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In this paper the synthesis, crystal structure determination and calculation of structural parameters within the 
GdCo1–xCrxO3 (x = 0, 0.33, 0.5, 0.67 and 1) are presented. The compounds were synthesized by solution combustion 
method starting with the nitrates of the constituent metals and urea as a fuel. The perovskites within the series crystallize 
in Pnma with Z=4. The lattice parameters and distances and angles were used to calculate several crystallographic 
parameters such as, cell distortion, orthorhombic distortion, bond and angle deformation, the tilting angles, bond 
valences, and global instability index. These were used to obtain a clearer picture of the influence of substitution of 
Co3+ with Cr3+ in these complex perovskites on the distortion and stability of the perovskite structure.
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INTRODUCTION

The role of the perovskites in science and tech-
nology is constantly increasing. This is a result of 
numerous possibilities for application of these ma-
terials due to their interesting physical and chemical 
properties. For example these compounds exhibit 
wide spread of conducting properties from insulators 
to conductors, superconductivity, colossal magne-
toresistance, giant magneto resistance, catalytic ac-

These properties are connected to specific structural 
characteristics of perovskites as well as with charac-
teristic properties of constituting elements.

Perovskites are usually designated with the for-
mula ABX3, where A and B are cations and X is the 
anion. The positions of the cations may be occupied 
by different metals from the periodic table, while as 
an anion most frequently oxygen can be found but 
there are compounds with halogenides, OH , CN ,
or H  anion. The diversity in perovskite structure 
is a result of possible multiple substitutions in the 

positions of the cations, leading to a great number of 
so-called complex perovskites.

The ideal perovskite structure is fairly simple. 
Namely, in cubic unit cell B-cations are surrounded 
by six anions arranged in octahedral geometry shar-
ing the same vertex. This arrangement forms cu-
booctahedral cavity in which the A-cation is placed. 
This structure is very flexible. Namely, the BO6
octahedra may be rotated to small angle leading to 
structural distortions and lowering of the cubic sym-
metry. As a result, large number of distorted (or-
thorhombic, tetragonal, hexagonal etc.) perovskites 
are known.

In the present study the structural investigation 
of complex perovskites with cobalt and chromium 
(3+) cations in B-position is presented. Our focus 
is on structural changes driven by mutual substitu-
tion of these ions in GdCo1–xCrxO3 (x = 0, 0.33, 0.5, 
0.67 and 1) solid solution. The role of cobalt ion in 
perovskites on their properties is thoroughly studied 

for a number of interesting properties found in co-
balt-containing perovskites. Thus, as a result of pos-
sible temperature driven spin state change of Co3+

and of its oxidation state, Co-containing perovskites 
exhibit interesting electrical and magnetic proper-
ties, as well as, pronounced catalytic activity [3, 9]. 
The change in oxidation state of Co3+ ion (to Co2+ or 



48

S. Dimitrovska-Lazova et al.: Structural characteristics of GdCo1–xCrxO3 (x = 0, 0.33, 0.5, 0.67, 1) perovskites

Co4+ state) is accompanied with appearance of va-
cancies or change of oxidation state of other cations 
in the compound, while the spin state directly influ-
ences the deformation of the structure as a result of 
the fact that from the three possible spin states of the 
cobalt ion (low, intermediate and high spin state) 
the intermediate and high spin state of Co3+ exhibit 
Jahn-Teller effect.

On the other hand, rare earth chromites are in-
teresting because of their electrical conductivity, re-
sistance to oxidation and high melting points [10].

The literature data for the end members of the 
series GdCo1–xCrxO3 (x = 0, 0.33, 0.5, 0.67 and 1), 
GdCoO3 and GdCrO3, showed that these compounds 
may be synthesized using different methods such 

-

-
agating high-temperature synthesis [10], decom-
position or combustion synthesis using citric acid 
[9, 25] and by decomposition of nitrate salts [7, 26]. 
In this study, the solution combustion method was 
used for the synthesis of investigated compounds. 
Namely, in recent years the combustion synthesis is 
becoming one of the most popular methods for ob-
taining wide variety of oxide materials. Combustion 
synthesis is fast and inexpensive that enables pro-
ducing homogeneous, very fine, crystalline, mul-
ticomponent oxide powders, without intermediate 
decomposition steps [27, 28]. It involves highly ex-
othermic reaction between oxidant (usually nitrate 
salts of metal ions) and an organic fuel. The aim to 
use this fuel is to be a source of C and H, which are 
reducing elements in the combustion reaction. The 
most often used compounds as fuels are: urea, gly-
cine, sucrose, alanine, citric acid, etc. The pathway 
of the reaction and the temperature of the synthesis 
are highly dependent on the ratio between fuel and 
oxidizer (metal nitrates) [29]. This ratio is usually 
set to 1, but it may be smaller (to 0.7) or bigger than 
1. In this study nitrates of the consisting metals were 

between them was set to 1.
The formation of the perovskite phase was ex-

amined by X-ray diffraction. The crystalographic 
characteristics of the end members of the series, 
GdCoO3 and GdCrO3, are known from the litera-
ture [10, 13, 14, 16, 17, 23, 24]. These compounds 
are orthorhombic and they belong to GdFeO3-type
perovskites (space group Pnma). To the best of our 
knowledge, the intermediate members of the solid 
solution are synthesized for the first time and we 
expected that they have the same crystallographic 
characteristics as the end members. The refinement 
of the crystal structure confirmed that Co3+ and Cr3+

ions are completely interchangeable and may be 
substituted in the whole region of x (from 0 to 1).

EXPERIMENTAL

The starting materials for the synthesis were 
nitrates of the consisting metals: Gd(NO3)3·6H2O,
Co(NO3)2·6H2O and/or Cr(NO3)3·9H2O. The nitrates 
were dissolved in small amount of deionised wa-
ter. The obtained solutions were thoroughly mixed 
together. As previously mentioned the fuel (F) to 
oxidizer (O) ratio was set to 1 and according to the 
stoichiometry, the quantity of the fuel was calcu-
lated separately for each compound. The calculated 
amount of urea was dissolved in 1:1 solution of ni-
tric acid and was added to the solution of metal ions. 
The final solution was transferred to muffle furnace 
and heated up to ~500 °C. After the evaporation of 
the water the combustion reaction started and was 
followed by large emission of gasses CO2, N2 and 
H2O. The resulting products were substances, which 
showed voids, pores, and were highly friable. All 
powders were black except GdCrO3 that has pale 
green color.

The combustion reaction for one of the systems 
may be presented as follows:

2Gd(NO3)3 + Co(NO3)2 + Cr(NO3)3 + 9(NH2)2CO + 
4.5O2  2GdCo0.5Cr0.5O3 + 9CO2 + 9N2 + 9H2O

The obtained powders were hand grinded and 
subjected to additional heating at 800 °C for 4h.

The resulting powders were analyzed by X-ray 
diffraction. The XRD patterns were recorded on 
Bruker D8 Advance with Cu  radiation and SolX 

-
perature with step scanning rate of 0.02°. The crys-
tal structures were refined by the method of Rietveld 
(program Fullprof).

RESULTS AND DISCUSION

The XRD analysis of the powders obtained af-
ter the combustion reaction showed that perovskite 
phase was formed only in the case of GdCrO3, right 
after the combustion of the initial solution. This 
as-prepared phase contains small quantity of im-
purity identified as GdCrO4. The impurities were 
removed by additional heating of the obtained 
GdCrO3 perovskite at 800 °C (Fig. 1). 

In the case of the other samples the perovskite 
phase was not formed directly after the combus-
tion reaction, but by further heating at 800 °C for 
4 hours. The perovskite structure of the resulting 
powders was confirmed according to the XRD pat-
terns (Fig. 2).

The analysis of the XRD patterns of the synthe-
sized compounds showed continuous shift of the 
positions of the diffraction peaks towards lower val-
ues with increasing x (Fig. 2). As expected, this shift 
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is a result of the continuous substitution of smaller 
Co3+ ion (r(Co3+) = 0.545 Å) with the larger Cr3+

one (r(Cr3+) = 0.65 Å) , leading to increasing of the 
lattice parameters from GdCoO3 to GdCrO3. These 
results showed that these two ions may be substi-
tuted in the whole range of x (form x = 0 to x = 1) 
and continuous solid solution may be formed.

The crystal structures of the perovskites within 
the GdCo1–xCrxO3 (x = 0, 0.33, 0.5, 0.67 and 1) series 
were refined using the Rietveld method (program 
Fullprof) and starting with the structural model of 

GdCrO3 [30]. All perovskites within this series crys-
tallize in Pnma space group (Z = 4) (Table 1). The 
selected distances and angles are given in Table 2.

The structural data for GdCoO3 and GdCrO3 are 
already reported in the literature, and the crystal-
lographic data for mixed Co3+, Cr3+ perovskites are 
given in this paper. The refined values of the unit 
cell parameters for GdCoO3, a = 5.39074(12), b = 
7.45514(17) and c = 5.22527(12) are close to the 
literature values [14, 16] and the obtained values 
for GdCrO3, a = 5.52447(12), b = 7.60552(16) and 
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Fig. 2. XRD patterns of a) GdCoO3;
b) GdCo0.67Cr0.33O3 c) GdCo0.5Cr0.5O3;
d) GdCo0.33Cr0.67O3 and e) GdCrO3
heated 4h at 800 °C

Fig. 1. XRD patterns of a) as-pre-
pared GdCrO3 (the arrow indicates 
the peak suggesting presence of 
GdCrO4 as impurity) and b) GdCrO3
heated for 2h at 800 °C
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c = 5.31310(11), are also in good agreement to the 
literature values [13, 23].

In a series of solid solutions like this one it is im-
portant to investigate the structural distortions and 
the stability of the compounds resulting from the 
substitution of one cation with another. So, below is 
given the thorough structural study of the perovskites 
within this series. In order to quantify the structural 
distortion of the perovskite structure, usually the 
first step is to calculate the well known Goldshmidt 
tolerance factor, t [31]. It is calculated according to 
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the equation t = (r r(B) + r(O), taking 
into account the ionic radii of the constitutent met-
als regarding the A-cation as twelve coordinated, 
and B-cation and O as six coordinated.  The bound-
aries of t for perovskite structure are from 0.78–1.05 
[32], and it is expected that in compounds with in-
creasing distortion from ideal perovskite structure 
the tolerance factor will shift to lower values. The 
obtained t-values for the investigated compounds 
are at the lower limit for perovskite structure and 
are suggesting distorted structures. The values of 

Table 1. Structural data from X-ray powder diffraction studies of GdCo1–xCrxO3 perovskites

Atoms Parameters GdCoO3 GdCo0.67Cr0.33O3 GdCo0.5Cr0.5O3 GdCo0.33Cr0.67O3 GdCrO3

a (Å)
b (Å)
c (Å)

5.39074(12)
7.45514(17)
5.22527(12)

5.4357(3)
7.5046(4)
5.2541(3)

5.4573(3)
7.5280(4)
5.2685(3)

5.4832(2)
7.5572(3)
5.28499(20)

5.52447(12)
7.60552(16)
5.31310(11)

Gd
x
z
B

0.05792(19)
0.9870(5)
0.06(4)

0.05740(18)
0.9858(4)
0.07(4)

0.05808(16)
0.9850(3)
0.17(3)

0.05827(14)
0.9860(3)
0.08(3)

0.05890(12)
0.9852(2)
0.25(2)

Co/Cr B 0.08(7) 0.19(6) 0.12(5) 0.19(5) 0.01(4)

O1
x
z
B

0.4816(17)
0.085(2)
1.5(3)

0.4750(16)
0.0861(19)
1.8(3)

0.4734(14)
0.0855(17)
1.7(3)

0.4744(14)
0.0940(15)
1.4(3)

0.4701(12)
0.0942(13)
1.8(2)

O2

x
y
z
B

0.2958(17)
0.0461(11)
0.7085(18)
0.5(3)

0.2949(15)
0.0496(10)
0.7091(17)
0.3(3)

0.2969(14)
0.0483(10)
0.7056(15)
0.5(2)

0.2960(12)
0.0479(8)
0.7022(13)
0.42(19)

0.2968(10)
0.0497(7)
0.7035(10)
0.87(16)

RI

Rp:
Rwp:
Rexp:

2:
RB:

22.9
13.9
12.57
1.22
5.78

17.6
13.2
10.92
1.45
4.43

16.6
12.9
11.16
1.35
3.17

15.4
12.2
10.87
1.25
3.07

12.1
10.6
9.82
1.16
2.45

Table 2. Selected distances and angles in GdCo1–xCrxO3 perovskites

GdCoO3 GdCo0.67Cr0.33O3 GdCo0.5Cr0.5O3 GdCo0.33Cr0.67O3 GdCrO3

Gd  O1 3.149 3.209 3.234 3.252 3.304
Gd  O1 2.341 2.33 2.328 2.352 2.344
Gd  O1 3.017 3.038 3.041 3.1 3.117
Gd  O1 2.274 2.293 2.31 2.267 2.288
Gd  O2 x 2 2.464 2.458 2.484 2.506 2.508
Gd  O2 x 2 2.313 2.312 2.312 2.322 2.329
Gd  O2 x 2 3.323 3.36 3.384 3.4 3.434
Gd  O2 x 2 2.614 2.66 2.65 2.648 2.679
<Gd  O>9 2.490 2.502 2.508 2.519 2.531
Co  O1 x 2 1.919 1.935 1.941 1.959 1.9731
Co  O2 x 2 1.962 1.979 1.983 1.977 2
Co  O2 x 2 1.91 1.928 1.941 1.965 1.971
<Co  O>6 1.930 1.947 1.955 1.967 1.981
B  O1  B 152.56 151.74 151.77 149.43 149.01
B  O2  B 151.6 150.7 150.3 150.1 149.6
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t for the investigated series are decreasing from 
0.911 for GdCoO3 to 0.880 for GdCrO3 (Table 3). 

Both end members of the series GdCoO3 and 
GdCrO3 are orthorhombicaly distorted perovskites 
[13, 14, 16, 23]. As expected, the middle members of 
the series are also distorted orthorhombic perovskites 
and the values of the unit cell parameters are increas-
ing from GdCo0.67Cr0.33O3 to GdCrO3 (Table 1). The 
relationship between the unit cell parameters in 
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these compounds is b > c a as in O-type per-
ovskites, where the tilting of the octahedra is the 
primary source of deformation (Fig. 3). This trend 
is maintained throughout the entire series. Using 
the values of the unit cell parameters two crystallo-
graphic parameters were calculated – cell distortion 
[33] and orthorhombic distortion [6] (Table 3). The 
obtained values point out that the distortion of the 
unit cell (from ideal cubic) increases with Cr con-

Table 3. Crystallographyc parameters of GdCo1–xCrxO3 perovskites

GdCoO3 GdCo0.67Cr0.33O3 GdCo0.5Cr0.5O3 GdCo0.33Cr0.67O3 GdCrO3

t 0.911 0.901 0.895 0.89 0.88
cell distortion 1.731 2.048 2.199 2.395 2.677

orthorhom. distortion 0.2892 0.2900 0.2901 0.2905 0.2914

9 7.906 8.634 8.374 9.459 9.779

10 12.727 14.138 14.244 15.234 16.186

6 0.138 0.134 0.103 0.014 0.044
13.722 14.131 14.116 15.283 15.493
9.931 9.763 10.362 10.62 10.571

16.882 17.119 17.448 18.538 18.683
BV-A 3.276 3.219 3.16 3.12 3.04
BV-Co 2.721 2.598 2.544 2.46 /
BV-Cr / 3.287 3.218 3.112 2.995

GII 0.199 0.189 0.183 0.161 0.054

Note: For the calculation of cell distortion first the value of ap (pseudocubic a parameter) was found according the equation: ap = 
b a ap)2 + (b ap)2 + (c ap)2]/3ap [33]. The 

ai – a)2]1/2}/a, where ai = a, b, c a is an average of ai [6].
9 10 6

ri r)/r]/n x 103, where ri r is the average bond length and n is a number of bonds 
[34]. The tilt angles are calculated using the fractional atomic coordinates of oxygen atoms [1]. For the calculation of bond valence 
the used equations are: si = exp(ro ri,j)/B si, where ro is empirical parameter, ri,j is the bond distance and B = 0.37 [35]. 
The global instability index was calculated using the equation GII di

2)/N]1/2, where di is the discrepancy between calculated 
BV and theoretical oxidation number [36].

Fig. 3. Relationship between 
the tolerance factor and the 
orthorhombic distortion and 
distortion of the unit cell in the 
analyzed series GdCo1–xCrxO3
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tent. These results are in accordance with expected 
increase in the deformation of the structure obtained 
from the values of the tolerance factor.

The refined values of the fractional atomic co-
ordinates (Table 1) were used to calculate different 
structural parameters. These parameters were also 
used to analyze the contribution of the particular 
cation in the compound to the structural distor-
tions within the series. Firstly, the change in the 
surrounding of the gadolinium ion was considered. 
In the ideal cubic perovskites the coordination of 
the A-cation is 12 but in orthorhombic perovskites 
the coordination number is usually lowered to 10, 9 
or 8. In this series of perovskites the coordination 
of Gd3+ is becoming more distorted as the content 
of Cr3+ is increasing. This may be noticed from the 

with enhancement of the substitution of Co3+ ion. 
As a consequence, the coordination number of Gd3+

changes and it is lowered from 10 in GdCoO3 to 9 in 
GdCrO3. This effect is also obvious from the values 

9 10.
Namely, these parameters are reflecting the defor-
mation of the distances in the coordination polyhe-
dron. It may be noticed that the highest values are 
obtained for GdCrO3.

Contrary to the trend in deformation of the co-
ordination of gadolinium ion the deformation of the 
B-cations (Co3+ and/or Cr3+) octahedra is decreasing 
from GdCoO3 to GdCrO3 (Table 3). Although the 

6,
is decreasing (Table 3) in the same direction. This 
parameter shows that the distortion of the bonds in 
the octahedra is decreasing and the octahedron is 
becoming more regular. The obtained values for the 
first members of the series are relatively high, espe-

6 in fer-
rites (GdFeO3 6 = 0.032) [1], but they remain still 
smaller than the values found in manganites, where 

Mn3+ is a Jahn-Teller ion (GdMnO3 6 = 6.701) 
[37]. It is interesting to note that as the octahedron 
becomes more regular across the series, the tilt an-
gles are increasing. Namely, if the values of the tilt 
angles ( ,  and ), calculated using the atomic 
coordinates of oxygen atoms [1] are compared, 
it could be stated that these values are increasing 
with increasing of x. From these results it may be 
concluded that importation of chromium ion in 
place of Co3+ makes the octahedron more regular 
in respect to its bond lengths but in the same time 
it is more tilted.

The increase in the tilting angle of the octahe-

these angles are substantially different from 180° – 
the value characteristic for ideal cubic perovskites. 
These low values are suggesting smaller Co/Cr-3d 
and oxygen-2p orbital overlap. Namely, as the angle 
is increased and approaches 180°, a greater overlap 
is achieved. This overlap directly controls the inter-

of the Co/Cr–O bands [38].
The bond length and the valence of the bond 

are related in the bond valence model given by 
I. D. Brown [35]. The calculated values of the 
bond valence of cations are also presented in Table 
3. It is obvious that there are positive and nega-
tive deviations from the theoretical values of the 
oxidation states of the cations. The values for the 
Gd3+ and Cr3+ ions are larger than the theoretical 

than the average bond distances in other oxides 
containing Gd or Cr compounds. It is also obvi-
ous that the values for the bond valence of cobalt 
ion are becoming smaller throughout the series 
(Table 3) with pronounced differences from the 
theoretical value. The values for the bond valence 
are used to calculate the global instability index, 
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Fig. 4. Change of the global insta-
bility index with increasing x in the 
series GdCo1–xCrxO3
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GII. This index reflects the overall stress in the 
structure. The values of GII are usually smaller 
than 0.1 in structures without internal stress, the 
values between 0.1 and 0.2 are characteristic for 
compounds with lattice-induced strains, and high-
er than 0.2 - for unstable structures [36]. From the 
calculated values of GII it may be pointed that 
GdCrO3 (GII = 0.054) meets the requirement for 
structure without internal stress (Fig. 4) and GII 
for cobalt containing compounds within the series 
(of values between 0.1 and 0.2) indicate existence 
of lattice-induced strains. 

CONCLUSION

The complex perovskites of general formula 
GdCo1–xCrxO3 (x = 0, 0.33, 0.5, 0.67 and 1) were 
obtained by solution combustion method using 
urea as a fuel. The Rietveld refinement of the crys-
tal structures showed that they crystallize in Pnma
with Z = 4. According to the lattice parameters and 
the distances and angles in the compounds, several 
important parameters were calculated indicating the 
influence of the mutual substitution of Co3+ with 
Cr3+ to the distortion and stability of the perovskite 
structure. Thus, it was concluded that by increasing 
of the content of Cr3+ ions in the perovskite struc-
ture the BO6 octahedron becomes more regular but 
the tilting of octahedron is more pronounced. Also 
the deformation of Gd-O polyhedron increases with 
increasing of the Cr3+ content. The calculated bond 
valences and global instability indices indicate for 
existence of lattice-induced strains in the structure 
of the cobalt containing compounds.
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