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Abstract. The results on synthesis, crystal structure determination and calculation of crystallochemical
parameters of YCo1−xFexO3 (x = 0, 0.33, 0.5, 0.67 and 1) perovskites are presented in this work. The com-
pounds within this series were synthesized by solution combustion method using two different fuels: urea and
citric acid. It was found that iron-containing perovskites, obtained by citric acid as a fuel are of better quality
and crystallinity. All the compounds crystallize in Pnma space group with Z = 4. According to the structure
and the calculated crystallochemical parameters, the coordination number of Y3+ in these perovskites is 8. The
unit cell parameter relationship is of O−type suggesting that the main reason for distortion of ideal perovskite
structure is the octahedral tilting. The deformation of the octahedrons, as well as the tilting angles, are increas-
ing with the increasing content of Fe3+ but the calculated global instability indices (GII) show that the stability
of the perovskite structure is increasing with increasing of the Fe3+ content.
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1. Introduction

The perovskite type structure is one of the most impor-
tant structural classes among materials due to their
important and specific physical and chemical proper-
ties. Thus, depending on the composition and structure,
the perovskites could exhibit ferroelectricity, piezo-
electricity, conducting property ranging from insula-
tors to superconductivity, colossal magnetoresistance,
giant magnetoresistance, etc. Their high thermal stabil-
ity makes them appropriate also for use as catalyst in a
number of catalytic processes.1–3

The ideal structure of perovskites (ABX3) is cubic
(Pm3m) consisting of three-dimensional network of
regular corner-linked BX6 octahedra, the B cations
being at the centres of these octahedra and the A cations
are located at the centre of the dodecahedral cavities.4

Despite the simplicity of the original perovskite crystal
structure, this family of compounds shows an enormous
variety of structural modifications and variants. Thus,
the perovskite structure could adopt different A and B

∗For correspondence

cations and anions, but typically A corresponds to lan-
thanides, actinides, alkaline or alkaline earth metals;
B generally corresponds to transition metals and X
in most cases is oxygen. Furthermore, in a so-called
complex or double perovskites, the A and B-positions
could be occupied with two or more different cations.
Depending on the types of the ions in the perovskite
structure, many different types of distortions can occur
from the ideal structure. These include tilting of the
octahedra, displacement of the cations from the centres
of coordination polyhedra, and Jahn-Teller distortion of
the octahedra. In most cases, the physical properties
of perovskites that are important for their applications
strongly depend on the composition and the details of
these distortions.

In recent years, there is a growing interest of rare
earth cobaltites partially substituted with other transi-
tion metals in B-position. This is mainly due to their
interesting electronic and magnetic properties, which
results in the possibility of spin-state changes of Co3+

ions.5–8 Thus, it was found that Co3+ ion could undergo
temperature driven spin-state changes from low-spin
(t6

2g) to intermediate-spin (t5
2ge

1
g) and finally to high-spin
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state (t4
2ge

2
g), or it could exist in mixed spin state.5,9

It should also be pointed out that the obtained struc-
tural phase and particle size of perovskites depend on
their synthesis, so numerous pathways towards new
structures have been developed.

Taking these findings into consideration, and con-
tinuing our work on complex perovskites,10–12 in this
study, different synthetic routes and detailed structural
investigation of new complex perovskites of general
formula YCo1−xFexO3 (x = 0, 0.33, 0.5, 0.67 and
1) are presented. Our interest was focused on these
perovskites mainly as a result of interesting proper-
ties of the well-known simple perovskites, YCoO3 and
YFeO3. Namely, YFeO3 was widely studied for its mag-
netic and magneto-optical properties and the possibil-
ity for use in catalysis, in gas sensors and monitoring
applications.13 Also, doped YCoO3 have attracted great
attention over the last several decades due to their
potentially technological applications in many fields
such as thermoelectricity,14,15 oxygen-permeable cera-
mic membranes (OPCMs),16 oxygen electrode catalysts
in aqueous alkaline solution batteries,17 gas sensors,18

cathode for solid oxide fuel cells (SOFCs),19 etc.
According to the literature data, the end members

of the studied series, YCoO3 and YFeO3, may be syn-
thesized using different methods. The most frequently
used method for synthesis of cobalt-containing per-
ovskite is solid state synthesis20–24 often performed
in oxygen atmosphere or under higher pressures.21–23

Another method used for the preparation of YCoO3 is
the sol-gel method.25 Unlike YCoO3, it is very hard
to obtain YFeO3 by conventional solid-state methods
of synthesis. Namely, the study of the phase diagram
of Y2O3-Fe2O3 system showed that the formation of
compound with garnet structure, Y3Fe5O12 (Y-Fe gar-
net) is more favourable.26 As a consequence, a num-
ber of soft-chemistry methods were used to obtain the
perovskite phase. For example, YFeO3 was synthesized
using sol-gel method,26–29 solution combustion method
with glycine, sucrose or citric acid as fuels,30,31 via
complex precursors,13 coprecipitation32 or microwave
heating.33 This perovskite may also be obtained as
monocrystal.34,35 It should be emphasized that crystal
structure of YFeO3 heavily depends on the method of
synthesis and sintering. For example, hexagonal YFeO3

may be obtained by decomposition of complex precur-
sors followed by heat treatment at low temperature.13

Hexagonal phase was also obtained using the solu-
tion combustion method with glycine or citric acid as
fuels.30,31 Detailed investigations on the solution com-
bustion synthesis using glycine as a fuel pointed out that
mainly two factors influence the structure of YFeO3.
First factor is the ratio between the glycine and the

nitrate ions. The lower ratio (∼1.3) leads to forma-
tion of perovskite with hexagonal structure while higher
ratio (>1.5) to orthorhombic structure.30 The second
factor is the temperature of combustion. It was found
that if the combustion is performed at lower tempera-
tures or if lower temperatures of additional heating are
applied, the compound with hexagonal structure may be
obtained.31

In order to investigate the influence of the fuel on the
solution combustion synthesis of YCo1−xFexO3 (x = 0,
0.33, 0.5, 0.67 and 1) perovskites, in this study solu-
tion combustion method was applied using urea or citric
acid as fuels. Also, detailed crystal structure determina-
tion of the new complex perovskites and the calculated
crystallochemical parameters are discussed below.

2. Experimental

For synthesis of YCo1−xFexO3 (x = 0, 0.33, 0.5, 0.67
and 1) by solution combustion method, two differ-
ent fuels were used: citric acid or urea. The starting
solutions in all synthesis were prepared by dissolving
metal nitrates (Y(NO3)3·6H2O, Co(NO3)2·6H2O and
Fe(NO3)3·9H2O) in a small amount of water. The quan-
tity of the fuel was calculated using the oxidizer/fuel
ratio and in all syntheses it was set to 1.

When urea was used as a fuel, it was dissolved in
diluted nitric acid (1:1), the solution was slowly added
to the water solution of metal nitrates and then slowly
heated in a muffle furnace up to ∼500◦C. After the
evaporation of the water the fuel initiated and a self
propagated combustion reaction took place resulting in
formation of spongy powders.

In the case when citric acid was used as a fuel, the
citric acid was dissolved in small quantity of water
and was slowly added to the solution containing metal
nitrates. According to some literature data36 regarding
the solution combustion synthesis of similar compo-
unds, the synthesis is more successful if the pH of the
initial solution is 7 or above. In order to perform the
synthesis in neutral solution, the pH of the initial reac-
tion mixture was adjusted with addition of NH4OH.
The as-prepared solutions were heated on magnetic stir-
rer at temperature of 80◦C. After the evaporation of
the water (almost completely) the container was trans-
ferred on a hot plate preheated at ∼300◦C, and vigorous
combustion reaction started evolving large amount of
gases.

The obtained powders, both with urea or citric acid
as a fuel, were additionally heated for 4 h at 800◦C,
yielding perovskites. However, since all synthesized
complex perovskites using citric acid contained small
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amount of Y2O3, they were washed with diluted HCl
(c = 1 mol/dm3). After washing and filtration, the
samples were dried and additionally heated for 6 h at
950◦C.

The crystallinity, purity and crystal structure of
the obtained perovskites were studied by powder X-
ray diffraction. The diffractograms were recorded on
Bruker D8 Advance with CuKα radiation and SOL-X
detector within the range 10−120◦2θ at room temper-
ature with step-scanning of 0.02◦. The refinements of
the crystal structures were performed using the Rietveld
method and program package FullProf.37 Several pro-
file parameters such as background, scale factor, zero
shift, two asymmetry parameters and for some sam-
ples (YCo0,67Fe0,33O3 and YCo0,5Fe0,5O3) the preferred
orientation, were included during the crystal structure
refinement.

3. Results and Discussion

3.1 Synthesis

As previously stated, in this study YCo1−xFexO3 (x =
0, 0.33, 0.5, 0.67 and 1) perovskites were obtained using
two different fuels. In both cases, perovskites with same
structure were obtained but the purity and the degree
of crystallinity was different, so the influence of the
fuel on the synthesis of these perovskite materials is
obvious.

The XRD patterns (figure 1a) of the iron contain-
ing perovskites obtained with urea as a fuel clearly
show that these perovskites were not well crystalline
and contained impurities mainly from Y2O3 (For clarity,
only the XRD patterns of YCo0.5Fe0.5O3 are presented).
The additional heat treatment (6 h at 900◦C and 7 h

Figure 1. XRD pattern of YCo0.5Fe0.5O3 obtained using
urea: (a) heated for 4 h at 800◦C; (b) additionally heated for
7 h at 1000◦C.

at 1000◦C) did not improve their characteristics (figure
1b). On the other hand, YCoO3 obtained by the same
synthetic route (urea as a fuel) was of satisfactory purity
and crystallinity (figure 2a). However, further heating
(6 h at 800◦C; 6 h at 900◦C and 5 h at 1000◦C) of
this perovskite was performed in order to obtain sample
suitable for crystal structure refinement.

The XRD-patterns of the perovskites synthesized
using citric acid as a fuel, showed that this fuel would be
preferable choice in synthesis of iron containing mem-
bers of this series (YCo1−xFexO3, x = 0.33; 0.5; 0.67
and 1). Namely, the purity and the crystallinity of per-
ovskites obtained using citric acid are better in com-
parison when using urea. It is important to notice that
YCoO3 was not obtained when citric acid was used as
a fuel (figure 2b). Namely, after the heat treatment at
800◦C only mixture of oxides (Y2O3 and Co3O4) was
obtained (figure 2b).

In aim to study the process of forming complex
(Co/Fe) perovskites and YFeO3, the XRD patterns of
all stages of the combustion synthesis by citric acid
were recorded, but for better clarity, only the patterns of
YCo0.67Fe0.33O3 are presented (figure 3). After heating
of the amorphous precursor samples for 4 h at 800◦C,
a mixture of perovskite phase and small amount of
Y2O3 (Y2O3, ICDD card #41−1105) was obtained for
all samples except for YFeO3, which was obtained as
a pure (figure 3a). The impurities of Y2O3 were elim-
inated by washing the samples with diluted HCl and
drying afterwards. The XRD patterns of dried samples
(figure 3b) showed that the impurities were successfully
eliminated. However, in order to obtain powders with
better crystallinity, the samples were heated again for 6
h at 950◦C, and such obtained perovskites were further
used in structural investigations (figure 3c).

Figure 2. XRD pattern after final heating of YCoO3 syn-
thesized (a) using urea and; (b) using citric acid as a fuel.
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Figure 3. XRD patterns of YCo0.67Fe0.33O3 after (a) initial
heating (at 800◦C for 4 h); (b) treatment with HCl (c) heating
6 h at 950◦C.

The results of the synthesis of YCo1−xFexO3 per-
ovskite series, clearly show that the influence of the
fuel is mainly connected with the type of the B-cation.
Although both Fe3+ and Co3+ are hard acids and O2− is
considered as a hard base the affinity of Fe3+ towards
citric acid is very strong. This is probably due to,
not just the formation of monoiron dicitrate, but also
of formation of binuclear and trinuclear oligomeric
complexes.38

3.2 Crystal structure

The crystal structures of YCoO3 and YFeO3 (end mem-
bers of the series) have already been refined24,34 but
they are included in this analysis in order to track the
structural changes arisen with mutual substitution of
Fe and Co. According to the literature data24 YCoO3

is of orthorhombic structure, space group Pnma (Z =
4). The other end member of the series, YFeO3, could
be hexagonal30,31 or orthorhombic.27,31,34,35 Unlike the
metastable hexagonal phase, the orthorhombic phase
(isomorphous with the other members of LnFeO3 series
which are of GdFeO3 structural type), is thermody-
namically stable. Also, the study of crystal struc-
ture on monocrystal samples revealed orthorhombic
structure.34,35 As it was previously mentioned, there is
no literature data about the crystal structure of the com-
plex perovskites obtained with partial substitution of Co
with Fe. Therefore, their structures will be thoroughly
discussed here.

The XRD patterns of YCo1−xFexO3 are presented on
figure 4. The pure single-phase YFeO3 (figure 4e) was
indexed as orthorhombic (ICDD card #39−1489). The
analogy of the XRD patterns of other members of the
series with that of YFeO3 (figure 4), leads to conclusion

Figure 4. The XRD patterns of perovskites from YCo1−x

FexO3 series: (a) YCoO3; (b) YCo0.67Fe0.33O3; (c) YCo0.5
Fe0.5O3; (d) YCo0.33Fe0.67O3; and (e) YFeO3.

that all members of the series are orthorhombic and
the refinement of the crystal structure of all com-
pounds was performed within the space group Pnma.
The accordance between the experimental and cal-
culated structures was verified by the Rietveld plot
(figure 5).

The unit cell parameters, fractional atomic coordi-
nates and isotropic temperature factors of YCo1−xFexO3

series are given in table 1. The calculated unit cell
parameters (table 1) of the simple perovskites, YCoO3

and YFeO3, are in very good agreement with the liter-
ature values (YCoO3: a = 5.4191(5) Å, b = 7.3658(7)
Å and c = 5.1388(5) Å,24 and YFeO3: a = 5.5877(3)
Å, b = 7.5951(4) Å and c = 5.2743(7) Å34).

The values of the unit cell parameters of the com-
plex YCo1−xFexO3 perovskites (x = 0.33, 0.5 and 0.67)
are between those of the end members (table 1). It may
be noticed that as the content of cobalt decreases the

Figure 5. The Rietveld plot of YCo0.5Fe0.5O3.
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Table 1. The unit cell parameters, fractional atomic coordinates, isotropic temperature
factors and discrepancy factors for YCo1−xFexO3 (x = 0, 0.33, 0.5, 0.67 and 1).

YCoO3 YCo0.67Fe0.33O3 YCo0.5Fe0.5O3 YCo0.33Fe0.67O3 YFeO3

a/Å 5.42156(7) 5.4770(3) 5.5087(1) 5.53905(18) 5.59245(7)
b/Å 7.36536(16) 7.4396(3) 7.4807(2) 7.5222(1) 7.60387(10)
c/Å 5.13809(11) 5.1874(2) 5.2133(1) 5.23740(16) 5.28056(7)

Y x 0.06921(19) 0.06797(16) 0.06816(14) 0.06880(8) 0.06800(10)
z 0.9819(3) 0.9829(3) 0.9829(2) 0.9826(2) 0.98212(18)
B 0.35(3) 0.42(3) 0.47(2) 0.33(2) 0.397(20)

Co/Fe B 0.05(4) 0.22(4) 0.19(3) 0.15(4) 0.18(2)
O1 x 0.4737(7) 0.4647(11) 0.4663(9) 0.4643(6) 0.4606(7)

z 0.0952(8) 0.0980(11) 0.0999(9) 0.1037(9) 0.1092(7)
B 1.5(1) 1.36(19) 1.18(16) 1.18(15) 0.89(11)

O2 x 0.3029(11) 0.3034(9) 0.3041(7) 0.3058(7) 0.3062(5)
y 0.0483(7) 0.0543(5) 0.0539(4) 0.0560(4) 0.0582(3)
z 0.6947(11) 0.6967(9) 0.6959(6) 0.6951(7) 0.6936(5)
B 1.30(18) 0.35(16) 0.85(14) 1.04(8) 1.39(10)

RI Rp: 5.02 16.7 15.1 14.6 11.8
Rwp: 6.44 11.9 10.9 10.8 9.74
Rexp: 5.59 10.69 9.95 9.95 8.43
χ2 : 1.32 1.24 1.21 1.19 1.34
RB: 4.46 2.98 2.83 2.94 3.07

values of the unit cell parameters increase. This trend
is in accordance with the values of ionic radii of B-
cations. Namely, in these structures the smaller Co3+

(r(Co3+) = 0.545 Å, LS) ion is substituted with slightly
bigger Fe3+ (r(Fe3+) = 0.645 Å HS) ion. The rela-
tionship between the unit cell parameters in the inves-
tigated perovskites is of O-type, meaning a > c and
a > b/

√
2 > c.4 This relation points out that the main

reason for deviation from the ideal perovskite structure
is the tilting of the octahedra, which is of a+b−b− type,
according to the Glazer’s classification.39

The values of the unit cell parameters were used to
calculate several distortion indices. Thus spontaneous
strain (s),40 which is an indicator for discrepancy of the
orthorhombic perovskite from ideal cubic symmetry,
was calculated by equation 1

s = 2 (a − c)

(a + c)
(1)

Another distortion index was cell distortion (d)41 calcu-
lated according the equation 2

d =

[(
a/

√
2 − ap

)2+(
b/2−ap

)2+
(
c/
√

2−ap

)2
]

3a2
p

×104

(2)
where ap is aristotype cubic lattice parameter calculated
by (3)

ap =
(
a/

√
2 + b/2 + c/

√
2
)

3
(3)

Finally, an orthorhombic distortion (distorth)
42 was cal-

culated by equation 4

distorth =
√∑

(ai − ā)2

ā
(4)

where, ai = a, c and b/
√

2 and a is average from the
values of ai .

It may be noticed (figure 6) that their values are
increasing with increasing of the iron content, which
means that YFeO3 has the most distorted unit cell in the
studied series.

The calculated distances and angles of the perovs-
kites within this series are given in table 2. In table 3

Figure 6. Spontaneous strain (s), cell distortion (d)
and orthorhombic distortion of the compounds from
YCo1−xFexO3 series.
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Table 2. Selected distances (Å) and angles (◦) in YCo1−xFexO3 (x = 0, 0.33; 0.5;
0.67 and 1) perovskites.

x = 0 x = 0.33 x = 0.5 x = 0.67 x = 1

Y−O1 3.281(7) 3.358(5) 3.371(3) 3.408(4) 3.463(3)
2.269(7) 2.253(5) 2.276(4) 2.281(4) 2.296(3)
3.010(7) 3.066(5) 3.09(4) 3.125(4) 3.180(3)
2.234(7) 2.246(5) 2.246(4) 2.243(4) 2.240(3)

(Y−O2) x 2 2.447(5) 2.447(4) 2.466(3) 2.474(3) 2.495(2)
2.262(5) 2.256(4) 2.266(3) 2.262(3) 2.265(2)
3.414(5) 3.468(4) 3.490(3) 3.529(3) 3.578(2)
2.550(4) 2.618(4) 2.626(3) 2.649(3) 2.690(2)

(B−O1) x 2 1.9105(18) 1.9378(16) 1.9502(8) 1.9674(14) 1.9987(7)
(B−O2) x 2 1.956(5) 1.991(4) 2.003(3) 2.023(3) 2.043(2)

1.931(5) 1.949(4) 1.960(3) 1.971(3) 1.997(2)
<B−O> 1.933 1.959 1.971 1.987 2.012
B−O1−B 149.07(6) 147.40(7) 147.06(5) 145.83(5) 144.02(4)
(B−O2−B) x 2 147.9(1) 146.37(20) 146.27(16) 145.28(15) 144.33(8)

other important crystallographic parameters calcu-
lated from the fractional atomic coordinates, are pre-
sented. The analysis of some selected distances (table 2)
showed that Y−O and Co/Fe−O distances are increas-
ing with increasing of iron content. Unlike in the
ideal perovskite structure, the values of Y−O distances
within YO12 polyhedron are not equal - eight of them
being at shorter and four at longer distances and as a
consequence the coordination polyhedron around Y3+

ion is considerably distorted. This led toward lowering
of the coordination number of Y-cations from 12 (cru-
cial characteristic of ideal perovskites) to 8. In order to
confirm these findings, the deformation indices �8 and
�12 (table 3) were calculated. The deformation index
is used to evaluate the distortion of the coordination
polyhedron and is calculated by the equation:43

� = 1

n

∑
i

[
(ri − r)

r

]2

· 103 (5)

where, ri is the particular bond distance; r is the average
value of the bond distances and n is the number of bonds
in the polyhedron. In regular polyhedrons the value of
� is close to 0. Taking into account the � values of
the studied series it may be noticed that the polyhedron

Table 3. Distortion indices, �, observed tolerance factors,
to, and global instability index, GII, of the YCo1−xFexO3
(x = 0, 0.33; 0.5; 0.67 and 1) perovskites.

�8 �12 �6 to(6) to(7) GII

YCoO3 2.835 27.965 0.0927 0.870 0.980 0.2414
YCo0.67Fe0.33O3 4.058 30.529 0.1390 0.864 0.977 0.2360
YCo0.5Fe0.5O3 4.013 30.644 0.1353 0.863 0.977 0.2055
YCo0.33Fe0.67O3 4.529 32.315 0.1694 0.858 0.975 0.1643
YFeO3 5.340 34.045 0.1119 0.853 0.973 0.0720

around Y is becoming more irregular as the content of
iron is increasing. Also, comparing the values of �8 and
�12 it may be noticed that the values of �12 are con-
siderably higher suggesting that the coordination num-
ber of yttrium in this perovskite series is 8. Analyz-
ing the values of the individual Y−O distances it may
be noticed (table 2) that the increase of Y−O distance
with increasing the iron content is mostly pronounced
in the long distances while short Y−O distances are
enhancing only slightly with increasing content of Fe3+

ion.
According to the literature data,34,35 the mean value

of the iron-oxygen distances in YFeO3 is similar to the
one in yttrium-iron garnet structures (2.00 Å). The aver-
age Fe−O distance in this study is also very close to
2.00 Å (precisely it is 2.012 Å). This fact suggested
that the average Fe3+−O2− distance in YFeO3 is inde-
pendent of the distortion of the perovskite lattice. In
complex perovskites, however, the obtained B−O dis-
tances are shorter due to mutual substitution of Fe3+

with smaller Co3+ ions. In average, this results in dis-
tortion of the BO6 octahedrons. The estimation of the
octahedral distortion is given by the calculated �6 index
(table 3).

The increasing of distortion of MO6 octahedron is
followed by increasing of the tilt angles (figure 7). The
values of tilt angles may be calculated on the basis of
B−O−B (<Co/Fe−O1,2−Co/Fe>) angles

φ∗ = (180◦ − 〈B − O − O〉) /2 (6)

or using the relative atomic coordinates:4

tan θ =

⎧⎪⎨
⎪⎩

⎡
⎢⎣4

√(
u2

O1 + v2
O1

)
b

⎤
⎥⎦

⎫⎪⎬
⎪⎭ (7)
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tan θ =
{[

4
√

2wO2√
(a2 + c2)

]}
(8)

tan φ =
⎡
⎣4

√(
u2

O2 + v2
O2

)
(a2 + c2)

⎤
⎦ (9)

cos Φ = cos θ cos ϕ (10)

where u, v and w are the displacement of the atomic
coordinates from the positions in the ideal cubic struc-
ture.

As it can be seen (figure 7) the tilt angles are increas-
ing with increase of the content of iron in the com-
pound. The increase of the tilting angles of the octahe-
dra is reflected in deviation of B–O1–B and B–O2–B
angles from 180◦– the value characteristic for the ideal
cubic structure. These values are suggesting less over-
lap of Co/Fe-3d orbitals with O-2p orbitals. The typical
geometry of the particular orthorhombic tilted structure
of this series is presented on figure 8.

This trend is also in accordance with the calculated
values for the so-called observed tolerance factor, to,
calculated by the equation given by Sasaki et al:41

to = 〈A − O〉√
2 〈B − O〉 (11)

Namely, the values of to, assuming coordination
number 8 for Y3+ ions (as well as those for coordination
number 12), are decreasing with increase of iron con-
tent. Linear decrease of these values underlines a sys-
tematic increase of the deformation of perovskite struc-
ture within the studied series. In general, the octahe-
dra in complex perovskites are deformed and tilted to
enable the formation of perovskite structure. In order
to estimate the overall stability of perovskite structure

Figure 7. Variation of the values of tilt angles with increas-
ing content of Fe3+.

Figure 8. The polyhedron presentation of orthorhombic
tilted structure of YCo1−xFexO3.

within the YCo1−xFexO3 series, the Global instability
index (GII) was calculated,44 taking into account bond-
valence model. According to bond-valence model, the
bond valence of the i th ion with respect to the j th ion,
sij , is calculated using equation

sij = exp

(
Rij − dij

B

)
(12)

where dij is the cation-anion bond distance; Rij is tab-
ulated value45 which is empirically determined for each
cation-anion pair and is based on a large number of
well-determined bond distances for the pair in question
and B is an empirically determined universal constant
with a value of 0.37. The atomic valences of i th ion
Vi(calc.) can be calculated as a sum of the individual bond
valences (sij ) about each ion:

Vi(calc) =
∑

j

sij (13)

The global instability index (GII), could be calculated
from the equation

GII =
{[

N∑
i=1

(
d2

i

)]
/N

}1/2

(14)

where di is the discrepancy between the calculated bond
valence and the theoretical oxidation number and N

is the number of atoms in the asymmetric unit. The
obtained values for GII could be an indicator for the
presence of strain in the structures that can lead to its



1180 S Dimitrovska-Lazova et al

instability. If the structure is of no internal stress, the
values of GII should be below 0.1 v.u., but in structures
with lattice-induced strains, the GII values might be 0.2
or above. According to the calculated values for GII
(table 3), the complex perovskites, as well as YCoO3,
are structures with internal stress. The reasons are very
subtle, and some authors believe that the main cause is
the possibility that a fraction of Co3+ ions undergoes
spin transition from low-spin to intermediate spin state.5

As to the complex perovskites, it is evident (table 3)
that the value of GII decreases with increasing of iron
content.

4. Conclusion

The perovskites within the series YCo1−xFexO3 (x =
0, 0.33, 0.5, 0.67 and 1) were obtained by solution
combustion method using urea or citric acid as a fuel.
YCoO3 was not obtained when citric acid was used as a
fuel, but was obtained with very good purity and crys-
tallinity by urea synthetic route. Iron-containing per-
ovskites were synthesized by both fuels, but it was
found that better morphology of the crystals could be
obtained with citric acid. The Rietveld crystal struc-
ture determination showed that the perovskites within
this series are isomorphous and crystallize in Pnma
space group with Z = 4. On the basis of the relation-
ship between the unit cell parameters in the investi-
gated perovskites, it could be concluded that they are
of O-type meaning a > c and a > b/

√
2 > c, which

pointed out that the main reason for deviation from the
ideal perovskite structure is tilting of the octahedra. The
calculated values for stress, strain, cell distortion and
orthorhombic distortion increase with increasing iron
content, which means that YFeO3 has the most dis-
torted unit cell in the studied series. According to the
obtained distances and angles, the coordination num-
ber of Y in these perovskites is 8. The calculated defor-
mations of the octahedra, as well as the tilting angles,
showed that they increase with the increasing of Fe3+

content. On the contrary, the calculated global instabil-
ity indices (GII) show that the stability of the perovskite
structure is increasing with increasing of the Fe3+ con-
tent. In general, it could be concluded that substitution
of Co3+ with Fe3+ leads to more distorted and tilted
octahedron, which is necessary for the formation and
stabilization of the perovskite structure.
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2011 Mater. Sci. 17 302
29. Maiti R, Basu S and Chakravorty D 2009 J. Mag. Mag.

Mater. 321 3274
30. Wu L, Yu J C, Zhang L, Wang X and Li S 2004 J. Solid

State Chem. 177 3666
31. Hui S, Jiayue X and Anhua W 2010 J. Rare Earths 28

416
32. Tien N A, Almjasheva O V, Mittova I Ya, Stognei

O V and Soldatenko S A 2009 Inorg. Mater. 45
1304

33. Liu J, Xie J M, Zhang H, Gu Z J and Meng X 2007
Mater. Sci. Forum 561–565 1085

34. Du Boulay D, Maslen E N, Streltsov V M and Ishizawa
N 1995 Acta Crystallogr. B51 921

35. Coppens P and Eibschütz M 1965 Acta Crystallogr. 19
524

36. Deganello F, Marcì G and Deganello G 2009 J. Eur.
Ceram. Soc. 29 439

37. Rodriguez-Carvajal J 1993 Physica B 192 55
38. Silva A M, Kong X, Parkin M C, Cammack R and Hider

R C 2009 Dalton Trans. 40 8616
39. Glazer A M 1972 Acta Crystallogr. B28 3384
40. Alonso J A, Martínez-Lope M J, de la Calle C and

Pomjakushin V 2006 J. Mater. Chem. 16 1555
41. Sasaki S, Prewitt C and Liebermann R 1983 Am. Min-

eral. 68 1189
42. Huo G, Song D, Yang Q and Dong F 2008 Ceram. Int.

34 497
43. Shannon R D 1976 Acta Crystall. A32 751
44. Salinas-Sanchez A, Garcia-Munoz J L, Rodriguez-

Carvajal J, Saez-Puche R and Martinez J L 1992 J. Solid
State Chem. 100 201

45. Brown I D 2009 Chem. Rev. 109 6858



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


		2015-09-10T22:21:28+0800
	Preflight Ticket Signature




