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A B S T R A C T

YFe1-xCoxO3 (x = 0, 0.3, 0.5, 0.7 and 1) perovskite solid solutions were synthesized by thermal
decomposition of the cyano-metal complexes Y[Fe1-xCox(CN)6]�4H2O. All perovskites belong to the
orthorhombic Pnma space group. Mössbauer spectra at room temperature show that samples with low
Co3+ content are magnetically ordered, while samples with high Co3+ content are paramagnetic. A clear
decrease of the magnetic order temperature was observed by magnetization vs. temperature
experiments. At high temperatures, YFe0.3Co0.7O3 is paramagnetic and a non common increase of
magnetization is observed. The later can be related to the thermal excitation of Co3+ in low spin (LS)
configuration to intermediate (IS) or high spin (HS) configuration. Along the different compositions of
YFe1-xCoxO3 solid solutions there is a competition between weak ferromagnetism (WFM) and
superparamagnetic (SPM) clusters. WFM due to Fe3+ cations prevail in rich Fe3+ samples (x = 0 and
0.3) and the Fe3+ cations that form SMP clusters prevail in the sample with x = 0.7. Besides, in the sample
with x = 0.5 we postulate a slight prevalence of WFM due to Fe3+ cations. For YFe1-xCoxO3 with x = 0.3, 0.5
and 0.7 neutron powder data at 2, 150 and 350 K were refined with the irreducible representation G 4 (Ax

Fy Gz).
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Interest in rare-earths cobaltites RCoO3 (R = rare earth cations
and Y3+) with perovskite type structure has been mainly associated
with electric and magnetic transitions which are related to the
ability of Co3+ to present various spin states, i.e. low-spin (LS),
high-spin (HS) and intermediate-spin (IS). This happens because
the crystal-field splitting DCF between the t2g and eg states is only
slightly larger than the Hund coupling energy and the system can
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be thermally excited to either HS or IS configuration. In RCoO3, the
ground state of the localized Co3+ ions is the nonmagnetic state
(S = 0) that corresponds to the LS (t2g6eg0) configuration. As
mentioned above, the transition to a paramagnetic state is
associated with a thermal excitation to the IS (t2g5eg1, S = 1) or
HS (t2g4eg2, S = 2) Co3+ states [1].

The LaCoO3 oxide presents a rhombohedral crystallographic
structure with R-3c space group [1], and it is the most studied
member of the family RCoO3. In the other members with magnetic
R3+ cations, their peculiar magnetic and electrical properties can be
masked by the magnetic moments of the R3+. LaCoO3 is a Mott non-
magnetic insulator at low temperature, since the ground state for
the Co3+ ions (d6) corresponds to the LS configuration. However, at
low temperature, a weak ferromagnetism may be present because
there are enough localized spins present at the surface [2].
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Increasing the temperature, first, a transition to a paramagnetic
state appears at around T1�100 K, next a change in spin state is
evidenced by a plateau in the susceptibility at around T2� 500 K
where an insulator to metal (I-M) transition takes place. The spin
state above 500 K is now commonly recognized as a HS state with
S = 2 and supported by various experimental studies such as
resistivity [3], photoemission [4], thermal expansion [5], and
specific heat capacity [6] measurements. However, the first spin
state change at around 100 K remains an open issue and has been
the subject of intense debate.

Substitution of La3+ for rare earth or Y3+cations with smaller
ionic radii increases the cooperative rotations of the CoO6

octahedra, reducing the Co��O��Co bond angles and the Co(3d)-
O(2p)-Co(3d) interactions. This causes that the members of the
family with rare earth ionic radii smaller than La3+ exhibit an
orthorhombic crystallographic structure with Pnma space group
and significant changes in the magnetic and electrical properties
[7]. RCoO3 (R = rare earth and Y3+) also shows a spin state transition
like LaCoO3. The magnetic and I-M transitions shift systematically
to higher temperatures with decreasing R3+ ionic radii. This
indicates that the LS state of Co3+ ions in RCoO3 perovskites with
smaller rare earth ions becomes more stable compared to LaCoO3

[7–12]. The physical reason for this behavior is the decrease of
Co��O bond length due to the chemical pressure occurring with
substitution of La3+ by smaller rare earth ions and hence the
increase of the DCF value and as a consequence stabilizing the LS
state [13]. In particular, the magnetic susceptibility and lattice
expansion data for YCoO3 suggest that the diamagnetic-paramag-
netic transition spreads over 450–900 K range. The I-M transition is
centered at 750 K (inflection point of electrical resistivity) and
occurs nearly simultaneously with the magnetic transition [14].

Changes in the Co��O bond length can also be induced by
chemical substitution in the perovskite B position. In particular it
was found that for LaCo0.5Ni0.5O3 the population of Co eg orbitals is
larger than that of LaCoO3 and this is evidenced by the fact that the
unit cell volumes of LaCoO3 and LaNiO3 are smaller than those of
LaCo0.5Ni0.5O3 [15].

Furthermore, orthoferrites, RFeO3 have been studied for a long
time. This system is antiferromagnetic (AFM) due to the Fe3+-O-Fe3
+ superexchange interaction with a small canting of the Fe3+

magnetic moments due to an atisymmetric Dzyaloshinskii-Moriya
interaction [16]. Until very recently, there has been no report of
ferroelectricity in orthoferrites. This is because theoretically,
Fig. 1. (a) PXRD data for YFe1-xCoxO3 (x = 0, 0.3, 0.5, 0.7 and 1). The star indicates th
YFe0.5Co0.5O3 sample at 300 K. Observed (cross), calculated (full line) and difference (botto
YFe0.5Co0.5O3 phase and the second series of Bragg positions correspond to the minor im
YFe1-xCoxO3 (x = 0, 0.3, 0.5, 0.7 and 1) samples.
ferroelectricity would be forbidden by their centrosymmetric
Pnma structure. However in recent years, it was shown that some
members of the RFeO3 family (R = rare earth and Y) exhibit
simultaneously weak ferromagnetism (WFM) and ferroelectricity
at room temperature (R = Sm and Y) [17,18]. It was also reported the
occurrence of ferroelectric polarization at the magnetic ordering
temperature of the transition metal ions in the weak ferromagnetic
YCr1-xMxO3 (M = Fe or Mn) perovskite [19].

In the present article we have performed a detailed study of the
crystal and magnetic structure of YFe1-xCoxO3 (x = 0, 0.3, 0.5, 0.7
and 1) from powder neutron diffraction data complemented with
magnetic measurements and Mössbauer spectroscopy (MS).
Changes in magnetic properties and results of Mössbauer
spectroscopy are discussed in terms of the random replacement
of the magnetic Fe3+ ion by the non-magnetic Co3+ (LS) ion.

2. Experimental procedure

The cyano-metal complexes, Y[Fe1-xCox(CN)6]�4H2O (0 � x � 1),
as precursors of perovskite-type oxides, YFe1-xCoxO3, were
prepared according to the reported method [20,21] slowly
dropping a solution of Y(NO3)3 on a solution containing
stoichiometric amounts of K3[Fe(CN)6] and K3[Co(CN)6] under
continuous stirring at 60 �C for 2 h. The resulting precipitates were
separated by filtration, washed with water and ethanol and finally
stored in the dark in a dry box with silica gel. The precursor
powders were heat-treated in a furnace at 950 �C during 6 h to
yield perovskite-type oxides YFe1-xCoxO3.

Room temperature MS measurements were performed in the
transmission geometry, using a conventional spectrometer,
operated in the constant acceleration mode. g rays were provided
by a 57Co (Rh) source with an initial activity of 50 mCi. The velocity
scale was calibrated by using a standard iron foil absorber. The
Mössbauer spectra were analyzed with a non linear least square
routine with Lorentzian line shapes. Hyperfine magnetic field
distributions were occasionally traced by means of histograms
with a fixed linewidth (G). All isomer shift (IS) data given in this
paper are relative to a-Fe.

The Powder X-Ray Diffraction (PXRD) patterns were recorded at
room temperature (RT) on a PANanalitycal X’Pert PRO diffractom-
eter (in Bragg–Brentano geometry with Cu Ka radiation). For the
structure refinements, the PXRD data were collected in the angular
range 5–120� in steps of 0.02� and with a collection time of 10 s/
e most intense reflection of Y2O3 (minor impurity). (b) Refined PXRD pattern of
m line). The first series of tick marks correspond to the Bragg reflections of the main
purity Y2O3 (�1%). (Inset) Co3+ content dependence of the unit-cell parameters for
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step. Powder Neutron diffraction (PND) experiments were carried
out on the powder diffractometer D1 B (l=2.520 Å), the high-
resolution powder diffractometer D2 B (l=1.594 Å) and the high-
flux diffractometer D20 (l = 2.410 Å) at the Institute Laue-Langevin
(ILL) in Grenoble (France). To study the thermal evolution of the
crystallographic and magnetic structure its PND patterns were
collected for YFe1-xCoxO3 (x = 0.3, 0.5 and 0.7) at 2, 150 and 513 K in
the D1 B instrument and at 350 K in the D2 B one. The 2u range was
8.0 to 160�, with increments of 0.05�. The data collection time was
approximately 2 h. A wavelength of 1.594 Å (in D2B) was used to
determine the crystal structure whereas a large wavelength of
2.520 Å (in D1B) was chosen to study the magnetic structure.

The refinements of crystal structures from PXRD and PND data
were performed by the Rietveld method [22] using the FULLPROF
program [23]. A Thompson-Cox-Hastings pseudo-Voigt function
was chosen to generate the line shape of the diffraction peaks. The
following parameters were refined: scale factor, background
coefficients, zero-shift, peak shape parameters, atomic positional
and thermal factors, unit-cell parameters and occupancies of the
rare-earth and transition metal cations.

Magnetic measurements were performed in a commercial
Quantum Design MPMS-5S superconducting quantum interfer-
ence device magnetometer (SQUID), on powdered samples, in the
5–350 K temperature range and magnetic fields up to 50 kOe.
Isothermal magnetization curves were obtained for magnetic
fields going from �50 kOe to 50 kOe at T = 5 K. The magnetic
measurements in the 300–930 K temperature range were per-
formed in a home-made Faraday balance under an applied
magnetic field of 5 kOe.

3. Results and discussions

3.1. Structural refinements

The PXRD patterns for YFe1-xCoxO3 are shown in Fig. 1(a). The
patterns are similar to those of YFeO3 and YCoO3 previously
assigned to an orthorhombic structure with space group Pnma [24–
26]. In all the patterns, a minor impurity of Y2O3 was observed. The
refinements of the crystal structure of the YFe1-xCoxO3 oxides
(x = 0, 0.3, 0.5, 0.7 and 1) were preliminary carried out from PXRD
data. The structures were refined with orthorhombic symmetry
and Pnma (#62) space group. Fe3+ and Co3+ cations were randomly
placed at 4b (0, 0, 1/2) sites, Y3+ and O2�(1) at 4c (x, 1/4, z) sites and
O2�(2) at 8d (x, y, z) sites. Fig. 1(b) illustrates the good agreement
Fig. 2. Refined PND pattern of YFe0.7Co0.3O3 sample at 350 K. Observed (circles), calculate
the Bragg reflections of the main YFe0.7Co0.3O3 phase, the second series of Bragg positi
correspond to the magnetic structure reflections of the main YFe0.7Co0.3O3 phase.
between the observed and calculated PXRD patterns at RT for
YFe0.5Co0.5O3 (for the other samples a similar agreement was
obtained). The refinements show �1% of Y2O3 in all samples (see
the second series of tick marks in Fig. 1(b)). The inset of Fig. 1(b)
shows the Co3+ content dependence of unit-cell parameters for
YFe1-xCoxO3 samples. It is important to emphasize that the
substitution of Fe3+ ion (<rFe3+(HS)> = 0.645 Å) [27] by the smaller
Co3+ ion (<rCo3+(LS)> = 0.545 Å, <rCo3+(IS)> = 0.56 Å and <rCo3
+
(HS)> = 0.61 Å) [28] leads to decrease of unit cell parameters
following the Vegard’s law for ideal solid solutions.

In order to obtain a complete crystal structure refinement and
the refined chemical formula for the intermediate samples (x = 0.3,
0.5 and 0.7) the PND patterns were refined. Fig. 2 shows the refined
PND pattern at 350 K for YFe0.7Co0.3O3 compound. We must
emphasize that the refinement of the Fe/Co occupancy in the same
crystallographic site is impossible by using PXRD data because X-
ray scattering factors for Fe3+ and Co3+ ions are very similar.
However, these occupancies can be determined, in a very precise
way, by PND due to the high difference in the scattering lengths for
Fe and Co (0.945 fm and 0.249 fm, respectively). Table 1 summa-
rizes the unit-cell parameters, atomic positions, occupancies,
displacement parameters and discrepancy factors obtained by the
Rietveld refinement of PND data of YFe1-xCoxO3 (x = 0.3, 0.5 and
0.7) at 350 and 2 K. Besides, Table 1 shows the refined chemical
formula obtained for each sample. The formulas obtained were in
excellent agreement with the nominal compositions.

3.2. Mössbauer spectroscopy

The RT Mössbauer spectra of the YFe1-xCoxO3 (x = 0, 0.3, 0.5 and
0.7) solid solutions are shown in Fig. 3. The spectrum of YFeO3

shows a single magnetic sextet characteristic of Fe3+ ions. The
isomer shift (IS), quadrupolar splitting (QS), line width (G) and area
are given in Table 2. The small line width (G = 0.32 mm/s) of the
spectrum shows that the sample exhibits excellent crystallinity, in
agreement with PXRD data discussed above. The hyperfine field
value is similar to the value reported by Mathur et. al [24], which
might be attributed to a high local atomic order in the sample that
favours the Fe3+-O2�-Fe+3 superexchange interactions.

The spectrum of YFe0.7Co0.3O3 shows a hyperfine magnetic
structure with broadened and slightly asymmetric lines and was
fitted with a hyperfine magnetic field distribution.

The spectra of YFe0.5Co0.5O3 and YFe0.3Co0.7O3 show quadrupole
doublets corresponding to paramagnetic Fe3+ in high-spin state. A
d (full line) and difference (bottom line). The first series of tick marks correspond to
ons correspond to the minor impurity Y2O3 and the third series of Bragg positions



Table 1
Unit-cell parameters, atomic positions, occupancies, displacement parameters, discrepancy factors and the refined chemical formula obtained by the Rietveld refinement
from PND data of YFe1-xCoxO3 (x = 0.3, 0.5 and 0.7) at 350 and 2 K.

x 0.3 0.5 0.7

T (K) 350 2 350 2 350 2
a (Å) 5.5360 (2) 5.5343 (2) 5.4922 (2) 5.4909 (3) 5.4622 (3) 5.4548 (2)
b (Å) 7.5210 (3) 7.5055 (3) 7.4620 (4) 7.4467 (4) 7.4216 (4) 7.4001 (4)
c (Å) 5.2363 (2) 5.2249 (2) 5.2023 (2) 5.1893 (2) 5.1792 (2) 5.1621 (2)
V (Å3) 218.02 (4) 217.03 (2) 213.21 (2) 212.19 (2) 209.96 (2) 208.37 (2)

Y3+ 4c (x, 1/4, z)
x 0.0679 (3) 0.0684 (4) 0.0669 (3) 0.0681 (3) 0.0666 (4) 0.0681 (3)
z 0.9839 (6) 0.9809 (7) 0.9831 (5) 0.9832 (6) 0.9818 (6) 0.9827 (6)
B (Å2) 0.51 (7) 0.48 (9) 0.60 (9) 0.44 (9) 0.51 (1) 0.20 (2)

(Fe, Co) 4b (0, 0, 1/2)
B (Å2) 0.67 (6) 0.75 (7) 0.90 (8) 0.80 (9) 0.90(1) 0.70 (1)
Occup. (%) 0.694(2)/0.306(2) 0.694(2)/0.306(2) 0.490(2)/0.510(2) 0.490(2)/0.510(2) 0.290(2)/0.710(2) 0.290(2)/0.710(2)

O1 4c (x, 1/4, z)
x 0.4643 (5) 0.4630 (6) 0.4675 (5) 0.4658 (5) 0.4689 (6) 0.4687 (5)
z 0.1007 (5) 0.1018 (7) 0.0974 (5) 0.0980 (6) 0.0939 (7) 0.0961 (6)
B (Å2) 0.56 (9) 0.49 (2) 0.99 (9) 0.84 (9) 0.80 (1) 0.50 (1)

O2 8d (x, y, z)
x 0.6969 (4) 0.6981 (4) 0.6984 (3) 0.6974 (4) 0.6981 (4) 0.6979 (4)
y 0.9464 (3) 0.9456 (3) 0.9477 (2) 0.94766 (3) 0.9491 (3) 0.9490 (3)
z 0.3073 (4) 0.3075 (4) 0.3066 (3) 0.3072 (4) 0.3068 (5) 0.3075 (4)
B (Å2) 0.41 (9) 0.10 (2) 0.49 (9) 0.36 (1) 0.91 (1) 0.51 (2)

Reliability factors
x2 3.71 11.7 9.90 9.86 5.29 3.39
Rp (%) 6.97 6.24 6.17 5.90 9 8.59
Rwp (%) 7.77 8.55 7.75 8.20 10.6 7.67
Rexp (%) 4.03 2.50 2.46 2.16 4.62 4.16
RBragg (%) 2.10 2.71 2.71 2.31 2.10 2.92

Ref. Chem. Form. YFe0.69(2)Co0.31(2)O3 YFe0.49(2)Co0.51(2)O3 YFe0.29(2)Co0.71(2)O3
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magnetic component is slightly visible in YFe0.5Co0.5O3 (not high
enough to obtain refined parameters) although disappeared in
YFe0.3Co0.7O3, indicating that Fe3+ is mainly in the paramagnetic
state. This can be explained because the Fe diluted compound
YFe0.3Co0.7O3 has Fe3+ mainly surrounded by Co3+ ions.

3.3. Magnetic characterization

The thermal evolution of ZFC and FC DC magnetic susceptibility
were measured for all members of the YFe1-xCoxO3 family in the
temperature range 5–350 K (H = 500 Oe and 50 kOe) and 300–
930 K (H = 5 kOe). Fig. 4 illustrates the ZFC-FC curves at temper-
atures higher than RT.

The curves for YFeO3 (x = 0) show an abrupt increase of
magnetization at temperatures lower than TN� 675 K suggesting
the onset of magnetic ordering. The ZFC-FC curves overlap at
temperatures higher than TN and diverge when the temperature
decreases below this value. When Fe3+ cation is replaced by Co3+

cation the onset of magnetic order (TN) appears at lower
temperatures and the magnitude of the increase of magnetization
is smaller, suggesting that an AFM order predominates in the
samples. The ZFC-FC curves for YFe0.7Co0.3O3 (x = 0.3) overlap at
temperatures higher than TN� 480 K and the magnetization shows
a clear increment at temperatures lower than TN. In both samples
(x = 0 and 0.3) the increment of the magnetization below TN
denotes the occurrence of a ferrimagnetic component that comes
from the canting of the transition metals magnetic moments with
AFM order (WFM) due to the Dzialoshinsky–Moriya antisymmetric
exchange interactions [16]. Furthermore, the important divergence
between the ZFC and FC curves below TN evidence some kind of
magnetic frustration on the ferromagnetic component.
For the samples with x = 0.5 and 0.7, it is presumed that the
magnetic order temperatures are below RT. Fig. 5(a) shows the
ZFC-FC curves collected at 500 Oe in the temperature range from 4
to 350 K for YFe0.5Co0.5O3 and YCoO3. The ZFC-FC curves for
YFe0.5Co0.5O3 exhibit an increment of magnetization at TN� 240 K.
As can be observed in Fig. 5(a), the onset of shift between the ZFC
and FC curves happen at T > TN. It is postulated that the reason for
this shift at T > TN is related with the presence of a small amount of
an impurity phase with garnet structure Y3Fe5O12 (magnetic order
temperature �500 K) [29], not detected in the PXRD and PND
patterns (the dashed line shows the corrected FC curve taking into
account the magnetization of this impurity). The inset of Fig. 5(a)
shows the inverse of the magnetic susceptibility (calculated from
the ZFC and FC curves measured at 50 kOe) as a function of
temperature for YFe0.5Co0.5O3. A clear change in the curve slope at
TN� 240 K is observed, in perfect agreement with the curve
collected at 500 Oe. Moreover, this magnetic order temperature is
in perfect agreement with the one recently published by other
authors for YFe0.5Co0.5O3 [30].

Fig. 5(b) shows the ZFC-FC curves collected at 500 Oe in the
temperature range from 4 to 350 K for YFe0.3Co0.7O3 and YCoO3

samples. For YCoO3 a very small magnetization at low temper-
atures is observed, suggesting the possibility of Co3+ in LS
configuration (S = 0). In YFe0.3Co0.7O3 a clear paramagnetic
behavior is observed. However, in the magnetization curves of
both samples a slight separation between the ZFC and FC curves is
observed (see detail for YCoO3 in the upper inset of Fig. 5(b)). This
separation was informed previously for YCoO3 [26], and the
authors suggested that could be attributed to the weak ferromag-
netism generated at the surface, as it was informed in the
analogous LaCoO3 [2]. The slight separation between the ZFC and



Fig. 3. RT 57Fe Mössbauer spectra of the solid solutions YFe1-xCoxO3 (x = 0, 0.3, 0.5 and 0.7).

Table 2
Mössbauer parameters of the YFe1-xCoxO3 solid solutions at room temperature. IS:
isomer shift, QS: quadrupolar shift and G: line width.

Compound Fe site IS (mm/s) QS(mm/s) G(mm/s) Area (%)

YFeO3 Fe(1) 0.35 0.00 0.32 100
YFe0.7Co0.3O3 Fe(1) 0.34 0.05 0.28 100
YFe0.5Co0.5O3 Fe(1) 0.34 0.45 0.41 100
YFe0.3Co0.7O3 Fe(1) 0.34 �0.43 0.38 100

476 F. Pomiro et al. / Materials Research Bulletin 94 (2017) 472–482
FC curves observed in YFe0.3Co0.7O3 could have a similar origin to
that in YCoO3, but in this sample the presence of a trace amount of
the magnetic impurity Y3Fe5O12 is not ruled out [29]. The
paramagnetic (PM) behavior observed in YFe0.3Co0.7O3 suggests
that below RT the Co3+ ions are in the non-magnetic LS state.
Besides, the Fe3+ concentration (1-x = 0.3) in this sample is very
close to the percolation threshold limit (1-x � 0.33) for a 3D system
as the perovskite structure. This describes the point at which the
Fe3+-O-Fe3+ super-exchange paths can be magnetically ordered
along the crystal without interruptions due to the dopant ion (Co3
+) [31,32]. However, the inverse of the magnetic susceptibility as a
function of temperature for YFe0.3Co0.7O3 only has a linear
behavior typical for paramagnets at T > 170 K (lower inset of
Fig. 5(b)), and below 170 K a small change in the slope of the curve
is observed. This change in the slope may indicate the onset of
magnetic order.

As stated above, for YCoO3 a very small magnetization is
observed at low temperatures, suggesting the possibility of Co3+ in
LS state (S = 0) contribution in the surface of the grains.
Nevertheless, as can be observed in the upper inset of Fig. 4, at
high temperatures (higher than �600 K) an increase of magneti-
zation is observed which can be related to the thermal excitation of
Co3+ in LS configuration to IS or HS. The same behavior was
observed by Knížek et al. [26]. As can be observed in the upper
inset of Fig. 4, in YFe0.3Co0.7O3 an increase of magnetization at very
high temperatures (around 850 K) is also observed. The lower inset
of Fig. 4 shows that there is not a linear behavior of the inverse
susceptibility curve that follows the Curie-Weiss law (xC/(T-u))
(where C is the Curie constant and u is the Weiss temperature) in
these two samples (x = 1 and 0.7). On the other hand, for the
samples with x = 0.3 and 0 (samples rich in Fe3+ ion) there is a
linear behavior of the inverse susceptibility curve that follows the
Curie-Weiss law. The effective paramagnetic moment and Weiss
temperature determined from the fits are 6.05 mB and �1287 K for
YFeO3 and 5.52 mB and �1796 K for YFe0.7Co0.3O3. The magnetic
response should be due only to the paramagnetic moments of the
Fe3+ (HS configuration) if the Co3+ cations are in the LS state. On the
other hand Co3+ cations can contribute to the magnetic response if
they are in the IS (S = 1) or the HS (S = 2) state. The expected
effective paramagnetic moment for YFeO3 is 5.92 mB. This value is
in good agreement with the experimental paramagnetic moment
obtained from the Curie-Weiss fit (6.05 mB). The expected effective
paramagnetic moment for YFe0.7Co0.3O3 can be estimated as
meff = [0.7 meff

2(Fe3+) + 0.3 meff
2(Co3+)]1/2. The obtained values for

Co3+ ion in IS and HS are 2.83 mB and 4.89 mB, respectively. The
experimental effective paramagnetic moment for YFe0.7Co0.3O3

(5.52 mB) is in better agreement with the expected one calculated
for Co3+ (HS) (5.63 mB) (the expected one calculated for Co3+ (IS)
was 5.19 mB). This result is not surprising, since the Curie-Weiss
Law is fitted at high temperatures, where the HS state of Co3+ is
highly populated.

The isothermal magnetization curves measured at 5 K are
displayed in Fig. 6(a) and 6(b). All the samples show an
antiferromagnetic canted (or weak ferromagnetic) behavior. As
stated above, the canted antiferromagnetism observed in our
compounds is similar to that proposed in orthoferrites due to the
DM antisymmetric exchange interactions [16]. In the samples with



Fig. 4. ZFC-FC curves at temperatures higher than room temperature and H = 5 kOe for YFe1-xCoxO3 (x = 0, 0.3, 0.5, 0.7 and 1) samples. (Upper inset) Zoom view of the FC curves
for the samples with x = 0.7 and 1. (Lower inset) Temperature dependences of the inverse of the magnetic susceptibility for YFe1-xCoxO3 (x = 0, 0.3, 0.7 and 1) samples.
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x = 0, 0.3 and 0.5 the magnetization curves exhibit an obvious
hysteresis loop, but for the sample with x = 0.7 there is no hysteresis
(see Fig. 6(b)). In all samples perfect saturation is not reached up to
H = 50 kOe, instead the magnetization increases linearly in the region
of higher magnetic field. This kind of magnetization loops and the
linear dependence at high fields are usually attributed to the weak
ferromagnetism caused by a departure from the collinearity of the
magnetic moments in an antiferromagnet [33]. Therefore, the high
field part of M (H) curves can be represented as M = xAFMH + sS,
where xAFMH is the AFM contribution and sS is the saturation
magnetization of the weak ferromagnetism [34]. Thus, the
ferromagnetic component can be obtained by subtracting the
AFM contribution from the total magnetization.

At 5 K, the Co3+ ions are present in the non magnetic LS state and
the magnetic response is solely due to the Fe3+-O2�-Fe3+ super-
exchange interactions. In the canted G-type AFM structure of
YFeO3 (x = 0), each Fe3+ ion is surrounded by six O2� ions arranged
in FeO6 octahedra, and the O2� is the common apex of the two
adjacent octahedra, functioning as a superexchange interaction
bond. Due to the DM antisymmetric exchange mechanism, each
Fe3+ magnetic moment is arranged not totally antiparallel, but
normally canted at a small angle. As mentioned above, this
arrangement of Fe3+ magnetic moment leads to the occurrence of
WFM. When Fe3+ are continuously replaced in a random way by
Co3+ (in the LS state at 5 K) a distribution of Fe3+ and Co3+ is formed
and there are some rich regions of Fe3+ cations (Fe3+-O2�-Fe3+

interactions), other rich regions in Fe3+-O2�-Co3+-O2�-Fe3+ inter-
actions and additional rich regions of Co3+ (LS) cations, Co3+-O2�-
Co3+-O2�- Co3+ interactions.

As can be seen in Fig. 7(b), Hc decreases when the content of Co3
+ ion increases. It is clear that for the compounds with x = 0 and 0.3,
each FeO6 octahedra are entirely, or almost entirely, surrounded by
other FeO6 octahedra and the prevalent interactions are Fe3+-O2�-
Fe3+ ones so Fe3+ magnetic moments are ordered AFM each other
with a small FM component (WFM). The high Hc values presented
by these compounds (x = 0 and 0.3) indicate a higher magnetic
anisotropy than the other members of the family. When the Co3+

content increases in the samples, the weak ferromagnetic regions
Fe3+-O2�-Fe3+ become smaller and the resultant magnetic domains
are more easily reverted. At the same time, the regions where the
Co3+ is dominant grow up. These last regions will leave regions
with Fe3+-O2�-Fe3+ interactions (WFM) and Fe3+ totally isolated
with PM behavior. As can be observed in Fig. 6(b), in the case of the
compound with x = 0.5, the weak ferromagnetic regions still
prevail and this is evident at low magnetic fields in the hysteresis
loop. On the other hand, in the sample with x = 0.7 the hysteresis
loop is not observed.

As can be seen in Fig. 7(a), for the samples with x = 0 and 0.3, ss

decrease with x. In these samples ss comes from the weak
ferromagnetic component. When the Co3+ content increases
(x = 0.5 and 0.7), M at high field increases (Fig. 6). As we will see
later, a portion of all the Fe3+ cations present in these samples
generates ferromagnetic clusters in superparamagnetic (SPM)
state.

To obtain information about the SPM clusters present in the
analyzed samples, the M vs. H curves for the samples with x = 0.5
and 0.7 can be described with a Langevin’s function with an extra
linear component (M = a[coth(bH/T)-(bH/T)�1] + cH/T). The two first
terms are the Langevin’s function that describes the super-
paramagnetic behavior which is usually found in magnetic clusters
or small particles systems [35]. The last term is a paramagnetic
contribution due to isolated and non interacting Fe3+ ions. The
parameter a is the maximum saturation magnetization (ss

SPM)
reached by the clusters when these are aligned with a high
magnetic field; b is a parameter associated with the total magnetic
moment of each cluster (b = m/kB) and c is the fraction of non-
correlated or isolated Fe3+ cations.

In the case of YFe0.5Co0.5O3 the saturation reached for the
clusters is ss

SPM = 0.0473 mB/mol and we obtained from the fitting
that 3% of the Fe3+ are in clusters with a total magnetic moment
around 7 mB/cluster (close to 2 Fe3+/cluster). Thus, the remaining
97% of Fe3+ in the sample has to be distributed between the WFM
and PM. In the case of YFe0.3Co0.7O3 the saturation reached for the
clusters is ss

SPM = 0.1310 mB/mol and we obtained from the fitting
that 9% of the Fe3+ are in clusters with a total magnetic moment
around 153 mB/cluster (close to 31 Fe3+/cluster). Thus, the
remaining 91% of Fe3+ cations in the sample has to be distributed
between the WFM and PM. As was proposed previously for



Fig. 5. (a) ZFC-FC curves at temperatures lower than room temperature and H = 500 Oe for YFe0.5Co0.5O3 and YCoO3 samples. The dashed line shows the corrected FC curve.
(Inset) Inverse of the magnetic susceptibility, calculated from the ZFC and FC curves measured at 50 kOe, as a function of temperature for YFe0.5Co0.5O3. (b) ZFC-FC curves at
temperatures lower than room temperature and H = 500 Oe for YFe0.3Co0.7O3 and YCoO3 samples. (Upper inset) Zoom view of the ZFC-FC curves for YCoO3. (Lower inset) Inverse
of the magnetic susceptibility, calculated from the ZFC and FC curves measured at 50 kOe, as a function of temperature for YFe0.3Co0.7O3.
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different perovskites [36,37], an explanation for the SPM observed
in the small clusters is that they have different amounts of spin up
and spin down.

Fig. 7(a) shows the ss
SPM (obtained from the fit with a

Langevin’s function with an extra linear component) and ss
WFM

(obtained with the rest of the Langevin’s function with an extra
linear component to the total magnetization) for the samples with
x = 0.5 and 0.7. As can be seen, ss

SPM increases with the Co3+

content, whereas the ss
WFM decreases. This shows that along the

YFe1-xCoxO3 solid solution there is a competition between the
WFM and the SPM clusters. The weak ferromagnetic Fe3+ cations
prevail in the rich Fe3+ samples (x = 0 and 0.3) and the Fe3+ cations
that form SMP clusters prevail in the sample with x = 0.7. Besides,
in the sample with x = 0.5 we postulate a slight prevalence of the
weak ferromagnetic Fe3+ cations.

Fig. 8 shows a magnetic phase diagram that summarizes the
main magnetic characteristic of the YFe1-xCoxO3 compounds. In
this figure, the coexistence between the two magnetic phases
(WFM and SPM clusters) for intermediate compositions is
displayed.

3.4. Refinement of magnetic structure by powder neutron diffraction

The magnetic structure refinement of the YFe1-xCoxO3 samples
(x = 0.3, 0.5 and 0.7) was carried out from a set of PND patterns
obtained at the D1 B diffractometer (l=2.520 Å) in the range 2–
513 K.

Fig. 9 shows the refined PND patterns at 2,150, 350 and 513 K for
YFe0.5Co0.5O3, where new peaks of magnetic ordering appear at
positions forbidden by the space group Pnma (i.e. the 110 refection)
and the intensity of the 011 and 211 structural reflections increase
when temperature decreases. In particular, the new peak
corresponding to the 110 reflection appears in the pattern at
350 K and it grows when the temperature drops, together with the



Fig. 6. (a) Magnetization vs. magnetic field isotherm at T = 5 K for YFe1-xCoxO3 (x = 0, 0.3 and 0.5) samples. (b) Magnetization vs. magnetic field isotherm at T = 5 K for YFe1-
xCoxO3 (x = 0.5 and 0.7) samples. The orange line described the Langevin’s function with an extra linear component. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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increase of 011 and 211 reflections. For this sample the new peaks
disappear in the pattern at 400 K, the same behavior is observed in
the samples with x = 0.7, which results in a null refined magnetic
moment. In the sample with x = 0.3 at 400 K these magnetic peaks
are still visible. This implies the establishment of a long-range
magnetic order at temperatures approaching 350 K in samples
with x = 0.5 and 0.7 and temperatures larger than 400 K (and lower
Fig. 7. (a) Co3+ content dependences of the saturation magnetization (ss). The vertical da
of the coercive magnetic field (Hc).
than 513 K) in the one with x = 0.3. It is important to note that the
temperatures at which the magnetic peaks appear are somewhat
higher than TN (see Magnetic characterization section). The origin
of these peaks can be understood based on the Fe3+-O2�-Fe3+

superexchange interactions and the random distribution of Fe3+

and Co3+ cations at the B-site of the perovskite structure as was
observed by others authors in YCr0.5Fe0.5O3 [19]. On the other hand,
shed line indicates the beginning of the SPM behavior. (b) Co3+ content dependence



Fig. 8. Magnetic phase diagram for YFe1-xCoxO3 samples.
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these results are in good agreement with the ones obtained from
Mössbauer spectroscopy at 300 K (see Fig. 3).

The different magnetic groups associated with the propagation
vector k = (0, 0, 0) for the magnetic transition which are compatible
with the Pnma space group have been tabulated by Bertaut [38]
and gives for the transition cations 4 irreducible representations
allowing a non-zero magnetic contribution. The B-site magnetic
cations are present at 4b sites at positions S1 (0, 0, 1/2), S2 (1/2, 0,
0), S3 (0,1/2,1/2) and S4 (1/2,1/2, 0), depending on the relative spin
Fig. 9. Comparison of the PND refined patterns of YFe0.5Co0.5O3 at 2 K, 150 K, 350 K and 

pattern the first series of tick marks correspond to the Bragg reflections of the main YFe
impurity Y2O3. In the patterns at 2 K, 150 K and 350 K the third series of Bragg positions co
phase.
directions at the four positions. Four base vectors representing the
possible magnetic modes of coupling can be expressed according
to Bertaut’s notation,

F = + S1 + S2 + S3 + S4,

G = + S1 � S2 � S3 + S4,
513 K. Observed (circles), calculated (full line) and difference (bottom line). In each
0.5Co0.5O3 phase and the second series of Bragg positions correspond to the minor
rrespond to the Bragg reflections of the magnetic structure of the main YFe0.5Co0.5O3
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C = + S1 � S2 + S3 � S4,

A = + S1 + S2 � S3 � S4,

The four irreducible representations known for orthoferrites
can be represented in terms of vector components F, G, C and A
along three crystallographic directions. According to Bertaut's
notations, these are defined as G 1 (Gx Cy Az), G 2 (Cx Gy Fz), G 3 (Fx Ay
Cz) and G 4 (Ax Fy Gz).

For the three YFe1-xCoxO3 samples the neutron data at 2, 150
and 350 K were refined with the irreducible representation G 4 (Ax

Fy Gz). In this structure, the magnetic moments are mainly oriented
in an antiferromagnetic arrangement along the z-direction with a
small canting along y-direction (the magnetic moment component
along the x-direction is negligible). Fig. 9 shows an example of the
good agreement between the observed and calculated PND
patterns after refinement of the YFe0.5Co0.5O3 magnetic structure
at 2, 150 and 350 K. The pattern at 513 K was perfectly refined
without a magnetic structure contribution.

In previous studies [39,40], it was found that in YFe1-xMnxO3

(0 � x � 0.45) and RFe0.5Cr0.5O3 (R = Yb and Tm) a progressive spin-
reorientation transition occurs and this was evident in the PND
patterns with the reversion on the intensities of the (110) and (011)
reflections when temperature decreases. In the case of YFe1-xCoxO3

this was not observed, so spin-reorientation transition is absent
and this is in agreement with the magnetization measurements
that do not show spin-reorientation transition.

4. Conclusions

YFe1-xCoxO3 (x = 0, 0.3, 0.5, 0.7 and 1) perovskite solid solutions
were synthesized by thermal decomposition of the cyano-metal
complexes Y[Fe1-xCox(CN)6]�4H2O at 950 �C for 6 h. All perovskites
belong to the orthorhombic Pnma (#62) space group. The refined
chemical formulas obtained in the compounds with x = 0.3, 0.5 and
0.7 were in an excellent agreement with the nominal composi-
tions.

A well-developed magnetic order was observed in the RT
Mössbauer spectra only in the samples with x = 0 and 0.3, while in
the compounds with x = 0.5 and 0.7 quadrupole doublets
corresponding to paramagnetic Fe3+ in high spin state was
observed.

A clear decrease of the magnetic order temperature was
observed when the Co3+ content increases. In YCoO3 a very small
magnetization was observed at low temperatures, suggesting the
possibility of Co3+ in LS state (S = 0). In YFe0.3Co0.7O3 a paramag-
netic behavior was observed. This suggested that below RT Co3+

ions are in the non-magnetic LS state, because Fe3+ concentration
(1-x = 0.3) in this sample is very close to the percolation threshold
limit for perovskite structure. However, a small change in the slope
of the inverse of the magnetic susceptibility as a function of
temperature was observed at T < 170 K, which could indicate the
onset of magnetic order. Besides, in YCoO3 and YFe0.3Co0.7O3 an
increase of magnetization at high temperatures was observed and
this can be associated to the thermal excitation of Co3+ in LS
configuration to IS or HS configuration.

Along the YFe1-xCoxO3 solid solution there is a competition
between WFM and SPM clusters. WFM Fe3+ cations predominate in
the rich Fe3+ samples (x = 0 and 0.3) and the Fe3+ cations that form
SPM clusters predominate in the sample with x = 0.7. Besides, in the
sample with x = 0.5 a coexistence between the two magnetic
phases was suggested.

For the YFe1-xCoxO3 samples with x = 0.3, 0.5 and 0.7 the
neutron data at 2, 150 and 350 K were refined with the irreducible
representation G 4 (Ax Fy Gz). In this structure, the moments are
mainly oriented in an antiferromagnetic arrangement along the z-
direction with a small canting along the y-direction.
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