1
Crystal Chemistry of Cobalt Oxides

1.1
Introduction

Most of the advances in the knowledge of the properties of materials have been the
outcome of a systematic observation of the properties of closely related materials, this
is because of the fact that often small crystal or microstructural differences are
associated with marked changes in physical properties. Thus, prior to the investi-
gation of physical properties, it is very essential to pay attention to the structural
features and the relationship between crystal structure and electronic properties.
In this regard, we will sum up the structural features of different types of cobalt oxides
and the related factors influencing the crystal structure.

Like manganese, iron, and copper, cobalt exhibits several possible oxidation states —
Co”", Co®", and Co*" — and several types of coordinations, that is, tetrahedral,
pyramidal, and octahedral. Consequently, cobalt oxides offer a wide field for the
creation of many frameworks, not only stoichiometric oxides but also nonstoichio-
metric oxides, involving a mixed valency of cobalt and/or the presence of oxygen
vacancies. A property which distinguishes the cobalt oxides from other 3d metal oxides
deals with the ability of cobalt to be present in various spin states, that is, low spin (LS),
high spin (HS), and intermediate spin (IS). These probable spin states make the physics
ofthe cobaltoxides so complicated thatithas notbeen completely understood sofar. The
complexity in spin state originates from the fact that the crystal field splitting Arof the
3d energylevel of the cobaltion in cobalt oxides is of the same order of magnitude as the
Hund’s rule intraatomic exchange energy Ji; and the 3d-orbital bandwidth. In cobalt
oxides, the selection decided by the Hund’s coupling makes that Co>* is always in high-
spin state ty,’e,? (S=3/2), whereas Co"" usually adopts the low-spin state t;5°e,’
(S=1/2) due to the crystal field splitting. In contrast, for Co*" the three different spin
states are possible, that is, low-spin t);°e,” (S=0), high-spin t);*e,* (S=2), and
intermediate spin ty,°e," (S = 1) due to the fact that A is very sensitive to changes
in the Co—O bond length and Co—O—Co bond angle, modifying easily the spin state
of Co®". Spin state transitions can, therefore, be easily provoked by varying the
temperature and the pressure, applying a magnetic field and photon and/or by tuning
the structural parameters (oxygen content and type of countercation) of the material.
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The spin state of cobalt ions is influenced by the valence state and coordination
number and all the three have a primordial role in the manifestation of intriguing
physical and structural properties. Interestingly, the peculiar feature of cobalt oxides
is that the cobalt ions exhibit different functionality in their different valence states.
In a divalent Co*" ion, in its high-spin state an electron is easily localized on the site
forming a small polaron. Owing to the small transfer energy of the t,; bands, it is
difficult for an electron located on Co** to hop to the high-spin Co>". It also cannot
hop to a Co®" ion in the low-spin state since it is associated with a huge spin flip
from S=3/2 to S=0. This drives the pure Co*" oxides to be magnetic insulators,
while for the intermediate valence between Co”*" and Co’", carriers are often
confined to the Co®" sites. This makes a mixed Co*"/Co®" system to be sensitive
for charge segregation and charge and/or spin ordering. As a consequence, the
cobalt oxides having a cobalt valence state in between +3 and +2 often exhibit high
dielectric constants. On the other hand, Co*" in the low-spin state is chemically much
less stable. The oxygen ligand hole is likely to exist in the Co** system. The ligand
hole tends to be itinerant and ferromagnetic metallic compounds are often realized in
the intermediate valence between Co®* and Co**. Another interesting feature of the
Co*" valence state is the large entropy associated with the hole in tye® level that causes
a large thermopower. Thus, thermoelectric cobalt oxides can be realized in systems
with cobalt valences intermediate between Co®* and Co*™". In the case of pure Co>"
oxides, the close competition between the crystal field splitting and the on-site
exchange interaction often induces spin state transitions and/or crossover against
temperature and pressure as will be shown further for LaCoOs. This is an important
difference between the cobalt oxides and the manganese oxides, where Mn3+ always
remains in high-spin state.

The common way of the appearance of different valence states from a prevailing
valence state is the disproportionation reaction, that is, 2Co*" < Co®* 4 Co*" that
plays a profound role in the electrical conduction and magnetic properties and will be
discussed later. Again, since the sizes of the ions in different valence state are not
similar, they influence the lattice energy, which in turn affects the physical and
structural properties.

The valence state describes the number of electrons available to fill the energy
bands. The electron (or hole) concentration is equivalent to the cobalt valence state
and it may change linearly as shown, for example, in the Ln; ,A,CoO; perovskite.
It is the primary cause of changes in electronic behavior because the Ln*" and A**
ions do not contribute to the states around the Fermi level. As the hole concentration
increases from x > 0, the nonmagnetic insulating state gives way to the ferromag-
netic metallic state; this feature of cobaltites is reminiscent of manganites.

1.2
Stoichiometric Perovskites LnCoO;

The studies on structural details of the class of rare-earth cobaltites LnCoO;
(Ln =yttrium or lanthanide) were started long back and have been reviewed in



1.2 Stoichiometric Perovskites LnCoO3

Figure 1.1 Ideal cubic structure of the perovskite LnCoOj.

subsequent reports [1-9]. None of the LnCoOs stoichiometric oxides exhibits the
ideal cubic perovskite structure characterized by Pm-3m space group (Figure 1.1).

All the cobaltites of the series Ln = Pr to Lu and Y show an orthorhombic distortion
of the perovskite cell characterized by the space group Pbnm (or the equivalent group
Pnma obtained by exchanging crystallographic axes) [10-15].

The magnitude of distortion depends on the kind of Ln>* ions. For example, NdCoO5
shows a very small distortion and crystallizes in an almost cubic structure. In all the
compounds, the cobalt ion is surrounded by weakly distorted oxygen CoOg octahedra,
whereas the rare-earth ions are in somewhat distorted cubo-octahedra formed of 12
oxygenions (Figure 1.1). Ofthe 12 Ln—O bonds, 3 arelong bonds, 6 are medium-length
bonds, and the rest 3 are short bonds. The cell volume change follows the lanthanide
contraction. The structure is very sensible to the change in temperature. The magnitude
of structural distortions changes significantly with the change in temperature.

The crystal structure of LaCoOj is different from all the other members of the
LnCoOj series. At room temperature, LaCoO3 has a thombohedrally distorted cubic
perovskite structure whose unit cell belongs to the spatial group R-3¢, D§; and has two
formulas per unit cell. However, a monoclinic distortion of the structure (space group
12 /a) was found recently in LaCoOj; [16, 17].

It is well established that with the decrease in ionic radius of A cation the
perovskite changes from higher to lower symmetry like cubic to orthorhombic.
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The BOg octahedra rotate about the b-axis in mostly encountered space group Pbnm,
making b > a. It was shown that beyond a critical ionic radius, a distortion of the BOg
octahedra takes place, which inverts b > a to a > b before the perovskite transforms
from orthorhombic Pbnm to rhombohedral R-3¢ symmetry [18]. The LnCoOj3 family
is one of the few that exhibits the Pbnm to R-3c crossover with increasing ionic radius:
LaCo0j; has a rhombohedral symmetry and b > a in orthorhombic NdCoO3 changes
to a > b in orthorhombic PrCoO3; [19].

With the increase in ionic radius, V is increased continuously while the
orthorhombic splitting with b>c/\/2>a is reduced progressively, becoming
pseudo-cubic at Ln=Nd and then turning to a>c¢/\/2>b for Ln=Pr before
transforming to the rhombohedral R-3¢ structure in Ln = La. The increasing rotation
of the CoOg octahedra with decreasing ionic radius reduces (f) from 180° in the ideal
cubic perovskite to 164-146° in LnCoO3. On the other hand, (Co—O) remains almost
constant except for Ln = La, with a broad maximum at r;,, = 1.1 A. The substitution
for La*>" of an Ln*" ion of smaller ionic radius introduces a chemical pressure on
the CoOs5 array that allows cooperative rotations of CoOg octahedra, which relieve the
compressive stress on the Co—O bond. Consequently, the Co—O bond length
changes little with ionic size [19].

The evolution of the structure of these cobaltites versus temperature is of vital
importance since it governs their physical properties, especially magnetism and
transport properties. For this reason, numerous investigations have been carried out
in this field.

The neutron diffractions study of LaCoOj; versus temperature [20] showed that
there is no deviation from the R-3¢ symmetry, though significant anomalies of the
bond lengths are observed. The temperature effect is nonmonotonic and an anom-
alous thermal expansion of rare-earth cobaltites is a striking feature of their behavior.
The linear thermal expansion coefficient of LnCoO3 (where Ln=La, Dy, Sm, Pr, Y,
Gd, or Nd) is a nonmonotonic function of temperature and the anomaly is associated
with the physical changes in the system [21, 22]. The nonstandard temperature
variation in lattice expansion was suggested to be associated with the normal lattice
expansion for individual spin state, spin state changes, and metal-insulator transi-
tion. The anomaly is connected with the latter two processes. An anomalous
expansion takes place due to the increasing population of excited (IS or HS) states
of Co’" ions over the course of the diamagnetic—paramagnetic transition and an
excitation of Co®" ions to another paramagnetic state accompanied by an insulator—
metal transition is also observed. Interestingly, the anomalous expansion is governed
by parameters that are found to vary linearly with the Ln*" ionic radius [21].

A significant change in the lengths of the Co—O bonds caused by the cooperative
orbital ordering was established at a temperature close to 100 K. The Jahn—Teller
distortion was taken into account to describe the orbital ordering thatneeds to decrease
the symmetry to a space group I2/a. Such an ordering is associated with the
intermediate-spin state of Co®" ions. However, these anomalies were not found by
high-resolution neutron diffraction studies [5, 20]. The suppression of the lattice
contribution to the thermal conductivity suggests a considerable bond length fluctu-
ation atroom temperature [23]. However, unlike LaCoO; no pronounced anomalies in
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the Co—O bond lengths were observed for NdCoO3 upto T'= 540 K[24]. A pronounced
distortion of the CoOg octahedra was observed near the insulator-metal transition,
suggesting an increase in the concentration of Co®* ions in the IS state.

Bearing in mind the above results, it is of great interest to compare the structural
evolution versus temperature of the rhombohedral structure of LaCoO3 with that of
the orthorhombic structure of YCoOs. The neutron powder diffraction (NPD) in high
temperatures up to 1000 K for YCoOs; revealed that the structure remains ortho-
rhombic in the whole temperature range, space group Pbnm 25, 26]. The predom-
inant deviation from the ideal cubic symmetry in YCoOj arises from the rotation of
the cobalt-centered octahedra [25]. The relation b > ¢/,/2 > a observed for YC0O; is
typical for structures of the so-called O type, where the buckling of the octahedral
network is the dominant source of the orthorhombic distortion.

There is a clear distinction in the thermal expansion between LaCoO3 and YC0Os;.
The Co—O—Co bond angles in YCoOj3 decrease with temperature above the onset of
the spin transition, contrary to LaCoO3;, where the Co—O—Co angles steadily increase
with temperature. The different behavior of LaCoO; can be associated with the
closeness of its R-3¢ structure to the high-temperature cubic phase. The Co—O—Co
bond angle of YC00j is very small (~148°) and practically remains stable up to 600 K,
followed by a decrease with temperature above the onset of the spin transition. This
leads to a slightly larger expansion of the CoOg4 octahedra compared to the lattice
expansion. On the other hand, at room temperature, in LaCoOj; the Co—O—Co bond
angle is ~164° and permanently increases with temperature, leading to a slightly
smaller expansion of the CoOg octahedra with respect to the lattice expansion [20].
Such a different behavior was attributed to a higher symmetry of the LaCoO;
structure compared to YCoOj3 (Pbnm) [26].

The charge, orbital, or spin ordering, either commensurate or incommensurate, is
an usual phenomenon in transition metal oxides such as cuprates, nickelates or
manganites. Interestingly, cobaltites do not exclude to exhibit such fascinating
phenomenon. In cobaltites, charge ordering occurs in a phase where electrons are
strongly localized and can therefore be understood as a correlated polaron glass with
nanoscale patches of commensurate charge order superlattices. However, the long-
range coherence leads to frustration by charge neutrality requirement. From high-
resolution X-ray synchrotron data on LaCoOs, refined in the space group 12/a
(subgroup of R-3c) [16], a significant change in the lengths of the Co—O bonds was
detected at 100 K and attributed to orbital ordering caused by cooperative Jahn—Teller
distortions. However, such an orbital ordering was not detected by high-resolution
neutron diffraction studies [5, 20].

13
Stoichiometric Ln;_, A,CoO; Perovskites (A=Ca, Sr,Ba)

The substitution of a divalent cation such as Ca*", Sr**, or Ba*" for Ln’" in the
LnCoOj; perovskites is of great interest since it allows the mixed valence Co®*/Co*" to
be generated.
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The perovskites La;_,Sr,CoO; (0 <x<1) have been the object of numerous
investigations, showing remarkable changes in the crystal structure [8, 27-29],
associated with a metal-insulator transition, [27] and ferromagnetic behavior [30].
It was shown that the substitution of strontium for lanthanum in LaCoQO3 reduces
progressively the R-3¢ rhombohedral distortion [30-35]. The space group was
assigned to rhombohedral R-3c in the range 0 <x <0.5 by most of the authors,
though the diffraction pattern in the range 0 <x <0.30 was analyzed in both the
space groups R-3c and 2/a [36]. For x > 0.50, most of the authors reported the cubic
symmetry Pm-3m. Nevertheless, it must be emphasized that, for higher Sr contents
(x> 0.70), the possibility of oxygen deficiency in the cubic lattice should be consid-
ered, which is not always taken into consideration unfortunately by several authors.
This is the case, at least for x > 0.8 as shown in the next section [37]. The limit cubic
perovskite x=1, SrCoO; can be synthesized only under high oxygen pressure
superior to 15 MP [38, 39] or by soft chemistry method [40].

The detailed analysis of the Co—O bond lengths and Co—O—Co and O—Co—0
bond angles of La;_,Sr,CoO; has been carried out by many authors. A decrease in
the Co—O distance and increase in the Co—O—Co angle was observed for x
<0.30[27, 32, 41]. In fact, the rhombohedral distortion is measured by the departure
from 180° of the Co—O—Co angle, whereas the deviation of the O—Co—O angle from
90° gives the distortion of CoOg octahedra. For the substitution of La*>* by larger size
Sr** cation, the thombohedral distortion gradually decreases with the increase in
Sr content.

Since the hole concentration (Co®*" /Co** ratio) and the crystal structure have been
changed simultaneously in La; ,Sr,Co0Os, it is difficult to get the pure effect of the
lattice expansion by Sr** substitution. The Ln; _,.Sr,CoO5 stoichiometric perovskites
with Ln# La exhibit a smaller homogeneity range when prepared under normal
pressure conditions, that is, x<0.50. The symmetry of the structure may be
maintained, that is, orthorhombic Pbmn (or Pnma), as shown for
Gdg.50S10.5C003 [42, 43] and Nd, 5Sr 5C0o03 [44, 45], or monoclinic P2,/m as shown
for Pry 5Sro5sC0o0; [46] and Eug 5Sro 5C003 [44]. In most of the cases, for low doping
values, that is, x < 1/3, the orthorhombic symmetry is maintained. Nevertheless, the
Sr substitution introduces a significant distortion of the octahedra and thereby a
change in the electric crystal field at the Co>" site as shown for Nd, ¢,Sro 33C00; at
225 K [47], which exhibits a broad range of Co—O distances from 1.74 to 2.09 A. This
altering trend of the Co—O bond length coincides with the crossover of the lattice
parameters from a > b to a < b, indicating an anisotropic effect of the substitution on
the structure [11, 47].

The study of the perovskites Lag 7Lng 5510 25C00; [48] doped with 5% of various
lanthanides shows that doping with a smaller Ln>* cation does not change the
rhombohedral structure. However, a linear and isotropic shrinkage of the lattice was
observed with decreasing (r,) according to the sequence La*" > Nd*" > Gd*" > Y**
> Ho®*". Importantly, this shrinkage has no apparent effect on the Co—O bond length
while it bends the Co—O—Co bond angle significantly

The Ln,_,Sr,CoO; phases for Ln=Y>" and Ho>" for 0 <x <1 were prepared
under high pressures (6 GPa) and temperatures 1450-1650 °C and reported to be
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26, % /2a, x \/2a,, orthorhombic but no space group or structures were
reported [49]. The highly substituted phases, x > 0.5 for Y>* and x > 0.6 for Ho>*,
were shown to be cubic, and for x =0.40 the system was observed to be biphasic
(cubic/orthorhombic). Unfortunately, no chemical analysis of the oxygen content of
these phases was carried out. The evolution of the crystal structure of La; ,Sr,CoO3
versus temperature shows that this phase keeps the R-3¢ symmetry for 4 K< T
< 300K, atleast up to alevel x ~0.5[32, 50]. The Co—O bond length is the largest for
x=0.20, that s, close to the metal-insulator transition composition. The Co—O bond
length shows normal temperature variation. However for, x = 0.3 the Co—O bond
length increases dramatically in the paramagnetic phase [32].

For the La; ,Ba,CoOj; stoichiometric perovskites, the crystal structure also
remains R-3c for lower substitution levels [51, 52] and becomes cubic (Pm3m) for
higher level [44]. The room-temperature crystal structure of Lag sBag sC00Oj3 is cubic
Pm-3m[53]. However, at low temperature the data can be refined, using the P4/mmm
space group with the long-range tetragonal distortion. Nevertheless, there exist two
other forms, called ordered LaBaCo,0¢ and nanoscale ordered LaBaCo,04 [53-55],
which will be discussed later in this chapter.

The substitution of La>* by a smaller cation, Ca?*, enhances the stabilization of the
orthorhombic symmetry. The perovskites La; ,Ca,CoOj; show a structural transition
from rhombohedral R-3c¢ to orthorhombic Pnma for x > 0.2 [51, 56-58]. Thus, the
structure depends on the size of the A-site cations, which is usual [44, 58—-60].

1.4
Oxygen-Deficient Perovskites: Order-Disorder Phenomena in the Distribution
of Anionic Vacancies

1.4.1
The Perovskites ACoO;_, (A-Ca, Sr, Ba)

Starting from the octahedral lattice of the soichiometric “AC0O3” perovskites,
the great ability of cobalt to adopt lower coordinations, such as pyramidal or
tetrahedral, explains that the presence of oxygen vacancies will play a major role
in the crystal chemistry of ACoO;_s cobaltites. This multiple coordination
of cobalt, and the higher stability of Co®>" compared to Co*", makes that for
A = Sr, besides the stoichiometric SrCoO3 perovskite that can be synthesized
only under particular conditions (high pressure or electrochemichal reaction),
there exist oxygen-deficient perovskites SrCoO;_s, which exhibit various dis-
tributions of the oxygen vacancies, depending on the d-value. Consequently,
SrCoO;_; presents a rich phase diagram with different crystal structures as a
function of the oxygen deficiency and also depending on the preparative
conditions [61, 62], all belonging to the family of nonstoichiometric perovskites.
The cobaltite SrCo,0s5 (0 =0.50) was reported to crystallize in the well-known
brownmillerite-type structure Imma with the orthorhombic unit cell \/2a, x 4
ap X /24, [61, 63] and was more recently described in the orthorhombic Ima2
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space group [64]. Whatever the space group, this structure can be described as
an ordered anion-deficient perovskite with one-sixth of the oxygen sites being
vacant. Oxygen vacancies are ordered in alternate (001), CoO, planes of the
cubic structure, so that [110], rows of oxide anions are alternatively missing
(Figure 1.2). Thus, the oxygen vacancies are ordered in a layered
manner resulting in sheets with tetrahedral CoO,4 units that alternate with
octahedral ones.

Note that this brownmillerite phase, derived from the perovskite, can be prepared
in normal conditions of pressure, contrary to StCoO3, but is still metastable, and can
indeed be obtained only by quenching from high temperature into liquid nitrogen.
Slow cooling gives rise to the decomposition of the brownmillerite phase into
Sr6Co5045 [65] and Co30,. Besides that, above 1073 K, a cubic perovskite-type phase
is stabilized. The structural evolution of Sr,Co,05 brownmillerite-like phase from
room temperature to 1475 K has been recently revisited [66].

For intermediate compositions, 0.5 < d < 1, a complete disordering of the oxygen
vacancies can also be obtained, as observed for the cubic perovskite SrCoO, ¢4 [67],
which crystallizes in the Pm-3m space group. These changes from the cubic
symmetry for SrCoOj;_, to the orthorhombic symmetry of SrCo,Os were studied
a long time ago [68]. In fact, the oxygen stoichiometry and vacancy ordering can be
modified not only by controlling the temperature and/or the oxygen partial pressure
but also by electrochemical oxidation. In this sense, the structural changes occurring
during the electrochemical oxidation of SrCoO, s to SrCoO; have been recently
investigated and two new ordered phases have been found for SrCoO,g; and
SrCo0; 75 [69]. This is exemplified by the tetragonal structure of the oxygen-deficient
perovskite SrCoO, g, (Figure 1.3) determined in the space group I4/mmm (a~ 2
apy/2 and b ~2a,), which consists of rows of CoOs pyramids, alternating with rows of
CoOg octahedra and mixed rows of CoOs/CoOg polyhedra.

Thus, a wide range of SrCoOj;_, perovskites can be synthesized, where the cobalt
valency varies from Co*" for the stoichiometric perovskite to Co*" for the brown-
millerite-type phase Sr,Co,0s, with all the possibilities of intermediate mixed
valence Co®*" /Co**. Moreover, simultaneously the cobalt coordination changes from
octahedral to pyramidal and finally to tetrahedral. These compositional and structural
changes drastically affect the magnetic and transport properties of these materials.
For example, SrCoO; exhibits ferromagnetism with Tc close to 266K [70] and
metallic electronic conductivity, whereas SrCoO, s, is an antiferromagnetic and
charge transfer insulator material [71].

Changing the nature of the A cation of the perovskite cage leads to a dramatic
modification of the homogeneity range of this structure. For the substitution of Ba for
Sr in SrCoO, 50, a nonstoichiometric perovskite Sr;_,Ba,Co0O; 50, with cubic sym-
metry, was synthesized for 0.20 < x <0.5. It was suggested by several authors that the
vacancies are distributed randomly through the anionic sublattice of the perovskite
structure, though an ordered phases is expected for such a high-vacancy
concentration [72, 73]. The room-temperature oxide SrggBag,Co0O, s adopts the
orthorhombic brownmillerite-like structure (Ibm2), containing layers of CoOg
octahedra alternating with layers of CoOy, tetrahedra along the b-axis [74].
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Figure 1.2 Perspective view of the structure of the brownmillerite-type cobaltite Sr,C0,0s.
Orthorhombic. Adapted from Ref. [64].
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Figure 1.3  Perspective view of the semiordered structure of SrCoO, 3; forming rows of CoOs
pyramids, alternately with rows of corner-sharing CoOg octahedra and with mixed rows of CoOs/
CoOg polyhedra. Adapted from Ref. [69].

For higher barium contents, the oxygen vacancies in the anionic perovskite
sublattice is no more stable, leading to structures related to the perovskite, called
“hexagonal perovskites” that will be discussed further in Section 1.6.

The smaller size of the A-site cation induces large structural distortions of the
CoOg octahedra and decreases the covalency of the Co—O bond. Consequently,
the synthesis of CaCoOj is a challenging task. The Sr;_,Ca,CoO; phase with
x=0.8 was synthesized under high pressure and high-temperature condition,
but the synthesis of CaCoO; was not succeessful [75]. However, there are
reports on the synthesis of nonstoichiometric compound CaCoO;_s [76, 77].
CaCoO, 5, crystallizes in the orthorhombic structure with a~b~c~2a, [76].
The coexistence of the brownmillerite phase with the orthorhombic structure
has also been reported [77]. However, the substitution of a smaller cation, such
as Ca for St, does not favor the formation of the brownmillerite structure. The
oxygen-deficient perovskite Ca,Co0,0s [78-81] was also synthesized: its ortho-
rhombic structure (a~ b~ 2a,/2, c~2a,) has been described as an alternated
stacking of layers of CoOs pyramids and CoOg octahedra [79, 80]. The [110]
rows of anions and anion vacancies alternate along the c-direction [79]. The
brownmillerite-type ordered oxygen-deficient Ca,Co,0s perovskite can also be
stabilized in the form of thin films due to substrate-induced strains [82].
The latter exhibits a different cell A, a~ap\/2, b~4ap,, and c~ay/2, and the
space group Ibm2.
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1.4.2
The Sr-Rich Perovskites Sr;_,Ln,CoO;_s

In contrast to the Ln-rich perovskite cobaltites, the Sr-rich perovskite cobaltites are
characterized by a strong tendency to exhibit a large oxygen deficiency with respect to
the stoichiometric “O;” content. As a consequence, their magnetic and transport
properties are strongly influenced by their oxygen stoichiometry. Thus, the studies on
such phases make demands of a systematic determination of their oxygen compo-
sition in order to avoid an erroneous interpretation of their physical properties.

The introduction of a lanthanide cation on the strontium site stabilizes the
perovskite structure, with a rather large oxygen deficiency [29, 37, 83-88]. The
Sr-doped rare-earth perovskite cobaltites, Sr;_,In,CoOs_swith 0.1 < x < 0.40, show
a rich variety of crystal structures depending on the size of the Ln*" cations, the
substitution level x, and the amount of oxygen vacancies present. Moreover, the
detailed structure and nature of their space group are still a matter of controversy
among different authors.

One of the mostimportant structural types of these Sr-rich cobaltites deals with the
224 cobaltites, which were synthesized for 0.1 <x<1/3 for small lanthanides
Ln=Er, Ho, Dy, Gd, Sm, Eu, Tb and for Y [29, 83, 85, 89-92]. These compounds
crystallize in a modulated tetragonal structure with the space group I4/mmm and the
cell parameters a~ 2a, and ¢~ 4a,,, where aj, is the cubic perovskite cell parame-
ter [37, 90]. This structure is closely related to that of brownmillerite: it consists of
alternating layers of oxygen full CoOg4 octahedra and oxygen-deficient CoOy, tetra-
hedral sheets. In contrast to the chains of CoO, tetrahedra running along the [110]
direction found for the brownmillerite structure, the tetrahedra segregate to Co401;
units in 224 cobaltites. Figure 1.4 shows the oxygen-deficient layer for Sry ;Yo .
Co0, ¢, together with the tetrahedral layer in the ordered brownmillerite structure.
The figure clearly shows the quite different arrangement of oxygen vacancies in these
two structures. The tilting of the octahedra is different in this structure compared to
the brownmillerite structure and there exists an additional oxygen atom per layer with
2a, X 2a, dimension. Also, as suggested by the chemical formula Srg ;Y 3C00;62,
the additional oxygen ions are located in the tetrahedral layers so that some of the
cobalt ions adopt a trigonal-bipyramidal coordinations [89].

In fact, the phase diagram of the Sr;_,In,CoO;_s perovskites is rather complex
for this Sr-rich region as shown in Figure 1.5 [90].

The formation of the single-phase perovskites Sr;_,Ln,CoO;_s, with Ln = La—YDb,
and Y strongly depends on the ionic radius of the rare-earth species [29, 91]. The
strontium-doped rare-earth cobaltites Sr;_,Ln,CoO;_s show that the range of solid
solution becomes smaller with decreasing ionic radii. A substantial solid solution
range is observed (0.1 < x < 1) for the larger ions, La’*, Pr’*, Nd**, and Sm>", while
the range contracts for the smaller rare earths from 0.05 <x<0.60 for Gd3* to
0.05 < x < 0.20 for Yb**.

In this diagram, one also observes that the stability range of the 224 perovskite
strongly depends on the Ln** size. It varies from 0.10 < x < 0.33 for the larger size
ions Ln=Sm-Ho to Y, to 0.1 <x<0.2 for Er and Tm, and x~0.1 for Yb [29].
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(@)

Figure 1.4 The structure of (a) tetragonal Srg ;Y0 3C00, 6, and (b) brownmillerite SrCoO; 5.
Adapted from Ref. [89].

A different homogeneity range was observed for the 224 phases: nonexistence of the
Sm phase, 0.3 <x<0.5 for Gd, 0.3 <x<0.4 for Eu and Tb, and x~ 0.3 for Y and
Ho [85]. The 224 superstructure can be obtained also for the La phase for an oxygen
content close to 2.75, which poses the question on the A-site ordering [86]. It was

SrGCOSO15
la g Rgc2axi2a2V3a /
Pr . /
\g  Pnma: V2ax2axv2a
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Gd
Dy
v Multiphase.Region

Perovskite +
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Figure1.5 The perovskite phase diagram for Sry_,Ln,CoO;_ as a function of rare-earth ionic radii
and Sr-doping level. The new orthorhombic family is shown by the black- and white-shaded region.
Adapted from Ref. [90].
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claimed that in Lag 33510 67C00, 7, the oxygen vacancy ordering alone is the main
reason for the occurrence of this complex superstructure.

Besides the 224 cobaltites with the I4/mmm symmetry, two other types of
oxygen-deficient perovskites with different symmetries were observed. The first
type concerns the perovskites involving the tetragonal symmetry P4/mmm with
ap X ap X 2a, cell parameters. The homogeneity range of the latter depends on the
size of the rare-earth cation: it is limited to a very small Ln content, x ~ 0.05-0.10, for
smaller rare-earth cations (Yb—Sm) [90, 91] (Figure 1.5), whereas it covers a broader
Ln content, 0.1 < x < 0.4, for larger rare-earth cations (Nd-La) [90, 93] (Figure 1.5).
The second type exhibits an orthorhombic symmetry, corresponding to the
space group Cmma (or equivalent Cmcm), with the 2a,./2 x 4a, X 2a,,/2 cell
parameters and is obtained for Ln =Yb T, Er, Ho, Y, and Dy, whose homogeneity
range depends on the size of these cations, that is, comprised between 0.1 and 0.28
(Figure 1.5) [90].

In fact, the space group of these perovskites is directly correlated with the
distribution of the oxygen vacancies in the structure, inducing various distortions
of the polyhedra, and various bucklings of the latter. In the I4/mmm 224 structures,
the oxygen vacancies are located at the apical sites of the octahedra, whereas they are
located in the basal plane of the octahedra at the equatorial sites in the P4/mmm
structure and in the orthorhombic Imma brownmillerite structure [94].

It is most probable that these oxides that are characterized by a short-range
ordering of the anionic vacancies also exhibit short-range charge ordering of the
Co**/Co** species as proposed for Hog 1 S19.9C0o03_s with & = 0.2[94, 95]. It has also
been suggested that the A-site ordering could be responsible for the stabilization of
the 224 structure of these oxides [29, 85].

Importantly, the large oxygen deficiency in these cobaltites influences dramatically
the cobalt valency, that is, the Co®>*/Co*" ratio may vary considerably and has a
profound effect on the magnetic and transport properties of these compounds. This
effect is amplified also by the possibility of charge ordering that may exist and may
induce a physical transition as the temperature varies. Another effect deals with the
possibility of charge disproportionation that may appear for Co*" into Co** and Co*"
according to the equation 2Co’*" & Co*" + Co*". Thus, the mixed valence of cobalt,
Co**/Co**, and the oxygen stoichiometry must be determined with accuracy in these
oxides, before any physical study, which is not unfortunately the case for many
authors. This was shown for Srrich cobaltites Lng;Sry9CoO;_s and
Lng ,S198C00;_s [37], where  can vary from 0.10 to 0.40. It was indeed observed
that in these oxides, & decreases as the size of the Ln*" cation increases for all the
series of perovskites prepared in the same conditions in air [37], that s, for the whole
series the cobalt valence (V¢,) decreases with the size of the lanthanide (Figure 1.6).
It will be shown in Chapter 2 that this oxygen nonstoichiometry has a dramatic
impact upon the magnetic properties of this material.

The electron energy loss spectroscopy (EELS) can also be used to determine the
average cobalt valence with reference to the spectra of a standard specimen with
known cation valence states [96, 97]. The EELS analysis shows indeed that the cobalt
valence in the oxygen-deficient cobaltite Lag 5SrosCo0O; 5 is +2 [98].
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Figure1.6 Evolution of the oxygen content (right y-axis) or cobalt oxidation state (left y-axis) versus
ionic radius for (a) Sroglng,CoO3_s and (b) Srgglng1CoO3_s. Adapted from Ref. [37].

1.4.3
The Ordered Oxygen-Deficient 112 Perovskites LnBaCo,0s , 5 and LnBaCo0,0s5, 5

When the size difference between Ln*' and A’" cations becomes large in
Ln;_,A,CoO;_; perovskites, one observes a tendancy of these two cations to order
in the form of alternate layers, inducing simultaneously an ordering of the oxygen
vacancies in the structure. This is the case for a series of cobaltites with A =Ba and
Ln=Ho, Dy, Tb, Gd, Nd, Pr, La, and Y for x=0.50.

The first series of 112 cobaltites corresponds to the formula LnBaCo,Os and requires
particular conditions of synthesis due to their high rate of anionic vacancies with
respect to the stoichiometric perovskite. In fact, the 112 “Os” oxides were first stabilized
by the presence of copper leading to the formulation LnBaCo,_,Cu,Os [99], then the
oxides LnBaCo,Os were synthesized for Ln = Pr, Nd, Sm, Eu, Tb, Dy, and Ho, by using
various oxygen pressures during synthesis, and various argon/hydrogen annealings at
lower temperature [100-104]. These cobaltites exhibit either the tetragonal P4 /mmm or
the orthorhombic (pseudotetragonal) Pmmm or Pmma symmetry, with a;, X a, x 2a,
cell parameters. They are, in fact, isotypic with the quasi-two-dimensional oxides
YBaFeCuOs [105] and LaBaMn,Os [106]. This structure (Figure 1.7a) consists of double
layers of corner-sharing CoOs pyramids interleaved with Ln*" cations, the Ba*" cations
being located within the pyramidal layers, in the perovskite cages formed by the latter.
In fact, this [C0,Os)., framework derives from the [C0,O¢)., framework of
the stoichiometric perovskite by elimination of one layer of apical oxygen atoms out
of two along the c-direction. This two-dimensional character of the structure is induced
by the fact that one Ln*" layer alternates with one Ba®" layer.

The second series of 112 cobaltites is generally described by the formula LnBa-
Co,0550. First observed as an ap x 2a, x 2a, superstructure of the perov-
skite [100, 107], it was later confirmed and refined either in the space group
Pmmm or in the space group Pmma by many authors [108-119]. The structure of
these oxides (Figure 1.7b) is directly derived from the 112 LnBaCo,Os structure by
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(b)

(d)

Figure 1.7  Perspective view of the 112 Ln** layers alternate with Ba>™ layers along Z. (c)
structures of (a) LnBaCo,0s cobaltite made of ~ LnBaMn,Os s-type structure, observed as small
corner-shared CoOs pyramids interleaved with domains in LaBaCoOs 5o matrix (~9% of the
Ln*" cations, (b) LnBaCo,Os 5 cobaltite made of  structure). (d) LaBaCo,O4 ordered layered
(010) layers of CoOg octahedra interconnected  perovskite where layers of La** and Ba?™ cations
with rows of CoOs pyramids. In both structures,  alternate along ¢.

inserting oxygen atoms at the level of the Ln*" layers, between the basal planes of the
pyramids in an ordered way, that is, in the anionic vacancies that form the perovskite
framework. One [010] row of vacancies of the LnBaCo,Os structure out of two is filled
with oxygen in those layers (Figure 1.7a), leading to the formation of (010) layers of
octahedra in the LnBaCo,0s s structure. The latter are interconnected through rows
of CoOs pyramids (Figure 1.7b).

Thus, the crystal structure of the oxides LnBaCo,0Os 5 can be described as an ordered
sequence of [CoO,]-[BaO}]-[CoO,]-{LnOy] layers stacked along the c-axis (Figure 1.7b).
These ordered oxygen-deficient perovskites are characterized by a 1: 1 ordering of the
Ba’" and Ln*" cations in the form of alternating planes. As a consequence, the ideal
crystallographic description consists of layers of CoOg octahedra along the (a,c) planes.
These layers are interconnected by two-leg ladders along the a-direction of the rows of
CoOs pyramids. In between these ladders, the six-sided tunnels are occupied by Ln**
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cation. Such a structure is very flexible, that is, sensitive to tiny variations in the
oxygen content and to the size of the Ln®' cation, so that long-range ordered
superstructure or even local distortions can be obtained, leading to dramatic variations
in the magnetic properties from one sample to the other [101, 120-122].

In fact, these materials are very sensitive to the method of synthesis (oxygen
pressure, temperature, etc.), leading to a more general formula LnBaCo,0s s0.1s-
This nonstoichiometric system LnBaCo,0s 505 is more complex. Due to oxygen
vacancy ordering, superstructures can arise, which vary with oxygen content. In
addition, the oxygen content does also depend on the size of the Ln*"
cations [100, 123]. The systematic synthesis in air of the samples LnBaCo0,05 50
(Ln=Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho) samples shows that their oxygen content
decreases as the size of the lanthanide decreases, with Ln = Eu, Gd being closest to
0 =07[100]. The structural degree of freedom of this family of compounds provides a
strong playground to explore the interrelation between electronic, magnetic, and
structural properties. The structural study of the 112 cobaltites, LaBaCo0,0s 50 [124],
shows such a complex oxygen nonstoichiometry phenomenon. The orthorhombic
matrix of this phase exhibits the classical 112 cobaltite structure described above
(Figure 1.7b), but the NPD data and the electron microscopy investigations reveal that
~9% of the apical oxygen site of CoOs octahedra (denoted by an asterisk in
Figure 1.7b) is vacant, whereas ~9% of the neighboring site labeled + on
(Figure 1.7b) is occupied by oxygen. In fact, the structure consists of domains of
LaBaMn,Os s-type structure [125] embedded in the matrix of LaBaCo,0s 5 type. This
imbrication of the two structure types is easily understood by considering their very
close relationships. The LaBaMn,Os so-type structure (Figure 1.7¢) exhibits similar to
the cobaltite LaBaCo,0s 5, (Figure 1.7b) layers of La** and Ba®t cations stacked
alternately along c-direction, with the same number of corner-sharing CoOg octahedra
and CoOs pyramids, but differs from the latter by the fact that the pure octahedral
layers have disappeared. One indeed observes quadruple ribbons of cobalt polyhedra
made of double chains of corner-shared CoOg octahedra, sandwiched between two
single chains of CoOs pyramids. In summary, this 112-type manganite structure is
simply described from the type I cobaltite structure by the shifting of one oxygen atom
along b from the * to the + position in one LaOy s layer out of two (see arrows in
Figure 1.7b). It results in a quadrupling of the periodicity of the structure along c.

1.5
The Ordered Double Stoichiometric Perovskite LaBaCo,0¢

In alkaline earth-rich cobaltites, the possibility to synthesize a stoichiometric
perovskite A; ,La,CoO3 (0 =0) increases as the size of the A-site cation increases.
It is the case of the stoichiometric perovskite Lay sBag sCoOj3 that can be synthesized
easily in air by solid-state reaction from oxides and barium carbonate [53, 126]. In the
latter, the Ba*" and La*" cations are distributed at random and for this reason
this cubic phase with the Pm3m symmetry is called disordered perovskite (a ~ ay).
The neutron diffraction studies have shown that the crystal structure of LaBaCo,Og at
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room temperature is the pure cubic perovskite one and the La** and Ba*" cations are
distributed statistically on the same site [127]. This could be due to the small size
difference between the La*>" and Ba*" cations.

Keeping in mind that LaBaCo,0s and LaBaCo,0ss ordered oxygen-deficient
perovskites can be synthesized, the possibility of existence of a stoichiometric
ordered perovskite LaBaCo,04 with a layered structure has been considered. By
using a different method of synthesis, that is, a two-step method, with a preliminary
synthesis in reducing conditions followed by annealing in oxygen at lower temper-
ature, the ordered perovskite LaBaCo,04 was synthesized [54, 55, 126].

The structure of the latter (Figure 1.7d) derives from the 112 oxygen-deficient
perovskite LaBaCo,Os s, just by filling the oxygen vacancies, so that one [LaO].,, layer
alternates with one [BaO] layer along the c-axis of the tetragonal cell (a ~ ap c ~ 2a,)
with the P4/mmm space group.

Then, the third form of this perovskite was discovered [54, 55], called nanoscale
ordered perovskite, whose symmetry is apparently cubic (a~a,, space groups
Pm3m). However, its electron diffraction patterns and high-resolution studies show
that it consists of 90°-oriented 112-type domains fitted into each other, as shown from
the HREM image in Figure 1.8. Such a nanoscale ordered perovskite should not be
confused with microdomains of the 112 ordered LaBaCo,Qg in the cubic Lag 5Bag s.
CoO3; matrix: it develops indeed large strains in the material that modify the
crystallographic parameters, inducing atomic-scale lattice distortions.

@ | ®)

Figure 1.8  (a) <100>p* HREM image variants of 112-type domains can combine to

showing the 90°-oriented domain texture of the ~ form a 2D domain texture having {100} p planes
nanoscale ordered LaBaCo,Os. (b) The Fourier  as boundary planes. The domain size is typically
transforms illustrate how the three orientation  in the range 5-10 nm. Adapted from Ref. [54].

1.6
Hexagonal Perovskite and Derivatives

For alarger size of the A-site cation, the ACoO5_ s cobaltites do not exhibit a square or
“pseudo-square lattice,” but form a series of compounds related to the perovskite and
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(b)

Figure 1.9 The 2H structure of BaCoOs the hexagonal cell (a~5.6A c~4.7A);
polymorph and of Sr;_,Ba,CoOs_, cobaltites:  (b) triangular arrangement of the chains viewed
(a) perspective view of the [CoOs]., chains of  along c. Spheres are the Ba®™ cation. Adapted
CoOg octahedra running along the c-direction of ~ from Ref. [133].

generally called “hexagonal perovskites.” This is the case of the BaCoOj;_; cobaltites
for which three polytypes are actually known, namely, 2H, 5H, and 12H.

The 2H family has been synthesized for the stoichiometric oxide BaCoO3 [128-131]
and for the mixed Sr-Ba nonstoichiometric cobaltites Ba;_,Sr,CoO;_ s with 0 <
x < 0.80 [131, 132]. These compounds, which exhibit a hexagonal cell with a ~5.6 A
and c~4.7 A, crystallize in the P63/mmc space group or more rarely in the P6m2
space group. Their structure (Figure 1.9) can be decribed as unidimensional, that s, it
consists of infinite [CoOs], chains of face-sharing CoOg octahedra (Figure 1.9a).
These octahedral chains are displayed in a triangular lattice (Figure 1.9b), where they
are interconnected through Ba?" cations (Figure 1.9b).

The S5H structure was observed for the cobaltites BaCoO,7, [134] and
BaCoO, g [135] and was also obtained for BaCogg;Mng 180, 80 [136]. These com-
pounds crystallize in the P3ml1 symmetry with cell parameters: a~5.7 A and
c~11.8 A Their structure (Figure 1.10) consists of trimeric units of face-sharing
CoOg octahedra, sharing six apices with single CoOg4 octahedra (Figure 1.10a).
In other words, two types of layers can be distinguished: triple octahedral layers
of trimeric units (labeled A on Figure 1.10a) and double layers of corner-sharing
octahedra (labeled B on Figure 1.10a). The projection of this structure along ¢
(Figure 1.10b) shows that the hexagonal windows formed by the trimetric units are
obstructed by the single CoOg octahedra (labeled B).

The 12H cobaltites have been synthesized for BaCoO,¢ [137] and
BaCog 5sMng 420, g3 [138]. This structure was also obtained for Bag ¢CoO; 6o [139].
This structural type crystallizes in the space group P6;/mmc, with a~5.6 A and
c~28.4 A This structure (Figure 1.11) consists of tetrameric units of face-sharing
octahedra running along ¢, forming layers (labeled A in Figure 1.11a) bordered
by CoO, tetrahedra. Between these layers Ba®" cations are interleaved, which ensure
the cohesion of the structure. The (001) projection of the structure (Figure 1.11b)
shows the relationships with the 5H structure (Figure 1.10b): the CoO, tetrahedra
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(a)

Figure 1.10 The 5H structure of BaCoO; 74:
(a) perspective view of the structure along
<110> showing the trimeric octahedral units
of face-sharing octahedra running along ¢
(labeled A), interconnected through double

) 4 ¥ 5
o> 0 0 0O o T

The 12H structure of
BaCo0;.¢0[137, 139]: (a) perspective view of the
structure along <110> showing tetrametric
octahedral units of face-sharing octahedra,
running along ¢. The layers of octahedra are

Figure 1.11

(b)

layers of corner-sharing octahedra (labeled B).

(b) Projection of the structure along ¢
showing hexagonal windows obstructed
by CoO¢ octahedra. Adapted from

Ref. [134].

(b)

bordered by tetrahedra (labeled A).

(b) Projection of the structure along ¢,
showing the interconnection of octahedral
units through CoOy, tetrahedra. Adapted
from Refs [137, 139].

21



22 | 1 Crystal Chemistry of Cobalt Oxides

Figure 1.12  Perspective view of the structure of BagCo;0,;. Adapted from Ref. [140].

share their corners with the CoOg octahedra of the tetrametric units, ensuring their
cohesion, together with the Ba*" cations located between those units.

Barium-rich cobaltites characterized by a Ba/Co ratio larger than 1 have been
synthesized. This is the case of BagCo;0,; and Ba;;Co;;033, involving the simul-
taneous presence of Co®>" and Co*", with a possible charge ordering [140]. The
former crystallizes in the orthorhombic Fd2d symmetry with a ~ 11.48 A, b~ 19.89 A,
c~17.46 A, and the second one is monoclinic C2/c with a~11.41A, b~19.76 A,
c~27.19A, and ~90°. These cobaltites exhibit an incommensurate structure
closely related to that of the “hexagonal perovskites.” They consist of limited links
of several face-sharing octahedra, as exemplified from the structure of BagCo;0y;
(Figure 1.12). One can indeed describe the structure of the latter phase as made of
units of six face-sharing octahedra interconnected through Ba®* cations.

1.7
The RP-Type Cobaltites: Intergrowths of Perovskite and Rock Salt Layers
and Derivatives

Like cuprates, manganites and ferrites, cobaltites exhibit a great ability to form
Ruddlesden and Popper (RP) type phases. These oxides of generic formulation
A, 11C0,03,,,1 correspond to the intergrowth of [ACoQOs;]., perovskite layers with
rock salt-type AO layers, where A = Ln, Sr, Ca, and Ba. Thus, these cobaltites can be
formulated (AO) [AC00s),,, with n ranging from n=1 to n = oo, the latter member
corresponding to the perovskite already described above. Besides these RP cobaltites,
there exist very closely related structures, which correspond to a larger thickness of
the rock saltlayers and can be formulated (AO),,(AC00O3),.. Thus, all the RP members
and derivatives exhibit a two-dimensional character of the cobalt-oxygen framework,
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which means that the magnetic and transport properties of these oxides are very
anisotropic, compared to the 3D perovskite cobaltites.

1.7.1
Single-Layered RP Phases Ln,_,Ax,CoO, (n=1), with A=Ca, Sr

The n=1 members of the RP series have been extensively studied for the
series Ln, ,Sr,CoO,. These cobaltites exhibit a quasi-two-dimensional structure
(Figure 1.13) that crystallizes with the K,NiF -type structure (a~ 3.8 A; c~ 12.4 A)
with the space group I4/mmm, where the cobalt ions are in a tetragonally distorted
octahedral environment, two axial Co”"* —O bonds being elongated relative to the four
equatorial bonds. The Co—O—Co angles are of 180° and the Ln/Sr-O layers are
slightly buckled. The Ln*" and Sr*" ions are in ninefold coordination with four
oxygen sites in the equatorial plane, one oxygen site in the apical position, and four
oxygen sites directed to the opposite hemisphere (Figure 1.13). With the exception
of Ln,_,Sr,CoO, compounds, other rare-earth cobaltites have received relatively little
attention.

The end member Sr,CoO, (x= 1), which contains formally Co** was synthe-
sized [141, 142] in the polycrystalline form under high-pressure, high-temperature
conditions.

a

Figure 1.13  Schematic representation of the K,NiF, structure displayed by the La,CoO4
compounds. Adapted from Ref. [145].
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The polycrystalline Sr,CoO,4 was found to be of the K,NiF, type with space group
I4/mmm. Nevertheless, the crystal structure of thin films of Sr,Co0O, exhibits a slight
orthorhombic distortion [143].

The other end member obtained for Ln = La, La,CoO, (x =0), with the formal
cobalt valence of 42, crystallizes also with the tetragonal symmetry (I4/mmm), but at
high temperature, and transforms to an orthorhombic form (Cmca) below about
410 K[144]. The phase transition is characterized by a tilt of the CoOg octahedra in the
low-temperature orthorhombic (LTO) phase [146].

The Ln,_,Sr,CoO, cobaltites have been studied for a wide range of x-values with
different Ln sizes. Most of the data are available in the range 0 < x < 1.4, compared to
the samples with higher x-values. These cobaltites mainly crystallize in the tetragonal
structure with the space group I4/mmm [147-151].

The range of solid solution in these cobaltites is sensitive to the A-site cation radius.
In Ln,_,Sr,CoOy, an upper boundary to the solid solution was found at x=1.4 for
Ln=_La,x=1.3, for Ln = Nd, and x = 1.2 for Ln = Gd [148]. [t has been observed that
the solid solution range converges for the compositions based on smaller rare-earth
ions in Ln,_,Sr,CoO,. The lower solid solution limit increases as the ionic radius of
the rare-earth ion becomes smaller and a single phase can be formed under
atmospheric conditions for Dy goSr1.20C004 s [152].

An important characteristic of the Ln, ,Sr,CoO,4 phases is their ability to exhibit
structural transition versus temperature. As also pointed out above for La,CoOy, a
similar transition to the orthorhombic low-temperature form (Cmca) has been
observed for La; ySr3Co0,4 at T=227K, from a single-crystal neutron diffraction
study [153]. Another first-order phase transition to a new tetragonal phase (P4,/ncm)
was observed at 135 K, which was attributed to the spin rotation or flips in the CoO,
plane. [146]. In the same way, La; 5Sro5sCoO, that crystallizes in the tetragonal
symmetry at room temperature exhibits superstructure peaks in X-ray diffraction
atlow temperature, which were indexed with the space group F4/mmm [50]. The role
of the size of the Ln>" cation upon the structural properties of these cobaltites has
been systematically studied for the SrLnCoO, series (Ln = La, Ce, Pr, Nd, Eu, Gd, and
Tb). All these oxides have a tetragonal structure at room temperature with the space
group I4/mmm and exhibit a gradual decrease in their lattice parameters, as the size
of the Ln*" ion decreases [154]. In a distorted octahedral site, within the perovskite
blocks, there are two different Co—O bond lengths: alonger Co—O(1) along the c-axis
and a shorter Co—O(2) in the ab plane. Both Co—O(1) and Co—0(2) distances
monotonically decrease as the size of the rare-earth ion 7" gets smaller. The extent of
the distortion of the CoOg octahedra can be estimated from the difference (Ad)
between Co—O(1) and Co—O(2) bond lengths. The value of the distortion parameter
Ad increases with decreasing A-site rare-earth ionic radius r{, . One can also define
the distortion of the CoOg octahedron by the ratio of the Co—O(1) bond length dco—o
@) to dco—oy2), the Co—0(2) one [154]. These distortions from the ideal structure
appear from the adjustment to the bond length mismatch that exists across the
interface between the perovskite blocks and the rock salt (Ln/Sr—O) layers along
the c-axis. This can be estimated by the tolerance factor ¢ = (Ln/Sr-0)/,/2(Co—0).
Note that the tolerance factor in these K,NiF,-type Co-based materials lies in the
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range 0.946 < t < 1, for which the tetragonal distortion is favored [155]. Again, it is
worth noting that the presence and extent of this tetragonal distortion could greatly
affect the spin state of the cobalt ions, and even stabilize unusual spin state
configurations, such as the intermediate spin state. Such a structural distortion has
a strong influence on the magnetic and electrical transport properties of these
materials, as it is well known to occur in the corresponding 3D perovskites LaCoO3.

The structural evolution of these oxides versus the Sr content x has been
particularly studied for La, ,Sr,CoO,4and Pr,_,Sr,CoO,. For the cobaltites La, ,Sr,.
CoOy, the evolution of the lattice parameters is very complex [147, 156]. The same
trend in the lattice parameters is reported for similar systems though the absolute
values differ depending on the synthetic route [148, 157].

In La, ,Sr,CoOy4, one observes that the tetragonal distortion, dco—oq)/dco—o0(2),
only slightly decreases from 1.08 at x=1 to 1.06 at x=1.5. This merely gradual
decrease in dco—o(1)/dco—o(2) implies that the doped holes are mainly accommodated
in the ty, orbital states with less Jahn-Teller distortion, while keeping the IS
configuration [156]. The variation in the bond length ratio from LaSrCoO, (1.069)
to TbSrCoOQy4 (1.074) indicates that the e, states of the IS configuration are not only
fully occupied for 3d., orbitals but are also partially occupied for 3d,,,, states [154].

1.7.2
Double-Layered RP Cobaltites: Sr; ,Ln,Co,0; ;5 type

The n =2 members of the RP cobaltites are much more difficult to stabilize. The pure
ideal member Sr3Co,0; has never been synthesized. In contrast, a cobaltite with a
closely related structure, which exhibits a large deviation from the oxygen stoichi-
ometry, thatis, Sr3C0,07_,0.94 <x < 1.27, was synthesized [158-161]. According to
these authors, the samples with x <1 adopt the ideal RP-type tetragonal structure
with the classical I4/mmm space group and the cell parameters a ~ 3.8 Aand c ~ 20 A,
whereas for larger x-values a reduction of the symmetry to orthorhombic Immm is
observed, with a~ 3.8 Aand b~ 11.4 A,

In the tetragonal form of Sr3Co,0¢1,, the apical oxygen sites of the double
perovskite layers located within those layers are at 87% empty (Figure 1.14a). The
O(3) site is found to be less occupied and the predominant cobalt geometry will
be pyramidal. However, the presence of some octahedra cannot be ruled out.
The coordination around cobalt may be tetrahedral if the O(4) site is unoccupied [161].
So, this structure can better be described as derived from that of La,SrCu,0O¢ [162],
that is, it consists of double layers of corner-shared CoOs pyramids intergrown with
single rock salt SrO layers (Figure 1.14b), the anionic vacancies between the
pyramidal layers being filled at 13% only by oxygen.

In fact, this tetragonal structure, made of double pyramidal cobalt layers inter-
grown with rock salt layers (Figure 1.14b), has been synthe51zed for Sr,Y, sCao..
C0,05 [160]. In this I4/mmm tetragonal cell, with a~ 3.82A and ¢~ 19.58 A, an
ordering of the Sr*" cations and of the Y?>*/Ca®" cations takes place in the form of
alternate layers stacked along ¢ (Figure 1.14b). It is this smaller size of Y>* and Ca®*
cations that favors the formation of such double pyramidal cobalt layers [163].
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Figure 1.14  Structure of (a) Sr3C0,06.12 and  of the double layers (), whereas the second
(b) Sr2Yo.gCap 2Co,0¢ both tetragonal 14/mmm.  one exhibits double pyramidal cobalt layers,
The first one is nonstoichiometric and exhibits  similar to La,SrCu,06. Adapted from

87% oxygen vacancies on the apical oxygen sites ~ Ref. [160, 161].

The neutron powder diffraction study of this phase versus temperature reveals that it
is orthorhombic at 20K (Immm; a~b~ 3.8 A; c~19.5A) and becomes tetragonal
(I4/mmm) on heating above 270 K. This structural transition onset at 270K is
accompanied by a long-range antiferromagnetic ordering [164]. In fact, the above
authors observe a rather large homogeneity range for Sr,Y; ,Ca,C0,04_s: 0.20 <
x<0.50 and 0 <0 <0.24, with the same [4/mmm space group, showing that the
cobalt valence ranges from +2.36 to +2.75. Curiously, an I4/mmm similar structure,
with a~3.76A and c~20A, was reported for the composition Sr,Y(s5Cags.
Co0,07 [165], but no detailed chemical analysis about the oxygen stoichiometry of
this phase was given.

The stoichiometric “O,” n=2 intergrowth can, in fact, be synthesized by intro-
ducing a much larger amount of lanthanide in the structure. This is the case of
Sm,SrCo,0,, which contains only trivalent cobalt and was reported to be tetrago-
nal [166, 167], whereas Sm;BaCo,0; exhibits an orthorhombic symmetry with
a~b~38A and c~19.5A [163, 166]. The room-temperature structure of
Gd,SrCo,05 is tetragonal and displays small tilts of the oxygen sublattice that are
described in the P4,/mnm symmetry instead of the idealized I4/mmm structure.
A structural transition at T~ 580 K is characterized by a reduction of the symmetry
and a marked axial elongation of the CoOg octahedra [168].
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A small substitution of strontium by cerium favors the stabilization of the oxygen-
deficient phase Sr;75Ce25C0,07_s. The main effect of such a substitution on the
structure concerns the pseudo-tetragonal symmetry of the unit cell instead of the
marked orthorhombic symmetry reported for the oxygen-deficient analogues
Sr3C0,04_s. Such a tetragonal I4/mmm space group was also reported in the
n=2 RP phases Sr,Y;_,Ca,Co0,04 [160, 165], for which the Y;_,Ca, central layer
of the perovskite block favors the formation of a double row of tetragonal square
pyramids. The electron diffraction patterns of Sr; 75Ce 25C0,0s ¢ are consistent with
the I-type symmetry (a = 3.8 Aand ¢ = 20 A) but they show extra diffuse lines parallel
to the c*-axis, and the corresponding [100] HREM image shows the presence of
diffuse lines that can be ascribed to a disorder between oxygen and vacancy sites at the
level of the perovskite block [169].

In these cobaltites, the distribution of oxygen vacancies is a difficult problem,
which has led to a lot of controversy among various authors. This is especially the case
for the orthorhombic cobaltite Sr3C0,0;_s which adopts the Immm orthorhombic
symmetry due to its different ordering of oxygen vacancies, leading to a tripling of
the b-parameter, as soon as 0 > 1. These subtle changes of oxygen stoichiometry and
vacancy ordering may have a profound effect on the physical properties of these
cobaltites.

Though the XRD studies do not reveal any oxygen ordering in Sr3Co,0;_, for
(1.09 <9 <1.62), such a behavior was observed in electron diffraction studies [161].
A superstructure due to oxygen ordering was also observed from NPD data [159]. The
samples with 6 > 1 adopt the orthorhombic structure with ordered oxygen vacancies
along one axis in the CoO, plane. However, for 0 > 1 the oxygen vacancies are found
in both the in-plane site and the apical linking site, whereas for 6 <1 the oxygen
vacancies were found only in the linking site. The crystal structure is a simple mixture
of Co®" square pyramids and Co*" octahedra [170]. Sr3C0,0,_s (0.94 <O <1.22)
undergoes a reduction in symmetry from I4/mmm for Sr;Co,0¢ o6 to Immm for an
oxygen content of 5.94 per formula unit. Thus, the orthorhombic unit cell arises due
to the ordering of the oxygen vacancies that leads to a tripling of the b-parameter. In
both cases, the square-pyramidal coordination is observed for the Co®* species, with
the vacancies located in the apical positions of the perovskite blocks [163]. Figure 1.15
gives an example of the orthorhombic Immm structure of Sr3C0,05 75 [159]. It can be
described as ribbons made of three polyhedral units, one octahedron being sand-
wiched between two pyramids, forming oxygen-deficient ordered perovskite slabs
parallel to (001) and intergrown with rock salt SrO layers.

Figure 1.16 illustrates the oxygen vacancy distribution of Sr3Co,0se4 and
Sr;.75Ce0.25C0,05 9. The structure of Sr; 75Ceg 25C0,0s o is tetragonal with the space
group I4/mmm in contrast to the marked orthorhombic symmetry of the oxygen-
deficient Sr3Co,0s g4. In the orthorhombic Sr3Co,0s ¢4, the oxygen vacancies order
along one axis in the CoO2 plane [159]. For the substitution of cerium for strontium,
oxygen vacancies also tend to be located in the double perovskite block but on two
distinct sites: at the level of the square CoO, planes (O(1) site here, Figure 1.16b) and
at the level of the common apical oxygen O(3) site of the two perovskite blocks.
Such a distinct distribution of the oxygen vacancies in these doped and undoped
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Figure 1.15  Perspective view of the orthorhombic structure of Sr3C0,0Os g,. Adapted from Ref. [159].

oxygen-deficient systems highlights the role played by the cerium cation in stabilizing
a different symmetry linked to a different distribution of the oxygen vacancies. In
the almost fully oxygenated cerium-doped samples, ~6% vacancy resides in the
cobalt plane.

Finally, the n=2 RP phase can be stabilized by substituting partly titanium or
niobium for cobalt, leading to hydrated oxohydroxides. This is the case of the
compounds  Sr3Coj 7Tip305(OH),xH,0  and  (Sr3_sCo1.9NDg 10486 5(OH)3.04
-0.4H,0) of the RP phase that were reported to have different magnetic properties
from the pure cobaltites, leading, for instance, to cluster and spin glass behav-
ior [171-173]. The most common oxidized form of Sr3CoO7_ (0 ~ 1) is very sensitive
to moisture that originates from the unstable CoO, polyhedra, throwing challenge
to stabilize more oxidized phases such as 6 < 1. Samples with oxygen content
larger than “Os” have been observed to react quickly with air to form an
oxyhydroxide Sr;Co,05(OH),-yH,0 [171]. The niobium-doped sample crystallizes
in the tetragonal I4/mmm space group, whereas Sr3Co; 7 Tip 305(OH),-xH,O crystal-
lizes in the monoclinic space group I12/ml. However, the anhydrous form
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Figure 1.16  Structural model of oxygen-deficient n=2 RP phase (a) Sr3C0,0s ¢4 (Ref. [170]) and
(b) Sr2.75Cep.25C0,05. 9 phases. Oxygen sites are labeled with black filled and checkerboard circles
depending on full and partial filling, respectively. Adapted from Ref. [169].

Sr3Co4 7Ti305(OH),, which is obtained by warming the hydrated oxyhydroxides,
crystallizes with a tetragonal unit cell (P4/mmm space group).

1.7.3
RP Derivatives with Double and Triple Rock Salt Layers

“T10” or “BiO” layers can be introduced into the rock salt layers of the RP structures,
forming double or triple rock salt-type layers instead of single rock salt layers, similar
to high T, superconducting cuprates [174]. This is the case of the 1201 cobaltites
T1Sr,Co05 [175], Srz.6T1p.4Co0O0s_s [176], and Big 4Co0g 1Sr25C00,49 [177]. The ideal
structure of these phases represented by T1Sr,CoOs (Figure 1.17a) consists of single
perovskite layers of CoOg octahedra intergrown with double rock salt layers
[STT1O,].., showing a tetragonal cell, a ~ 3.76 Aand ¢ ~ 8.79 A, with the space group
P4 /mmm. It is worth pointing out that this structure is very flexible, so that an excess
of strontium can be introduced in the rock salt layer, without changing the space
group, leading to an expansion of the c-parameter, as shown for the Sr-rich 1201 phase
(Sro.6Tlo.4)S12C005_4 (6~ 3.76 Aandc~9.02 A). Note also that an oxygen deficiency
may appear in the structure with respect to the “Os” composition.

The introduction of Bi*' also stabilizes the 1201 structure, for the oxide
(Bip.4S1r95C00.1)Sr2C00,4 9 [177], but with a different symmetry I4/mmm (a ~ 530A
and ¢~ 18.03 A), due to different distortions of the polyhedra and different distribu-
tions of the cations in the rock salt layers (Figure 1.17b).
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Figure 1.17  Perspective view of the 1201
structure of (a) TISr,CoOs made of [SrO]..,
[TlO]., and [CoO;]., layers forming double rock
saltlayers [SrTIO;]., and single perovskite layers

with similar perovskite layers, and more
complex double rock salt layers
[Big.4C00.1Sr1.50;] involving a doubling of the
c-parameter. Adapted from Ref. [176, 177).

of CoOg octahedra and (b) Big 4C00.15r2.5C00, 9

Double intergrowths, which consist of the stacking of two types of rock salt layers
with single perovskite layers in the same structure were also observed. It is the case of
the T1 1222 cobaltite, Tly oSr3LaCo,04 6 [178], which structure (Figure 1.18) can be
described as the intergrowth of single perovskite layers of CoOg octahedra with
double rock salt [SrT1O,]. layers and single [SrO], layers according to the sequence:
“Co0,—SrO-TIO-SrO-Co0,—SrO-SrO-Co0,.” Note that this oxide, which crystal-
lizes in the space group [4/mmmwith a ~ 3.78 Aand ¢ ~ 30.30 A, exhibits a possibility
of nonstoichiometry on both sites, Tl and O.

The 2201 structure of BiSr;CoOs g [179] represents the second type of intergrowths
(Figure 1.19a), where triple rock salt layers [BiSr,0;]., are stacked with single
perovskite layers according to the sequence CoO,—-SrO—-(Bi,Sr);O—(Bi,Sr);O-SrO-
Co00,. In these cobaltites, which exhibit the space group P12; with a~5.27 A,
b~5.30A, and c~23.5A y =90°.5, numerous distortions are observed, especially
about the CoOg octahedra that are strongly elongated along ¢, so that they can better
be described as CoOs pyramids, whose apical corners are directed along two opposite
directions along ¢ alternately (Figure 1.19b).

Changing the Bi/Sr ratio can also change the ordering of both these CoOs
pyramids and their waving in the 2201-type structure. This has been observed in
the cobaltite Bi,Sr,CoOg, s (BigSrgCo40,s5) [180]. In this structure (Figure 1.20),
double “BiO” layers are sandwiched between SrO layers and wave in the structure,
whereas the “single” perovskite layers consist of quadruple ribbons of CoOs
pyramids whose apical corners are directed in opposite directions. This leads to a
superstructure along @, with the I2mb symmetry with a~21.83 A, b~ 5.46 A, and
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Figure1.18 Perspective view of the TI-1222 structure of Tly 9Sr;LaCo,0g 6. Adapted from Ref.[178].

c~2345A 1In fact, the Bi,Sr,Co0g,s phases exhibit both commensurate and
incommensurate structures due to the presence of the 6s* lone pair of Bi*" and
to oxygen excess.

Moreover, the incommensurability can be modified by substituting partly lead for
bismuth. For instance, in Bi,;Sr,Co0Og ;s an incommensurate structural modulation
with the modulation vector g* = 0.24b* + ¢* is observed [181, 182]. The polar group
refinement leads to the superspace group F2mm (081)00s for Bi,Sr,CoOg s [181].

The [BiO] layers got special attention due the modulated character of their
structure and as potential charge reservoirs. The appearance of double BiO layers
isusual for layered bismuth oxides and is a characteristic of 2201 and 2212 cuprates or
ferrites. The modulation of these structures is mainly related to the configurations in
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Figure 1.19  Perspective view of the 2201 structure of Bi;_,Sr3,C0Og_, (BiSr3C0oO0sg). In (a) the
cobalt environment is considered as octahedral, whereas in (b) it is assumed half-octahedral and
half-square pyramidal due to the very long Co(2)—O distance. Adapted from Ref. [179].
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Figure 1.20 Perspective view of the 2201-derivative structure of BigSrgCo4O5s (BiSr2Co06 ).
Adapted from Ref. [180].
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' Lone pair @ Bi 0 OB; e OB,

Figure 1.21  (a) The honeycomb configuration of the BiO layer. Only OBy, sites are occupied and
(b) the double-chain configuration of the BiO layer. OB;, and OBy, sites are alternately occupied.
BiO interatomic distances <2.6 A are represented by solid lines. Adapted from Ref. [181].

the Bi and O arrangement. There are two regions, modulated (M zone) and
nonmodulated (I zone) in the BiO layers. The origin of the modulation phenomenon
lies in the interactions within and between [BiO] layers. The oxygen disorder
observed in the M region leads to different possible configurations for the [BiO]
layers. Of the two possible honeycomb and double-chain configurations of the Bi and
O atoms (see Figure 1.21), the latter is the preferred configuration [181].

The substitution of Bi by Pb in Bi, ,Pb,Sr,CoOg leads to significant change in the
structure [183]. Though for x=0.16 one observes structural modulations with the
modulation vector ¢* =0.245b* + ¢* and space group F2mm (051)00s, the highly
Pb-doped compound (x=0.8) is no longer modulated. The modulation is now
replaced by a new disordered atomic sequence that can be described as the
simultaneous presence of two different structural configurations compatible with
a single symmetry group Pnan [183]. The nonmodulated structure is the average
structure of the modulated compound (F2mm (081)00s symmetry). Interestingly,
the honeycomb arrangement of the BiO layer is observed in the doped phase that was
a possible hypothesis in the pure phase [181].

1.7.4
Tubular Cobaltites

The 2201-type structure can be limited to one direction, forming infinite ribbons
that are four CoOg octahedra (or CoOs pyramids) wide. This would generate a
family of structures called “tubular structures,” with the generic formula



34 | 1 Crystal Chemistry of Cobalt Oxides

(@)

Figure 1.22 The tubular structure of Bis_,Sr1;_2C0sO30_s represented (a) as ribbons of CoOg
octahedra [184] or (b) as ribbons of CoOs pyramids and CoOg octahedra. Adapted from Ref. [185].

(Bi,Sr,C004),,S1gC06016_5, whose n=2 members, were described for
Biy_,Sr152,C0g030_s with different space groups and parameters, that is, Fmmm
with a~5.52A, b~23.46A, and c~23.46A or C222 a~23.47A, b~23.48A, and
c~5.52 A[184, 185]. In fact, in this structure the CoO,, polyhedra form perovskite
ribbons that are four octahedra wide (Figure 1.22a) or two octahedra + two pyramids
wide (Figure 1.22b). These polyhedra form square “tubes” bordered by Sr*" cations,
where double [BiO],, ribbons are inserted.

1.8
Cobaltites with a Triangular Lattice

1.8.1
Spinel Cobaltites

The prototype of the cobalt spinels is the oxide Co3;0, that exhibits the cubic normal
spinel structure, Fd3m space group, with a ~ 8.08 A at room temperature [186]. The
u-parameter of the 32 oxygen atoms of this cubic structure, u = 0.39, is close to the
ideal value (u=0.375) of a perfect cubic close packing of the anionic framework of
this structure (Figure 1.23a). In this normal spinel structure, the Co>" cations sit in
the 8a sites with tetrahedral coordination, whereas the Co®* cations are located in the
16d sites, with octahedral coordination, according to the formula [Co”]ga [C023 .
404.Thus, in terms of cobalt polyhedra the spinel structure of Co;0,4 can be described
as the stacking of two sorts of polyhedral layers along the <111>, direction of the
cubic cell: the kagomé layers (labeled K in Figure 1.23b) and the mixed layers of
octahedra and tetrahedra (labeled M in Figure 1.23b). The well-known kagomé layers
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(© (d)

Figure 1.23  Structure of the normal spinel <111> showing the edge-sharing Co"'Og
oxide Co3;04: (a) 3D view of the structure octahedra; (d) view of one mixed layer along
showing the anionic close packing; (b) view <111> showing the corner-sharing Co"'O,
along <110> showing the stacking along octahedra and CO"'Og octahedra. Adapted

<111> of the kagomé layers (K) and the mixed ~ from Ref. [186, 188].
layers (M); (c) view of one kagomé layer along

(Figure 1.23c) consist of edge-sharing CoOg octahedra forming hexagonal windows
that are obstructed by the polyhedra of the mixed M layers. In the mixed layers
(Figure 1.23d), the Co" O, tetrahedra and the Co'Og octahedra share their apices,
each tetrahedron being linked to three octohedra of the same layer. Note that the
CoO, tetrahedra have their apical apex directed along the two opposite <111>,
directions alternately.

It is worth noting that the anionic close packing of Co;0y, is the same as that of the
rock salt structure of CoO [187], so that it can be considered as a cation-deficient rock
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salt structure, characterized by an ordering of the cobalt cations and the cationic
vacancies, and charge ordering between Co*" and Co®" species. Itis also remarkable
that in this spinel structure, the [Co],, sublattice forms a 3D tetrahedral framework,
like the [Ln], lattice in the Ln,M,05 pyrochlores. Moreover, the Co® " cations at the 8a
sites form a diamond lattice that consists of two displaced face-centered sublattices,
being thus tetrahedrally surrounded by four nearest Co*" neighbors.

Because of the variety of its magnetic properties — superparamagnetism, spin
glass, and magnetic short-range order— Co;0, has also been studied as a nanocrystal-
line material [189-194]. Nanocrystalline Co;0, has indeed been synthesized by a
number of ways, for example, sol-gel precipitation, oxidation of metallic cobalt foils,
hydrothermal processes, polyol reduction, and electrospinning, in different forms
such as one-dimensional (1D) Co30y, colloidal forms, nanostructured mesoporous,
thin films, nanowires, and nanorods [194].

There are a large number of cobalt-containing spinels formed by substitution of
metal jons either at octahedral or at tetrahedral sites. These mixed spinel oxides can
be considered as strategic material due to their tunable fascinating physical
properties, such as electronic, magnetic, optical, and catalytic activity. The degree
of substitution of cobalt by other metals retaining the structure of the parent Co;04
depends on the substituted metal. The site preference of the substituted metal also
depends on the nature of the metal ion. Thus, the other relatives of the cobalt
spinels can be represented as M, Co;_,O,, where M =1i, Al, Zn, Mg, Cu, Cr, Mn,
Fe, Ni, and so on. However, the preparation of spinel cobaltite by solid-state reaction
puts a restriction. The cobalt spinels M,Co;_,04 (0 <x <1 with M =Ni, Cu, Zn,
and Mg) are stable in a limited temperature interval. At temperatures in the range
1100-1200 K, the spinel structure of cobaltites is no longer stable, and a transfor-
mation to a rock salt structure takes place [195]. Again, depending on the nature of
the divalent cation and the values of x, cobalt spinels decompose even at lower
temperatures, evolving oxygen, MO, and a spinel phase with higher cobalt con-
tent [196, 197]. Cobaltites of Zn, Ni, and Cu were synthesized for the first time by
Holgersson et al. [198] with cell parameters in the range 8.04-8.11 A. The spinel
ZnCo,0, has cell parameter a = 8.088 A with oxygen parameter u = 0.395 and the
zinc occupies the tetrahedral position [186]. In Cu,Cos_,O4 for x < 0.30, the spinels
are normal and Cu was found only on tetrahedral positions. For x> 0.30, the
spinels were found partly inverse [199]. It was also reported that for x>0.2 a
transition from a normal to an inverse spinel occurred in Cu,Coz_,0O,4 [200]. By
doping of Co;0, with nickel, the Ni** ions are stabilized, and they substitute for
Co®" inthe octahedral sites, that s, [Co® "]g,[Co® "5, Ni*Tx];6404> [201]. Note also
that the Zn cobaltite possesses the highest thermal stability, followed by nickel
cobaltite, whereas the copper cobaltite is of considerably lower thermal stability,
compared to other binary cobaltites. That is why some attempts to synthesize these
cobaltites have proved unsuccessful by heating at higher temperature, as shown for
the copper cobaltite that decomposes into a mixture of two phases, CuO and a spinel
with a lattice constant corresponding to Co3;O4 [196].

In the solid solution Li,Cos_,O,, the lithium charge is compensated for Co** in
the octahedral site. The lithium cation can be distributed on the tetrahedral and
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octahedral sites depending on the synthesis temperature [202]. The spinel CoAl,O,,
the so-called Thenard blue, has been known for a long time and has been extensively
studied (@ = 8.095 A) [203]. It may be considered as derived from Co30, by replacing
all the Co*" with Al. However, for AlCo,0, (a=8.086 A, u=0.264), 27% of Al is in
tetrahedral positions [204]. The continuous substitution can be done for a wide range
of concentrations. It has been observed that in Co[Co;_,Al,],04 with increasing Al
concentration, the lattice constant is found to increase and it follows Vegard’s law. All
the compositions crystallize in the cubic spinel structure with the space group
Fd-3m [205]. In the spinel ferrimagnet, CoCr,0., the Co?* ions occupy the A-sites and
Cr*" the B-sites of the spinel structure. The space group of this cubic spinel structure
is Fd-3m with the lattice parameter a=8.3351 A and oxygen parameter u = 0.264
determined by the NPD data [206]. Co;_,Mn,O, (x = 0-1.2) is a normal cubic spinel
at room temperature and the charge distribution is represented by [Co® ] [Co® 5 _
Mn**x];640% 4 [207]. The normal cubic spinel structure retains up to x = 1.0 with
increase in Mn substitution [208]. The substitution of Co®* by Mn>" leads to an
increase in the lattice parameter, a, due to the large ionic radius of Mn*" in
comparison to that of Co®>" occupying the octahedral sites.

18.2
Na,CoO,-Type Lamellar Oxides

Firstdiscovered in the 1970s [209, 210], the cobaltites Na,CoO, oxides exhibit various
types of polymorphs with a lamellar structure built up of CoOg octahedra forming
[C00,]. layers of Cdl,-type of edge-sharing octahedra, interleaved with Na* cations
(Figure 1.24). This structure was also observed for Ca,CoO, oxides [211].

The various structures of these bronzes, which exhibit the mixed valence Co
Co*", differ from each other by the relative positions of the [CoO,],, layers,

3+/

Figure 1.24 Perspective view of the crystal structure of Na,CoO,.
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Figure 1.25 The O3 (a-phase), P2 (y-phase), and P3 (3-phase) structures (O, octahedral
coordination of the A cation; P, trigonal prismatic coordination of the A cation; 2, 3 are the number
of layers in the repeat).

depending on the sodium content 0.30 <x < 1. For high sodium content, x=1, a
rhombohedral, R3m structure is observed with a ~ 2.88 Aand ¢ ~ 15.6 A[211], where
sodium adopts the octahedral coordination between the [CoO,], layers (Figure 1.24).
In fact, the NaCoO, structure (labeled O3) exhibits a cubic anionic close packing
(ABCABC) of the rock salt type, where Na* and Co”"/Co®" are distributed in an
ordered way in the octahedral sites. As the sodium content decreases, a number of
structural variations can occur, including the P'3 and P2 structures with ABBCCA
and ABBA oxygen packing sequences, respectively (P is the trigonal prismatic
coordination of alkali metal; prime (') denotes a monoclinic distortion of the unit
cell) (Figure 1.25). The familiar way to look at the structure of Na,CoO, is as follows.
The structure of Na,CoO, consists of CdI,-type CoO, layers intercalated with Na*
ions with a trigonal prismatic (P) or octahedral (O) environment. There are four
unique structural forms of Na,CoO,, a-, o-, B-, and y-phases; they differ in the
stacking sequence of the close-packed oxygen layers that are perpendicular to the c-

axis [210-213).
Thus, the symmetry of these four different phases is governed by the sodium
content:

e The a-form that exhibits the hexagonal symmetry P6;/mmc, with a ~ 2.88 A and
c~15.56 A, is obtained for 0.9 <x<1. It is often called the O3 structure (O
indicates the octahedral coordination of Na* and 3 is the number of layers in
repeat).

o The o/-form is synthesized for x=0.75. Called the O’3 structure, it can be
described as a monoclinic distortion of the O3 structure, with a ~ 4.89 A, b~ 2.87
A, c~5.77A, and f ~111°28' [210].

o The B-phase exists for 0.55 <x<0.60 and corresponds to the P3 structure (P
indicates the prismatic coordination of Na*, and 3 is the number of layers in
repeat) [214]. It adopts the C2/m space group with lattice parameters a~ 4.9 A,
b~2.83 A c~5.72A, and f ~105.97°.
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¢ The y-phase is observed for 0.55 < x 0.74. This P2 structure (prismatic coordi-
nation of Na™, and 2 is the number of layers in repeat) exhibits the hexagonal
symmetry, with the space group P63/mmc and lattice constants of a ~ 2.84 A and
c~10.81A[211].

In B-Na,CoO,, all the Na™ ions occupy a single type of prismatic site that on the one
side shares a face and on the other side shares edges with surrounding CoOg
octahedra. This situation is very different from that of y-Na,CoO,, where two distinct
prismatic sites are found: one shares only faces, whereas the second shares only
edges with CoOg octahedra. The y-phase (P2 type) is characterized by a stacking
sequence of close-packed oxygen atoms ... ABBAABBA ..., with the oxygen atoms
on each side of the Na layers being identical. In this structure, Na* exhibits two
different prismatic coordinations within a given plane and are represented as Na(1)
and Na(2) cations. Basically, the Na(1) and Na(2) species form two interpenetrating
triangular lattices. The prism of each Na(1) site shares two triangular faces with Co
octahedra, one Co lying vertically above the Na (along ¢) and the other vertically below;
the Na(2) site shares only edges with the Co octahedra. The Na(1) site is energetically
less favorable than Na(2), owing to electrostatic repulsions with the two cobalt ions in
adjacent layers. Itis generally assumed that Na™ cannot occupy adjacent Na(1) and Na
(2) sites since their separation is too small (~1.63 A) [215]. However, quite large
displacements of both Na(1) and Na(2) occur, which could increase this distance
locally to ~2.0 A or more, and make such an occupancy a possible event, especially at
elevated temperatures. The complexity of Na vacancy ordering in this system arises in
part from this competition between the Na(1)-Na(2) sites energy difference and from
the Na*—Na™ electrostatic repulsion.

Figure 1.26 shows the stacking of NaOg prisms and CoOg octahedra in
B-Nag ¢,C00; and y-Nag 70C00,. In B-Nag6;Co0,, the upper oxygen atoms of the

B-Nay 6;Co0, 7-Nay 79Co0,

Figure 1.26 Stacking of NaOg prisms and CoOg octahedra in 3-Nag ¢;C00, and y-Nag 70C00,.
Hatched circles represent the oxygen atoms forming NaOg prisms with Na* sites at their centers.
Adapted from Ref. [214].
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prism are shared with a CoOg octahedron, but lower oxygen atoms are shared with
three CoOg octahedra. In y-Nag 7oCoO,, there are two kinds of prisms, namely, Na(1)
Og and Na(2)Og [216]. The Na(1)Og prism shares two sets of three oxygen atoms with
one upper and one lower CoOg octahedra, respectively. On the other hand, the Na(2)
Og prism shares two sets of three oxygen atoms with upper and lower three CoOg
octahedra, respectively.

From the above discussion, it is clear that the structure contains two different
environments for sodium: Na(1) that lies between adjacent cobalt ions and Na(2) that
sits on a lower energy site at the center of a cobalt trigonal prism. Therefore, Na™ ions
will normally prefer to occupy the Na(2) sites. The nature of sodium ordering over the
available sites is important because it is expected that at a certain composition,
the confinement of stable sodium ordered superstructures is likely to influence the
properties. The precise Na arrangement will be governed by the opposing demands of
entropy and enthalpy. At low Na concentrations, entropic effects appear dominant
and the Na layer is highly disordered. However, at higher levels, the Na™ ions tend to
organize themselves to minimize the ionic repulsion between them at any given
layer. For this reason, occupancy of both sites is preferred. In this way, the Na rich
compositions present a variety of Na arrangements that reflect the competition
between these two factors. At low Na concentration, the stable phase only with Na(2)
sites’” occupation is observed at x=1/3.

However, it is observed experimentally that at x = 1/2 an equal occupation of Na(1)
and Na(2) sites takes place [217, 218]. As the sodium content increases, from x = 0.5
to x=0.75, the added sodium fills the Na(2) sites only [219]. The long-range
superstructure of sodium whose pattern is well accounted for by electrostatic
interactions and the amount of sodium vacancies in the lattice has been reported
in the literature. The long-range Coulomb interactions then allow these vacancy
clusters to order over a long range, leading to observable superstructure peaks.
However, the proper characterization of the Na ordering pattern faces several
difficulties, especially in the highly doped region. The Na and vacancy ordering
depends on the exact sodium content, which is difficult to control due to Na diffusion
and aggregation.

Whether the Na* cations are ordered or randomly distributed within their planar
sublattice is a permanent issue and that is widely debated. For example, remarkable
differences exist in the ground-state structures of Nag 75C00O, and at high concen-
trations of Na™ cations [220-222]. Extensive experimental and computational inves-
tigations have been carried out to find out the stable sodium vacancy orderings at
various sodium concentrations [220-224]. However, a few experimental evidences of
long-range ordering, either commensurate or incommensurate, have been given
using neutron or electron diffraction and most of the reported works are devoted to
theoretical considerations using various methods of calculation [221-223]. A detailed
electron diffraction study on powder samples revealed several new structures [220].
For instance, the x=0.5 composition shows commensurate superstructure reflec-
tions for relatively low exposure time to electron beam with the vector g along the [110]
direction. However, the commensurate superlattice at x = 0.5 evolves continuously to
an incommensurate superlattice with small changes in sodium content induced
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during electron beam irradiation. This indicates that a continuously varying struc-
tural modulation that is a function of sodium content has locked into a commen-
surate modulation at x=0.5. The commensurate superstructure can also be
described with a three-dimensional unit cell, which is orthorhombic in nature. All
the compositions with x=0.15, 0.30, 0.35, 0.5, 0.64, and 0.75, except x=0.55, are
shown to exhibit superstructure reflections [220]. The unit cell of the superstructure
is determined by the width of the repeat of the lines of vacancies and Na. The choice of
occupying the Na(1) or Na(2) position in the Na chain and the stacking of the ordering
in the Na planes will determine the space group and the intensities of the super-
structure reflections. Both the variation in the intensities of the superstructure
reflections for various values of x and differences in the systematic absences for one
value of x all indicate that the ordering along the c-axis is variable.

The various structures proposed based on electron diffraction investigations were
also confirmed by an ab initio study using the local density approximation (LDA) to
density functional theory (DFT) method [222, 223, 225]. New ground states were
proposed for x=0.60, 0.80, and 0.83, within the limitation that the patterns could fit
in small unit cells [222]. Figure 1.27 shows the possible ordered structures of
Na,Co0,. Single-crystal neutron diffraction showed that at large Na concentrations,
the Na vacancy organizational principle is the stabilization of droplets of Na(1)
occupation that are long-range ordered at some simple fractional fillings, such as 0.75
and 0.80 [221]. An ordering of multivacancy clusters within the sodium layer for
x> 0.7 was proposed, that is, Na™ ions shift from the preferred Na(2) site to the
unfavorable Na(1) site that is directly on top of the cobalt ions to further reduce the
stabilization energy. Unusual long-range ordering pattern of tri-Na(1) droplet was
proposed for x> 0.75 concentration [221].

The clattice parameter is a good measure of the sodium concentration: it increases
as the sodium concentration decreases. Thus, only simple diffraction data may be
used as a method to estimate the Na composition. The ¢ lattice parameter depends
almost linearly on x with a weak deflection near x = 0.55. This behavior may suggest
two regimes that follow the empirical Vegard’s rule for substitutional impuri-
ties [226]. The Na(1)/Na(2) ratio is another important structural parameter. Com-
pared to the clattice parameter that varies smoothly with Na concentration, the Na(1)/
Na(2) ratio varies in an irregular manner. However, errors in the Na(1) and Na(2) site
energy difference show up in the Na(1)/Na(2) ratio but not necessarily in the c lattice
parameter [227, 228].

The cobaltite Najy 5Co0, that goes from an insulating behavior at low temperature
to a metallic behavior above 51 K is an example of the charge ordering that appears in
this oxide below T, =51 K. The holes are ordered in the CoO, layers together with
the Na* ions. Characterization of NaysCoO, by electron diffraction revealed the
presence of an orthorhombic supercell, which was attributed to Na ordering and to an
associated charge ordering of the underlying cobalt layer [217]. The ordering of Na™
ions at x=0.5 is distinct from the commonly observed spatially ordered state of
sodium for certain values of x. In the case of Nay;Co0O,, electron and neutron
diffraction measurements have suggested that Na® ions form zigzag
chains [217, 218, 220]. This results in the presence of two structurally inequivalent
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(@ x=0 (b) x=0.11

(©) x=020

Figure 1.27 Relevant ordered structures of
Na,CoO,. The dashed lines represent the
projected triangular lattice of Co atoms. Large
red open circles and small red dots represent
projected Na positions in different planes, at

z=0and z=0.5c, respectively. The Na(1) sites
fall on top of the triangular lattice sites and Na
(2) sites fall in the center of the triangles. Blue
lines indicate the minimum unit cell in each
case. Adapted from Ref. [222].

Co sites, each forming a chain arrangement. One of the nearest-neighbor sites of
Co(1) is occupied by a Na* cation, while Co(2) has no Na™ cation in the nearest-
neighbor sites [217]. Since the Coulomb potential from Na™ zigzag chains attracts
electrons, the valence of Co(1) sites, Co"**, is smaller than that of the Co(2)
sites, Co™>°*°. The average valence of cobalt in Nay 5C00, is +3.5 [229]. Thus, the
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distinct behavior of Co(1) and Co(2) sites is directly linked to the periodic Coulomb
potential arising from Na* chains, the charges on cobalt sites becoming mobile above
Tco in the metallic state. Charge ordering within the cobalt layers has also been
claimed for the compositions x = 0.70 [230], 0.75 [231], and 0.82 [232].

The discovery of superconductivity in Na,CoO,-yH,0, with T, ~5K [212] has
attracted a lot of attention. This phase exhibits a crystal structure similar to that of
Nay ;Co03, with similar space group P6;/mmec and cell parameters (a ~ 2.8A and
¢~ 19.6 A) but with a different sodium content, x ~ 0.35. The structure of the CoO,
sheets of Nag35C00,-1.3H,0 is very similar to that of the parent compound
Nay 7;Co0,, the in-plane a lattice parameter being slightly contracted, owing to the
lower Na content that results in the partial oxidation of the Co®** ions to smaller Co*"
ions. On the other hand, the ¢-parameter increases dramatically from 10.96 to 19.62 A
due to the water intercalation that changes the relative orientation of the successive
Co0, layers (Figure 1.28).

Thus, besides the mixed valence Co®>"/Co*", the ordering of Na* and vacancies
that governs the charge ordering on cobalt sites has a great impact upon the physical
properties of these lamellar oxides, as will be discussed in section 6.

Besides the Na,CoO, bronzes that have been extensively studied, some other
alkaline cobaltites exhibit the same type of structure. It is the case of the K,CoO,
phases, with x=0.50 and 0.69, which are hexagonal P6;/mcm with a ~ 2.84 A and

CoO,
Co0, Na
Na
Oxidation
CoO. —)
%2 Process Co0,
Na
0002 Na
c
? Co0,

aa—O—eb

Figure 1.28 Two-dimensional CoO; layers separated by a thick insulating layer of Na* ions and
H,0O molecules in superconducting Na,CoO,-yH,0. Adapted from Ref. [212].
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c~13.35A[209, 233], and of K4,C0,014 [234], which exhibits a different space group
P63/m and different cell parameters, a~ 7.51 Aand ¢~ 12.37 A, due to ordering of
the K* cations.

The lithium cobaltites Li,CoO, were also shown to exhibit a similar type of lamellar
structure for x ranging from 0.35 to 1, with the R3m symmetry and lattice parameters
a~2.8-29Aand c~13.7-14.2 A [233, 235-245].

Note that in these oxides, the size of Li", close to that of Co*"/Co*", makes the
structure close to that of an ordered rock salt cobaltite, where layers of CoOg octahedra
alternate with layers of LiOg octahedra as shown for LiCoO, (Figure 1.29). Other
forms of Li,CoO, oxides with a closely related structure are obtained by using
different methods of synthesis. This is the case for Lis sC0O, [246] whose monoclinic
P2/m structure with a ~ 4.86 A, b~ 2.80 A, c~5.06 A, and  ~ 108.7° consists of the
same [CoO,],, layers, interleaved with ordered lithium-deficient layers of LiOg
octahedra. In the latter, one row of lithium cations alternates with one row of cationic
vacancies. Another different form was also synthesized for Liy 54 CoO, [247], which
crystallizes in the Cmca symmetry with a ~ 2.80, b~ 4.84, and ¢~ 9.95 A. Again, in
this structure, the [CoO,] layers of CoOg octahedra are similar to those described
above, that is, of the Cdl, type, but the interleaved lithium cations exhibit a different
distorted tetrahedral coordination. A metastable form of oxygen-deficient lamellar
cobaltite, Li; 93C0¢ 9701 gs, has been synthesized [249], which is also made of [CoO;],
layers of the CdI, type. In this structure, which crystallizes with the P63mc symmetry,
with a ~ 2.80 and ¢~ 9.53 A, the interleaved Li* cations adopt two different distorted,
6+ 1 and fourfold, coordination. Note that the lithium cobaltites, different from the
sodium cobaltites, are studied more especially for application of their electrochemical
properties in lithium ion batteries.

[0001] ° dﬁ’ ;9,; ©
o Je !

(b)

Figure 1.29  (a) Perspective view of the structure of rhombohedral LiCoO, showing layers of LiOg
octahedra (labeled A) alternately stacked with layers of CoOg octahedra (labeled B) and (b) the
atomic configuration projected along the [—1-120] direction. Adapted from Ref. [248].
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1.8.3
The Misfit Cobaltites

The misfit cobaltites are, like the Na,CoO, cobaltites, very attractive materials for
their thermoelectric properties and for this reason are investigated by many
groups from the physics viewpoint and for applications. The misfit structure in
oxides and especially in cobaltites was discovered for the first time in 1998 with
the synthesis of “T1-Sr-Co” oxides [250, 251] and then in the “Bi-Sr-Co” oxi-
des [252]. The misfit cobaltites are, in fact, composite structures consisting of two
distinct layers with different crystal lattices. The first crystal lattice (labeled 1)
forms a square or pseudo-square lattice: it consists of multiple (AO),, layers, with
A =TI, Ba, Sr, Ca, Bi, and Co, which exhibit a rock salt-type structure, like in the
RP phase and derivatives. The second crystal lattice (labeled 2) is triangular, that
is, pseudo-hexagonal and corresponds to the cobalt-oxygen lattice: it consists of
[Co0,]w layers of the CdI, type similar to those observed in the hexagonal
Na,CoO, cobaltites. Thus, most of the misfit compounds crystallize in the
monoclinic C2/m space group where both the RS and the CdI,-type lattices have
a monoclinic symmetry with identical a, ¢, and  parameters but different b
parameters. The typical cell parameters are a~4.8 A, c~10.8A, and ~ 98°,
whereas b, ~ 4.5 A for the rock salt lattice and b, ~ 2.8 A for the [Co0,] lattice.

The stacking of the triangular lattice with a square lattice results in significant
distortions at the interface since the b-axis dimensions in each layer are very different,
and for these reasons, these oxides are called misfits. The general formula of those
misfit cobaltites can be expressed as [AO]nRS[CoOZ]p with A =TI, Ba, Sr, Ca, Co, and Bi,
where nis the number of AO layers in the rock salt block and p is the ratio between the
two different cell parameters (p = b, /b,), the subscripts 1 and 2 referring torock saltand
CdI, sublattices, respectively. These misfit structures can be described as well by the
generic formula [(A’lfxCoy)n_2A2+x_YOn]RS[CoOZ]p in which n is the number of RS-
type layers (n=3 or 4 and A’ = Co, Bi, Tl, Pb, ... and A=Ca, Sr) [253-257] and p
represents the incommensurate ratio brs/bcooz of the b-parameters of the two sub-
systems. Again, since almost all the misfit cobalt oxides discovered so far contain alkali-
earth elements and other metallic elements in the RS-type subsystem, the compounds
can also be described as [A;M O, ; ,]4C00,, where A and M stand for alkali-earth and
metallic atoms [258]. However, in such a notation g is defined as the ratio bcooz/brs-

Depending on the thickness of the rock salt-type layers, one can distinguish two
sorts of misfits: those containing three rock salt layers (built up of n=3 AO layers)
and those containing four rock salt layers (built up of n =4 AO layers). Note also that
additional complexity in these structures is introduced by the presence of ordered
oxygen defects. One of the most extensively studied systems is the calcium cobaltite
that was expressed in different ways by various authors as Ca3;Co,Oq [259-261],
CagCo150,8 [262], and CaCo,0s5 [263]. In fact, this cobaltite corresponds to the
formulation [Ca,Co03][Co0,]; 6;. Its structure has been described by several groups
successively [259, 264-267]. The structure of the simplest form (Figure 1.30) consists
of two interpenetrating monoclinic subsystems. The two subsystems are single CoO,
sheets of the CdI, type (first subsystem) and triple Ca,CoOs layers (n = 3) of the rock
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Ca,Co0}
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Figure 1.30 Schematic structure of the misfit cobaltites “Ca;C040s, (Ca,C003) (Co0,)1.6,,” made
of Cdl,-type “CoO,” layers and rock salt-type “Ca,CoO;” layers.

salt type (second subsystem). Basically, the rock salt layer is formed from [CaO][CoO]
[CaO]layers. There is an incommensurate spatial modulation along one of the two in-
layer crystal axes, that is, the b-axis caused by a misfit between the two subsystems.
The CoO, sheets, which form a triangular 2D network of edge-sharing CoOg
octahedra, are believed to be a conduction plane. From the structural point of view,
Ca;3Co,40y is formed with the rock salt-type [Ca,CoOjs] layer replacing the Na layer in
the Na,CoO, system, with the typical space group C2/m and cell parameters
a~48A c~10.83A, F~98°, by ~4.55A, and b, ~2.82 A. [259]. Two other forms,
one of them corresponding to a tripling of the c-parameters have also been
reported [264].

The central structural feature of these materials is the split-site disorder at the
rock salt Co and O positions and modulation of the Co and O positions in both
layers [265]. A significant displacive modulation on Ca and O atoms of the RS layers
in the interlayer bonding scheme was considered, which leads to a noticeable
distortion in the CoOg octahedra of the [CoO,] layers [264]. A systematic positional
disorder was also noticed inside the [CoO] layer.

The X-ray diffraction measurements reveal that the split-site disorder O position in
the rock saltlayer exhibits oxygen vacancies. The oxygen vacancies responsible for the
observed nonstoichiometry have been reported to reside in the central layer of the RS
subsystem. As a result, this layer is expected to be responsible for all the flexibility of
this compound, whereas the CoO, subsystem is very rigid and responsible for
maintaining its structural integrity [268]. X-ray and neutron diffraction studies
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suggest a strong modulation of the oxygen sites in the CoO, layers and a strong
displacive modulation of both cobalt and oxygen sites in the rock salt
subsystem [266, 269].

Local structural measurements provide insight into the disorder about Co in the
two distinct sites in this system. Co K-edge X-ray absorption spectroscopy (XAFS), in
combination with DFT calculations, has been carried out to elucidate the local
structure of Ca3Co,409 [270]. This measurement showed that a large static structural
distortion and a low cobalt coordination exist in the RS layer compared to the smaller
distortion and relatively higher cobalt coordination in the CoO, layer. Cobalt is
expected to have a sixfold coordination on both sites. The low cobalt coordination in
RS layer comes probably from the oxygen deficiency at the O site for the air-
synthesized samples. Atomic resolution Z-contrast image of Ca3;Co,Oq showed that
the compressed CoO, layers do not exhibit substantial modulations of either the
cobalt or the oxygen atomic positions but that the triple RS layers [Ca,CoO3] show a
strong buckling of the CoO layers along the b-axis [271].

Detailed HREM studies of Ca3Co0409 [259, 272] have allowed the layered structure
of Ca3;Co,409 to be clearly established, identifying the different types of layers.

Though the structure of these incommensurate layered systems with a large unit
cellis very complex, detailed atomic-resolution studies have recently been performed.
Atomic resolution Z-contrast imaging in conjunction with electron energy loss
spectroscopy in an aberration-corrected scanning transmission electron microscope
(STEM) have shown the clear local atomic structure in this layered cobaltite [271].

The second class of misfit cobaltites is mainly represented by the bismuth
strontium oxide [Bi; 7Sr,04][CoO,]1.82, [252, 254]. The structure of this phase
(Figure 1.31), characterized by the symmetry and the lattice constants a~ 4.9 A,
by ~5.1A, by~2.8A c~29.8A, and B ~93.45°, is also made of single [CoO;],
layers, like other misfit cobaltites. However, between these octahedral layers, the
inserted distorted rock salt layers are quadruple, so that these cobaltites are described
as the n =4 misfits. These rock salt layers consist of double “bismuth-oxygen” layers
sandwiched between two single SrO layers, replacing the triple [Ca,CoOjs], layers in
Ca3Co0409 (n=3) by [Biy.70.351204] layers (n=4) in this new structural type.

Note that the composition of the RS block modifies the number of free carriers in
the CoO, planes and consequently the nominal ratio of Co®" to Co*" ions. Each
octahedron is tilted and compressed with respect to the c-axis. The cobaltite
[Bi1A74SrZO4,,5]RS [Co0,)1 82 is characterized by two aperiodicities, the first one related
to the irrational misfit ratio of the unit cell parameter mismatch between the two
sublattices and the second one related to a displacive longitudinal modulation in the
BiO layers.

There are numerous possibilities of chemical substitution both in the rock salt
layers and in the CdI,-type CoO, layers. Consequently, a large number of homol-
ogous series of compounds were investigated both to explore the structural properties
and to improve the thermoelectric behavior. The difficulty with substitution in misfit
cobaltites is that two different Co sites can be substituted, either in the RS layers or in
the CoO, layers. Various substitutions at the level of RS layers have been reported
in such types of oxides. In particular, the strontium substitution for calcium in
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Figure 1.31 Structure of the misfit cobaltite [Bi; ;Sr,04][CoO,]1 52 made of “CoO,” layers and rock
salt-type “Biy.74Sr,0,” layers.

Ca3C0400, namely, [CoCa;03]*%[C00,]; 62, has been made [273, 274] and the
possibility to introduce partially lead [275, 276], mercury [276, 277], or lantha-
nides [278] instead of cobalt in the rock salt-type layers has been demonstrated. By
this way, a significant enhancement of the room-temperature thermopower has been
reported in [Pbg 4Cog.6Ca;03]*5[Co0,] 61 With the highest value of 165 uV/K [275].

As already emphasized, the ability of TI** cations to sit in the rock salt layers of the
n =3 member was demonstrated with the phases of the system T1-Sr-Co-O [250]. The
structure consists of the first subsystem, that is, the strontium-deficient rock salt
layers [(St9.000.1)0]w, and the second subsystem corresponds to the octahedral
[C00,] layers that exhibit the CdI, structure. The thallium atoms are located
between the two kinds of layers, with a distorted tetrahedral coordination, ensuring
the cohesion of the structure. The combined electron and X-ray diffraction studies
give the lattice constants of the system a~4.9A, by ~5.0A, by~2.8 A, c~11.6 A,
and ~97.7°.

Similar to the misfit structure of Ca3;Co4O, the perfectly homogeneous n=3
misfit cobaltites, [Pbg 7Sr1 9C0g.403][Co0,]1 g and [PbgyHgp 2S171.9C00 ,03][CoO;)1 s,
consisting of regular stacking of CdI,-type [CoO,] layers stacked with triple rock salt-
type layers have been synthesized and identified by HREM [276]. This study shows
the great flexibility of the rock salt layer in the misfit cobaltites, which is able to
accommodate various cations such as mercury, lead, cobalt, and strontium distrib-
uted at random. The substitution can be made in either sublattice, modifying the
lattice parameters and consequently the aperiodic ratio p [274, 279]. There is also a
large number of n =4 misfit cobaltites, corresponding to the substitution of various
cations such as Ba, Ca, Cu, and Pb for strontium in the RS layers of the matrix of
[Bi;.7S1204]1.82C00, as exemplified for (Bi,,Ba; 5,C0p204)(Co0,) [255]. Note that the
Pb for Bi substitution has a strong impact on the structural properties as it completely
suppresses the BiO modulation [280]. However, this misfit ratio may be different
from 1.82 depending on the oxygen content, as it has been observed in [Ca,CoO3]
[CoOy]1.6 [281, 282].
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Table 1.1 List of misfit layered cobaltites with three or four interleaved rock salt layers.

Compositions p = bgs/bcoo2 n (no of rock salt layers) References
Ca,C00.6Pbo.403]%5[Co0, 1.61 3 275

I3
Ca,Co0;]*5[Co0, 1.62 3 259

p

Cay 7Ndo 3C003]R5[Co0, 1.62 3 268

P
[S1,C005]**[C00,], 1.8 3 (283
[Tlo.8C00.251,03]%%[C00,], 1.8 3 [256, 277]
Pbyg.7C0g 351,03]%5[Co0, 1.8 3 276, 277

P
[Hg;_,Co,S1,03]*%[Co0,], 1.8 3 1276, 277]
Ca,(Cop 65CUo 35)204]%[ CoO, 1.60 4 284

Ip

Bi; ;,C00.3Ca,04]*5[Co0, 1.67 4 285

p
Bi; 7451,04]%5[C00, 1.82 4 286

i174S RS[C00,],
BlzBal_g 00.204/[. 00, 2. 4 2
i C00.,04].%%[C00;), 0 55

All these compounds are reported to exhibit interesting physical proper-
ties [254, 255, 280, 285]. Table 1.1 contains the composition of a few compounds
with different interleaved RS layers (n). The composition [Ca,(Cog5Cug 35)204]
[Co0,)1.60 With n =4 exhibits a distinctive feature: it presents two intermediate sheets
containing transition metal, sandwiched in between two [CaO],, sheets [284].

Substitutions in the rock salt layer do not modify the structure of the [CaO] or the
[Co0O,] layers, only the versatile [CoO] layer is slightly modified to accept the new type
of atom [269]. For the substitution of Nd** for Ca®* in Ca3C040,, it has been observed
that the RS layer is more affected than the hexagonal layer and the oxygen vacancies
are located mainly in the RS layer [268]. For the doubly substituted
Caz_, ,Gd,Y,C04009,4 all the lattice parameters of the samples are slightly
decreased, while f does not change significantly [287]. The 4S-type doubly substi-
tuted compounds [Caz,YLnYCuO_HYCou,YO4]RS[COOZ]I, (Ln="Pr and Y) show dou-
ble modulations, one of which is the misfit between the two subsystems and the other
is intrinsic to the rock salt layer, as determined by the ED and HERM studies [288].

The substitutions with transition elements are more difficult to investigate due to
the fact that the transition element has the possibility to sit also in the CoO, layers.
Two n =3 and 4 misfit compounds, [Ti 4C0¢ sCa,03][CoO,]; 62 [289] and [Ca,(Cog es.
Cup 35)204][C00,]1 60 [290], were synthesized with all copper and titanium sitting in
the RS-type layer. Substitutions with transition metal elements in the Ca;Co,Oq-type
structure have also been carried out for Ti, Mn, and Fe [268, 291, 292]. It has been
proposed that the substitution occurs either in the CoO, subsystem based on
consideration of ionic radii [293] or in the RS subsystem based on changes in
magnetic and transport properties [294]. Transmission electron microscopy and
X-ray powder diffraction studies reveal that the substitution of Rh for Co takes place at
the two cobalt sites of the structure but for low enough Rh contents, this substitution
is made preferentially at the level of the CdI,-like layer [295]. The stacking of the layers
along the c-axis in the misfit layered oxides strongly depends both on the cationic
composition and on the thermal process due to the possible mixed valence of the
transition cations [250-253].
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1.8.4
Intergrowth of Hexagonal Perovskite and Cdl,-Type Layers

The topology of the “hexagonal perovskite” BaCoOj;_, structure described in
Section 1.6 is closely related to that of the CoO, layers of the Na,CoO, structure.
Both structures exhibit a similar hexagonal lattice with a ~ 5.6 A for the BaCoO;_,
and a~2.8A for Na,CoO,. As a consequence, these two structures can form
intergrowths, where the octahedral units of face sharing octahedra of the hexagonal
perovskites ensure the connection between the [CoO,], layers of the Na,CoO,-type
structure. This mechanism appears in the cobalt-rich barium cobaltites, as exem-
plified by the oxide Ba,CogQ14, which is thombohedral R3m with a ~ 5.7A and
c~28.9A, and Ba;Coy¢Oy that is also rhombohedral but with different lattice
constants a ~ 5.7 Aand ¢ ~ 35.9 A[296]. The structure of these hexagonal perovskite
CdlI,-type intergrowths can be represented as Ba,, , 1C0,,03,, 3C0gOg, where the n =1
and 2 numbers correspond to the former and latter compositions, respectively.
Figure 1.32 shows the structure of Ba;Co9O14 and BazCo;90;7. The structure of
Ba,Co9014 (Figure 1.32) consists indeed of hexagonal [CoO,] layers similar to those
of Na,CoO,, that is, made of edge-sharing CoOg octahedra with the Cdl,-type
arrangement. These [CoO,]., layers are interconnected through trimeric units of

Ba,Co3C05044 BazCo,Cog047

Figure 1.32 The crystal structure of Ba,CoyO14 and Ba;Co19047. Adapted from Ref. [296].
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Figure 1.33 Interface layer in both Ba,CoyO14 and Ba3Co10;7 consisting of close packed [BaO3]
and [O4] oxygen layers. The octahedral and tetrahedral sites are occupied by cobalt ions, which are
shown as polyhedra; barium and oxygen atoms are expressed as dark and light balls.

face-sharing CoOg octahedra that have the same arrangement as in the hexagonal
perovskites. In other words, hexagonal-type perovskite layers are stacked with
[Co0;]s layers. Nevertheless, it must be emphasized that additional CoO, tetrahedra
are located in the hexagonal perovskite layers at the border with the [CoO,] layers.
The structure of Ba;Co;00;7 (Figure 1.32) shows a more complicated stacking where
the [Co0,], layers are intergrown with double hexagonal perovskite layers made of
units of two face-sharing octahedra as in the 2H structure, but containing CoOy,
tetrahedra at the border with the CoO, layers. Thus, in these structures, there are two
types of polyhedral sites, that is, octahedral and tetrahedral sites, occupied by cobalt
ions. The structures can also be regarded as close packed layers, either [BaO3] or [O4]
with cobalt occupying octahedral interstitial sites. The interface layer contains a close
packed oxygen layer and a [BaOs;] layer as shown in Figure 1.33. The close packed
layers [BaOs] lead to n perovskite layers, whereas the [O,] layers lead to the Cdl,
structure. The structures are complicated with additional cobalt occupying the
tetrahedral sites at the interface between these two structure types.

From these investigations, it appears that many other members should be
generated by varying the Ba:Co:O ratio in this system and that other closely related
cobaltites should be generated in the future, by introducing besides barium smaller
cations like Sr**, Ca**, or Ln*".

1.8.5
Kagomé “114” Cobaltites: LnBaCo,O5 5 and CaBaCo,O; 5

Discovered by Mueller-Buschbaum for the oxide LnBaZn;AlO; [297], the “114”
hexagonal structure has been reported for a series of cobaltites LnBaCo,O; with
Ln =Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y [298-303]. These cobaltites belong to a class of
geometrically frustrated magnets that are also studied by many authors for their
magnetic, electronic, and thermoelectric properties.
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These oxides exhibit a structural transition ata T, temperature ranging from 160 to
~360 K, as the size of Ln** increases from Lu** to Ho>*. The high-temperature (HT)
form is hexagonal, whereas the low-temperature form (LT) exhibits an orthorhombic
distortion of the latter. Note that the yttrium phase is found to be orthorhombic at
room temperature by some authors [304], with T ~ 350 K, whereas other authors find
it hexagonal [298). This divergence may be due to problem of oxygen nonstoichio-
metry that will be discussed further.

At room temperature, most of the LnBaCo4O; cobaltites, exhibit an hexagonal
lattice with a ~ 6.3 Aand ¢ ~ 10.25 A. There s still an ambiguity about the space group
of this phase that can be either hexagonal P63;mc [305] or trigonal P31¢[306]. But this
divergence does not affect significantly the description of the structure even if it is
important for the study of the physical properties. This structure (Figure 1.34) can be
described as a close packed “BaO;” framework, with a 4H (abac) stacking of the Ba
and O atoms (Figure 1.34a-b): one-eighth oxygen atom is replaced by Ba so that this
framework consists of a close packing of “Ba0O;” and “O,” layers. In this hexagonal
close packing, the tetrahedral cavities are occupied by cobalt ions. As a result, this
structure can also be described as a pure tetrahedral framework (Figure 1.34c—d) in
which the CoO, tetrahedra form two sorts of layers, triangular layers (T)
(Figure 1.34f) and kagomé layers (K) (Figure 1.34e), stacked along ¢ alternately,
whereas the Ln*" cations sit in the octahedral sites. In the P6smc lattice [307], there
are two symmetry-independent CoOy, tetrahedra with a ratio of 1: 3 present in this
hexagonal structure (Figure 1.34). The Col and Co2 species are distributed between
the two types of alternating layers of vertex-sharing CoO, tetrahedra forming
magnetically frustrated trigonal nets and kagomé nets. The Co2 sites form the
kagomé sheets. The Col sites with trigonal nets are linked to the kagomé nets along
the c-axis. The separation between these layers is about 2A. The two kinds of
tetrahedra are distinguished by different sets of bond lengths and located in separate
layers that alternate with each other [306, 308].

As stated above, there is some divergence about the exact symmetry of the HT form
of the LnBaCo,O; family. This has been shown for YbBaCo,O- [298, 300, 304]. The
high-resolution powder neutron and synchrotron X-ray diffraction studies have
revealed that the space group of YbBaCo4O; is P31c rather than the P6;mc at room
temperature and it changes from P31cto Pbn2; below 175 K. The transition occurs as
aresponse to a strongly underbonded Ba*" ion and no convincing evidence of charge
ordering on the cobalt ions was expected using bond valence sums calculation. The
severely underbonded barium cation, which exhibits a computed charge of 1.33
according to BVS calculations, defies the structural stability and argues against
stabilizing this structure with smaller divalent cations on the Ba>" site [306].

The LT form obtained by cooling the samples below room temperature reveals an
orthorhombic symmetry, corresponding to the space group Pbn2;, with a~ay
~6.30 A b~ a,H\/3 ~10.90 A, and ¢~ gy ~ 10.23 A. The transition temperature T
decreases practically linearly with the size of the Ln*" cation from 313 K for Ho>* to
170K for Lu** [305].

The nature of this first-order phase transition has been studied in detail by neutron
diffraction for the oxide TmBaCo407 [309] showing that the symmetry lowering from
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Figure 1.34 Trigonal structure of LnBaCo,O;  triangular layers (T) of CoO, (or FeOy)
and CaBaFe,Oy5: (a) hexagonal close packed tetrahedra, (d) view of structure along
“Ba0;” layer parallel to (001), (b) hexagonal <1-10>, showing large distorted tunnels
“ABCB” (hchc) close packing of “BaO;” and running along this direction, (e) kagomé
“O4” layers, (c) perspective view for the trigonal  layer K, and (f) relative positions of the
structure nearly along <1-10>y showing the  triangular layers T with respect to the
alternate stacking of the kagomé (K) and K layers.

P31 to Pna2; symmetry is due to a displacive phase transition, involving a complex
tilting of CoOy, tetrahedra, which are not allowed to rotate as rigid polyhedra.

The discovery of the ferrimagnetic “114” cobaltite CaBaCo,O; [310, 311] sheds
light on the nature of the orthorhombic form observed at low temperature for all the
series LnBaCo40O5. This oxide crystallizes in the orthorhombic Pbn2; symmetry but
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Figure 1.35 Structure of CaBaCo,405, showing the buckling of the kagomé layers: (a) view along
a; (b) view along c. Adapted from Ref. [310, 311].

with a much higher orthorhombic distortion, corresponding to the lattice constants
a~6.288A,b~11.007 A, and ¢~ 10.195 A. Also, the orthorhombic symmetry of this
phase is stable whatever the temperature, comprised between 4 and 400 K, that is, no
transition to the hexagonal phase can be observed by increasing the temperature.
Like, the hexagonal LnBaCo,O; cobaltites, the structure of CaBaCo,O; (Figure 1.35)
consists of an ordered 1: 1 stacking of [BaO3], and [O4],, close packed layers, whose
tetrahedral cavities are occupied by cobalt ions, whereas Ca®" cations sit in the
octahedral cavities. Thus, the [Co40;]., framework consists of a 1:1 stacking of
kagome and triangular layers of CoO, tetrahedra. Quite remarkably, the structure of
CaBaCo,05 differs from the “114” hexagonal structure of cobaltites by a very strong
buckling of the CoO, tetrahedra of the kagome layers. In contrast, the CoO,
tetrahedra remain rather regular with Co—O distances ranging from 1.80 to
2.09 A. The CaOg octahedra are also regular with Ca—O distances comprised between
2.16 and 2.46 A[310]. It will be shown in the next section that this distortion has a very
important impact upon the appearance of ferrimagnetism in this phase. Importantly,
the BVS calculations show that CaBaCo,O- exhibits charge ordering in the cobalt
sites: the Co" cations sit on two sites, Co2 and Co3, belonging to the kagomé layers,
whereas the mixed valent Co®>"/Co*" L species sit on two other sites, Col and Co4,
belonging to the triangular and kagomé layers, respectively [311].

One important feature of the “114” cobaltites is their ability to accommodate
oxygen excess, in spite of the close packed character of the structure, whatever its
symmetry, hexagonal or orthorhombic. It was shown that LnBaCo405 s (Ln ="Tb,
Dy, Ho, Er, Tm, Yb, and Y) cobaltites can absorb and desorb up to 6 = 1.50 oxygen
atom per formula [312, 313), in a very narrow range of temperature, 200-400 °C. The
oxygen uptake or release process is highly reversible, being controlled by both
temperature and oxygen partial pressure [312, 313]. The oxygen absorption and
desorption are very sensitive to the rare-earth size (Figure 1.36) [312].

Note that the hump in the lower temperature region of 200400 °C reflects the
unique ability of the LnBaCo407, s compounds to absorb and then desorb large
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Figure 1.36 TG curves for as-synthesized and above 600°C are due to oxygen
LnBaCo,07,s samples (0.03 <0 <0.14) absorption/desorption and phase
recorded in O, gas flow with a heating rate of ~ decomposition, respectively. Adapted
1°C/min. The two humps at about 200-400°C  from Ref. [312].

amounts of oxygen in a narrow temperature range, whereas the one in the high-
temperature region above 600 °C is due to the phase decomposition of LnBaC0407., s
to BaCoQ;_s. Upon decrease in the ionic radius r,,>", the oxygen release temper-
ature Ty decreases, while the phase decomposition temperature T, increases such
that the safety window, Tr-Tp, widens. However, at the same time the maximum
amount of excess oxygen chargeable into the LnBaCo,0O7, s lattice in 1 atm O,
decreases as the size of Ln*" becomes smaller. The oxygen storage characteristics for
the LnBaCo,405, s system may be optimized about Ln =Tm. Consequently, these
oxides are found to exhibit a great chemical flexibility.

The crystallographic nature of the “oxygen hyperstoichiometric” samples is still a
matter of debate. For instance, in YBaCo,O5, s cobaltite, the sample with 6 = 1.25 was
still found to be hexagonal P6smc [313] suggesting that the crystal structure was
essentially the same as for “O;”, though the broadening of the XRPD peaks may
indicate a possible change in the symmetry, but no real crystal determination was
performed. The presence of an oxygen excess in the hexagonal compounds
LnBaCo40;, s was observed from chemical measurements by several authors, but
the presence of this extra oxygen in the hexagonal P6;3mc structure could not be
detected, even from neutron diffraction studies. Thus, the location of the extra oxygen
in hyperstoichiometric samples, observed from chemical measurements in hexag-
onal P63mc or even orthorhombic Pbn2; “114” cobaltites [306, 313—-316] remains to
date an open issue since nobody has been able to prove its presence in the structure.
Bearing in mind that, the hexagonal P6;mc structure is a close packed structure, the
insertion of additional oxygen in this framework is not likely. In contrast, the close
relationships between this “114” hexagonal structure and that of the cubic spinel

55



56

1 Crystal Chemistry of Cobalt Oxides

Fe;0, suggest that a topotactic oxidation of these cobaltites could take place in a
similar way to the oxidation of Fe;O, into the y-Fe, O3 cationic-deficient spinel. Such a
model would explain, at least for low d-values (6 <0.1), the different physical
properties of the oxygen hyperstoichiometric LnBaCo4O7,s cobaltites, that is,
(LnBaCoy)7,7.+507, with respect to the stoichiometric LnBaCo,O; oxides, though
the structure is the same and cannot be differentiated even from neutron diffraction
measurements.

In any case, the structure of the LnBaCo,O; oxides is flexible, and it can also be
modified topotactically by a large oxygen excess, inducing significant distortions of
the initial hexagonal framework, which can be detected from structure determina-
tion. This is the case of YBaCo,Og, first observed with an erroneous space group
[317] and which was then shown to exhibit an orthorhombic structure Pbc2,, with
a~12.79A, b~10.84 A, and ¢~ 10.15 A [318], closely related to that of YBaCo,0-.

Some possible models have been proposed to know where extra oxygen atoms
might be accommodated [301, 318]. Valldor [298] recognized three possible positions
where the extra oxygen atoms might be incorporated in the YBaCo,O> structure. One
of these sites is just under the kagomé Co(2) triangles and the remaining two sites are
at the center of the Ba anticuboctahedra’s square faces. Based on the synchrotron
X-ray and neutron powder diffraction studies with 0 ~1.1 sample, Chmaissem
et al. [318] have shown that the additional oxygen atoms are ordered in a doubled
superstructure unit cell, where considerable displacements of several of the original
oxygen atoms take place. YBaCo,Og, forms a large orthorhombic superstructure
with respect to its parent YBaCo4O; phase [318]. Figure 1.37 shows a [010] projection
of the structure in which the increased lattice distortions clearly result in significantly
corrugated layers. This figure and the alternating octahedral/tetrahedral zigzag
patterns demonstrate the origin of the a-axis superlattice doubling. In the triangular
lattice of YBaCo,4Os ,, the extra oxygen atoms enter the structure to bond with half the
triangular cobalt ions and form zigzag patterns of Col octahedra (Figure 1.38). The

Figure 1.37  Projection of the YBaCo,Og structure along the [010] direction showing the material’s
structural distortions and corrugated layers. Adapted from Ref. [318].
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Figure 1.38 Side-by-side views of the triangular (a) and Kagome (b) layers for YBaCo,O;
(left) and YBaCo4Og (right). Large and small circles represent Ba and Y ions, respectively.
Adapted from Ref. [318].

octahedra and remaining tetrahedra form alternating zigzag patterns that run
parallel to each other along the b-axis. In the kagomé layer, Co2 octahedra form
directly above and below the Col-octahedra zigzag ribbons directed along the c-axis.
The formation of such zigzag chains of edge-sharing octahedra is extremely rare in
the metal oxides system.

Some of the tetrahedral Co*" —O bond lengths are found to be significantly short
(1.75-1.78 A) compared to their tetrahedral Co*"—O counterparts (1.87-2.02 A). It is
important to note here that the tetrahedral coordination for Co®" is rare, and when
found, the Co’>"—0O bond lengths have been reported to be on the order of
1.78-1.79 A. This instability of tetrahedral Co®" in the parent “O,” material may
drive the strong affinity for oxygen uptake [318].

The excess oxygen atoms form several types of ordering, resulting in different
structural modulations, probably with various excess oxygen contents, and leading to
changes in unit cell size [319].

In contrast to the Na,CoO, oxides and misfit cobaltites, which are characterized
by the mixed valence Co®>"/Co**, the “114” cobaltites exhibit the mixed valence
Co?"/Co*". The Co?*/Co*'ratios are very different in the LnBaCo;**Co® "0 and
in the CaBaCo,2+C0,%10; cobaltites. In the LnBaCo,O- series, there is a lot of
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controversy regarding the charge ordering of cobalt. For example, the structural
transition in LnBaCo4O; (Ln=Lu, Yb, and Tm) was ascribed to the charge
ordering of Co®" and Co®* at the kagomé and triangular sites, respectively [307].
On the other hand, there is no clear evidence of charge ordering either at room
temperature or atlow temperature [298]. Very similar results disagreeing with the
charge ordering are also reported for the Yb phase [306]. A Mossbauer study
suggested no signature of charge ordering in YBaCo,0;,s with 6=0.02 and
0.80 [320]. In the Ni-doped YBaCo,Oy system, it was observed that the structural
transition point shifts to lower temperature with the substitution and that there is
no evidence of charge ordering [321]. This is in contrast to CaBaCo405, for which
charge ordering has clearly been seen whatever the temperature [311].

In the oxygen hyperstoichiometric cobaltites, the cobalt valence increases from
+2.25 in LnBaCo4O; to +2.75 in LnBaCo4Os, reaching +3 in LnBaCo4Ogs. The
oxygen K-edge and cobalt L-edge XANES spectra of YBaCo4O; and YBaCo,Og , [317]
show that the local structure is more complex in YBaCo4Os , than in YBaCo,O5, that
is, the oxygen absorption increases the number of different crystallographic sites for
O and Co atoms and the structure becomes more complicated in terms of Co—O
coordination.

1.8.6
Unidimensional Cobaltite Ca;C0,0¢

In contrast to the bidimensional structures, which are easily synthesized for Sr-rich
cobaltites, such as the RP family, or for Na,CoO, and for the misfit cobaltites,
containing various cations such as Ca*", Sr** Ba®*, TI* +, Bi*", and Pb*", the
stabilization of a cobaltite with an unidimensional structure is not trivial. Ca3Co0,04
is, to our knowledge, the only example of trivalent cobaltite that exhibits a quasi-
unidimensional structure [322-324]. Such an oxide is of great interest due to its
highly anisotropic and unique physical properties.

This oxide crystallizes in the space group R-3c, with the lattice parameters
a~9.08A and ¢~ 10.38 A at room temperature [323]. Its structure (Figure 1.39a)
consists of linear chains [Co0O,],, of face-sharing CoOg octahedra (Co1) and CoOgq
triangular prisms (Co2) running along ¢. The first unique character of this 1D
structure is that one CoOg octahedron alternates with one CoOg trigonal prism along
¢, with an exceptionally short Co—Co distance of 2.59 A within the chain, due to the
fact that the two successive polyhedra share one face. The Ca*" cations are located
between the [C0,0¢]+ chains, with an eightfold coordination, ensuring the cohesion
of this unidimensional structure. The second important character of this structure is
that each chain is surrounded by six similar chains located at a distance of 5.24 A
(Figure 1.39b), forming a triangular arrangement, so that the interchain Co—Co
distance (5.2 A) is much higher than the intrachain Co—Co distance (2.59 A). This
anisotropy is of capital importance for the magnetic properties of this compound, as
will be further discussed in the section. From their different coordinations, the two
kinds of cobalt ions manifest different Co—O distances: the Co—O distances of the
Col octahedra are indeed significantly smaller than those of the Co2 prisms, that is,
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Figure 1.39  Crystal structure of Ca3Co0,0s: projection along the c-axis (right).
a perspective view showing the chains of The calcium cations are shown as small
CoOg trigonal prisms and CoOg octahedra circles located between the chains. Adapted

running along the hexagonal c-axis (left) and a  from Ref. [332].

of 1.91 and 2.06 A, respectively. This size difference has suggested a possible charge
disproportionation in Ca3Co,""'Og of Co®>" into Co*" and Co®". However, the X-ray
absorption study of this phase at the L, 3 edge of cobalt has definitely shown that
cobalt exhibits only the trivalent state [325]. Thus, the different size of Col and Co2
originates from a different spin configuration of cobalt as will be discussed in the
section.

Finally, it must be emphasized that Ca®" can be replaced by Sr*" in the Ca;C0,0¢-
type structure, but this requires a partial substitution of larger cations for cobalt. This
has been observed for the 1D cobalt oxides Sr;CoPtOg [326] and Sr3ColrOg [327]. In
fact, in the case of strontium cobaltites, the 1D structure is in competition with the RP
structure already described for Sr3Co0,0¢, s, so that oxides such as Sr3ScCoOg [328],
Sr3FeCo05 [329], and Sr3NiCoOg [330] crystallize in the RP structure. It was shown
that the stability of the 1D structure of A, ,B,,,103,,,3 oxides depends on the ra/rp
ratio and that the interchain distances should be decreased in order to improve the
stability of that structure [331]. Consequently, in the present cobaltites, that is, for
A=Sr1, Ca and B=Co, M with n=1, the rap/rg should be decreased in order to
stabilize the 1D structure with respect to the RP structure.

1.9
Some Other Original Cobaltites

Besides the above cobaltites that have been thoroughly studied for their attractive
magnetic or transport properties, there exist several other cobalt oxides, whose
structure is attractive and may be of interest for future physical investigations. We
describe here the structures of the trivalent cobaltites CaCo,0,, BagLa,Co,O1s, and
RbCoO, of the divalent cobaltites BaCoO, and Baln,CoOs and of the tetravalent
cobaltites Ba,CoO,. The trivalent cobaltite CaCo,0, exhibits the classical calcium
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Figure 1.40 Crystal structure of (a) Na,CoO, and (b) CaCo,04. 5. The dashed circles indicate the
CoOg octahedron network in the structure. Adapted from Ref. [335].

ferrite structure of CaFe,0,[333-335]. It crystallizes in the orthorhombic structure,
space group Pnma, with lattice constants a ~8.79 A, b~ 2.90 A, and ¢ ~ 10.28 A. The
three-dimensional octahedral framework of this oxide (Figure 1.40b) consists of
double ribbons of edge-sharing octahedra running along b,and sharing their apices
in order to form six-sided tunnels. In the double ribbons, the CoOg octahedra are
arranged in a manner similar to that in the [CoO,]. layers of Na,CoO,
(Figure 1.40a), so that this structure can also be described as a very anisotropic
structure with Na,CoO,-type ribbons, sharing their corners. In this framework, the
six-sided tunnels are occupied by Ca’?" cations. It is quite remarkable that in this
structure, the double ribbons of CoQOg4 octahedra exhibit short intrachain Co—Co
distances, compared to the Co—Co distances between two adjacent ribbons. The
Co—0 bond lengths within the ribbons (~1.943 A) are significantly shorter than the
Co—O distances corresponding to the interconnection between the ribbons
(~1.973 A). This indicates that the cobalt atoms are situated close to the neigh-
boring cobalt atoms in the same chain. Finally, bond valence sum calculations
confirm that cobalt is trivalent, but suggest that there is a very slight tendency to
cobalt disproportionation, with oxidation states of +3.17 and +2.94 for Col and
Co2 sites, respectively.

The trivalent cobaltites BagLn,Co4Oq5, with Ln=1La, Pr exhibit an hexagonal
symmetry, P6;mc with cell parameters a~11.8A and c~7.0A [336, 337]. Their
crystal structure (Figure 1.41) is of great interest: it consists of isolated units
[Co4045])"®” of four polyhedra sharing their apices, that is, one CoOg octahedron
linked to three CoO, tetrahedra. The cohesion of the framework is ensured by the
Ln** and Ba*" cations that are sitting between these tetrameric units.
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Figure 1.41 Bagla,Co,Oq5: projection of the structure along ¢. Adapted from Ref. [336)].

The RbCoO; structure [338] is orthorhombic Phca with a ~ 5.66 A, b~ 11.35 A, and
¢~16.32A and cobalt is also trivalent. This phase exhibits a three-dimensional
framework of corner-sharing CoO, tetrahedra (Figure 1.42) forming six-sided
tunnels, where the Rb™ cations are located. One observes two sorts of tunnels
running along 4 (Figure 1.42a) and a third sort of tunnels running along b
(Figure 1.42b). Consequently, it can be described as an intersecting tunnel structure.

The divalent cobaltite BaCoO, exhibits a great similarity to RbCoO,. The BaCoO,
structure [339] is trigonal, P3,2; with lattice parameters a ~ 5.85 Aand c~6.73A
Like RbCoO,, it consists of a pure 3D framework of corner-sharing tetrahedra
(Figure 1.43) forming two sorts of large six-sided tunnels running along ¢
(Figure 1.43a) and along & (Figure 1.43b), respectively. The Ba?* cations are located
in the <100> tunnels and at the border of the <001> tunnels.

The divalent cobaltites Ln,BaCoOs exhibit two kinds of structures depending both
on the size of the Ln*" cation and on the synthesis conditions [107, 340-345].

The orthorhombic Immm structure is observed for larger and intermediate size
cations, Ln =Nd, Sm, Gd, Dy, and Er, with cell parameters a ~ 3.7 A, ~5.8 A, and
¢~11.7 A. This oxide is exceptional since it is to our knowledge the only divalent

(a) (b)
Figure 1.42 RbCoO;,: view of the structure (a) along d and (b) along b. Adapted from Ref. [338].
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Figure 1.43 BaCoO,: view of the structure (a) along ¢ and (b) along d. Adapted from Ref. [339].

cobaltite that exhibits a unidimensional structure (Figure 1.44). It consists of
octahedral perovskite-type chains of corner-sharing octahedra running along d, the
cohesion of the structure being ensured by the interchain Ba®* and Ln*" cations.

The orthorhombic Pnma structure is observed for Y and for Ln = Dy, Ho, Er, Tm,
Yb, and Lu, with cell parameters a~ 12.2A, b~ 5.7 A, and ¢ ~ 7.0 A. In contrast to the
latter, these oxides exhibit a pyramidal structure (Figure 1.45), which consists of rows
of isolated CoOs pyramids running along b interconnected through Ba*" and Ln*"
cations.

Figure 1.44 Unidimensional structure of Ln,BaCoOs cobaltites, Ln = Nd, Sm, Eu, Gd, Dy, and Er.
Adapted from Ref. [107].
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Figure 1.45 Pyramidal structure of Ln,BaCoOjs cobaltites Ln = Dy, Ho, Er, Tm, Lu, and Y. Adapted
from Ref. [343].

The cobaltite Ba,CoO, exhibits two closely related structures, both made of isolated
CoO, tetrahedra interconnected through Ba®" cations (Figure 1.46). The first form is
orthorhombic Pnma, with a ~7.64 A, b~ 5.85 A, and ¢~ 10.34 A[346, 347], whereas
the second form is monoclinic P2;/n, with a~5.89 A, b~7.61A, c~10.39A, and

(b)

Figure 1.46 Perspective view along ¢ of (a) the orthorhombic and (b) the monoclinic structure of
Ba,Co0,. Adapted from Ref. [346, 348|.
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B ~90°.7 [348]. In both structures, the CoO, tetrahedra form rows running along ¢
and zigzag rows running along b (Figure 1.46a) and @ (Figure 1.46b), respectively. In
fact, the orthorhombic form (Figure 1.46a) differs from the monoclinic form
(Figure 1.46b) by the fact that the apices of its tetrahedra are not all directed toward
the same direction along ¢. Note that the structure of the monoclinic form that
exhibits one abnormally long Co—O bond in its tetradehedra (~2.9 A) is still a matter
of debate. It is also quite remarkable that Ba,CoO, is the only cobaltite, where
tetravalent cobalt exhibits the tetrahedral coordination.
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