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The cobalt deficient double perovskites EuBaCo,_,O,_s with x = 0-0.1 were obtained both as powders and as single crystal.
Formation of cobalt vacancies in their crystal lattice was shown to be accompanied by the formation of oxygen ones. Chemical
lattice strain caused by this cooperative disordering of cobalt and oxygen sublattices was found to be isotropic contrary to that
caused by the formation of oxygen vacancies only. Cobalt deficiency was also shown to lead to lowering overall conductivity and
Seebeck coefficient of EuBaCo,_, O4_s double perovskites as a result of simultaneous decrease of charge carriers’ concentration and
their mobility as well as number of sites available for electrons and holes transfer. Strong anisotropy of the overall conductivity
of the single crystal double perovskites EuBaCo,_,O4_s was found and explained on the basis of preferential location of oxygen

vacancies in the rare-earth-oxygen- (REO-) planes.

1. Introduction

Double perovskites LnBaB,O,_s (Ln = rare-earth element,
B = 3d element) with layered structure, which consists
of alternating perovskite layers containing either rare-earth
elements or Ba [1-3], have already received great attention in
past decades due to their fast oxide ion transport, high mixed
ionic and electronic conductivity, and high catalytic activity
with respect to the oxygen reduction [2-6]. The double
cobaltites LnBaCo,O,_s are of particular interest due to
diverse physical properties of cobalt ions [4, 7-9], which may
exist not only in different oxidation states: Co**, Co’", and
Co™**, but also in different spin states, and may have several
coordination environments, such as tetrahedral, octahedral,
square pyramidal, and trigonal pyramidal. As a consequence,
double cobaltites LnBaCo,O,4_s have really wide homogene-
ity range with respect to oxygen. Their oxygen content, 66,
may change in the range from 6 to 5 upon lowering oxygen
partial pressure (pO,) in ambient atmosphere and, for some
of them, may be even lower than 5 [10]. This large oxygen defi-
ciency is accommodated mostly by the formation of oxygen
vacancies in the layers containing rare-earth ions. Depending

on pO, (oxygen content) and temperature an ordering of oxy-
gen vacancies may occur and, consequently, different super-
structures lowering the symmetry of the crystal lattice may be
observed as well [1]. As an example, Figure 1 shows the unite
cell of EuBaCo,Os 5 with the most typical ordering of oxygen
vacancies when they are regularly alternating with occupied
oxygen positions along the b-axis of the cell. As a result,
cell parameter b is doubled as compared to disordered state.
Thus the lattice of the oxide has orthorhombic symmetry with
s.g. Pmmm when oxygen vacancies are ordered or tetragonal
symmetry with s.g. P4/mmm when they are disordered [1].

It should be emphasized that, up to now, only influence of
the oxygen deficiency on the crystal structure and properties
of double perovskites was studied [1-4, 10] while both their
cationic sublattices are assumed to be stoichiometric. How-
ever, according to our preliminary study double perovskites
may accommodate significant (up to 0.1) cation understoi-
chiometry in their lattice.

Therefore the priority purposes of this work were to be
(i) synthesis of single phase EuBaCo,_,O,_s powder, (ii)
single crystal EuBaCo,_,O¢_s growth, and (iii) investigation
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FIGURE 1: Unit cell of EuBaCo,O; 5 with orthorhombic symmetry,
s.g. Pmmm.

of structural and electrical properties of the cation understo-
ichiometric double perovskite EuBaCo,_,O4_s, Where x =
0-0.1.

2. Materials and Methods

Powder samples of cation understoichiometric double per-
ovskite EuBaCo,_,O4_s (x = 0, 0.01, 0.05, 0.10) were syn-
thesized by Pechini method [11]. Eu,O; (purity 99.99%), Co
(purity 99.9%), BaCO; (99.99%), HNO; (purity 99.99%),
citric acid monohydrate (purity 99.8%), and ethylene glycol
(purity 99.8%) were used as starting materials. Stoichiometric
mixture of Eu,05, Co, and BaCO; was dissolved in diluted
(1:3) nitric acid. Equimolar amounts of citric acid and
ethylene glycol were added to the as-obtained solution, which
was then evaporated at 90°C for 5 hours under constant
stirring. The obtained mixture was heated for 4 hours at 140°C
in air for complete etherification and then resultant precursor
was burned at 450°C for 2 hours. The as-prepared powder was
further calcined at 1100°C and 1150°C for 20 hours in air with
intermediate regrinding. After final calcination at 1150°C the
powder samples were slowly (1°C/min) cooled in air to room
temperature.

Phase purity of the samples prepared accordingly was
studied by XRD in Cr Ka radiation using DRON-2 diffrac-
tometer (Bourevestnik, Russia). XRD showed no indication
for the presence of a second phase in the as-prepared cobalt
deficient samples EuBaCo,_,O4_g, where x = 0-0.1.

Powder samples for overall conductivity and Seebeck
coeflicient measurements were axially pressed into rectangu-
lar bars of 18 x 3 x 2mm” at 50 MPa and sintered at 1150°C
for 24 h in air. The relative density of the samples prepared
accordingly was found to be 72% of the theoretical value.

Single crystal of EuBaCo,_,O¢_s with x = 0.1 was grown
with 5mm/hour rate in air atmosphere by floating zone
technique using vertical optical floating zone furnace URN-
2-3P (MEI Russia).
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TABLE 1: The results of the elemental analysis of the as-prepared
powder samples of EuBaCo,_,O4_s (x = 0-0.10).

Cation, at.” %

Cobalt deficiency, x Sample composition

Co Ba Eu
0 50.16 24.05 25.79  Eu, ,Baye5C0,0,O06_s
0.01 49.81 24.03 2616  Eu, (,Ba;4,C0; 6904 s
0.05 49.34 2528 25.38  Eu, oyBa, 4yC0; 9504 s
0.07 49.15 25.03 25.82  Eu, ,Ba;05C0;9;04 5
0.10 48.67 2515 2618  Eu, (,Ba;43C0, 6904_s

“Relative uncertainty + 2%.
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F1GURE 2: XRD patterns of the powder samples of double perovskites
EuBaCo,_,O4_s (x = 0, 0.01, 0.05, 0.10) and ground single crystal
EuBaCo, 4yO4_s-

The elemental composition of the obtained samples (both
ceramic and single crystalline) was studied using Inspect
F scanning electron microscope (FEI, USA) equipped with
EDAX energy dispersive spectrometer. The oxygen content
was measured by the samples direct reduction in hydrogen
flow in the thermogravimetric setup STA409PC (Netzsch,
Germany).

Overall conductivity and Seebeck coefficient were mea-
sured simultaneously by 4-probe dc-method using Zirconia-
M setup (Research Technologies, Russia). The measured
thermo-EMF was corrected for that of Pt-leads [12].

3. Results and Discussion

3.1. Chemical Composition, Crystal Structure, and Lattice
Expansion. Figure 2 shows XRD patterns of the as-prepared
double perovskite powders EuBaCo,_,O¢_s (x = 0, 0.0,
0.05, 0.10) and ground single crystal EuBaCo, 4,0¢_s. The
averaged results of their elemental analysis are summarized
in Table 1. Figure 3 shows distribution of elements along and
across the cleavage surface of the as-grown single crystal
EuBaCo,; ¢O4_s. The direction of crystal growth was deter-
mined by X-ray diffraction. Figure 4 shows indexed XRD pat-
terns obtained from planes parallel and perpendicular to the
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FIGURE 3: Photo of the [001] cleavage surface of the grown EuBaCo, 4,O_s single crystal (on the left) and elements distribution (on the right):

(a) across the sample, (b) along the sample.

TaBLE 2: Cell parameters of double perovskites EuBaCo,_, O4_s (x = 0-0.1).

Sample a*, A b**, A A v A3
EuBaCo, 0,0, s 3.8820 78271 75438 229.216
EuBaCo, 0,0, s 3.8824 78269 75443 229.247
EuBaCo, ;O, s 3.8830 78290 75477 229.449
EuBaCo, ,0, 3.8849 78314 75514 229.743
EuBaCo, 9,O¢ s 3.8851 78331 75513 229.804
Single crystal EuBaCo, 3,04 s 3.8833 78332 75514 229.703

*Uncertainty + 0.0005 A. ** Uncertainty + 0.001 A.
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FIGURE 4: XRD patterns obtained from planes perpendicular (a)
and parallel (b) to the growth direction of the EuBaCo, 4O,_; single

crystal. Inset shows the Lauegram taken perpendicular to the growth
direction of the crystal.

growth direction as well as Lauegram taken perpendicular to
the growth direction of the crystal. As seen EuBaCo, 4oO¢_5
single crystal growth occurred along the [120] direction.

Lauegram shows well-defined reflexes ensuring good quality
of the as-grown crystal and the absence of the crystal
twinning.

As seen all the samples obtained are single phase with
composition very close to the nominal one with slight
overstoichiometry in Eu and understoichiometry in Ba. Their
XRD patterns were indexed with the Pmmm space group.
The refined lattice parameters are given in Table 2 and their
normalized change is shown in Figure 5 as a function of cobalt
deficiency.

As it follows from Figure 5 cobalt deficiency leads to
lattice expansion of the double perovskite EuBaCo,_,O4_s.
Moreover, as seen in Figure 5 this expansion is isotropic.
Indeed, normalized expansion along the three axes has
almost the same value, (0.9+0.1)% per 1 mole of cobalt vacan-
cies in 1 mole of oxide. The total volume expansion, therefore,
is three times as large.

Interestingly, chemical lattice strain caused solely by
oxygen vacancies formation was found to be anisotropic in
double perovskites [5, 6] with expansion in ab-plane due to
decrease of cobalt oxidation state [5, 6] and contraction along
c-axis due to the high concentration of oxygen vacancies
localized in rare-earth-oxygen- (REO-) plane, which prompts
shifts in Co and O positions towards the REO-plane [6].
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FIGURE 5: Normalized change of the lattice parameters of polycrys-
talline samples of EuBaCo,_,O4_s (x = 0-0.1) at room temperature
in air as a function of cobalt deficiency.

In the case of cobalt deficient double perovskite
EuBaCo,_,O¢_5, however, it seems that cobalt oxidation
state, and, as a consequence, its mean size (radius), remains
unchanged due to cobalt vacancies formation. Indeed, TG
measurements showed oxygen content 5.50 in the cation
stoichiometric EuBaCo, ,O4 5 sample (x = 0) slowly
(100°C/hour) cooled in air to room temperature and 5.35
in cation deficient one with x = 0.1. Obviously this oxygen
content corresponds to cobalt average oxidation state 3.0 in
both oxides. Hence, formation of cobalt vacancies seems to
be fully compensated by the oxygen release from the oxide
lattice and thus it may be considered, to some extent, as a
removal of cobalt polyhedrons from the double perovskite
lattice. Aforementioned observation gives rise to drawing a
conclusion that a mechanism of the lattice expansion caused
by cation vacancies formation is quite different from that of
expansion caused only by oxygen vacancies formation.

3.2. Electrical Properties. Figure 6 shows thermo-EMF
coefficient measured in air as a function of temperature for
polycrystalline (ceramic) EuBaCo,0O;_s and EuBaCo, 4O¢4_s
samples. Thermo-EMF coefficient of single crystal
EuBaCo, 4O4_s measured parallel ([120]) and perpendicular
([001]) to the growth direction is given ibidem. Abrupt
drop of the Seebeck coefficient caused, most likely, by the
metal-insulator transition is clearly seen in the vicinity
of 70-75°C [1]. As seen in the insert of Figure 6, there is
also some inflection in the temperature range 450-460°C
corresponding to Pmmm-P4/mmm phase transition [7, 8].
Figure 6 also shows that cobalt deficiency leads to somewhat
decrease of the thermo-EMF coefficient most likely due to
the decrease of the number of sites for electrons and holes
transfer as follows from Heikes equation [13].

Overall conductivity of polycrystalline (ceramic)
EuBaCo,0,_s and EuBaCo, yO4_s samples and single crystal
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FIGURE 6: Thermo-EMF coefficient as a function of temperature
in air for polycrystalline (ceramic) samples EuBaCo, (O4_s and
EuBaCo, 4,O4_s and single crystalline EuBaCo, 4,O4_s measured
along the ab-plane ([120]) and along the c-axis ([001]).

EuBaCo, 4O4_s measured parallel ([120]) and perpendicular
([001]) to the growth direction is shown in Figure 7 as a
function of temperature in air.

The manifestation of the metal-insulator (around 80°C) as
well as Pmmm-P4/mmm transition (around 450°C) is clearly
seen on the temperature dependencies given in Figure 7. It is
also obvious from Figure 7(a) that cobalt deficiency decreases
total conductivity due to both decreasing concentration of the
charge carriers and lowering their mobility as a result of the
break of conducting Co-O-Co chains. It is worth noting that
total conductivity is strongly anisotropic in EuBaCo,O¢_s
as shown in Figure 7(b). This seems to be attributed to
the localization of oxygen vacancies mostly in REO-planes,
which causes break of conducting Co-O-Co chains along the
c-axis and hampers electrons and holes movement along the
c-axis as compared to that in the ab-plane where Co-O-Co
chains remain unchanged, at least, until the oxygen content
in EuBaCo,_,O4_s reaches 5.0; afterwards oxygen vacancies
are formed randomly in oxygen polyhedrons as we showed
recently for GdBaCo,O4_s [10].

4. Conclusion

The polycrystalline and single crystalline double perovskites
EuBaCo,_,O,_s with both stoichiometric and understoichio-
metric composition with respect to cobalt were obtained and
investigated. As a result, the influence of cobalt deficiency
on crystal structure and properties of double perovskites
EuBaCo,_,O,_s was established. Formation of cobalt vacan-
cies was shown to be accompanied by the release of equivalent
amount of oxygen from the oxide lattice. Chemical lattice
expansion caused by this cooperative disordering of cobalt
and oxygen sublattices was shown to be isotropic contrary to
that caused by the formation of oxygen vacancies only.
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FIGURE 7: Overall conductivity as a function of temperature in air for (a) polycrystalline (ceramic) EuBaCo,04_s—(2.00) and
EuBaCo, 4O4_s—(1.90) samples and (b) single crystal EuBaCo, ,O4_s sample measured parallel ([120])—(ab) and perpendicular ([001])—(c)

to the growth direction.

Cobalt deficiency was found to decrease the overall con-
ductivity and Seebeck coeflicient of EuBaCo,_,O4_s double
perovskites as a result of decreasing charge carriers concen-
tration and simultaneously lowering their mobility as well as
number of sites available for electrons and holes transfer.

Overall  conductivity = of  double  perovskites
EuBaCo,_,O4_s was shown to be strongly anisotropic due
to preferential location of oxygen vacancies in REO-planes.
As a result charge transfer along the c-axis is hampered as
compared to that in the ab-plane.
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