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In the search for new materials with applicable magnetic properties in spintronic devices, the aim of this work is to report the 
synthesis of the lanthanide ferrocobaltite La2CoFeO6 using the modified Pechini route; the experimental study of structural, 
morphological and magnetic properties, and the analysis of the electronic structure and bands are obtained in the framework of 
the Density Functional Theory. Rietveld refinement of experimental X-ray diffraction patterns revealed the crystallization of this 
oxide material in a perovskite-like monoclinic structure, space group P21/n (# 14). Scanning electron microscopy and atomic force 
microscopy images revealed that the surface morphology is essentially polycrystalline, with mean grain sizes between 177 and 
188 nm. The dispersive X-ray spectroscopy suggests that the material obtained contains La, Fe, Co and O in the stoichiometric 
proportions expected by up to 98%. The magnetic susceptibility curves as a function of temperature indicated that the material 
is ordered ferromagnetically, showing strong irreversibility effects due to the disorder of the Fe and Co cations in the three 
 crystallographic directions of the structure and to the strong distortions in the FeO6 and CoO6 octahedra. Magnetic hysteresis 
curves confirmed the ferromagnetic character of the material for all temperatures evaluated, up to room temperature. I–V response 
curves revealed a semiconductor-like behavior with a figure of merit exponent 1.53 of the varistor type. The ferromagnetic semi-
conductor behavior suggests the potential applicability of the material in spintronic technological devices.

Keywords: Double perovskite; Pechini method; crystalline structure; ferromagnetic response; semiconductor behavior.

1. Introduction

Perovskites are materials, which generally form cubic 
 structures, exhibit behavior from insulators to supercondu-
ctors, through semiconductors, metal conductors, manganites 
and ferroelectric.1 The alteration of the ideal structure of per-
ovskites gives rise to the possibility of finding new electri-
cal and magnetic properties. In their ideal form, perovskites 
are described by the generalized expression ABX3, consist 
of cubes composed of three different chemical elements A, 
B and X present in a 1: 1: 3 ratio and have cubic structure. 
Atoms A and B are metal cations (positively charged ions) 
and X sites correspond to nonmetallic anions (negatively 
charged ions) that are usually occupied by oxygen or halogen 
elements. Structurally, cation B is sited in the center of the 
cube, cation A that has the largest atomic radius occupies the 

eight vertices and X-anions are centered on the faces of the 
cubic cell.2 The perovskite structure is susceptible to varia-
tions in the A and B cations. One of the most usual modifica-
tions allows obtaining the known double perovskite A2BB’O6, 
where 50% of the sites of the metal cation B are replaced by 
another transition metal B′.3 When cations B and B’ alternate 
along the crystallographic axes throughout the structure, it 
is said that there is cationic ordering, forming a superstruc-
ture.4 In principle, the factors that control the arrangement of 
the B cations within the structure are ionic radii, oxidation 
state, ionization potentials of both and ratio of the size of 
the A/B and A/B′ cations. Of the above, the most influen-
tial factor is related to the oxidation states that establish the 
boundary between a rock-salt structure (superstructure), and 
one without ordering.5 In an ideal cubic structure, the unit 
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cell has no adjustable position parameters, giving rise to a 
change of the lattice parameter when the composition of the 
material is modified (in an approximation in which the atoms 
touch each other). In the case of a distorted perovskite, the 
length of the A–O bond is 2 times less than the length of 
the B–O and B′–O bonds.6 This effect can be quantified by 
means of the Goldschmidt tolerance factor, which establishes 
a simple relationship between the interatomic distances A–O, 
B–O and B′–O, assuming that the structure of a perovskite is 
ionic and that each atom has a corresponding average ionic 
radius that allows them to be in contact with each other. The 
tolerance factor for the A2BB’O6 double perovskite is set as 
follows6:

t
′

+
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+ +
2( )

( 2 )
A O

B B O

r r

r r r
 (1)

where rA, rB and rB′ are the ionic radii of the A, B and B′ 
cations and rO represents the ionic radius of the anion O. In 
addition to these characteristics, the octahedral coordination 
of cations B and B′ with the oxygen anions, forming the B-O6 
and B′-O6, structures, undergo distortions that depend on the 
ionic radii,7 as well as the electrical8 or magnetic character9 
of the cations and its interaction with neighboring cations. 
In this way, the new or exotic electrical and magnetic prop-
erties in materials of the perovskite family have their origin 
in the dimensions and in the electronic characteristics of the 
cations A, B and B′, and, of course, are closely related with 
the structural distortions of the crystallographic cell of the 
material. Ferrites and cobaltites of lanthanide elements have 
been studied for many years. 

Particularly, Lanthanum cobaltite LaCoO3 was studied by 
Jonker and van Santen in 195310 very shortly after reporting 
Lanthanum Manganite11,12 famous in the 90’s for the colos-
sal magnetoresistive behavior.13 One of the most interesting 
results initially observed in this material has to do with its 
total effective magnetic moment, whose value is greater than 
that expected from the electronic spin moments of Co3+ in 
the high-spin configuration.10 Five years later, explanations 
based on the contributions were suggested, which are due to 
the occurrence of Co3+ ions are in the structure at octahe-
drally coordinated sites under a strong crystalline field inten-
sity,14 and 12 years later, contributions of spin-orbit effects 
were included, not forgetting that at that time, the structure 
of the perovskites was expected to be cubic with probably 
trigonal distortions.15 The electrical and magnetic properties, 
as well as the different possible interactions, including coex-
istence of low-spin and high-spin configurations of Co cation 
were analyzed in the 60s and 70s.16,17 Its exotic properties 
were theoretically analyzed from calculations of electronic 
structure, considering several possible spin configurations, 
with proposals for the occurrence of a transition between a 
low-spin configuration and an intermediate-spin state18 and 
not long ago, it analyzed the effect of synthesis techniques on 
the physical properties of the material.19

On the other hand, LaFeO3 lanthanum orthoferrite has 
been extensively studied since its first reports in the 50’s, 
due to its G-type antiferromagnetic properties,20 exchange-
bias,21 its simultaneously ferroelectric (multiferroic)  feature22 
and weak ferromagnetism.23 Meanwhile, some results sug-
gest that the robustness of the ferromagnetic and ferro-
electric responses in this material depend on the synthesis 
conditions.24

Despite the apparent similarity in the chemical formula 
of these two perovskite-type materials, LaCoO3 lanthanum 
cobaltite crystallizes in a rhombohedral structure, belong-
ing to the R-3c (# 167) space group, with tolerance factor 
t = 1.012 and distortions in lag for the three octahedral sub-
axes according to Glazer a-a-a- notation, while the LaFeO3 
lanthanum orthoferrite adopts an orthorhombic crystalline 
structure, belonging to the Pnmb space group (# 62), with 
tolerance factor t = 0.951 and octahedral distortions given by 
a+b-b-. These substantial differences, in addition to the mag-
netic implications due to the crystalline field and the intrinsic 
characteristics of the Co3+ and Fe3+ cations, have direct infer-
ence about the exotic physical properties than these exhibits. 
Because of the above information, it is interesting to study 
a complex perovskite type material that results from the 
union of these two simple perovskites: LaCoO3 + LaFeO3 = 
La2CoFeO6. Some theoretical studies, considering tetrago-
nal, monoclinic and rhombohedral structures of La2CoFeO6, 
predict that this material should behave like a ferromagnetic 
semiconductor.25,26 Recently, the magnetic and dielectric 
properties of La2CoFeO6 samples prepared by means of 
the co-precipitation technique were studied.27 However, the 
obtaining of a pure crystallographic phase is not reported, 
since a mixture of rhombohedral and monoclinic structures 
belonging to the R-3 (# 148) and P21/n (# 14) space groups 
was obtained, whose disorder has influence on the physi-
cal properties analyzed.27 Meanwhile, there are not enough 
reports on the experimental obtaining of a single crystallo-
graphic phase for this material. Therefore, in order to con-
tribute to the clarification of the behaviors exhibited by this 
material, in this paper, the synthesis process of the perovskite 
La2CoFeO6 through the modified Pechini method and struc-
tural, morphological, magnetic and electric characterization 
are reported. 

2. Experimental Setup

The La2CoFeO6 sample was synthesized following the mod-
ified Pechini method, within which La2O3 (Aldrich 99.9%) 
was previously dissolved in water together with HNO3 65%, 
adding to it Fe(NO3)3; 9H2O (Aldrich 99.9%) and Co(NO3)2; 
5H2O (Aldrich 99.99%) to a solution of C6H8O7 (Aldrich 
99%) whose function during the process was to play the role 
of chelating agent (CA). This CA was dissolved in water, 
adhered in a ratio of 1:1 CA (metal molar ratio) to promote the 
formation of a complex. Ethylene Glycol (EA) was included 
in this solution in a 1:2 CA–EA ratio to act as an esterifying 
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agent, with the function of synthesizing an ester and pro-
moting the formation of a polymeric lattice. Subsequently, 
the obtained product was subjected to a slow evaporation 
of water at T = 100 °C to form the polymeric lattice, over 
a time of 15 h, under constant magnetic stirring. Once the 
polymerization was obtained, the mixture was grinded and 
pressed in eight samples with cylindrical form, which were 
submitted to sintering processes for 1 h at different tempera-
tures (TS) of 500, 550, 600, 650, 700, 800, 900 and 1000 °C. 
The study of the crystal structure was carried out by means 
of X-ray diffraction experiments, using a Panalytical X-Pert 
PRO MPD diffractometer with lCuKa = 1.540598 Å. Analysis 
of the experimental diffraction patterns was performed using 
Rietveld refinement procedures through the GSAS+EXPGUI 
code,28–30 obtaining information on the structural parameters 
and the corresponding spatial group. The morphology of 
the sample was examined using a VEGA3 Tescan scanning 
electron microscope (SEM) and a Park System NX10 atomic 
force microscope (AFM) in tapping mode with a selected 
frequency n = 282.7 kHz. The semi-quantitative comparison 
of the nominal stoichiometry of the sample was obtained by 
means of X-ray dispersive energy (EDS) experiments, using a 
Bruker X-ray gun coupled to the SEM. The magnetic behav-
ior of the sample was observed through a vibrating sample 
magnetometer Cryogenic VSM 5T system. The temperature 
susceptibility was measured in the range 50 K < T < 300 K on 
the application of external fields of 500, 2000 and 10000 Oe, 
following the Zero Field Cooling (ZFC) and Field Cooled 
(FC) procedures.31 Curves of magnetization as a function of 
applied fields up to ±45 kOe were obtained for temperatures 
of 25, 50, 100, 200 and 300 K. Current–Voltage (I–V) elec-
trical response curves at room temperature (T = 300 K) were 
measured using a Keithley-6517A Direct Current electrome-
ter, whose sample holder contains gold-plated silver contacts.

3. Results and Discussion

3.1.  Crystallographic and microstructural characteristics

As part of the synthesis process, eight samples from the same 
batch of the Pechini recipe described in Sec. 2 were selected. 
These eight samples were subjected to different and indepen-
dent sintering temperatures TS of 500, 550, 600, 650, 700, 
800, 900 and 1000 °C, respectively, so that each of them was 
subjected to X-ray diffraction experiments. In Fig. 1, the dif-
fraction patterns obtained for the sintering temperatures of 
different samples of La2CoFeO6 after a joint polymerization 
process are presented sequentially. 

As can be seen in Fig. 1, at sintering temperatures close to 
1000 °C the material already tends to show a single crystal-
line phase. For sintering at T = 550 °C, it is possible to note 
the occurrence of a majority crystalline phase. 

However, as the sintering temperature increases, a system-
atic decrease in the width of the diffraction peaks is observed, 
which is related to the increase in the average size of the 

crystallite. The experimental crystallite size D was calcu-
lated from the Scherrer equation32 for the diffraction patterns 
shown in Fig. 1, in the sintering temperature regime 650 °C < 
TS < 1000 °C. The value of D is based on the widening of the 
peak intensity peak of the XRD pattern due exclusively to the 
particle size and is defined by the ratio

kl
q

= ,
coshklD

W
 (2)

where Dhkl represents the size of the crystallite and only 
depends on the hkl directions, k is a dimensionless shape fac-
tor with typical value 0.9, l = 1.54056 Å is the wavelength 
applied in the XRD experiment, W is the average width in 
half of the diffraction peak and q is the Bragg angle.

The dislocation density, as a measure of the number of 
defects in the samples is given by32 2

1
D

d =  and the lattice 
strain induced in powder samples due to crystal imperfection 
and distortions was calculated from the following equation33:

kl
e

q
= ,

4 sinhklD
 (3)

The obtained mean crystallite sizes, dislocation densities and 
lattice strains are shown in Table 1. 

It can be intuited from the data in Table 1 that the sin-
tering process at higher temperatures leads to a substantial 

Fig. 1.  Diffractograms obtained for samples submitted to 
 different sintering temperatures after applying the modified Pechini 
 technique.

Table 1.  Mean crystallite sizes for different sintering 
temperatures. 

TS (°C) Dhkl (nm) d (×10-4/nm2) e (%)

650 29.5 11.5 29.40

700 31.7 10.6 28.66

800 43.5 5.3 25.75

900 52.3 3.7 23.20

1000 60.8 2.7 20.81
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increase in the crystallite size, decreasing the number of 
defects in the samples, represented in the dislocation density. 
Similarly, the esinq decreases with a linear trend as the crys-
tallite size increases, as seen in Fig. 2, because the sinter-
ing process densifies the samples by means of interdiffusion 
between the grains and the increase in both the grains and the 
crystals that make them up, making the presence of defects 
and the stresses due to their occurrence less likely. The pres-
ence of all these types of defects in the crystalline material 
locally modifies the structural periodic order, substantially 
affecting the properties of electrical transport, since the dis-
locations change the orientation of the crystallites, generating 
centers of dispersion in the transport of charge carriers, also 
giving rise to the occurrence of electrical polarization effects. 
The impact of defects on the electrical response will be dis-
cussed in Sec. 3.4 of this paper.

Once the presence of a majority phase close to 99.5% in 
the sintered sample at 1000 °C was established, the refined 
diffraction pattern by using the GSAS II code28 for the 
La2FeCoO6 material is exemplified in Fig. 1 for this sinter-
ing temperature. The main reliability parameters of refine-
ment were χ2 = 1.251 and F2 = 4.21%, whose values suggest 
a high-quality Rietveld analysis, which can be seen in Fig. 3 
through the good correspondence between the theoretical dif-
fraction pattern and the experimental diffractogram.

The best fit between simulated data and data from the dif-
fractometer corresponds to a perovskite monoclinic structure 
belonging to the P21/n (# 14) space group, as has been theo-
retically predicted,26 and far from the reported monoclinic and 
rombohedral phase mixture for this material obtained by the 
co-precipitation method.27 The notation of this spatial group 
corresponds to a primitive structure with a rotation of 180o of 
order two around a screw-type axis followed by a translation 
of half a cell parameter in the [010] direction, and with a slid-
ing reflection plane perpendicular to the direction [010]. 

From the structural analysis the cell parameters a = 
5.4672 Å, b = 5.5058 Å and c = 7.7503 Å were obtained, with 

the monoclinic angle b = 90.1215°. Table 2 presents a com-
plete scheme of the atomic positions and bond distances that 
resulted from the Rietveld refinement. 

In Table 1, the notation b, d and e, known as Wyckoff let-
ters, determine all x points for which the symmetry groups 
at each site in the cell are conjugated subgroups of the space 
group P21/n.34 These letters constitute only a coding frame-
work for Wyckoff’s positions, beginning with one at the 
bottom position and continuing in alphabetical order.35 The 
number of equivalent dots per unit cell that accompanies 
Wyckoff’s letter is known as the multiplicity of Wyckoff’s 
position. The results shown in Table 1 reveal the distorted 
character of the unit cell for the La2FeCoO6 double per-
ovskite type material. In particular, the out-of-equilibrium 

Fig. 2.  Lattice strain as a function of crystallite size for samples 
sintered at different temperatures according with Table 1.

Fig. 3.  Refined XRD pattern for the sample sintered at T = 
1000 °C.

Table 2.  Crystallographic distances and angles obtained from the 
Rietveld refinement.

Wyckoff La Fe Co O(1) O(2) O(3)

site 4e 2d 2b 4e 4e 4e

x (Å) 0.0000 0.0000 0.5000 0.2801 0.2311 0.3821

y (Å) 0.0000 0.5000 0.0000 0.2612 0.7803 -0.0060

z (Å) 0.2500 0.0000 0.0000 0.0270 0.0270 0.0250

Octahedral main inter-atomic distances and valences

Cation Anion Distance (Å) Valence Main bond 
angles

Degrees 
(°)

Fe O(1) 2.0107 0.5000 Fe–O(1)–Co 162.8

Fe O(2) 2.0187 0.4999 Fe–O(2)–Co 162.7

Fe O(3) 2.0250 0.5001 Fe–O(3)–Co 162.7

Co O(1) 1.8893 0.5000 Octahedral 
tilt angles

Degrees 
(°)

Co O(2) 1.8963 0.4999 r (2d) 9.020

Co O(3) 1.9020 0.5001 h (2b) 9.607
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positions of the anions in the unit cell are a first indication of 
the distorting trend of the FeO6 and CoO6 octahedra. Other 
evidence of the tilting nature of octahedra is in the differ-
ences in the inter-atomic distances of the Fe and Co cations 
with respect to the anions O(1), O(2) and O(3), in addition to 
the appearance of angles in the Fe–O–Co bonds other than 
180o, as well as the occurrence of angles r and h different 
from zero degrees. Finally, the deviation of the structure from 
the cell of an ideal cubic perovskite is given by the toler-
ance factor (Eq. (1)), that for the La2FeCoO6 material is t = 
0.9780, which indicates a deviation greater than 2% of the 
unit cell with respect to a perfect cubic for which t = 1 is 
expected. This distortive tendency of the structure is related 
to the differences between the ionic radii of the constituent 

atoms of the material, which together with the eventual elec-
tronic correlations, as well as to the crystalline field effects 
due to the presence of 3d orbitals in the octahedra, causes 
rotations and tilts that influence the magnetic response of the 
material. In Glazer’s notation for octahedral distortions,36 
this structure corresponds to the system denoted a-b+a-. In 
this notation, superscript (0) represents no tilt around an axis, 
(+) in-phase tilt and (_) out-of-phase tilt, which means that in 
the La2FeCoO6 material the octahedrons rotate out-of-phase 
along of the crystallographic axes a and c in-phase along the 
b axis. The occurrence of reflections indexed as (004), (204) 
and (404) are directly related with the octahedral in-phase 
tilting (ood) along the direction of the b cell parameter. These 
effects are easily observed in the crystal structure shown in 
Fig. 4(a). 

As seen in Fig. 4(b), while FeO6 octahedra elongate 
axially, CoO6 octahedra elongate equatorially, introducing 
asymmetries that can influence the magnetic response. These 
differences in the local environment (shape and size) of the 
octahedra could force the appearance of canted magnetic 
moments, which give rise to magnetic anisotropy effects.

3.2. Surface morphology and composition

A first approximation to the surface morphology of 
La2CoFeO6 was carried out through SEM images from sec-
ondary electrons under the application of 9 kV and a mag-
nification of 35 kX, as exemplified in Fig. 5. In the image, 
an essentially polycrystalline distribution is observed, which 
is formed by grains of random sizes and shapes, with cavi-
ties of submicron dimensions in the intergranular interstices, 
evidencing the porous character of the surface. The largest 

Fig. 4.  Structure of the La2FeCoO6 in the P21/n (#14) space group. 
In-phase tilting along the b-axis and out-of-phase along the c-axis 
is observed in figure (a). Bond inter-atomic distances and angles are 
shown in figure (b).

(a)

(b)

Fig. 5.  SEM image of secondary electrons on a representative 
surface region for the La2FeCoO6 sample sintered at TS = 1000 °C. 
The inset corresponds to the grain size analysis obtained from the 
ImageJ software application.37
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grains are since the sample under analysis corresponds to 
TS = 1000 °C, so one of the effects of this higher sintering 
temperature was the growth of some grains above the volu-
metric average of the material.

Furthermore, the micrograph shows that some of the more 
superficial grains were charged due to the large potential 
difference and the probable semiconductor character of the 
material,26 acquiring a brighter appearance than those less 
superficial grains. The inset of Fig. 5 shows the analysis of 
the grain size from the use of the ImageJ,37 which is based on 
the known intercept method. Using this technique, the mean 
size obtained for the surface grains was 177 ± 25 nm. 

A second analysis of the surface topography of the 
La2FeCoO6 material was carried out using images from 
AFM microscopy. The corresponding image is exempli-
fied in Fig.  6(a) for the sample sintered at TS = 1000 °C. 
The analysis for grain size from the AFM surface image 
is represented in Fig. 6(b). This provides an average grain 
size value of 188  ± 19 nm, which is 94% in accordance 
with the analysis from SEM images. As will be seen later, 
the nanometric order in the average granular size will have 
relevance in the analysis of the magnetic response of the 
material.

The semiquantitative analysis of the composition was per-
formed using a Bruker X-ray cannon coupled to the VEGA3 
TESCAN scanning electron microscope, thereby obtaining 
the EDS spectrum shown in Fig. 7.

In Fig. 7, the spectral peaks obtained are due to transi-
tions between orbitals corresponding only to the atoms of La, 
Fe, Co and O, without the presence of impurities acquired 
during the synthesis process. The weight percentage of each 
of the components of the La2FeCoO6 material is obtained 
through the deconvolution of the curve formed by the energy 
spectrum. As observed in Table 3, the experimental values 
obtained from the area under the curve in Fig. 7 are 98% 
in agreement with those calculated from the stoichiometry 
given by the chemical formula of the sample. It is observed 
in Table 3 that there is a greater difference between the exper-
imental and theoretical values in the case of oxygen due to 

its relatively small mass compared to the masses of the other 
atoms in the sample, so its efficiency in X-ray beam scatter-
ing is less than those of La, Fe and Co.

3.3. Magnetic response

Magnetic susceptibility measurements as a function of tem-
perature were carried out under the application of H magnetic 
fields of 500, 2000 and 10,000 Oe, with the aim of exper-
imentally analyzing the magnetic response of this interest-
ing material. In all three cases, the susceptibility behaviors 
were evaluated, considering the recipes ZFC and FC shown 
in Fig. 8. 

The information provided by the susceptibility curves in 
Fig. 8 is varied. First, it is clearly seen that at T = 320 K, for 
all the applied magnetic field strengths, there is a finite sus-
ceptibility related to the occurrence of ordering of magnetic 
moments. Secondly, the ZFC and FC curves present differ-
ent trajectories, evidencing the existence of irreversibility. 
In the meantime, it was not possible to establish the value 
of the irreversibility temperature because it takes place for 
temperature values greater than the maximum temperature 

Fig. 6.  AFM image for the La2FeCoO6 sample sintered at TS = 
1000 °C (a), and analysis of the grain size obtained from the AFM 
micrograph (b).

Fig. 7.  EDS spectrum analyzed to obtain composition for the 
La2FeCoO6 double perovskite sintered at TS = 1000 °C.

Table 3.  Comparison between the experimental 
and stoichiometric weight percentages for each 
of the components of the La2FeCoO6 material.

Atom Exp. W% Stoich. W%

La 55.62 56.86

Fe 11.07 11.42

Co 12.03 12.06

O 21.28 19.64
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measured in this experiment (320 K), suggesting that the type 
of arrangement is ferromagnetic. The irreversible behavior 
is determined by the effects of disorder that cause a spin-
glass type response in the magnetic moments of the system 
at low temperatures. In perovskite-like materials, the major-
ity responsible for the irreversible response is the disorder 
of the magnetic cations in the crystalline structure, in this 
case, the Fe and Co cations. In other words, the nonformation 
of a superstructure where the FeO6 and CoO6 octahedra are 
distributed alternately along the crystallographic axes causes 
the breakdown of the correlation between ferromagnetic 
domains that characterizes ordered ferromagnetic materials, 
so that ferromagnetism remains in the material but the lack of 
correlation between domains causes the difference between 
the ZFC and FC responses in the magnetic susceptibility.

A further contribution to the irreversible character has to 
do with the crystalline anisotropy caused by the octahedral 
tilting of the FeO6 and CoO6 in-phase along the crystallo-
graphic y direction and out-of-phase in the x- and z- direc-
tions, which introduces the blocking of the magnetic domains 
at low temperatures, making it difficult to align moments with 
the applied field during the ZFC procedure. When starting the 
ZFC recipe, at low temperatures, the curve exhibits a slight 
decrease with increasing temperature up to T = 200 K, where 
the susceptibility increases, presumably up to the value of the 
irreversibility temperature. Meanwhile, when the FC proce-
dure is started, decreasing the temperature in the presence of 
an external field, the susceptibility increases, showing that 
the system is ferromagnetic but there are still domains to 
be aligned. Upon reaching the minimum measurement tem-
perature value (50 K), saturation has not yet been reached 
for any of the applied field intensities. For this reason, it was 
not possible to determine the value of the effective mag-
netic moment using this measurement technique. On the 
other hand, the differences in shapes and sizes, as well as the 

interatomic distances and the bond angles observed between 
the FeO6 and CoO6 octahedra, influence the exchange poten-
tials between the magnetic moments due to the Fe and Co 
cations. This characteristic includes canting effects on the 
magnetic spins that magnify the nature of the disorder, giving 
rise to a marked irreversible response as seen in the magnetic 
susceptibility curves ZFC and FC in Fig. 8.

Figure 9 represents systematic measurements of magne-
tization as a function of the applied field were carried out at 
temperature values 25, 50, 100, 200 and 300 K on the appli-
cation of external fields up to ±45 kOe. As expected from 
the magnetic susceptibility results, there is a decrease in the 
number of aligned magnetic domains due to the increase in 
temperature, which occurs because the increase in entropy 
decreases the effective exchange energy that characterizes 
ferromagnetic feature. For this reason, with the increase in 
temperature, not only does magnetization decrease, but the 
area enclosed in the hysteresis curve decreases, since it rep-
resents the magnetic energy of the system. Consequently, the 
characteristic magnetic parameters change proportionally, 
as detailed in Table 4, where the decreasing behavior of the 
coercive field (HC) values and the remnant (MR) magnetiza-
tion is observed.

Fig. 8.  Magnetic susceptibility as a function of temperature for the 
La2CoFeO6 complex perovskite sintered at TS = 1000 °C.

Fig. 9.  Isothermal magnetic hysteresis curves for the La2CoFeO6 
material sintered at TS = 1000 °C. The inset corresponds to a close-
up of the hysteresis curve at room temperature.

Table 4.  Temperature dependence of the 
magnetic parameters in the La2FeCoO6 material.

Temperature (K) HC (Oe) MR (emu/cm3)

50 7500 0.00175

100 5460 0.00138

200 4550 0.00114

300 3050 0.00052
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The coercive field values presented in Table 4 are much 
higher than those reported for the lanthanide orthoferrite38 
LaFeO3 and correspond to about half of those HC values for 
La1-xBixFeO3,39 which is an indication of the robustness of 
the ferromagnetic response in the La2FeCoO6 double per-
ovskite, even at room temperature, as can be seen in the inset 
of Fig. 9. This hysteresis curve starts at a nonzero magneti-
zation value because the sample was magnetized due to mea-
surements at lower temperatures. As observed in Table 4, the 
remnant magnetization values are moderate for the evalu-
ated temperature values. Meanwhile, under the application 
of field strengths of up to 45 kOe, saturation magnetization 
was not reached, so it is expected that under the applica-
tion of much higher fields, its value will increase and the 
hysteresis curve will become more robust, so the magnetic 
parameters could allow the material to be classified as hard 
ferromagnetic. 

The type of magnetic coupling that gives rise to the 
mainly ferromagnetic response of the La2FeCoO6 material 
differs substantially from the superexchange interaction 
that confers antiferromagnetic characteristics to LaFeO3,23 
as well as from the spin-orbit effects that strongly mod-
ify the crystalline field to produce antiferromagnetism 
in LaCoO3.19 A reasonable model is based on the third 
Goodenough–Kanamori–Anderson (GKA) rule, according 
to which an overlap half-fill and empty 180° exchange is 
expected to produce a weak ferromagnetic response in this 
type of structure.40 Although our material reveals Fe–O–
Co bonds with angles around 159°, this angular differ-
ence does not prevent the occurrence of a potential due 
to two-center two-electron exchange interactions that they 
give rise to spin-polarization, with jumps favoring a fer-
romagnetic alignment of magnetic moments in the same 
unoccupied orbital site, orienting the spins to give rise to 
a robust ferromagnetic intra-site exchange. Specifically, 
this exchange would take place between the electrons of 
the high-spin (dx2–z2) orbitals of Fe with the high-spin (dx2) 
orbitals of Co mediated by the Px orbitals of Oxygen. The 
spin-polarization is one of the reasons why the material 
becomes semiconductor (as we will see in the next sec-
tion), in contrast to the dielectric character exhibited by the 
lanthanide ferrite LaFeO3

41 and the Lanthanum cobaltite 
LaCoO3.42

3.4. I–V characteristic curve

With the aim to analyze the behavior of the electrical response 
of the material at room temperature, measurements of the 
I–V response were carried out on the La2FeCoO6 material. 
The result obtained is shown in Fig. 10 for applied voltages 
between -400 V and 400 V. 

As seen in Fig. 10, the change in voltage causes a nonlin-
ear variation of the current in the material, with a tendency 
towards a varistor-like behavior.43 The current increases 
following a power law with increasing voltage, of type  

I = IoVb. Initially, the increase in voltage induces small 
currents due to the occurrence of polarization effects, and 
mixtures between dielectric responses and granular bound-
ary relaxation effects. Subsequently, the electrons promoted 
through the gap from the valence band of the semiconduc-
tor lead, tending to linearize the behavior of the I–V curve 
for high applied voltages. The values of the constant and the 
exponent in the power law tend to Io = 0.19 mA and b ≈ 1.53. 
Implicit in this behavior is the additional thermal response 
that deviates the electrical response behavior from Ohm’s 
law. Thus, it is possible to expect a dissipation power that 
grows rapidly with voltage (P ~ Vb+1). This dissipation has to 
do with the occurrence of Schottky barriers formed by grain 
boundaries, which gives rise to a nonlinear characteristic of 
the I–V curve observed in Fig. 10.44 These barriers are made 
up of micro-junctions where a pair of grains can be seen as 
two consecutive Zener diodes. Thus, the intergranular bound-
aries along the material behave as resistors that produce cur-
rents like those expected in a varistor diode. For high voltage 
values, the resistance follows the expected Ohmic trend, but 
in this regime, the resistivity decreases because the intra-
granular contributions are more relevant than the intergran-
ular ones. In this way, microstructural electrical transport 
can be modeled through equivalent electrical circuits that are 
related to intra- and inter-granular transport currents within 
the material.45 According to this model, the figure of merit 
I–V of the varistor has the form of a power law, like the one 
mentioned above, where Io is a free constant and b is the non-
linear coefficient, whose value close to 3/2 is predicted by 
the quasi-hydrodynamic semiconductor equations and was 
attributed to regions of sample with vanishing carriers.46,47 
The ferromagnetic semiconductor character established from 
the experimental results is in accordance with the theoretical 
predictions made for La2FeCoO6 material through electronic 
structure calculations.25,26

Fig. 10.  I–V characteristic curve measured for the La2CoFeO6 
complex perovskite.
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4. Conclusions

Samples of La2FeCoO6 were produced by the modified 
Pechini method. The structural analysis shows that this 
technique allows the crystallization of the material in a sin-
gle phase of the monoclinic perovskite type, space group 
P21/n with strong distortions in the FeO6 and CoO6 octahe-
dral coordinations. The microstructural analysis showed the 
occurrence of dislocations and defects, which affects the 
electrical transport mechanisms of the material. The density 
of dislocations and defects is sensitive to the optimization 
of the heat treatments applied during the material synthesis 
process. SEM and AFM images made it possible to establish 
the essentially granular character of the material surface, with 
grain sizes of nanometric dimensions. The compositional 
study revealed that the material produced contains 98% of 
the expected composition from its stoichiometric formula. 
Measurements of DC magnetization as a function of tempera-
ture and the applied magnetic field showed the ferromagnetic 
character of the material, with irreversibility effects related to 
the disorder produced by the structural distortions and micro-
structural anomalies of the material. Curves of I–V response 
suggest the occurrence of a varistor-type semiconductor elec-
trical transport characteristic, following a figure of merit pre-
dicted by the quasi-hydrodynamic semiconductor model. The 
ferromagnetic and semiconductor characteristics observed in 
the La2FeCoO6 double perovskite allow proposing possible 
applications in technologies that involve the manipulation of 
electronic spin (spintronics) for the design of semiconductor 
devices with modulation of the magnetic response by con-
trolling the properties of electric charge transport, for the 
production of magnetic sensors, mechanisms for storage and 
reading of random access information and spin transistors, 
with a particular advantage: the occurrence of the ferromag-
netic property and the semiconductor response in a single 
material.
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