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Abstract. Data available in the literature on layered LnAMe,Os,s5 (Ln — rare-earth element (REE); A —
alkaline element (AE) or alkali-earth element (AEE);, Me — 3d-metal) oxides related to the 0112
(YBaCuFeO:s) structural type are summarized and discussed. The methods of preparation, crystal structure
and thermal stability of the LnAMe,Os,5 are described and their thermal expansion, magnetic and electrical
properties are characterized. The influence of the REE and 3d-metal nature as well as the oxygen non-
stoichiometry value on the structure and properties of these phases are analyzed. The influence of the oxygen
sub-lattice state of LnAMe,0Os.s phases on their properties as well as the phase transitions taking place in
these oxides in a wide temperature range are discussed. It is shown that large values of electrical conductivity
and thermo—e.m.f. values of some LnAMe,Os.s phases as well as presence in their structure of the weakly—
bound (labile) oxygen causes possibility of their usage as materials for semiconducting chemical sensors of
gases, oxidation catalysts of hydrocarbons, electrode materials for high-temperature electrochemical devices
(chemical electrical supplies) as well as materials for high-temperature conversion of heat into electrical
energy in thermoelectric generators (thermal electrical supplies).
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1. Introduction

Oxides having perovskite (ABOs) or perovskite-like structure possess a number of interesting

form scientific point of view and important for practical using properties. The representatives of
perovskite family are ferroelectrics (including BaTiOs; which also possess positive temperature
coefficient of resistivity (PTCR) [1]), high-temperature superconductors (HTSC) (YBaCu3O7s,
Ba(Pb,Bi)Os [2]), proton (BaZrOs [3]) and oxygen-ion conducting (LaGaOs;, LaCoO; [4,5]) solid
electrolytes (SE), chemical reactions catalysts [S] and chemical sensors of gases [6,7], LaMnOs;
derivatives which demonstrate colossal magneto-resistive effect (CMR) [8] etc. Recently some
perovskites as prospective oxide thermoelectric for high-temperature thermoelectric conversion devices

were proposed (La(Co,Ni,Ti)O; [9] and (Ba,Sr)PbO; [10] ceramics.
Last decades a great interest attempt oxygen-deficient layered LnAMe,Osis (Ln — rare-earth

element (REE); A — alkaline element (AE) or alkali-earth element (AEE); Me — 3d— metal) oxides,

1



which structure from simple perovskite structure owing to arrangement of REE and AE (AEE) ions in
their structure is formed. When 0 <98 <1, arrangements of REE/AE(AEE) cations in LnAMe;Os.5
phases is accompanied by arrangement of oxygen ions vacancies in their crystal structure (namely in —
LnQOs— layers).

Perovskite (ABOs3) structure can be imagined as three-dimensional frame structure constructed
from corner-sharing MOg octahedra. The A—cations are located in the holes of this structure and by 12
O anions are coordinated [11]. Layered perovskite-like LnAMe,Os.s oxides have so-called 0112 or
YBaFeCuOs structure which had been determined for the first time in [12]. Structure of YBaFeCuOs
can be described as an ordered oxygen-deficient perovskite which exhibits a great similarity to the
YBa,;Cu3075 HTSC structure [2]. The barium of barium and yttrium (REE) ions form planes
perpendicular to ¢ axis, which alternate according to the sequence ...Ba—Y—Ba..., whereas the
sequence ...Ba—Ba—Y—Ba-Ba... is observed for the YBa,Cu;07_s structure. Moreover, the vacancies of
oxygen are located at the same level as the yttrium ions in these structures, so that they both exhibit
layers of polyhedral whose cohesion is ensured by yttrium ions. The layers [—(Cu,Fe)Os—], of
YBaFeCuOs are themselves built up from double layers of corner-sharing CuOs and FeOs pyramids,
whereas triple polyhedra layers are observed in HTSC YBa,Cu3075. In both compounds the barium
ions are located inside the layers [12]. So, YBaFeCuOs structure can be imagined as sequence of layers
—Y—(Cu,Fe)O,-BaO—(Cu,Fe)O,—Y. There are three non-equivalent positions in 0112 structure for
oxygen ions: O1 positions in the —-BaO- layers, O2 positions in —(Cu,Fe)O,— layers and O3 positions in
—Y- layers (fig. 1). The O3 positions in YBaFeCuOs are fully empty (fully occupied by oxygen ion
vacancies) but for other 0112 compounds these positions can be partially or fully occupied.

Layered LnBaMe;Os:5 (Ln — REE; Me — 3d— metal) compounds demonstrate the phase transition
“insulator to metal” (YBaMn,Og [13], PrBaCo0,0s.5 [14]) and catalytic activity in reaction of oxidation
of hydrocarbons by atmospheric oxygen (YBaFeCuOs—based materials [15]). These compounds may
be used as materials for semiconducting sensors of gases [6,16], cathodes for intermediate-temperature
solid oxide fuel cells (IT SOFC) [17-20], membranes for gas separation (possess high oxygen
permeability GdBaCo,0s.5 [19]), thermoelectric materials for high-temperature conversion of heat into
electrical energy [21,22]. LaAMn;0Os:s (A — K, Rb, Cs) phases exhibit negative giant magneto-
resistance (GMR) [23].

The riches of properties of LnAMe,Os;:5 phases are caused by that cations of 3d—metals in their
crystal structure can exist in different charge and spin states which strongly depend on radius and
charge of Ln(A) cations, the oxygen non-stoichiometry index (3) of these phases and also an ordering
degree of their oxygen sub-lattice. All the 0112 compounds can be divided in two groups: LnAMe;Os.s
phases which contain only one 3d-metal (layered manganites LnBaMn,Os.s [13], cobaltites
LnBaCo,0s.5 [14, 17-19] etc.) and LnAMe’Me”Os.s phases which B cationic sub-lattice filled by
equal quantities of two 3d-—metals (layered ferrocuprates LnBaFeCuOs.s [12,16,21], ferrocobaltites
LnBaFeCoOs.5 [20,22] etc.). Properties of the LnAMe’Me”’Os;5 layered oxides can depend also on the
ordering degree of different B—cations in their crystal structure.

2. Synthesis and crystal structure

Usually the LnAMe,Os.5 (Ln — REE; A — AE or AEE; Me — 3d— metal) compounds prepare by
ceramic method from binary oxides and carbonates of corresponding metals at conditions depending on
the nature of 3d—metals (annealing temperature, oxidizing or reducing atmosphere, thermal prehistory
etc.). Alternative method of preparation of LnAMe,Osis phases are wet-chemical methods (co-
precipitation, sol-gel etc.) which allow to obtain high density ceramics at rather low temperatures.



The 0112 phases are the double perovskites, so their crystal structure is mainly tetragonal with
unit cell doubled along c axis: a =b = a,, ¢ = 2a, (1:1:2). In some cases, ordering of oxygen vacancies
in the —LnOs— layers in LnAMe,Os.5 oxides structure lead to the formation of different types
superstructures: a < b = a,, ¢ = 2a, (1:1:2), a =b =2a,, ¢ =2a, (2:\2:2), a = a,, b> ¢ = 2a, (1:2:2),
etc (most typical for the layered cobaltites). On the other hand, lowering of the 0112 symmetry
sometimes caused by the rotation or tilting of the MeO,, polyhedra (n =5, 6) with formation of different
distorted structures (most pronounced for layered manganites etc.).

2.1. LnAMe;Os:5 (LN - Y, REE; A - AE, AEE; Me - Cr, Mn, Fe, Co) phases

The LnACr;0s.5 (Ln — Nd, Gd; A — Na, K, Cs, Ba, Sr, Mg) compounds were prepared by ceramic
method from Nd,03, Gd,03, Cr,03, MgO and alkaline and other alkali elements carbonates in air in
three stages: annealing at 673—1073 K for 10 h, grinding, then annealing at 1073—1773 K for 20 h and
after that low-temperature annealing at 673 K for a long time for homogenization of the samples with
oxygen [24].

Oxides of composition LaAMn,0Os:5 (A — K, Rb, Cs) were prepared by dissolving required
quantities of A,COs, La,0O3 and MnC,04-2H,0 in 1:1 HNO3, evaporating the solution to dryness and
annealing the dried mass in air at 1023—1173 K for varying durations. Samples were also synthesized
by the citrate method followed by prolonged annealing in oxygen at 1023 K to obtain a high oxygen
content in LaAMn,Os.5 (A — K, Cs). Single-phase products LaAMn,0Os.s (K, Rb) were obtained by
reaction at 1173 K for 24 h with one intermittent grinding, while the LaCsMn,0Os.s compound was
obtained by reaction at 1073 K for 24 h [23].

Ordered LnBaMn,Og layered perovskites have been prepared in three stages [25]. At firth the
ceramic samples of LngsoBagsoMnOs (Ln — REE) perovskites were prepared using ceramic method.
Oxides Ln;O3;, Mn,0O; and barium carbonate BaCO; were weighed in designed cation relation
(Ln:Ba:Mn = 1:1:2) and thoroughly ground in an agate mortar by adding of some quantity of ethil
alcohol. The prepared mixtures were pressed as pellets and then annealed in air at 1373 K for 2 h with
following grind. The synthesis was carried out in air at 1823 K for 2 h. In order to obtain ceramics with
oxygen content close to the stoichiometric one the samples were placed on Pt substrate, annealed in air
at 1173 K for 100h and then cooled to the room temperature at a rate of 100 K-h™'. On the second stage
the reduced LnBaMn,0s samples were prepared by a topotactic reaction method. The samples were
placed in evacuated SiO, ampoules with some quantity of metallic Ta as an oxygen getter. Ampoules
were exposed at 1173 K for 24 h and then cooled down to the room temperature at a rate of 100 K-h™'.
The equation for the reduction chemical reaction is the following:

2Ln0,50Ba0,50Mn03 + 0,4Ta —> LnBaanO5 + 0,2T3205. (1)

On the third stage the reduced samples were re-oxidized in air at 1173 K for 5 h. The oxidation reaction
can be described by an equation:

LnBaMn,0s + 0,50, — LnBaMn,Og. 2)

On the first stage of the synthesis the cubic LngsoBagsoMnOs perovskites with random
distribution of Ln’" and Ba®" ions on the A site of the perovskite (ABO3) cell. The reducing of the
samples lead to the ordering of Ln’" and Ba®" ions along c axis of the manganites structure with
formation of the double perovskites of 0112 type (LnBaMn,Os). Oxidation of the LnBaMn,Os samples
by the atmospheric oxygen allow to obtaine from the oxygen-deficient layered LnBaMn,Os compound
the oxygen stoichiometric double perovskite LnBaMn,Og [25].

The YBaMn,0s:s compound is unstable in air so its preparation is carried out in reducing
atmospheres [26]. Stoichiometric quantities of the Y,03;, BaCO3; and Mn3;O4 were finely mixed and
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grinded in an agate mortar and pestle. The mixture was placed in a tube having atmosphere of flowing
high-purity Ar gas (99.9995%, O, <2 ppm) and annealed for a long time at the temperatures of 1193—
1373 K. It was found, that reaction proceeds in two stages. On the first stage the formation of YMnOs3 5
and BaMnOs_s from the initial components is obtained:

3Y,03 + 6BaCO3; + 4Mn304 = 6YMnOs_5 + 6BaMnO3_5 + 6CO + 650,. (3)

On the second stage the formation of YBaMn;Og:5 from the yttrium (YMnOs_s) and barium manganites
(BaMnOs_;) took place [26]:

YMnO;_s + BaMnO;_s - YBaMn,Og:s. 4)

YBaMn,Os.5 phase can be prepared directly from the YMnO;_s and BaMnOs_s precursors. The
formation of YBaMn,Os.5 on the reaction (4) is finished after annealing of precursors mixture in an
flowing Ar at 1273 K for 65 h [26].

The LnBaFe,0s.5 compounds after unstable in air so their synthesis should be performed in a strongly
reducing atmosphere. The preparation method of these compound can be featured on an DyBaFe;Os:s
example [27]. Amorphous precursor for synthesis of DyBaFe,;Os.5 was obtained from Dy,0s, metallic Fe
and BaCO; by liquid mixing in a citrate melt. Calcination was performed at 1173 K in an atmosphere of Ar,
H; and H,O having log(po,, bar) = —16; yielding a single-phase powder. The master sample was sintered at
1273 K under log(po,, bar) =—15,2. The equilibrated samples were quenched into a metal container filled
with high-purity Ar (<2 ppm O,, dried over a P,Os decissant) [27].

Ceramic polycrystalline samples of LnBaCo,0s.5 had been prepared using the conventional
solid-state reaction method. Stoichiometric amounts of Ln,03, BaCOs and CoO had been thoroughly
mixed and then calcined at 1173 K for 12 h in air. The calcined powder had been re-ground and
sintered at 1273 k for 15 h in air. The final step consisted of re-grinding these sintered powder, pressing
into pellets and then sintering in air at 1373 K for 24 h [28].

SmBaCo,0s.5 compound was also synthesized via combustion process combined with a solid
state reaction method, using undissolved Co30j4 as a starting material [29]. The flow chart is given in
fig. 2. Ba(CH3COO),, Co304 and Sm,Os5 served as the raw materials for the necessary metal ions. First,
Sm203 was dissolved in HNO3, than Ba(CH3COO), and Co304 were added into Sm3+ solution under
stir. Subsequently, citric acid with molar ratios of soluble metal:citric acid of 1:1,5 was added and pH
value was adjusted to about 7 with ammonia. The suspension was heated and stirred continuously at
353-363 K till to ignition and combustion, getting as-prepared powders. And subsequently as-prepared
powders were calcined at various temperatures (923—1173 K) in air to yield th expected powders [29].
According to [29], the formation of SmBaCo,0s.5 proceeds in three stages (5-7):

3BaCO; + Co304 — 3BaCo0s s+ 3CO,, 5)
2XB3.C003_5 + (l—x)Sm203 + 1.5(1—X)C0304 —> 2Sm1_xBaxC003_5, (6)
2Sm1,xBaxC003,5 —> SmBaC0205+g,. (7)

On the first stage (5) the formation the barium cobaltite BaCoOs 5 was occurred, which react with the
Sm,0; and Co304 on the second stage (6) with formation of perovskite solid solution Sm;_,Ba,CoOs_s.
On the third stage (7) Sm;_Ba,CoOs 5 solid solution (random distribution of Sm*" and Ba*" ions)
transforms into layered oxygen deficient double perovskite SmBaCo,0s:s (Sm®" and Ba®" ions
arranged along the c axis).

In [19] the LnBaCo0,0s:5 (Ln = La, Y, Pr, Nd, Sm and Gd) composite oxides were synthesized via
combined EDTA-—citrate complexing sol-gel process. Ba(NOs3),, Co(NO3),'xH,O and Ln(NO3);xH,O
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(all reagent grade) served as the raw materials for the necessary metal ions. Separate 1 M solutions of
the nitrates were prepared, and their precise concentrations were determined by titration with EDTA.
From these solutions, solutions were prepared with molar ratios of total metal ions:EDTA:citric acid of
1:1:2, and their pH values were adjusted to ~6 with NH4OH. The solutions were heated continuously at
363 K until sufficient water had evaporated that a transparent purple gel was obtained. This gel was
pre-fired at 523 K and subsequently calcinated at various temperatures for 5 h under an air atmosphere
to yield desired oxide powder products. These oxide powders were pressed into disks under
approximately 1.5-10° Pa hydraulic pressure. The resulting green disks were further sintered at 1373—
1423 K for 25 h in air. During this time, the heating and cooling rates were controlled at 1-2 K-min .
The sintered ceramics had relative density within ~96-99% [19].

LnACr,0s:5 (Ln — Nd, Gd; A — Na, K, Cs, Ba, Sr, Mg) compounds had tetragonal structure with
lattice constants @ = 10.74-10.93 A, ¢ = 15.94-19.86 A (table 1). The values of the lattice constants of
LnACryOs;s oxides show that they are characterized with superstructures of (2V2:2N2:4) type:
a=b= 2\/2ap, ¢ =4a,. It is interesting, that values of ¢ parameter of LnACr,0Os.5 phases depend on the
nature of lanthanide and alkaline/alkali earth metals larger than values of a parameters. This fact show
that increasing of Ln’" or A"(A*) ionic radius lead to the expansion of LnACr,Os.s phases unit cell
along c axis and slightly involve on the inter-atomic distances in the basal plane of these oxides crystal
structure.

Table 1. Structure and lattice constants of LnAMe,Os.5 (Ln — Y, REE; A — AE, AEE; Me — Cr, Mn, Fe, Co) phases

Compound Structure* | Space group | a, A (o, ) b, A, o, Ay, a,, Ax* Ref.
1 2 3 4 5 6 7 8
NdNaCr,0s T - 10.88 - 19.83 4.186 [24]
NdKCr,05 T - 10.87 - 19.86 4.186 [24]
NdCsCr,0s T - 10.93 B 19.60 4.183 [24]
GdNaCr,0s T - 10.78(1) - 15.94(6) 3.868 [30]
GdKCr,05 T - 10.74(1) - 17.73(3) 3.998 [30]
GdCsCr,0s T - 10.85(6) - 19.83(3) 4.178 [30]
NdMgCr,0s 5 T - 10.87 - 17.68 4.027 [24]
GdBaCr,O:s s T - 10.77 B 17.90 4.018 [31]
GdSrCr,0s 5 T - 10.79 - 16.72 3.933 [32]
GdMgCr,0s 5 T - 10.79 - 16.54 3.919 [33]
LaKMn,Os 53 T - 7.745(1) - 7.020(2) 3.748 [23]
LaRbMn,Os 5 T - 7.773(1) - 7.149(1) 3.780 [23]
LaCsMn,0Os 0 - 5.511(2) 5.463(3) 7.311(4) 3.805 [23]
LaKMn,Os T - 7.781(5) - 21.133(2) 4.308 [39]
YBaMn,0s T P4/mmm 3.9204(1) - 7.6614(3) 3.890 [34]
YBaMn;Os ¢ T - 3.9221(3) - 7.6643(8) 3.892 [35]
YBaMn,O; T Pa/mmm 5.547 - 7.649 3.889 [36]
- 551974 (8) | 5.51379(8) | 7.60319(10
YBaMn,Og Tr Pl (90.017(§); (90.280((1))) (90.10651))) 3.868 [37]
YBaMn,Oy M P2 5.5181(4) (S'(f éggg) 7.6443(3) 3.874 [13]
YBaMn,Oy M(pT) - 3.901(9) 3.898(1) 7.602(2) 3.869 [38]
(90,2(1))
LaBaMn,Os s 0 Ammm 3.8564(2) 8.1883(4) | 15.4734(8) 3.938 [40]
LaBaMn,Os s C Pm3m 11.039 - - 3.680 [41]
LaCaMn,O:s s C Pm3m 10.890 - - 3.630 [41]
PrBaMn,0 T - 3.900 - 7.775 3.896 [25]
NdBaMn,Os 5 C Pm3m 11.007 - - 3.669 [41]
NdBaMn,0 T - 3.899 - 7.756 3.892 [25]




1 2 3 4 5 6 7 8
NdCaMn,Os 5 C Pm3m 10.789 - - 3.596 [41]
SmBaMn,0 T - 3.900 - 7.712 3.885 [25]
EuBaMn,04 0 - 3.917 3.835 7.764 3.878 [25]
GdBaMn,0s 5 T - 10.957 - 31.684 3.903 [42]
GdBaMn,0 T - 3.901 - 7.651 3.876 [25]
TbBaMn,O4 T - 3.899 - 7.645 3.873 [25]
LaBaFe,0s 5 T - 11.13 N 19.01 4.191 [43]

LaStFe,Os s T - 10.81 - 16.38 3911 [43]
LaCaFe,0s 5 T - 11.15 - 19.00 4.195 [43]
LaMgFe,Os 5 T - 11.06 - 17.05 4.024 [43]

NdBaFe;0s 4671 T - 3.9498(3) - 7.7638(9) 3.927 [44]

SmBaFe;0s 345) T - 3.9433(3) - 7.7143(8) 3.914 [44]

SmBaFe,0s 02, T - 3.9272(6) - 7.8237(28) 3.922 [45]

DyBaFe,05 0 Pmmm 3.93855(1) | 3.92433(1) | 7.57344(1) 3.883 [27]
YbBa,Fe,0s 5 0 - 10.74(1) 10.99(1) 17.16(2) 3.985 [46]
YbSrFe,0s 5 0 - 10.74(1) 10.93(1) 16.64(5) 3.937 [46]
YBaC0,0s .1 T - 3.878 - 7.495 3.834 [47]
YBaC0,0s 3 T - 3.873 - 7.503 3.832 [48]
YBaC0,0s.417) 0 Pmmm 3.854(0) 3.846(7) 7.485(0) 3.814 [19]
LaBaC0,0:s 0 C - 3.885 - - 3.885 [49]

LaBaC0,0s 241, C Pm3m 3.886(1) - - 3.886 [28]

LaBaC0,0s o5, 0 Pmmm 3.898(1) 3.891(5) 7.718(2) 3.883 [19]

PrBaC0,0s 531, 0 Pmmm 3.910(4) 7.830(6) 7.635(3) 3.881 [28]
PrBaCo,0s1 0 Pmmm 3.8981(1) 7.7069(2) 7.6354(2) 3.856 [51]
PrBaC0,0:; 5 0 Pmmm 3.9049(1) 7.8733(2) 7.6084(2) 3.882 [53]
PrBaC0,0s.4 0 Pmmm 3.9068(1) 7.8807(1) 7.6145(2) 3.884 [14]

PrBaC0,0s 774, 0 Pmmm 3.896(4) 3.890(0) 7.612(7) 3.864 [19]
NdBaCo,0s 6, T - 3.900 - 3.802 3.867 [49]

NdBaC0,0s s7s) 0 Pmmm 3.903(8) 7.821(3) 7.612(6) 3.873 [28]
NdBaC0,0s ¢ 0 Pmmm 3.90124(7) | 7.8156(2) | 7.60671(9) 3.871 [57]

NdBaC0,0s 60(0) 0 Pmmm 3.889(1) 3.872(7) 7.599(3) 3.853 [19]

SmBaC0,0s 3004, 0 Pmmm 3.892(2) 7.842(7) 7.567(4) 3.865 [28]

SmBaC0,0s g5, 0 Pmmm 3.885(2) 3.866(0) 7.569(2) 3.845 [19]

EuBaC0,0s 3004) 0 Pmmm 3.891(7) 7.847(7) 7.558(7) 3.864 [28]
EuBaC0,0s 4 0 Pmmm 3.8823(1) 7.8187(2) 7.5481(2) 3.855 [50]

GdBC0,05.433, 0 Pmmm 3.878(5) 7.836(4) 7.544(2) 3.856 [28]
GdBaC0,0s 45 0 Pmmm 3.8735(1) 7.8183(1) 7.5300(1) 3.8487 [54]

GdBaC0,0s ¢4(1) 0 Pmmm 3.861(9) 3.860(4) 7.519(8) 3.827 [19]
TbBaC0,0s 4 0 - 3.886 3.860 3.737 3.827 [49]

TbBaC0,05.410) 0 Pmmm 3.877(4) 7.833(0) 7.533(4) 3.853 [28]
TbBaCo,0s 5 0 Pmmm 3.9065(1) 7.7371(3) 7.5152(4) 3.844 [55]

DyBaC0,0s 50, 0 Pmmm 3.891(4) 7.770(6) 7.533(6) 3.847 [28]
DyBaC0,0s 4 0 Pmmm 3.860(1) 7.811(1) 7.506(1) 3.839 [52]

HoBaC0,0s 4001, 0 Pmmm 3.8698(1) 7.8167(1) 7.5179(1) 3.845 [56]

HoBaC0,0s 509, 0 Pmmm 3.883(9) 7.754(2) 7.508(7) 3.838 [28]
HoBaCo,0s 3 0 Pmmm 3.873(1) 7.751(1) 7.498(2) 3.832 [52]

* C — cubic, T — tetragonal, pT — pseudotetragonal, O — orthorhombic, M — Monoclinic, Tr — triclinic
** Calculated using literature data

The LaAMn,Os:5 (A — K, Rb, Cs) phases adopt an ordered superstructure of perovskite. The
LaKMn,Os.s and LaRbMn,Os,s are tetragonal (a=~7.75A, ¢=7.10A) but the LaCsMn205+8
compound is orthorhombic (¢ =5.511 A, 5=5.468 A, c=7.311 A) indicating (2:2:2) (a = b > ¢ = 2a,)




and (V2:\2:2) (a>b~ \/2a,,, ¢ = 2a,) superstructures, respectively. Lattice constants of LaAMn,Os.5
compounds increase at alkaline element ionic radius increasing (table 1).

LnBaMn,0s.5 compounds had a tetragonal structure with supercell of (1:1:2) type (a = b = 2a,,
¢ =2a,) [25,34,35], though some authors describe their as cubic (a =3a,) [41] or tetragonal with
superstructure of (2V2:2V2:8) type (a=b 2\/2a,,, c¢=28a,) [42] (table 1). According to [40],
LaBaMn,Os 5 adopt orthorhombic structure (sp. gr. Ammm, a =3.86 A, b=28.19 A, ¢ =15.47 A) with
superstructure of (1:2:4) type (a=a, b=2a, c=4a,). YBaMn,Os at a room temperature has
monoclinic  structure (sp.gr. P2, Z=2, a=55181(4)A, b=55142(4)A, c=7.6443(3) A,
B =90.267(4)°) with superstructure of (V2:2:2) type (a>b = \/2ap, ¢ = 2a,), which transforms at 520
K into triclinic one (sp. gr. Pl, Z=2, a=5.4948(15) A, b=5.4920(14) A, c=7.7174(4) A,
a = 89.804(20)°, B =90.173(20)°, y=91.160(4)°) [13]. In a whole, lattice constants of LnBaMn,Os.;s
slightly depend on the Ln”" ionic radii (see fig. 3a), nevertheless the linear decreasing of the unit cell

volume of LnBaMn;0s.5 oxides at decreasing of R;,3+ had been detected [25].

Ferrites LnAFe;Os:s (Ln — REE; A — AEE) adopt tetragonal or orthorhombic structure with
superstructure of (1:1:2) (a>b =~ a,, c=2a,) or (2V2:232:4) type (a > b~ 2\2a,, ¢ =4a,) (table 1).
They lattice constants, as a rule, decreased at decreasing of REE or AEE ionic radii (table 1). Values of
the unit cell parameters of LnBaFe;Osis compounds strongly depend on their oxygen non-
stoichiometry. As can be seen from the fig. 4, the SmBa,Fe;Os,5 structure is orthorhombic at low
(8 <0.05) and transform into tetragonal at 6 > 0.05. The a parameters of SmBaFe,Os.5 decreases but ¢
parameter increases when 0 increases, that resulting in the increasing of tetragonal distortion degree of
SmBaFe,0s:5 compounds with § increasing.

The LnBaCoOs;s (Ln — REE) layered cobaltites adopt cubic structure for Ln=La [28,49],
tetragonal one for Ln=7Y with superstructure of (1:1:2) type (a=b=a, c=2a,) [47,48] and
orthorhombic one for other lanthanides with superstructure of (1:1:2) type (a > b =a,, ¢ =2a,) [19] or
(1:2:2) type (a = ap, b =2a,, c =2a,) [14,28,50-57] due to ordering of oxygen ion vacancies in their
structure (table 1). According to [49], NdBaCo,0s6, and TbBaCo0,0s 69 had no superstructure and are
tetragonal and orthorhombic perovskites, respectively. The lattice constants of the LnBaCoOs.s phases

decrease at Ry,3*+ decreasing which most pronounced for ¢ parameters (fig. 3b). So, increasing of the
lanthanide ionic radii in LnBaCoOs.5 leads to the preferential expansion of the crystal structure along ¢
axis (perpendicular to the -CoO,— layers).

2.2. LnAMe’Me”0Os.5 (LN - Y, REE; A—Ba, Sr; Me’, Me” — Mn, Fe, Co, Cu) phases

YBaMnCoOs;s compound had been prepared from amorphous precursors obtained by liquid
mixing in melted citric acid monohydrate. Standardized Y,O3; had been dry-mixed with the citric acid
and dissolved upon melting assisted by a small amount of H,O. Manganese and cobalt had been
dissolved in dilute HNO; and gradually added into the melt, while the mixture had been warmed up
until nitrose gases ceased to develop. After cooling below 373 K, redistilling H,O had been added and
BaCOs; had been dissolved. Resulting clear viscous melt had been decomposed into an organic-based
xerogel at 453 K, powdered in a vibration mill, and incinerated in air for 5 days in a tall porcelain
crucible at 673 K. The crucible had been covered with a lid for the first 24 h. Such a procedure yielded
a dense, highly sinterable, X-ray amorphous nanopowders of oxides—hydroxides—carbonates. This
precursor had been converted to a single-phase oxide product already after 12 h of calcinations at 1133
K in flowing atmosphere of Ar/H, (log(po,) = —14.85). The powder obtained from calcinations process

had been pressed into pellets and sintered for 24 h at 1313 K in argon (99.999% Ar; nominal content 2
ppm O, and 3 ppm H,0) dried by passing through a column containing P,Os [58].



The other LnBaMe’Me”Os.5 (Ln — Y, REE; Me’, Me” — Fe, Co, Cu) compounds and Y SrFeCuOs
were prepared using conventional ceramic method from corresponding oxides and carbonates in air at
1173-1473 K for a long time with a maximal temperature 1473, 1273 and 1183-1233 K for
LnBaFeCoOs.;5 [21,59], LnBaFeCuOs.s [60] and LnBaCoCuOs;s [61] phases respectively.

The YBaCoCuOs sample had been also prepared from liquid-mixed citrate precursors [62].
Reagent grade Y,03;, BaCO; and CuCO;-Cu(OH),-0.5H,0 had been dissolved in boiling citric acid,
and CoC,044H,0 dissolved in hot concentrated HNO; had been added to this solution. The clear
citrate gel was then dehydrated at 453 K and the resulting product had been finely milled and
incinerated in air at 723 K. The pressed powders had been fired four times for 60 h at 1223 K in an
atmosphere of purified oxygen and re-homogenized after each firing. The last firing cycle had been
followed by 30 h of annealing at 643 K in the same oxygen atmosphere [62].

YBaMnCoOs o had tetragonal structure  (sp.gr. P4/mmm, a=b=3.89198(0)A,
¢ =7.59783(2) A) with superstructure of (1:1:2) type (a= b = 2a,, ¢ = 2a,) and its crystal structure did
not change in temperature interval 10—460 K [58].

The LnBaMe’Me”Os.s (Ln — REE; Me’, Me” — Fe, Co, Cu) compounds adopt cubic structure for
Ln=La due to the random distribution on the A site of perovskite (ABOs) cell and tetragonal one
(superstructure of (1:1:2) type (a = b = a,, ¢ = 2a,)) for other compounds (table 2, fig. 5).

Table 2. Structure and lattice constants of LtAMe’Me”Os.s (Ln — Y, REE; A — Ba, Sr; Me — Mn, Fe, Co) phases

Compound Structure* | Space group a, A b, A c, A a,, Ax* Ref.

1 2 3 4 5 6 7 8
YBaMnCoOs T Palmmm | 3.89198(0) - 7.59783(2) 3.866 [58]
YBaFeCoOs 5 T P4/mmm 3.9029(23) — 7.5538697) 3.860 [59]
LaBaFeCoOs 97 C Pm3m 3.9085(10) — — 3.909 [63]
PrBaFeCoOs 7 T Palmmm 3.918(2) - 7.725(6) 3.899 [64]
NdBaFeCoOs g5 T P4/mmm 3.909 — 7.695 3.888 [21]
SmBaFeCoO:s 37 T P4/mmm 3.908 — 7.662 3.882 [21]
GdBaFeCoOs 37 T P4/mmm 3.908 — 7.613 3.874 [21]
TbBaFeCoOs 3; T P4/mmm 3.9000(21) — 7.5922(65) 3.865 [59]
DyBaFeCo0:s 34 T P4/mmm 3.8973(21) — 7.5679(62) 3.859 [59]
HoBaFeCoO:s 55 T P4/mmm 3.8970(24) — 7.5507(73) 3.856 [59]
YBaCoCuOs T P4/mmm 3.8679(1) — 7.5674(2) 3.840 [62]
YBaCoCuOs, T - 3.874(5) - 7.571(10) 3.844 [65]
YBaCoCuOy o5 T P4/mmm 3.867(2) — 7.567(7) 3.839 [66]
LaBaCoCuOs ., T Palmmm | 3.9352(3) - 19.538(2) 3.925 [67]
LaBaCoCuOs ¢ 0 Prmmm 3.92233) | 3.9360(3) | 11.7073(3) 3.920 [68]
LaBaCoCuOs g, C Pm3m 3.9228(12) — — 3.923 [63]
PrBaCoCuO; 50 T Palmmm 3.915(2) - 7.685(8) 3.801 [64]
NdBaCoCuOs o, T Palmmm 3.906(2) - 7.648(7) 3.878 [61]
SmBaCoCuOs o4 T Pd/mmm 3.904(2) _ 7.609(6) 3.871 [61]
GdBaCoCuOs ¢ T Palmmm 3.891(2) - 7.592(6) 3.859 [61]
DyBaCoCuOs T Palmmm 38722) - 7.562(7) 3.841 [66]
HoBaCoCuOs ., T Palmmm 3.867(2) - 7.554(5) 3.837 [69]
YBaFeCuOs g, T Pdmm 3.867 — 7.656 3.854 [12]
YBaFeCuOs.s T - 3.8719(9) - 7.6632) 3.858 [70]
YBaFeCuOs, 5 T - 3.872(5) - 7.681(10) 3.861 [65]
YBaFeCuOs g3 T — 3.878 — 7.672 3.864 [71]
YBaFeCuOs T Palmmm | 3.874002) - 7.6676(5) 3.861 [72]
YBaFeCuOs.s T Pdmm 3.8707(2) — 7.6711(4) 3.859 [73]
YBaFeCuOs i, T P4/mmm 3.8796(5) — 7.6653(7) 3.864 [74]
YBaFeCuOs o5 T Pamm 3.867(7) - 7.661(5) 3.855 [75]
YBaFeCuOs T Palmmm | 3.8736(2) - 7.6637(3) 3.860 [76]




1 2 3 4 5 6 7 8
YBaFeCuOs 4 T P4/mmm 3.865 — 7.656 3.853 [60]
YSrFeCuOs, s T P4/mmm | 3.8317(1)*** — 7.6076(4)*** 3.822 [77]
LaBaFeCuOs ¢ C — 3.9256(6) — — 3.926 [78]
LaBaFeCuOs 4, C Pm3m 3.924 - - 3.924 [60]
LaBaFeCuOs.s C Pm3m 3.9250(2) — — 3.925 [79]
LaBaFeCuOs. s 0 Immm 5.5604(1)" | 5.5537(1)" | 7.8163(3) 3.922 [80]
PrBaFeCuOs 3 T - 3.923 - 7.759 3.908 [71]
PrBaFeCuOs o5 T P4/mmm 3.921 — 7.756 3.907 [60]

PrBaFeCuO:s 544 T P4/mmm 3.9260(1) — 7.7669(7) 3.912 [81]

NdBaFeCuO:s »s T - 3.917 - 7.745 3.902 [71]

NdBaFeCuOs ; T P4mm 3.911(8) — 7.733(0) 3.896 [75]

NdBaFeCuOs T P4/mmm 3.912 - 7.737 3.897 [60]

SmBaFeCuOs 3 T - 3.906 - 7.714 3.890 [71]

SmBaFeCuOs j, T P4mm 3.902(3) — 7.715(9) 3.887 [75]

SmBaFeCuOs g T P4/mmm 3.896 - 7.706 3.882 [60]
EuBaFeCuOs o, T — 3.899 — 7.705 3.883 [71]
EuBaFeCuO:s o5 T P4/mmm 3.904 - 7.708 3.887 [60]

GdBaFeCuOs | T P4mm 3.892(5) - 7.691(6) 3.876 [75]

GdBaFeCuO:s o T P4/mmm 3.895 — 7.693 3.879 [60]
TbBaFeCuO:s o T P4/mmm 3.880 - 7.683 3.867 [60]

DyBaFeCuOs 1 T P4mm 3.876(3) - 7.668(0) 3.862 [75]

DyBaFeCuOs o4 T P4/mmm 3.874 — 7.668 3.861 [60]

HoBaFeCuOs o5 T P4/mmm 3.870 - 7.653 3.855 [60]
ErBaFeCuOs g, T P4/mmm 3.872 — 7.656 3.857 [60]

TmBaFeCuOs T P4mm 3.860(0) — 7.656(7) 3.849 [75]

TmBaFeCuOs 4 T P4/mmm 3.867 - 7.660 3.855 [60]

TmBaFeCuOy o5 T P4mm 3.7812(2)** — 7.4854(4)** 3.768 [82,83]

YbBaFeCuOs g T - 3.857 - 7.641 3.845 [71]

YbBaFeCuOs o3 T P4/mmm 3.851 - 7.637 3.840 [60]
LuBaFeCuO:s T — 3.855 — 7.629 3.841 [71]
LuBaFeCuOs o T P4mm 3.851(9) - 7.639(3) 3.840 [75]
LuBaFeCuO:s o T P4/mmm 3.861 — 7.652 3.849 [60]
LuBaFeCuOs o T P4mm 3.774(1) — 7.474(2) 3.761 [82,83]
LuBaFeCuOs; T P4mm 3.850 — 7.637 3.839 [84]

* C — cubic, T — tetragonal, O — orthorhombic
** Calculated using literature data
*RET=2K

"T=15K

However, neutron diffraction [68] and high-resolution electron microscopy [67] discovered
superstructure formation in LaBaCoCuOs:s on account vacancy ordering with formation of
superstructure (1:1:3) type (a <b=a,, c=3a,) (sp. gr. Pmmm) for 6=0.60 [68] and (1:1:5) type
(a = ap, c = S5ap)(sp. gr. PA/mmm) for 6 = 0.20 [67].

Lattice constants of the LnBaMe’Me”Os.s (Ln — REE; Me’, Me” — Fe, Co, Cu) compounds
decrease at R;,3+ decreasing (fig. 6), hereby the ¢ parameters decreases more strongly than a one.
Partial substitution of Ba*" by other AEE ions in the LaBaFeCuOs;; structure leads to the decreasing of
its lattice constants, hereby at substitution degree of Ba® by Sr** on 25 mol. % the formation of new
chemical compound LaBas;Sr;sFeCuOs,s due to ordering of La3+, Ba’" and Sr*" in A site of
LaBaFeCuOs:s crystal structure (fig. 7). In the systems YBaFeCoOs—YBaFeCuOs, YBaFeCoOs—
YBaCoCuOs, YBaFeCuOs—YBaCoCuOs the continuous regions of the solid solutions are formed,




which lattice constants changed by different ways at substitution of one cation of 3d—metal by other
(fig. 8) [65,87].

As can be seen from the fig.9, the IR absorption spectra of the LaBaFeCoOsg¢; and
LaBaCoCuOs e, compounds had diffuse character with poorly expressed absorption maxima near 580
ecm™ (v2'). The IR absorption spectra of the LnBaFeCoOs.s (Ln = REE) compounds and LaBaFeCuOs 4
phase exhibit two distinct bands with maxima at 368-372 (v;) and 582-604 (v») cm ', and IR absorption
spectra of the LnBaFeCuOs,s, LnBaCoCuOs.s (Ln = REE) oxides and PrBaFeCoOs.s phase exhibit three
distinct bands with maxima at 360-384 (v), 544-592 (v,) and 648677 (v3) cm’! [21,59-61,64,66,69],
which are associated with the bending (v;) and stretching (v,) vibrations of the metal-oxygen bonds in the —
(Me’,Me”’)O,— layers and the stretching vibrations (v3) of the (Me’,Me”)-O—Me’,Me”) bonds containing
apical oxygen atoms in the structures of the layered perovskites LnBaMe’Me”Os.5 [88].

The facts that band with maximum at v; was absent on the absorption spectra of the
ferrocobaltites and that v, < v, < v3 show that 3d—metal-oxygen (3d-metal = Fe, Co, Cu) interactions
in the LnBaFeCoOs:s (Ln = REE) oxides (and in the LaBaCuFeOs4; phase) were quasi—isotropic
whereas 3d—metal-oxygen distances in the —(Fe,Co,Cu)O,— layers of the LnBaCoCuOs:s and
LnBaFeCuOs;s (Ln = REE, except La) were larger than in the ¢ direction (perpendicular to the —
Fe(Co,Cu)O,-layers.

On the fig. 10 present the dependences of the absorption maxima (v;,v,v3) for LnBaMe’Me”Os.5
(Ln — REE; Me’, Me” — Fe, Co, Cu) layered compound versus lanthanide ionic radii (R,3+). As can be
seen from the fig. 10, for LnBaFeCoOs.s phases values v; and v, does not depend practically from the

Rp3+, but for LnBaCoCuOs,s and LnBaFeCuOs.s ones Av = (v;—V,) values increases at Rp,3+
increasing for the ® < (.25 region and decreases at R;,3+ increasing for the ® > 0.25 region. Thus,

increasing the Ry,3+ reduces the metal-oxygen bonds in the —(Fe,Co,Cu)O,— layers and increases in the
(Me’,Me”-O—(Me’,Me”) chains of the 0112 phases structure (when less than 25% O(3) positions in the
0112 phases structure are occupied). Moreover, with further R;,3+ increasing o values also increases
(when more than 25% O(3) positions in the 0112 phases structure are occupied) and the metal-oxygen
interactions along different crystallographic directions in the crystal structure of LnBaCoCuOs.s and
LnBaFeCuOs,5 phases become less anisotropic.

The lattice constants of the oxygen-deficient LnBaMe’Me”Os.s (Ln — REE; Me’, Me” — Fe, Co,
Cu) perovskites depend on their oxygen non-stoichiometry and these dependences can be quantitatively
characterized using so-called volume chemical expansion coefficient (VCEC), which can be expressed
with the equation (8):

Osy ==

Hey ®)
Vol 33),”
where o, — volume chemical expansion coefficient,
Vo 1s the unit cell volume at & = 0.00 and
V' is the unit cell volume at the corresponding value of oxygen non-stoichiometry index ().
The sign “minus” in equation (8) is necessary to obtain positive values of the volume CEC (as,1)

because the unit cell volume increase with a decrease in the 6 value ({6_1/ <0).

00

The chemical expansion coefficients (as,) some of the layered perovskites LnBaMe’Me”Os.5 in
different ranges of oxygen non-stoichiometry (d) are listed in the table 3. It can be seen from table 3
that the chemical expansion coefficients increase with decrease in the oxygen non-stoichiometry (the
CEC for the LaBaFeCuOs.s phase at 8 < 0.25 is four times larger than than at 0.25 < §) and an increase
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in the ionic radius of REE (at identical oxygen non-stoichiometry value & the chemical expansion
coefficient for the LaBaCuFeOs.sphase is almost four times larger than that for the
PrBaCuFeOs,s phase). Therefore, the inference can be made that the chemical expansion coefficients
for the LnBaMe’Me”Os.s compounds depend on both the ionic radius of lanthanides and the oxygen
content in the samples.

Table 3. Volume chemical expansion coefficients (o5 ) of the LnBaFeMeOs.5 (Ln — La, Pr; Me — Co, Cu) phases for
different regions of the occupation degree of O(3) positions (®) in their crystal structure

Compound Olsy ® Ref.

LaBaFeCoOs.; 0,057 0,50<®<1,00 [63]
0,044 0,00 <O <0,25

LaBaFeCuOs.; [89]
0,011 0,25<0<0,50

PrBaFeCuOs.; 0,012 0,00< O <0,25 [89]

3. Thermal stability and thermal expansion

LnAMe,Os.5 (Ln — REE; A — AE or AEE; Me — 3d—metal) compounds at room temperature are
thermodynamically stable or can exist for a long time without any changing. When temperature gains
they can change their crystal structure (in particular, due to the oxygen vacancies ordering/disordering
in their crystal structure) or oxygen content (at heating in air, for example, layered LnBaMn,0Os
manganites are oxidized by atmospheric oxygen but LaBaFeCuOs,s ferrocuprate is reduced due to loss
of oxygen) and, finally, decompose to the complex or binary oxides.

Linear thermal expansion coefficient (LTEC, o) of these oxides show a strong anisotropy: they
expansivity along c¢ axis is more pronounced than in basal -MeO,— planes (o.. > o). The LTEC values
of LnAMe;Os.s (Ln — REE; A — AE or AEE; Me — 3d—metal) perovskites strongly depend on the nature
of REE and oxygen non-stoichiometry value (8) and change in a wide region (so, depending on the

temperature regions and composition the LTEC values of LnBaMe’Me”O5+6 phases change within
(9.6-30.2)- 10 ° K ' (table 4)).

3.1. LnBaMe;0Os.:5 (Ln - Y, REE; Me — Mn, Fe, Co) phases

As was mentioned above in this chapter (section 2), the YBaMn,Os:5 compound is unstable in air
and it can be only prepared in reducing atmospheres [26]. When heated in air or oxygen, this
compound decomposes irreversibly into YMnO3 and BaMnO;_s above 493 K [34]:

YBaMn,0Os + 0.5(1-6)0, = YMnOs + BaMnOs_s. )

The other manganites described in this chapter are stable in air at high temperatures but change
their oxygen content at heating and cooling in air [23,25,40-42]. Annealing of LnBaMn,Os.s
manganites at high temperatures can also lead to the disordering of Ln’" and Ba>" cations on A sites of
their perovskite (ABOs3) structure. So, degree of A—site order (¢) for PrBaMn,Os ordered manganite
(e =100%) at its annealing at 1373, 1473 and 1573 K lowers to the € =70, 50 and 0% respectively
[90]. Such change of cationic distribution in PrBaMn,O¢ structure lead to sharp change in its
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properties. The A—site ordered PrBaMn,0s sample (¢ = 100%) demonstrates ferromagnetic metallic to
paramagnetic insulator transition with the Curie point =320 K. The A-site disordered PrBaMn,Og
sample (¢ = 0%) is ferromagnetic metal below 7¢~ 140 K [90].

The LnBaFe,0s:5 (Ln — REE) ferrites usually prepared in reducing atmosphere [27,45], but for
Ln =La, Nd, Sm—Gd the LnBaFe;Os.5 phases remain stable in oxygen up to 1273 K [27]. The stability
to the oxidative decomposition narrows substantially for smaller Ln = Tb—Ho, as these phases become
stable only in reducing atmospheres. Their oxidation upon gradually increasing partial pressure ox
oxygen proceeds sharply into multiphase products exemplified in equation (10) for Ln = Dy:

DyBaF6205 + 02 —> DyFeO3 + BalfyDnyeOys. (10)
Reductive decomposition of LnBaFe;Os.5 (Ln — REE) proceeds at 1273 K at log(po,, bar) = —

16.6+—15.2 (the stability region narrows at decreasing of lanthanide ionic radius) over an intermediate
pseudo-equilibrium range into a dark-green product where iron has oxidation state close to +2. By
correcting the redox conditions, the green product can be oxidized back to a single-phase double-cell
perovskite [27]. The & values for stable LnBaFe;Osis double perovskites vary in regions
6 =0.022+0.646, —0.002+0.046, 0.006+0.045 and 0.000+0.031 for Lr=Sm, Tb, Dy and Ho
respectively [27,45]. LnBaFe,Os.; ferrites undergo the so-called Verwey transition — charge ordering or
the iron cations:

2Fe+2.5 N Fe+2.5—8 + Fe+2.5+a N Fe+2 + Fe+3 (1 1)

at temperatures 7Ty =214+1, 232+6, 25249, 267+7, 282+5, 290+7, 293+17 and 30746 K for
NdBaFe,0s, SmBaFe,Os, EuBaFe,Os, GdBaFe,Os, TbBaFe,Os, DyBaFe,Os, HoBaFe,Os and
YBaFe,Os respectively. Increasing of oxygen content () in ferrites LnBaFe,0Os.5 leads to the lowering
of Ty temperature [27].

Layered LnBaCo,0s:5 (Ln — REE) cobaltites reversibly exchange by weakly-bound oxygen ()
with environment at temperatures within 670-1490 K in air [49]. Among the samples described in this
subsection, layered cobaltites are the most stable compounds.

3.2. LnBaMe’Me”Os.5 (LN - Y, REE; Me’, Me” — Fe, Co, Cu) phases

The LnBaMe’Me”Os.s (Ln — Y, REE; Me’, Me” — Fe, Co, Cu) compounds are thermally stable in
air up to temperature about 673 K. At 7> 673 K the reversible exchange by weakly-bound oxygen ()
between these phases and environment take place [60,61,63] like the layered LnBaCo,0s5 phases. The
temperature when oxygen loss begins decreases at decreasing of partial pressure of oxygen [91]. Partial
substitution of Ba by other AEE in LaBaFeCuOs.;s leads to decreasing of temperature when oxygen
loss begins. These temperatures for LaBag 7sMeg 2sFeCuOs.5 solid solutions consist 520, 470 and 650 K
for Me = Sr, Ca and Mg respectively [86]. According to the results of coulometric titration of
LaBaFeCuOs.s (fig. 11), the oxygen exchange between sample and environment during heating and
cooling proceeds in two stages. This fact depict that weakly-bound oxygen exists in the structure of
layered LaBaFeCuOs.;s ferrocuprate in two forms which differ energetically, hereby this labile oxygen
divides by equal parts between these forms.

Typical dilatometric curves (temperature dependences of the relative elongation (Al/ly) and linear
thermal expansion coefficient (LTEC, o)) for LnBaMe’Me”Os.s (Ln — Y, REE; Me’, Me” — Fe, Co,
Cu) perovskites are given on the fig. 12. The dependence Al/ly = f(T) is characterized by an anomaly in
the form of inflection at temperature about 650 K (for LnBaMe’Me”’Os.s phases this temperature varies
within 465-820 K (see table 4)), which is accompanied by an increase in the LTEC value. According to
the results obtained from the thermogravimetric analysis [60], the release of the weakly-bound oxygen
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() from the samples begins to occur at temperatures close to 670 K. So, obtained increasing of LTEC
values is bound only with chemical expansion of the samples due to increasing of oxygen vacancies
concentration in their structure.

The LTEC values for the LnBaMe’Me”Os,5 oxides, as a rule, slightly depend on the nature of
3d-metal and decrease at decreasing of ionic radius of lanthanide ion in their composition (table 4).
Note that maximal values of LTEC LnBaMe’Me”Os.s compounds in high-temperature regions are
found for the samples with maximal content of labile oxygen (0).

Table 4. Values of linear thermal expansion coefficient (o) of the LnBaMe’Me”Os.5 (Ln — Y, REE; Me’, Me” — Fe, Co, Cu)
for different temperature regions

Compound 10%0, K T,K Ref.
1 2 3 4

YBaMnCoOs o4 9,6(2) (o), 18,2(4) (o) 200-300 [58]
12,2 300-520

YBaFeCoOs.5 17.3 520-1100 [59]

YBaCoCuOs, 14,3 300-1100 [66]

YBaCoCuOs, 14,7 300-1100 [87]

YBaFeCuOs.s 12,3 300-1100 [60]

LaBaFeCoOs,5 13,5 300-770 [63]
30,2 770-1100

LaBaCoCuOs.s 12,6 300-530 [63]
20,3 530-1100

LaBaFeCuOs. 14,4 300-600 [60]
20,2 650-1100

PrBaFeCoOs.; 16,8 300-820 [64]
25,4 820-1100

PrBaCoCuOs. 14,6 300-705 [64]
19,0 705-1100

PrBaFeCuOs.; 15,3 300-1100 [60]

NdBaCoCuOs. 12,5 300-575 [61]
18,8 575-1100

NdBaFeCuOs. s 14,8 300-1100 [60]

SmBaCoCuOs.s 12,0 300-575 [61]
16,1 575-1100

SmBaFeCuOs, 5 15,5 300-1100 [60]

EuBaFeCuOs.s 14,7 300-1100 [60]

GdBaCoCuOs;; 9,60 300-500 [61]
14,9 500-1100

GdBaFeCuOs.s 13,3 300-1100 [60]

TbBaFeCoOs. s 11,5 300-500 [59]
19,3 500-1100

TbBaFeCuOs.s 13,8 300-1100 [60]

DyBaFeCoOs. 11,8 300465 [59]
18,4 465-1100

DyBaCoCuOs.; 14,7 300-1100 [66]

DyBaFeCuOs. s 13,3 300-1100 [60]

HoBaFeCoOs,5 12,3 300-535 [59]
17,9 535-1100

HoBaCoCuOs.; 15,1 300-1100 [69]

HoBaFeCuOs.s 13,1 300-1100 [60]

ErBaFeCuOs.; 12,7 300-1100 [60]

TmBaFeCuOs.; 13,5 300-1100 [60]
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1 2 3 4

YbBaFeCuOs.; 14,6 300-1100 [60]

LuBaFeCuOs.s 12,8 300-1100 [60]

The LnBaMe’Me”Os.s compounds show the strong anisotropy in LTEC values. As it was found
in [58,92] the thermal expansivity of the samples along ¢ axis (perpendicular to -(Me’.Me”)O,— planes)
(ale) up to two times larger than in the —(Me’.Me””)O,— planes (o).

As it was mentioned above, expansion of the 0112 layered perovskites at high temperatures
exhibits both the thermal (an enhancement of the anharmonicity of vibrations) and chemical (an
increase in the number of oxygen vacancies) nature. The separation of thermal and chemical
expansions for oxygen-non-stoichiometric oxides is a topical problem.

The separation of the thermal (linear thermal expansion coefficient (a7) and chemical (linear
chemical expansion coefficient (as) contributions to the linear expansion of the samples can be carried
out using equations (12,13) for the dilatometric results [61,63]:

_1[0Al
=3 %) 12
(2 ;
T\ e ) (13)

and equation (14—16) for the results of high-temperature XRD [92]:
ars=ay s [1+0o, (T=T)+0;-(5-3,)], (14)

1 ( Oa

Oy = (_) ’ (15)
ar s \OT Jps

e (2] y
PR 7 (16)

where a,; - value of lattice constant of perovskite at some values of temperature (7) and oxygen

non-stoichiometry () of the sample; @5 - value of lattice constant of the sample at initial values of

temperature (7p) and oxygen non-stoichiometry (3y) of the sample.

Fig. 13 illustrates the separation of the thermal expansiveness (o) and the chemical
expansiveness (o) from the a = f{T) function and the unit-cell jump due to the disorder of the oxygen
lattice, (Aa), for LaBaCuFeOs.s phase.

At calculations of a7 and o5 in [61,63,92] it had been assumed that, to a first approximation, the
degree of anharmonicity of the vibrations was determined only by the temperature and did not depend
on the number of oxygen vacancies in the crystal structure of the layered LnBaMe’Me”Os.s
perovskites. The linear thermal expansion coefficients (o) and the linear chemical expansion
coefficients (os) of the LnBaMe’Me”Os.s phases are presented in the table 5. As can be seen from
these data, the thermal expansivity of the samples studied takes over the close values but the chemical
expansiveness of ferrocobaltites (LnBaFeCoOs.s phases) and cuprocobaltites (LnBaCoCuOs.s phases)
large than chemical expansiveness of ferrocuprates (LnBaFeCuOs.s phases), probably, due to the more
lower oxygen content in the latters.
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Table 5. Values of linear thermal (a.7) and chemical (o5) expansion coefficient of the LnBaMe’Me”Os.s (Ln — La, Pr, Nd;
Me’, Me” — Fe, Co, Cu) layered perovskites

Compound 10%0p, K! 10* o5 Ref.
LaBaFeCo0Os.5 13,2 17,3 [63]
LaBaCoCuOs. 11,5 15,7 [63]
NdBaCoCuOs, 5 12,5 16,3 [61]
LaBaFeCuOs.; 12,4 9,20 [92]
PrBaFeCuOs,; 12,2 8,72 [92]

LaBa, sSrysFeCuOs,s 11,7 7,55 [92]

4. Magnetic properties

The LnAMe’Me”Os.s (Ln — REE; A — AE, AEE; Me”, Me” — 3d—metal) oxides demonstrate of
richness of magnetic properties due to different types of ordering of magnetic ions in their crystal
structure. They are ferromagnetic (FM) and anti-ferromagnetic (AFM), which Curie and Neel
temperatures range in a wide limits depending on the nature of cations in the structure of
LnBaMe’Me”Os,s phases and their oxygen non-stoichimetry values. Some of LrnBaMe’Me”Os;s
demonstrate colossal magneto-resistance.

4.1. LnBaMe;0Os.5 (Ln =Y, REE; Me — Mn, Fe, Co) phases

LaAMn;0s;:5 (A — K, Rb) phases are ferromagnetic with Curie temperatures (7¢) of 327+1 and
290+£3 K for A=K and Rb respectively [23]. The experimentally measured values of saturation
magnetization, M, are equal to 74+2 and 64+2 emu-g ' respectively. These values are smaller than the
corresponding values, 104.6 and 91.1 emu-g ", calculated using the formula (17):

M =gny(S), (17)

where g=2 is Lande g factor, up is the Bohr magneton, and <S > is the average spin value, for the

appropriate Mn(III) and Mn(IV) content. The discrepancy could in part be due to the presence of alkali
cations which render the sample sensitive to atmospheric CO, and H>O. Another possibility is that
these oxides possess a canted ferromagnetic structure. Although LaCsMn,Os s9 exhibits the onset of the
spontaneous magnetization around 170 K, the transition is very broad, and zero-field-cooled
temperature dependence of the magnetization is similar to the spin glass behavior. So, LaCsMn,Os s9
phase most probably does not have a long-range ferromagnetic order at low temperature [23].
Measurement of magneto-resistance at an applied field of H=5T shows a clear suppression of
resistivity (up to about —40% and —30% for A =K and Rb respectively) indicating the presence of
colossal magneto-resistance (CMR) effect in the LaAMn,Os.s (A — K, Rb) phases. Presence of
considerable magneto-resistance (MR) at low temperature can be attributed to the grain boundary
effects in ceramic samples.

YBaMn,0O4 compound show a number of magnetic phase transitions [13,38] (table 6). At high
temperatures above T¢; = 520 K the y = A(T) curve shows a paramagnetic behavior obeying the Curie—
Weiss law with the effective moment P.gr = 8.06 pg and Weiss constant ®; = 286 K. The positive value
of ®; suggests the ferromagnetic spin correlation and the value of P is compatible with a theoretical
value of 7.94 pg derived from [Mn>" +Mn*"] in YBaMn,Os. Upon decreasing temperature  drops
sharply at T¢; while only small anomaly is observed at 7¢», where metal-insulator (IM) transition
occurs. Below T¢, the x = A(T) curve once again shows a paramagnetic behavior but the Curie-Weiss
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fitting gave a negative value of ®, =—-379 K, indicating an anti-ferromagnetic interaction. Finally, %
exhibits a steep drop at Tc3 then reaching a constant value ~0.006 emu-(mol Mn) . Considering the
negative value of ©,, it is natural to assume that the transition at 7¢3 would be due to the anti-
ferromagnetic long-range order [38].

Table 6. Temperatures of magnetic phase transitions of LnAMe,0s.5 (Ln—Y, A — AE, Ba; REE; Me — Mn, Co) oxides

Compound T,K Transition type Ref.
1 2 3 4
LaKMn,Os 53 327 FM (ferromagnetic) - PM (paramagnetic) [23]
LaRbMn,0s 53 290 FM— PM [23]
LaCsMn,0s ¢ 170 SG (spin glass) - PM [23]
200 AFMI (anti-ferromagnetic insulator) - PMI (paramagnetic insulator)
YBaMn,O¢ 480 PMI —» PMM,, (paramagnetic metal) [13,38]
520 PMM, - PMM,
YBaMn,0s, 5 166 AFM (anti-ferromagnetic) > PM [35]
YBaMn,0s 165 AFM [G type] > PM [36]
LaBaMn,Os s 185 AFM — PM [40]
PrBaMn,04 320 FM — PM [25,90]
NdBaMn, Oy 310 FM —» PM [25]
SmBaMn,0¢ 280 FM —» PM [25]
EuBaMn,04 260 FM — PM [25]
GdBaMn,O 250 FM — PM [25]
TbBaMn, Oy 160 FM —» PM [25]
YBaCo0,05.;5 ~185 (=260)* AFM — FM [48]
259 (293)* FM — PM
YBaCo0,05 44 190 AFM — wFM (weak ferromagnetic) [47]
260 wFM — PM
YBaCo0,0¢ 250 FM —» PM [94]
LaBaCo0,04 225 FM —» PM [94]
LaBaCo0,05.5 179,16 FM — PM [28]
PrBaCo,05 150 FM - PM [94]
PrBaCo,0s;5 76,5 AFM - FM [28]
115,71 FM —» PM
NdBaCo,04 140,260 FM — PM [94]
NdBaCo0,0s.5 107,9 AFM —» FM [28]
246,7 FM —» PM
SmBaCo,04 120-200 AFM - FM [94]
280 FM —» PM
SmBaCo0,0s.s 221,7 AFM —» FM [28]
263,9 FM — PM
EuBaCo,04 150-240 AFM —» FM [94]
280 FM —» PM
EuBaC0,05.5 236,5 AFM — FM [28]
282,9 FM — PM
GdBaCo0,05 225 AFM - FM [93]
280 FM — PM
GdBaCo,04 220 AFM —» FM [54]
285 FM —» PM
GdBaC0,0s.5 2429 AFM — FM [28]
2783 FM —» PM
GdBaCo0,05 250 AFM - FM [94]
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1 2 3 4
TbBaCo,04 245 AFM —» FM [94]
285 FM — PM
254.1 AFM — FM
ToBaCo;0s:5 282.4 FM — PM [28]
DyBaCo,0; 265 FM — PM [94]
DyBaC0,0s 5 300 FM — PM [96]
188,6 AFM — FM
DyBaCo,0s 260,6 FM — PM [28]
178,2 AFM — FM
HoBaCo;0s:5 286,2 FM — PM [27]

*Data for sample slowly cooled (quenched) in air from 1273 K.

In [36] for YBaMn,Os the magnetic transition at 165 K had been observed and a ferromagnetic
component had been clearly revealed by the peak in the imaginary part of alternate current (AC)
susceptibility. However, the saturated moment from direct current (DC) measurement at 5 K was only
0.95 up per YBaMn,Os formula unit, which could be compared with the total moment of 9 up per
YBaMn,Os that would result from a ferromagnetically ordered array of §=5/2 Mn*" and §=2 Mn®"
spins. The neutron diffraction data results showed that the order is ferromagnetic. If all of the
S=15/2Mn>" spins were anti-parallel to the S=2Mn’" spins, a saturated moment of 1z per
YBaMn,0s formula unit was expected. This was consistent with the observed value of 0.95 uz [36].

According to the magnetic susceptibility measurements, in the LaBaMn,Os s manganite the anti-
ferromagnetic ordering of Mn®* cations at Ty = 185 K take place [40]. The other ordered LnBaMn,Og
(Ln=Pr, Nd, Sm, Eu, Gd, Tb) phases are ferromagnetic at low temperatures [25] and their Curie
temperature (7¢) decreases at decreasing of lanthanide ionic radii (table 6).

In [47] the temperature dependence of magnetization of YBaCo0,0s 44 oxide had been measured.
The magnetization sharply increased below 260 K and then suddenly decreased below 190 K. The M-
H curves indicated a paramagnetic (PM) to weak-ferromagnetic (WwFM) transition at 260 K and a wFM
to anti-ferromagnetic (AFM) transition at 190 K. The magnetic moment estimated from M—H curves
was about 0.30 pp/Co in the wFM state for sample studied. The magnetization in field cooling (FC)
measurements was slightly different from that in zero field cooling (ZFC) measurements, and it showed
a cluster-glass-like behavior below 80 K [47].

The magnetization (M) measurements for LnBaCo,0s;5 series had been performed in [28]. The
M = f(T) dependence for LaBaCo,0s:s (Ln — La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho) was typical for
ferromagnetic ordering with 7¢ =179 K. The compounds with light rare earths (Ln = Pr—Eu) showed
basically similar M = f{T) behavior. With a decrease in temperature, PrBaC0,0s.s made a PM to FM
transition with 7¢ = 115 K. The sharp decrease of magnetization below 7¢ indicated the likelihood of
the presence of anti-ferromagnetic interactions in this compound. For NdBaCo,0s;5 two transitions had
been observed at 107 and 246 K, respectively. Authors attributed the transition at 246 as due to cobalt
ions but the origin the transition at 107 K was not clear. The LnBaC0,0s:5 (Ln — Sm, Eu ) compounds
pass through several magnetic states within 5400 K. Near 250 K, the magnetization increased steeply
and the compounds went from AFM to FM state followed by a FM to PM transition. For the heavy
rare-earth-based LnBaCo,0s:5 (Ln = Gd—Ho) compounds, the temperature dependent magnetization
showed paramagnetic behavior in the low-temperature region and weak ferromagnetism in the
temperature range 190-260 K, with an anti-ferromagnetic phase in between. The -effective
paramagnetic moments was calculated as 8.52 pp/fu. (formula unit), 9.98 pg/fu., 10.34 pg/fu. and
10.66 up/fu. for Ln = Gd, Tb, Dy and Ho, respectively. Since these values were very near to the pes
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value the free Ln’" ion, it implied that at least for the heavy rare-earth-based LnBaCo,0s:5 system, Co
had no negligibly small moment in the low-temperature region [28].

4.2. LnBaMe’Me”Os.5 (LN — Y, REE; Me’, Me” — Fe, Co, Cu) phases
All the described in this chapter LnBaMe’Me”Os.5 (Ln — Y, REE; Me’, Me” — Fe, Co, Cu)

compounds are anti-ferromagnetics at low temperatures (table 7), excluding LaBaFeCoOs.s phase in
which the ferromagnetic ordering below 168 K occurs [63].

Table 7. Temperature of magnetic phase transitions of LtMMe’Me”Os.5 (Ln— Y, REE; M — AEE; Me’, Me” — Mn, Fe, Co,
Cu) layered perovskites

Compound T, K Transition type Ref.
YBaMnCoOs 190 AFM — PM [58]
YBaFeCuOs, 5 446 AFM —» PM [70]
LaBaFeCoOs.5 168 FM —» PM [63]
YStFeCuOs, 400 AFM — PM [77]
YBaFeCuOs,s 460 AFM —» PM [12]

240 AFM, > AFM;
YBaFeCuOs.s 475 AFM, — PM [72]
190 AFM, > AFM,;
YBaFeCuOs,s 440 AFM, > PM [97]
200 AFM, - AFM,
YBaFeCuOsss 450 AFM, - PM 98]
YBaFeCuOs, 5 442 4(5) AFM — PM [73]
LaBaFeCuOs. s 68(3) AFM — PM [80]
PrBaFeCuOs 380(5) AFM — PM [81]
LuBaFeCuOs,; 303(3) AFM — PM [82,83]
YBaCoCuOjs 536 AFM — PM [62]
YBaCoCuOs 422 AFM — PM [93]
LaBaCoCuOs,; 205 AFM — PM [68]

The value of Neel temperature for these oxides vary within 68 K (for LaBaFeCuOs.5 [80]) to 536
K (for YBaCoCuOs [62]) (table 7). For YBaFeCuOs phase two magnetic phase transitions had been
found [72,97,98]. A first anti-ferromagnetic transition was observed at 7y,; =475 K and a second well-
defined transition was found at 7y, =240 K. At low temperatures (7=20 K) a third anomaly was
observed. According to the neutron powder diffraction study [72,97], the transition at Ty, is
paramagnetic to anti-feromagnetic phase transition but at 7y, the commensurate AFM —
incommensurate AFM phase transition occurs.

Substitution of Co by Cu in YBaCo, xCuxOs solid solutions leads to the increasing of their Neel
temperature (7), hereby the Ty = f{x) dependence has a complex character (fig. 14) due to changes in
the charge and spin state of cobalt ions in these compounds.

5. Electric properties

The LnBaMe’Me”Os.5 (Ln — REE; Me’, Me” — 3d—metals) compounds, as a rule, are the p—tP/pe
semiconductors, which electrical conductivity values change in a wide range, from 8:10° S'm™ to
510 S'm' at room temperature, though depending on composition and temperature, some
LnBaMe’Me”Os.s demonstrate metallic character of conductivity and major charge carriers in these
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phases are the electrons. Layered LnBaMe,;Os.s (Ln — REE; Me — Mn, Co) show the insulator
(semiconductor) — metal phase transition, LnBaFe;Os.s oxides also possess the Verwey transition.
Some of the LnBaCo0,0s:5 and LnBaFeCuOs.s compounds demonstrate large values of thermo-e.m.f.
and can be used as oxide thermoelectric.

5.1. LnBaMe;0s.5 (Ln - Y, REE; Me — Mn, Fe, Co) phases
Electrical conductivity of YBaMn,Ogs consist about 10* S'm™! around 100 K, increases at
temperature increasing, has two small anomalies at 200 K (where AFM—PM phase transition take
place) and 520 K (where PM;—PM, phase transition occurs) and sharply increases at 480 K where
insulator (I) to metal (M) phase transition take place [13,38]. Above 480 K the conductivity value is
about 10° S'm ' and does not change at temperature increasing [38].

The disordered PrBaMn,Os manganite near 100 K has conductivity about 10 S'm’' and
demonstrates MI transition at =130 K (table 8) and peak of magneto-resistivity reaching =50% in the
field of 9 kOe. The value of conductivity at low temperatures (in so-called metallic state) is
considerably lower than Mott’s value of minimal metallic conductivity. The peak of magneto-
resistivity slightly below its Curie temperature (7¢ =140 K) is very typical for the hole-doped
manganites. For the ordered PrBaMn,O4 sample the conductivity is about 10° S'm ' around 100 K and
in the magnetically ordered state starts to increase as temperature decreases. The temperature
corresponding to the minimal conductivity value is slightly below the Curie point =320 K. Near the T¢
there is a maximum of magneto-resistance (=10%) observed as in the case of classic magnetic
semiconductors. The gradual magneto-resistance increase has been observed as temperature decreased
that is characteristic of conducting magnetic ceramics. This type of magneto-resistance is due to an
inter-granular electrical transport [90].

Table 8. Temperatures of electrical phase transitions of LnBaMe,Os.5 (Ln— Y, REE; Me — Mn,Fe, Co) oxides

Compound 7,K Transition type Ref
YBaMn,Oq 480 IM (insulator to metal) [13,38]
PrBaMn,O¢
(disordered) 130 M [90]
PrBaMn, Qg (ordered) 320 M [90]
YBaCo0,0s.5 294 M [48]
PrBaCo,0s 45 344 M [14]
NdBaCo,0¢ 360 SM (semiconductor to metal) [94]
NdBaCo0,0s s 360 MI [101]
SmBaCo,0¢ 370 SM [94]
EuBaCo0,04 350 SM [94]
GdBaCo,0q 360 SM [94]
GdBaCo,0:s s 370 M [95]
GdBaCo,0s 5 360 MI [101]
TbBaCo,05 337 SM [94]
TbBaCo0,0s.5 340 M [55]
DyBaCo0,04 330 SM [94]
DyBaCo0,05s 5 320 M [96]

The electrical resistivity of SmBaFe,0Os:s had semiconducting character and fell at Verwey
temperature (7 = 216 and 234 K for 6 = 0.0 and 0.1 respectively). At Ty there was a change in the
activation energy, E4, which results in a strong increase in the slope of the p = A7) curves. An estimate
of the activation energy was made using the equation (18):
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p=pyexp(E,/k,T), (18)

where py was a constant and kg Boltzmann’s constant. In the temperature region above Ty the plot
Inp =f(1/T) appeared to be linear as expected for semiconductors. The slopes corresponded to
activation energies of 0.18 and 0.33 eV for samples with d = 0.1 and 0.0 respectively. Below 7y the
dependence Inp =f{1/T) deviated from a linear one, but at least for the sample with 6 =0.1 the
activation energy was higher than above the transition temperature. The deviation from a linear
dependence at 7< Ty may suggest that the charge carriers propagate by a hopping mechanism.
Additionally a hysteresis behavior in the region around the transition temperature was observed, which
could be related to a frustration effect caused by the charge separation [99].

In [100] had been found that below T electrical transport of GdBaFe,Os.s approached a variable-
range hopping mechanism, given that a reasonable linearity against 77 was observed towards the
lowest temperature limits. Such behavior is often observed for localized electron states. In the fully
valence-mixed range (above 7y), an Arrhenius-type activation gave a reasonable linear fit, which
further slightly implied with the application of diffusion-assisted hopping model (19):

o= eN. ex _ L 19
afp Hexp k,T ) (19)

where the mobility p was given by (20):

\Y
uzehpafpkB—T. (20)

In equations (19) and (20) 4, was the hopping probability, N, the number of carriers per single-
perovskite cell, ay,, ag the average edge of such a cell, e the electron charge, kz the Boltzmann
constant, £, the activation energy, and v the hopping frequency. Assuming that the hopping occurred
between neighboring iron sites, ay, was approximated as the edge of the average single-perovskite
cubic unit cell of the phase, calculated from the room-temperature unit-cell parameters. Assuming
further that the hopping probability was %, = 1/5 (instead of the usual 1/6 for the octahedral site), E,
and VN, were extracted as two parameters of least-squares fitting to the experimental data.

Energy E, had a minimum for compositions ablout 5 = 0.12 that corresponded to the maximum in
conductivity. Around this level of oxygen non-stoichiometry, the concentration of the valence-mixed
state is still high enough to make a significant contribution to conductivity, while the ratio between the
formally di- and tri-valent iron becomes increasingly favorable for percolations of the valence-mixed
Fe>" pairs via random fluctuations between alternative neighbors Fe*" and Fe’". In fact, this maximum
in conductivity (and minimum in activation energy) corresponded to the maximum in product of the
concentration of the valence-mixed state and the amount of available choices of di- and tri-valent iron
pairs as a function of 6 [100].

Authors [14] had measured the electrical properties of PrBaCo,0Os:s and found that this
compound demonstrated a MI transition for 6 = 0.48 at T, =344 K. Above T,y the conductivity of
PrBaCo,0s;;5 provided with polaronic (hole) hopping mechanism with E£4~ 0.04 eV. It was also found
that oxygen vacancy disorder above Tpp = 776 K reduced hole conductivity, due to the loss of an ideal
alternation of CoOS5 pyramidal and CoOg octahedral planes along the b direction. The thermo-e.m.f. of
PrBaCo,0s:5 was very low (0<S<1 uV-K"), increased at temperature increasing and remained
almost constant above Top [14].

The resistivity of the LnBaCo,0s:s (Ln=Nd, Gd) compounds at low temperatures had
semiconducting character and was enough large (for 6 =0.165 at 7= 100 K the p values were about
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10> Q'm for both phases) and values of p as well as the course of p=AT) dependences strongly
depended on the oxygen content. For oxygen concentrations close to the parent composition & = 0.5,
p =AT) curves showed a sharp metal-insulator(MI) transition upon cooling below approximately the
same temperature TMI =360 K, while the MI transition seems to be smeared for & away from 0.5.
Nevertheless, the low-temperature resistivity exhibited a hopping character for the entire range
0 <8 <0.7, which allowed authors of [101] us to consider the charge transport in terms of hopping of
localized electrons(Co*") or holes (Co*"). In the insulating regime, the resistivity in both compounds
quickly decreased with hole doping (0 increase), but remains unchanged or even increased with
electron doping (& decrease). This doping asymmetry can be explained by the different hopping
probability of localized electrons (Co®") and holes (Co*") moving in the background of Co’" ions
because of the spin blockade of the electron transport [101]. At high temperatures, both compounds
showed a small, negative, and almost temperature-independent and doping-independent Seebeck
coefficient, which is quite natural for a metallic state. On the insulating side, on the other hand, the
temperature dependences of the Seebeck coefficient were rather complicated and did not follow a
simple ~1/T law expected for insulators. The thermo-e.m.f. value of LnBaCo,0s.s (Ln = Nd, Gd)
compounds depended strongly on the oxygen content and were positive for 6 > 0.5 and negative for
8 < 0.5 and reached maximal values around 550 pV-K ' at 100 K for & ~ 0.5. The doping dependence
of the thermo-e.m.f. values evinced that configurational entropy of charge carriers, enhanced by their
spin and orbital degeneracy, plays a key role in the origin of the large thermoelectric response in these
correlated oxides [101].

According to the [94], the LnBaCo,0¢ (Ln = Nd, Sm, Eu, Gd, Tb, Dy) oxides demonstrate
semiconductor to metal phase transition at temperature 7=330-360 K (table 8), which value, in a
whole, decreased at decreasing of Ln’" ionic radius.

5.2. LnBaMe’Me”Os.5 (LN - Y, REE; Me’, Me” - Fe, Co, Cu) phases

Authors of [102] had measured the low temperature (within 77-300 K) electrical resistivity of
PrBaFeCuOs.s (8 = 0.00, 0.25) samples. The stoichiometric sample (PrBaFeCuOs ) presented values
of the resistivity that at room temperature were five orders of magnitude higher than the oxygen-rich
one (PrBaFeCuOs,s) (= 10° Q'm and = 10~ Q'm respectively), this fact indicated that in the oxygen-
rich sample the extra-oxygen is very important in the conduction mechanism. In the measured range of
temperature, the oxygen-rich sample (PrBaFeCuOs »s) followed perfectly the expression (21):

p= poeXp(T%jv (21

with v=1/2. This is the expression for the general variable hopping conduction mechanism.
Nevertheless, stoichiometric sample (PrBaFeCuOs o) resistivity seemed to follow the expression vor
the variable range hopping but with an exponent v = 1/3, which had been proposed for planar
conduction [103]. That change in the exponent could be explained because conduction in the
stoichiometric sample is carried by variable range hopping and carriers moves in the —(Fe,Cu)O,—
planes; but when extra-oxygen are in the O3 sites (apical oxygen of both octahedral belonging to
different —(Fe,Cu)O,— planes), these —(Fe,Cu)O,— planes are connected and the two dimensional
conduction becomes destroyed [102].

On the electric properties all the LnBaMe’Me”Os.s (Ln — REE; Me’, Me” — Fe, Co, Cu) can be
divided in two groups, namely group of La (La—Nd) and group of Y (Y, Gd-Lu), which ¢ =f(T) and
S = A(T) dependences strongly differ (fig. 15). Electrical conductivity of oxygen-rich LaBaMe’Me”Os.s
phases at high temperatures changes its semiconducting character to metallic (fig. 15a) and the values
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of Seebeck coefficient (S) of these phases begins to increase (fig. 15¢) due to the beginning of weakly-
bound oxygen losses from the samples [63,104]. The maximal value of ¢ among the LaBaMe’Me”’Os.5
phases has the LaBaCoCuOs;s oxide but the minimal one does the LaBaFeCuOs,s compound. The
YBaFeCoOs.s and YBaCoCuOs;s phases possess the similar values of electrical conductivity at all
temperatures studied and these values are one—two order of magnitude larger than YBaFeCuOs,s
perovskite (fig. 15b). The S=1(T) peak near 410 K for YBaFeCoOs:s and near 475 K for
YBaCoCuOs;s (fig. 15d) is apparently due to the change in the spin state of cobalt cations like Co™"
spin transitions in the rare—earth elements cobaltites LnCoO; [105]. Note that S values for
LaBaFeCo00s:s at T< 975 K and for LaBaCoCuOs.s within 600-900 K are negative but LaBaFeCuOs.s
and YBaMe’Me”Os.5 (Me’, Me” — Fe, Co, Cu) compounds are the p—type semiconductors within all
the temperatures studied (fig. 15¢,d).

As can be seen from the fig. 16, all the oxides LnBaMe’Me”’Os.s (Ln — REE; Me’, Me” — Fe, Co,
Cu) are the p-type semiconductors (except above mentioned LaBaFeCo0Os:s and LaBaCoCuOs.s
compounds) and their ¢ values, in the whole, decrease but S values increase when lanthanide ionic radii
increase. The LnBaFeCoOs.s5 compounds had the larger values of 6 (Gmax~ 1.6:10* S'm ™' near 650 K
for NdBaFeCoOs:s (fig. 16a)) but the LnBaFeCrOs:s phases demonstrate the larger S values
(Smax = 710-730 uV-K ' near 1050 K for LnBaFeCuOs.s (Ln — Dy, Ho) (fig. 16b) and reach the value
of 1 mV-K " at 640 K for TmBaFeCuOs.5 [22]).

At high temperatures the electrical conductivity character of the ferrocobaltites and
LnBaFeCuOs,5, LaBaCoCuOs.s (Ln=1La, Pr, and Nd) phases change from semiconducting

(05 oT >(0) to metallic (5%T <0) (fig. 15a, 16a—c), while the S values started to rise sharply

(fig. 15¢, 16d—f). As it was mentioned above, this is caused by the evolution of the weakly—bonded
oxygen (8) from the crystal lattice of these compounds.

On the S = f(T) dependences for LnBaFeCoOs,;s oxides and LnBaCoCuOs.s (Ln — Sm—Ho) phases
the maximum near 350 K for SmBaFeCoOs.s, 460 for LnBaFeCoOs.s (Ln = Gd, Dy, Ho), 500 K for
SmBaCoCuOs.5 and at 495-510 K for LnBaCoCuOs.;s (Ln = Gd, Dy, Ho) is observed (fig. 16d.f). The
S values increasing for these phases in the low-temperature region is caused to the change in the spin
state of the cobalt cations Co®", Co*" in their crystal structure from intermediate—spin (IS) into the
high—spin state (HS) Cojs (1,e,) — Coj; (1,e;),Coy (15,e,) — Coyy (1;,e2) similarly to the
spin state transition of the Co’" cations in the perovskite REE cobaltites LnCoOs [105].

The LnBaMe’Me”Os.5 (Ln — REE; Me’, Me” — Fe, Co, Cu) layered perovskites are the materials
with polaronic transport and their temperature dependences of electrical conductivity and Seebeck's
coefficient can be described by the relations (22,23):

Gz%-exp(_E%BT) (21)
et/ (-4 p5) ey

where E4 = E + W is the activation energy of electrical conductivity, E is the excitation energy of the
charge transfer (polarons), but W is their transport energy (W =~ 0 for non—activated charge transport by
large polarons (LP); if W > 0, charge transport is thermally activated and is due to the small-polaron
(SP) hopping [106].

The values of E and W determined from the linear parts of the plots In(c7) = f{1/T) and S = f(1/T)
for the oxides LnBaMe’Me”Os.s (Ln — REE; Me’, Me” — Fe, Co, Cu) are given in the table 9. As can
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be seen, the charge carriers in the LnBaMe’Me”’Os; s phases are the small polarons (W > 0), but but for
LnBaCoCuOs.s (Ln — Dy, Ho) above 775 K (for Ln — Dy) and 530 K (Ln — Ho) the charge carriers are
the large polarons (W = 0). As can be seen from the table 9, the values of activation energy of electrical
transport (E4, E and ) in the LnBaMe’Me”’Os:5 compound, as a whole, increase when lanthanide ionic
radii decrease.

Table 9. Values of activation energies of transport processes (Ey4, E, W) for the layered perovskites LnBaMe’Me”Os..s (Ln —
Y, REE; Me’, Me” — Fe, Co, Cu) for different temperature regions

Compound E, eV E, eV W, eV T, K Ref.
1 2 3 4 5 6

0,046 0,299 410-600

YBaFeCoOs. 5 0,345 0.007 0.243 500-780 [59]

YBaCoCuOs, g 0,352 0,168 0,184 480-1050 [66]
0,14 - — 320-390

YBaCoCuOs.; 0,39 - - 390-795 [87]
0,25 — — 795-1050

YBaFeCuOs,; 0,240 - - 300-1100 [60]

LaBaFeCoOs,; 0,087 0,006 0,081 300-670 [63]

LaBaCoCuOs.s 0,042 0,021 0,021 300-670 [63]

LaBaFeCuOs.; 0,061 - - 300-600 [60]
0,016 0,110 350-610

PrBaFeCoOs.;5 0,126 0.053 0.073 610-750 [64]

PrBaCoCuOs, s 0,097 0,042 0,055 530-750 [64]

PrBaFeCuOs.s 0,126 - — 300-600 [60]

NdBaCoCuOs.s 0,080 0,009 0,071 320-630 [61]
0,201 - — 300-800

NdBaFeCuOs. g 0.112 — — R00-1100 [60]

SmBaCoCuOs,; 0,364 0,194 0,170 510-1050 [61]
0,289 - — 300-750

SmBaFeCuOs;; 0221 - — 750-1100 [60]
0,314 — — 300-650

EuBaFeCuOs.s 0210 — — 650-1000 [60]

GdBaCoCuOs, 5 0,371 0,121 0,250 370-1050 [61]

GdBaFeCuOs.; 0,319 300-1100 [60]
0,066 0,318 460-590

TbBaFeCo00s.5 0,384 0.184 0.200 590-860 [59]
0,213 — — 300450

TbBaFeCuOs. 5 0.385 — — 250-1000 [60]
0,033 0,341 460-580

DyBaFeCoOs. s 0,374 0.106 0.268 580-800 [59]
0,133 0,152 480-775

DyBaCoCuOs.s 0,285 0,282 0,003 775-1050 [66]

DyBaFeCuOs. s 0,373 - - 300-1100 [60]
0,022 0,337 460-530

HoBaFeCo0Os. 5 0,359 0.076 0.283 530-750 [59]
0,135 0,124 500-800

HoBaCoCuOs.3 0,257 0.254 0.003 R00-1100 [69]
0,194 — — 300-600

HoBaFeCuOs, 5 0,274 - — 600-900 [60]
0,458 — — 900-1100

ErBaFeCuOs,; 0,517 - - 500-1000 [60]

TmBaFeCuOs, 0,637 - - 300-1000 [60]
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1 2 3 4 5 6

YbBaFeCuOs.; 0,251 - - 400-1000 [60]
0,323 N — 300-600

LuBaFeCuOs, 0,383 - - 600-900 [60]
0,531 N _ 9001100

Fig. 17 shows strong dependence of electric conductivity and thermo-e.m.f. of PrBaFeCuOs.s
from value of its oxygen non-stoichiometry index. As can be seen from the fig. 17a, the conductivity
mechanism of PrBaFeCuOs;s remains unchanged when 6 decreases but activation energy of electrical
conductivity, calculated from equation (21), increases from 0.15 eV for sample with 6 =0.28 to 0.30
eV for fully reduced sample PrBaFeCuOs o [89]. When oxygen content in the PrBaFeCuOs.s decreases
the S =f(T) dependences change drastically and the S values strongly decrease reaching value around
400 MV'KA for PrBaFeCuOs o compound near 470 K (fig. 17b).

6. Catalytic, sensor, thermoelectric and other properties

The catalytic activity of the YBaFeooMey CuOs:s (Me = Mn, Fe, Co, Ni) compounds had been
tested in reaction of oxidation of hydrocarbons by atmospheric oxygen:

CpHapez + 0.5(3n + 1)02 = nCO; + (n+1)H0. (22)

The green YBaFe(oMe, CuOs,s powders were formed into granules using organic binding and these
granules was annealed at 773 K for 5 h for firing of organics and then sintered at 1273 K for 1 h. The
specific area of the granules determined using low-temperature BET adsorption method was about 2.2—
3.9 m*g' [15]. These granules were put into quartz tube and through this tube the flow of
hydrocarbons mixture with air (hydrocarbons content was 0.1-0.2 vol. %) were passed at volume rate
2.4-3.6-10* h™' at temperatures up to 1100 K. The composition of gas mixture after passing it through
the tube with and without the catalyst was determined using chromatography. For the catalytic activity
measure of YBaFejoMej CuOs.s compounds the conversion degree of hydrocarbons (o) after reaction
(22) was taken [15]. As can be seen from the fig. 18, the YBaFe;oMe,CuOs.s showed appreciable
catalytic activity (o> 10%) in reaction (22) at temperature around 623 K and the full conversion of
propane—butane mixture by atmospheric oxygen in the presence of catalysts with YBaFegoMey 0545
(Me — Co, Ni) composition was observed at 983 K.

The possibility of using of LnBaFeyoMe,CuOs.s (Ln — La, Y; Me — Mn, Fe, Co, Ni) oxides as
materials for semiconducting gas sensors had been investigate in [6,16]. The thick films (d = 2-5 um)
of LnBaFejoMe, 1CuOs.5 were prepared by means of stencil printing from aqueous suspensions on the
(Ca,La)(Ti,Al)O3 polycrystalline substrate with following annealing at 1173—-1223 K for 2-5 h in air.
The sensitivity of these materials to the presence in air of gases-reducers admixtures (hydrocarbons,
alcohols, ammonia etc.) at content of these gases on the level 10'-10° ppm (10°~10 vol.%) had been
measured. The value of the sensor response (¢) had been calculated as (23):

SZM-IOO%, (23)

0

where R, and R, were the resistance values of the films studied in atmosphere with and without of the
gas-reducer, respectively.

It was found [6,16] that the LnBaFejoMej CuOss compounds demonstrated a significant
sensitivity to the presence in air of various oxygen-containing gases-reducers (ethanol, dioxane etc.)
did not showed practically response to the presence in air of various hydrocarbons. The maximal
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response value was obtained near 650—700 K for the compositions with Me = Mn, Ni which response
consisted up to 250% at content of the analyzed gas in atmosphere on the level of = 10> ppm (fig. 19).

On the base of the compositions which had showed the maximal sensitivity at detection of
analyzed gases in air the working elements of chemical gas sensors were produced. The schema of the
typical working element is done on the fig. 20. The value of power of heater was changed within 100—
600 W. The maximal response values of the gas sensors produced were obtained when power of heater
was about 200300 mW (fig. 21) hereby the sensitivity as well as the selectivity of working elements
studied were large than for the thick films ones. As can be seen from the fig. 22, the
YBaCuFe gNip,0s-based gas sensor demonstrates large threshold sensitivity (10 ppm) to the presence
of ethanol vapours in atmosphere, the large slope of signal dependence on analyzed gas content (within
10'-10* ppm) and can be used for detection of ethanol in air.

The good thermoelectric materials should possess simultaneously the high values of electrical
conductivity (6) and Seebeck coefficient (S) and low values of thermal conductivity (k) to provide the
large values of thermoelectric efficiency (Z) and power factor (P):

2
S0P p_s, (24)
K K

Z

which characterize the efficiency of heat into electrical energy transformation (Z) and efficiency of the
charge transfer in the thermoelectric materials.

As it was mentioned above in this chapter (section 5), the some of LnBaMe’Me”Os.s (Ln — REE;
Me — Fe, Co, Cu) layered oxides possess the high values of electrical conductivity and thermopower, so
they have to be probed as perspective thermoelectric materials. It should be note that oxide
thermoelectric materials have advantages for high-temperature operation in air where they are more
stable than conventional thermoelectrics, such us Bi,Te;, Sb,Tes ete. [107].

The power factor values (P) calculated using the experimental ¢ and S values for the
LnBaMe’Me”’Os,5 oxides are given on the fig. 23. As can be seen, the P values for these oxides, in the
whole, increase at temperature increasing and strongly depend on the nature of the REE and 3d-metals
in their crystal structure. Peak P values (among the oxides described in this chapter) were observed for
PrBaFeCuOs:5, SmBaCuFeOs.s, and NdBaCoFeOs.5: 137, 63,0 and 39,2 uW-m’l-K’2 respectively at
T=1050 K. Though these values are considerably smaller than power factor values for the sodium—
cobalt oxide bronzes (for NaCo; gCug 04, for example, at 1073 K P =3.08 mW-m K [4]), but they
are closed to the P values for ceramic based on Ca3;Co0,0¢ (for (CaBi)3;(Co,Cu),O¢ solid solutions
P~30-50 pW-m K near 1173 K [5,6] and for Ca,gsErg;5C0,0¢ phases P=10.66 pW-m K at
T=1073 K [7]) and LaCoO; (for LaCog9Tip2002.86 and LaCoggoNip2002.95 power factor values are
28.2 and 9.5 uW-m K ? respectively at 1243 K [12]).

Thus, the layered compounds LnBaMe’Me”Os:s, principally, may be used as a base for
development of the new thermoelectric oxide materials.

The high value of electrical conductivity of LnBaCo,0s:5 phases and presence in their crhystal
structure of weakly-bound oxygen (8) allow to consider them as promising materials of cathodes of
solid oxide fuel cells (SOFC) and oxygen permeation membranes.

So, in [17] the electrode performance of GdBaCo,0s:s cobaltite had been investigated at
temperatures below 973 K by AC impedance spectroscopy. The lowest area surface resistance (ASR)
had been measured for GdBaCo0,0s.5/CesGdy 20, 5 sample sintered at 1173 K and it consisted 0.53
Q-cm?” at 918 K. The total ASR was found to be large when the electrode was sintered at 1073 K and
this was attributed to poor adhesion of the cathode layers. It was noticeable that there was little
performance degradation on increasing the sintering temperature from 1173 K to 1273 K, but a further
increase to 1323 K resulted in significant performance degradation (increase of ASR values). Note that
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the activation energy values for the electrode behavior on CeysGdy,0,-5 solid electrolyte, calculated
from In(1/R) = f{1/T) dependences, did not show significant variation with sintering conditions and
were 1.27 eV, 1.34 ¢V and 1.21 ¢V for the cathodes sintered at 1173 K, 1273 K and 1323 K,
respectively. The obtained in [17] results indicate that GdBaCo,0s,;5 is a promising cathode material
for intermediate temperature solid oxide fuel cells (ITSOFCs).

Authors [18] using GdBaCo,0s:5 as cathode material, had constructed the cell:

5%Hy/N, | Ni + Z1092Y0.0802-5 | Z10.92Y 0.0802-5 | GdBaCo0,0s+5 |0, (air) (25)

and measured it voltage and power density as a function of current density from 873 to 1073 K. The
power density of the cell (25) increased with increasing the operating temperature. The maximal power
density values of the cell were 250 mW-cm > and 150 mW-cm ™ at 1073 K and 973 K respectively. In
order to improve the power density of cell the intermediate porous layer of Zrp9,Y 003025 was put
between solid electrolyte (Zrp9,Y0.0s02-5) and cathode (GdBaCo,0s:5). The maximal power density
values for improved cell were 550 mW-cm > and 300 mW-cm ~ at 1173 K and 973 K, respectively. The
maximum power densities at 1073 K was close to the often-considered target value of 500 mW-cm >
for technological applications [18]. These results indicate that the SOFC system (26):

5%H,/N, | Ni + Zr0.9:Y0.0s02-5 | Zr0.02Y 005025 (dense) | Zro.0:Y0.0802-5
(porous) | GdBaCo0,0s.5 | 05 (air)

produced in [18], represents an excellent candidate for intermediate temperature applications.

The oxygen permeability and cathode performance of LnBaCo,0s:5 (Ln — La, Pr, Nd, Sm, Gd
and Y) compounds had been studied in [19]. It was found that PrBaCo,0s:s demonstrated the highest
oxygen flux (~5.09-107 mol-cm s ' at 1173 K), but this value was still significantly lower that of
Bay St sCop sFep 035 perovskite (~3.01 mol-cm >s ' at 1173 K). The observed difference was
attributed to the much longer diffusion distance through a polycrystalline membrane with a layered
lattice structure than through cubic perovskite because bulk diffusion was the rate-limiting stage of
permeation. Attractive high electrode performance (using Smy,Cey30;9 solid electrolyte), however,
was observed for LnBaCo,0s:5 oxides, especially PrBaCo,0s:5, which possessed an area-specific
resistance of ~0.213 Q-cm” at 873 K. These results suggest that these layered cobaltites might be best
applied as materials for reduced-temperature SOFC electrodes rather than as materials for ceramic
oxygen-separation membranes.

The electrochemical performance of layered oxides LaBaMeCuOs:s (Me — Fe, Co) had been
investigated as potential cathode materials for ITSOFCs [20]. In had been found that electrical
conductivity of LaBaCuCoOs,s was much higher than that of LaBaCuFeOs.s. Area specific resistances
of LaBaCuFeOs;sand LaBaCuCoOs.s cathode materials on CepsSmg 20 solid electrolyte were as low
as 0.21 Q-cm® and 0.11 Q-cm” at 973 K, respectively. The maximum power density of the cells (27)

H, | Ni + CeoSmo2019 | CeosSmo201 6| LaBaMeCuOs:s| O, (air) 27)

with 300 Im thick electrolytes attains 557 mW cm > and 603 mWem ~ at 1073 K for Me = Fe and Co,
respectively [20]. These results demonstrated that the layered perovskite-structure oxides
LaBaMeCuOs;5 (Me — Fe, Co) are very promising cathode materials for application in ITSOFCs.

(26)

7. Conclusion

In this chapter the preparation methods, crystal structure and thermal stability of layered
LnAMe,Os.5 (Ln —REE; A —AE, AEE; Me — 3d-metal) double perovskites are described as well as
their thermal expansion, magnetic, electrical and other properties are discussed. It is shown that the
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REE and 3d-metal nature as well as the oxygen sub-lattice state (including oxygen content) of the
samples strongly influence on their crystal structure and properties.

The various nature (structural, electrical, magnetic) phase transitions taking place in these oxides
in a wide temperature range are described. So, layered manganites LnBaMn,0Os.s and cobaltites
LnBaCo,0s:5 demonstrate a number of magnetic transitions due to the various type ordering of
magnetic ions (manganese or cobalt) in their structure, but layered ferrites LnBaFe;Os:s show
transition of Verwey type due to dis-proportionation of valence-mixed state of iron ions (Fe™>?) into
charge-ordered state of the ones (Fe*" and Fe*™).

It is shown that large values of electrical conductivity and thermo—e.m.f values of some
LnBaMe;0s.5 phases and presence in their structure of the weakly—bound (labile) oxygen causes
possibility of their usage as materials for semiconducting chemical sensors of gases and oxidation
catalysts of hydrocarbons (LnBaFeCuOs,s oxides), cathode materials for intermediate temperature solid
oxide fuel cells (LaBaMeCoOs.s (Me — Fe, Cu) compounds and LnBaCo,0s;s phases) or materials for
high-temperature conversion of heat into electrical energy in thermoelectric generators (LnBaFeMeOs.s
(Me — Co, Cu) oxides).
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Figure 1. Crystal structure of the LnBaFeCuOs.5 (0112) phase. The O(3) positions are partially

occupied.
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Figure 3. Dependences of the LnBaMn,Os.5 (a) and LnBaCo,0s.5 (b) lattice constants (a,
b, ¢) versus REE ionic radii (R;,3+) [85]: Ln = La (1) [40], (2) [41], (3) [49], (4) [28]; Pr (5)
[25], (6) [28], (7) [51], (8) [53], (9) [14]; Nd (10) [41], (11) [25], (12) [49], (13) [28], (14)
[57]; Sm (15) [25], (16) [27]; Eu (17) [25], (18) [28], (19) [50]; Gd (20) [42], (21) [25],
(22) [28], (23) [54]; Tb (24) [25], (25) [49], (26) [28], (27) [55]; Dy (28) [28], (29) [52]; Ho
(30) [56], (31) [26], (32) [52]. The data are presented in the format: a <b = a,, ¢ = 2a,,.
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Figure 2. Procedure for the preparation of SmBaCo,0ss powder [29].
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Figure 4. Dependences of the SmBaFe,0s.; lattice constants (a, b, ¢) versus oxygen non-
stoichiometry index (8): a (1) [45], (4) [44]; b (2) [45], (5) [44]; c (3) [45], (6) [44]. The existence
regions of orthorhombic (O) and tetragonal (T) modifications are shown.
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Figure 5. XRD patterns (CuKo-radiation) of the LaBaCoCuOs ¢, (/) and NdBaCoCuOs 5; (2)
layered perovskites.
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Figure 6. Dependences of the LnBaFeCoOs.5 (a), LnBaCoCuOs.s (b) and LnBaFeCuOs.s
(c) lattice constants (a, ¢) versus REE ionic radii (R;,3+) [85]: (1) [59], (2) [63], (3) [64], (4)

[21], (3) [63], (6) [64], (7) [66], (8) [67], (9) [61], (10) [69], (1 1) [60], (12) [79], (13) [71],
(14) [81], (15) [75], (16) [84]. The data are presented in the format: a = b = a,,, ¢ = 2a,,.
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Figure 7. Dependences of LaBa; \MexFeCuOs.s (Me — Sr, Mg) solid solutions lattice
constant (a,) (1, 2) and oxygen non-stoichiometry index (6) (3, 4) versus substitution
degree of Ba by Sr (7, 3) or Mg (2, 4). The well-defined extrema on the a, = f(x) and
d = f{x) dependences for Me = Sr is caused by formation of new chemical compound
LaBa3/4Sr1/4FeCu05+8 [86].
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Figure 8. Dependences of the lattice constants (a, ¢) versus substitution degree (x) for
YBaFeCo xCuxOss5 (a), YBaFe; \CoxCuOs.s (b) and YBaFe,CoCu; xOs.s (¢) solid
solutions: (/) [65], (2) [87].
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Figure 9. IR absorption spectra of the LnBaFeCo0Os.s (a), LnBaCoCuOs.;s (b) and
LnBaFeCuOss (c) layered perovskites [21,59-61,64,66,69].
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Figure 10. Dependences of the IR absorption spectra maximum of the LnBaFeCoOs.;s (a),
LnBaCoCuOs;5 (b) and LnBaFeCuOs.s (¢) layered perovskites versus REE ionic radii
(Rx3*) [85]: vi (1), v2 (2) v3 (3) [59-61,63,64,66,69]. O is the occupation degree of the

O(3) positions in the 0112 phases crystal structure.
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Figure 11. Change of the titration current (/) and oxygen non-stoichiometry index (6) of
LaBaFeCuOs;s powder during heating and cooling in argon (pO, = 1000 Pa). The results
were obtained using coulometric complex Oxylyt, SensoTech (Germany).
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Figure 12. Temperature dependences of the relative elongation (Al/ly) (a) and linear thermal
expansion coefficient (o) (b) of NdBaCoCuOs5 layered perovskite in air.
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Figure 13. Temperature dependence of the LaBaFeCuOs5 unit cell parameter (a,). The

separation of the thermal (o7) and chemical (ai5) expansion coefficient as well as the jump Aa, as
a result of the oxygen disorder also is shown (acc. to [92]).
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Figure 14. Dependence of the Neel temperature (7)) versus Cu content (x) for YBaCo, xCuxOs
solid solutions [93].
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Figure 15. Temperature dependences of electrical conductivity (c)(a, ¢) and thermo-e.m.f. (S) (b,
d) for LaBaMe’Me”’Os;5 (a, b) and YBaMe’Me”Os.5 (¢, d) phases: Me’Me” = FeCo (/) [59,63],
FeCu (2) [104], CoCu (3) [63,66].
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Figure 16. Temperature dependences of electrical conductivity (c)(a, b, ¢) and thermo-e.m.f. (S)
(d, e, f) for LnBaFeCoFeOs.s (a, d), LnBaFeCuFeOs,; (b, ¢) LnBaCoCuFeOs.s (¢, f) layered
perovskites: Ln = La (1) [22,63], Pr (2) [22,64], Nd (3) [21,22,61], Sm (4) [21,22,61], Gd (5)

[21,22,61], Dy (6) [22,59,66], Ho (7) [22,59,69].
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Figure 17. Temperature dependences of electrical conductivity (o) () and thermo-e.m.f. (S) (b)
for PrBaFeCuOs:5: 6 = 0,28 (1), 0,19 (2), 0,11 (3), (0,02) (4), 0,00 (5) (acc. to [91).
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Figure 18. Temperature dependences of conversion degree of propane—butane mixture by its
oxidation of atmospheric oxygen (gas volume rate 3,6:10* h™', hydrocarbons content — 0.1 vol. %)
with (/—4) and without (5) solid catalysts: YBaCuFeOs (1), YBaFe(9Mng ;05 (2),
YBaFe(9Coy,10s5 (3), YBaFeo9Nip ;05 (4) (acc. to [15]).
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Figure 19. Temperature dependences of the response of the layered perovskite thick films
LaBaCuFey9Mny 1055 (a) and LaBaCuFe 9Nig 1055 (b) to the presence in air vapors of
CH3;COCH,COCHj; (150 ppm) (1), 1,4-C4HgO, (750 ppm) (2) and C4HyOH (75 ppm) (3) (according to
[6,16]).

Figure 20. Schema of the working element of chemical gas sensor: a — view from the top, b — view
from the side (in a cut), ¢ — sensor in assemblage: / — Pt heater, 2 - Pt electrodes, 3 — active layer, 4 —
Si0,, 5 — Si substrate, 6 — case, 7 — protective cap.
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Figure 21. Power dependences of response of gas sensor with working element based on
YBaCuFe gNip,0s.5 to the presence in air vapors of C;HsOH (0.4 vol. %) (7), CH;COCH,COCH3
(740 ppm) (2), NH3 (7.9 vol. %) (3), 1,4-C4HgO; (0.4 vol. %) (4) (acc. to [16]).
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Figure 22. Dependence of content of ethanol vapor in air (Cc,ns0n) versus response of gas sensor based
on YBaCuFe(gNig 1055 (Re—Ro)/Ro)). Heater power is 300 mW (acc. to [16]).
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Figure 23. Temperature dependences of power factor (P) for LnBaFeCoFeOss (a),
LnBaFeCuFeOs.s (b) LnBaCoCuFeOs;; (¢) layered perovskites: Ln = La (7), Pr (2), Nd (3), Sm
(4), Gd (3) (calculated from data [21,22,61,63,64]).
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