounds containing lanthanum [57, 62, 74—82]
and praseodymium [61, 83—87] replaced by Sr, Ba, or
Ca. The number of publications in this field is fairly
large, but the nature of the ferromagnetic state in
cobaltites with heterovalent substitution is a subject of
continuing debate.

The origin of ferromagnetism is traditionally
attributed to a change in the charge state of cobalt ions
giving rise to the positive exchange interaction
between the ions of different valences described in the
framework of the double exchange model. The substi-
tution of alkaline-earth ions A" for some rare-earth

13+

ions A" leads to the formation of localized holes. In

this case, the properties of the A,_, Sr,CoO;_g system

are considered involving the mixing of Co’" and Co**
ionic states. In such a situation, the contribution of

Co** grows gradually with the doping level x [88, 89].
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Fig. 4. (Color online) Normalized XANES spectra for the

Co K edge measured using the Gd;_, Sr,, CoO3_g samples
with x = 0.0 and 0.6.

However, there exist other points of view concern-
ing the valence of Co in these compounds. In [59], it
is shown that, in the course of the synthesis of

Sm,_,Ca CoO;_s at normal pressure, the removal of
each oxygen ion lowers the local coordination symme-
try of transition metal ions from the octahedral to
pyramidal one without changing the cobalt valence.

Even at low temperatures, Co™ ions in the pyramidal
environment turn out to be in the magnetically active
state and arranged in a set of pairs formed by individ-
ual ions coupled by the antiferromagnetic interaction
within the dimer.

We have grown the Gd, ,Sr, (Co0O, g5 single crystal
by the optical zone melting technique and measured
X-ray diffraction and of X-ray absorption spectra
(XANES) at the Co K edge (Fig. 4) and at the Gd L,
edge in GdCoO; and Gd, ;4Sr, ¢, C00O, 45 cobaltites
(Fig. 5) and analyzed the effect of Sr substitution on
the crystal structure and on the electron and magnetic
state of Co ions [90]. It is shown that the strontium
doping leads to the enhancement of low-symmetry
Jahn—Teller type tetragonal distortions.

As a reference material for determining the charge
states of Co ion, we used metallic Co and Co’" 0 and

C02+O3 oxides. In determining the effect of Sr doping
on the local structure in the vicinity of Gd, we used
Gd,0; oxide as a reference material. The XANES
measurements do not reveal any substantial shift of the

Co K absorption edge with the increase in the St
content. This could suggest that the effective Co

valence (Co3+) does not change, whereas the intensity

of the 2p—-5d dipole transition in the Gd™ ion
increases. A probable scenario of the hole doping in
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Fig. 5. (Color online) XANES spectra for the Gd L; edge

measured using the Gd,_, Sr, CoO;_g samples with x =
0.0 and 0.6 in comparison to those for the reference sub-

stance Gd,03.

the Gd, ,Sr;,CoO, ¢s system is such that holes are
partially localized at 2p oxygen states and become
charge carriers (itinerant holes). In this case, Co(3d)
states and, hence, the effective valence of cobalt
should change only slightly. The structural distortions

related to the substitution of Sr** ions for Gd** ions
(namely, the changes in the Gd/Sr—O and Co—O
interion distances and of the Co—O—Co bond angle)
give rise to the change in the degree of hybridization
between the 3d(Co)—2p(0O) and 5d(Gd)—2p(0O)
states and lead to the increase in intensities of the

Is—(p —d) (Co’) and 2p—5d (Gd™) dipole transi-
tions. The holes localized at O(2p) sites can have a
magnetic moment and the interaction of unpaired
oxygen spins with the cobalt subsystem can give an
additional contribution to magnetism. Appearance of
holes at oxygen in the La,_,Sr,CoOs,s system has
been experimentally confirmed by the XANES and
X-ray magnetic circular dichroism (XM CD) measure-
ments at the K edge of oxygen. It is shown that that the
growth of x is accompanied by an appreciable growth
of the absorption intensity and by the shift of the
K edge to the lower energy range (527—529 eV) owing
to the increase in the number of unoccupied O(2p)
states [91]. The XMCD intensity increases simultane-
ously, indicating the nonzero orbital angular momen-
tum of oxygen (appearance of magnetic holes). The
magnetic moment at O is directed parallel to that of
Co. The problem concerning the nature of hole states
in various rare-earth cobaltites requires additional
studies, including those implementing the X-ray
absorption spectroscopy and XM CD techniques at the
oxygen K edge.
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Fig. 6. (Color online) Structure of Gd) ,Srj §CoO;_g per-
ovskite (a) with the ordered arrangement of cations at A
sites and (b) with a disordered occupation of A sites.
The black lines indicate the boundaries of a unit cell. Sym-
bol O2 denotes the positions of the preferable location of

anion vacancies at room temperature.

The studies of the polycrystalline Ln,_, M, Co00O;_;
samples demonstrate that the level of oxygen nonstoi-
chiometry appreciably affects the physical and chemi-
cal properties of these compounds. The estimation of
the oxygen nonstoichiometry is given in many papers
[92—94] and the purposeful studies of its effect on the
properties of cobaltites are encountered quite often
[68, 95, 88, 57, 81]. However, not always does the sta-
bilization of some magnetic state in the cobaltites
under study depend only on the degree of oxygen non-
stoichiometry. The properties of some compounds are
substantially affected by the ordering of cations
located at A positions of the crystal lattice. This quite
probably leads to the current situation with

Re,_ M, Co00;_;, for which the results on magnetic
susceptibility reported by different authors are not
always consistent and reproducible. The possible
influence of the characteristics of the A-site cation
distribution on the physical and chemical properties is
still nearly unexplored [96]. In [97, 98], we have shown
that the character of distribution for “inactive” cations
over A lattice sites (Fig. 6) significantly affects the
properties of Gd,_,Sr,CoO;_5 (0.5< x <0.9) per-
ovskites, namely, the catalytic activity of the single-
phase compounds in the chemical reaction of deep
oxidation of methane turns out to be much higher in
the case of the disordered (random) distribution of
Gd/Sr cations in comparison to that in the sample

with the ordered arrangement of Gd*" and Sr** cations
at A sites [97].

In [99], using Gd, ,Str, ;C0O;_5 as an example, we
have analyzed the experimental data on the magnetic

DUDNIKOV et al.
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Fig. 7. (Color online) Temperature dependence of the lin-
ear thermal expansion of Gd,, ,Sry §CoO5_g samples. The
inset illustrates the temperature dependence of strain.

susceptibility and thermal characteristics obtained for
the compounds with the state (disordered or ordered)
specified by the regime of thermal processing and then
verified by the precision studies of their crystal struc-
ture. In Fig. 7, we demonstrate the considerable dif-
ference in the temperature dependence of the thermal
expansion coefficients and of the magnetic suscepti-
bility (Figs. 8 and 9) for the ordered and disordered
samples, whereas Fig. 10 demonstrates the changes in
the behavior of the thermal expansion coefficient
related to the higher mobility of oxygen vacancies in
disordered samples.

0.04 = Gd,,Sr, cCoO, .~—ordered
040 _ i 0.2°T0.8 2.63
80.03 —\\FC
_ 0.35 E |
° < 0.02+
8 0.30 é -
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Fig. 8. (Color online) Temperature dependence of the

magnetic susceptibility of the ordered Gd ,Sry gCoO5_g
compound measured in field-cooling (FC) and zero-field-
cooling (ZFC) modes at the applied magnetic field
H =1 kOe. In the inset, we show for clearness the magnetic
susceptibility at temperature ranging from 325 to 400 K.
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Fig. 9. (Color online) Temperature dependence of the mag-

netic susceptibility of the disordered Gd ,Sry gCoO3_g
compound measured in (black curve) FC and (red curve)
ZFC modes at the applied magnetic field H = 1 kOe. The
inset illustrates the temperature dependence of the inverse

magnetic susceptibility.

In [100], it is also emphasized that the partial sub-
stitution of ions in the A lattice at the same 3d cations

(at B sites) in Ln M,_, CoO,_g systems allows us to
stabilize the thermally unstable structures.

5. CONCLUSIONS

The rare-earth cobaltites along with cuprates and
manganites exhibit some common features character-
istic of strongly correlated electron systems. We should
mention, first, just the existence of the insulating state
in underdoped crystals and, second, a clearly pro-
nounced temperature and doping dependence of the
electronic structure, which in the case of cuprates were
under discussion for quite a long time [101]. At the
same time, they have their own unique features related
to the small separation in energy between high- and
low-spin terms, which leads to an appreciable contri-
bution of the thermal multiplicity fluctuations to all
physical characteristics: electron, magnetic, optical,
and structural ones. Just the comprehensive multifac-
eted studies with the thorough characterization of the
samples provide an opportunity of obtaining quite
unexpected results, such as the absence of the valence

changes of cobalt in Gd, ,Sr; CoO, g5 single crystals.
Such results pose new questions concerning the nature
of conductivity and magnetism in doped cobaltites,
the studies of which are far from being finished.
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