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Extraordinary role of Ca2+ ions on the magnetization
of LaFeO3 orthoferrite
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Abstract

Samples of La1−xCaxFeO3 were synthesized in air for 0.05≤ x ≤ 0.55. X-ray powder diffraction analysis showed that the samples were formed
in a single phased orthorhombic structure (Pbnm) where the lattice parameters were calculated and reported. The dc magnetic susceptibility was
measured using Faraday’s method from room temperature up to about 850 K at five different magnetic field intensities. The obtained results showed
that the samples were antiferromagnetic with slight canting of the Fe3+ spins. The substitution of La3+ by Ca2+ ions lowers the Ńeel temperature.
The calculated values of the effective magnetic moment as a function of the Ca2+ concentration were in good agreement with the reported data.
The results were interpreted on the basis of the charge difference and the ionic radii of the La3+ and Ca2+ ions.
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. Introduction

The perovskite type oxides[1] have the general formula
BO3 with A representing a large cation, usually rare earth

on, while B is the smaller one. The perovskite structure can
e described as a framework of corner-sharing BO6 octahe-
ron that contains A cations at 12-coordinate sites. Amongst

he perovskite compounds, there are the A3+–B3+ or (3–3) per-
vskites, in their orthorhombic forms, the displacement of dif-
erent A3+cations from the ideal positions appears to decrease
ith increasing the size of A3+ with the same B3+ cation[2].
Recently, it was found that the rare earth orthoferrites[3]

RFeO3) with perovskite type structure are interesting materi-
ls for most of electronic applications because of their mixed
onductivity [4]. These materials display ionic and electronic
efects[5], which make them important candidates for the devel-
pment of solid-oxide fuel cells[6], active catalysis for oxidation
r reduction of pollutant gases[7,8], oxygen sensor electrodes

9,10], gas diffusion electrodes, oxygen permeation membranes
11–13], chemical sensors for the detection of humidity[14],
lcohol [15] and gases[16–18] such as oxygen[19,20], CO

21,22], and NO2 [23–25]as well as environmental monitoring

The remarkable magnetic properties of the rare earth orth
rite family of crystals (RFeO3) have attracted continued expe
mental and theoretical interests[27]. For example, they were th
first group of materials to be considered in bubble memory a
cations for computer design[28]. The direct magnetic interactio
between nearest neighbors Fe3+ moments in this case is neg
gible. Instead, the spins are coupled through the oxygen io
the mechanism of super exchange interaction. This intera
is predominantly antiferromagnetic; however, it has an antis
metric component that causes a slight canting of the mome
adjacent iron atoms and a resultant weak ferromagnetic mo
as well[29].

The importance of orthoferrites in many applications enc
ages us to through light on the role of Ca2+ ions substitution o
the crystal structure and magnetic characterizations of La3
by X-ray diffraction and magnetic susceptibility. Also, one of
goals is to study the solubility limit of Ca2+ ions in the LaFeO3
matrix in order to improve the physicochemical properties o
compound to be more applicable.

2. Experimental techniques
pplications[26].

∗ Corresponding author. Tel.: +20 25676742; fax: +20 25727556.

Samples of La1−xCaxFeO3 (0.05≤ x ≤ 0.55) were prepared
by the conventional solid-state reaction from oxides of analar
grade form (BDH), La2O3, CaO and Fe2O3. Stoichiometric
r and
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atios were good mixed, grinded using agate mortar for 3 h
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transferred to electric ball mill for another 3 h. The samples
were pressed into pellets form using uniaxial press of pressure
5× 108 N/m2. The pellets were presintered in air at 950◦C for
20 h with a heating rate of 1◦C/min. They were cooled to room
temperature with the same rate as that of heating, regrinded and
pressed again into pellets. The pellets were fired at 1200◦C for
30 h at the same previous rate and then cooled to room tempera-
ture with the same rate as that of heating. Regrinding was carried
out again, then the powder was sieved and pressed into discs of
diameter 1 cm and thickness of∼=1.5 mm, fired at 1200◦C for
another 30 h in air with the same rate of heating.

The samples were checked by X-ray diffraction analysis
using Philips Diffractometer model “PW3710” with a Cu target
of wave length (λ = 1.54060Å) to assure the complete solid-
state reaction. Indexing of the obtained diffraction patterns using
JCPDS cards was done and the lattice parameters were calcu-
lated using the computer program Treor[30].

The dc magnetic susceptibility measurements were carried
out using Faraday’s method in which a very small amount of the
powdered sample was inserted in a cylindrical glass tube at the
point of maximum gradient. The measurements were performed
from room temperature up to∼=850 K at five different values of
magnetic field intensity ranging from 833 to 3800 Oe.

3. Results and discussion
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lattice parameters atx = 0.45 is directly related to the generation
of a relatively large amount of Fe4+ ions instead of Fe3+ ions
as the result of increasing Ca2+ content. The chemical formula
could then be written as[31] La1−xCaxFe3+

1−tFe4+
t O3−y where

t ≤ x, 0≤ t ≤ 0.07. These results are in good agreement with
those reported by Komornicki et al.[31].

The tolerance factor (t) Eq. (1) [32], is a geometrical factor
characterizing the size mismatch that occurs when the A-site
cations are too small to fill the space in the three dimensional
network of BO6 octahedra:

t = RA + RO√
2(RB + RO)

(1)

RA, RB andRO are the ionic radii of the A, B and oxygen ions,
respectively, in the ABO3 perovskite. The effective ionic radius
of the A-cation is calculated from the relation[3]:

Reff = (1 − x)RLa3+ + xRCa2+ [32] (2)

When the tolerance factor decreases, the orthorhombic distor-
tion increases. On the other hand, theθB–O–B angle, which
is a measure of the tilting of the octahedron, is directly cor-
related to the cell distortion,θ decreases when the distortion
increases[32]. The ideal perovskite structure hast = 1, where
the orthorhombic distorted perovskite structure hast ∼= 0.8. In
the investigated samples, the iron is the B cation; increasing
C 2+ t
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A ases
w the
l
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.1. X-ray analysis

X-ray diffraction analysis,Fig. 1, of the samples of La1−x

axFeO3 (0.05≤ x ≤ 0.55), reveals single-phase orthorhom
tructure with space group (Pbnm). At x = 0.55, a small intensit
f a secondary phase appeared which was identified as CaO
ariation of the lattice parameters with Ca content is illustr
n Fig. 1, from which it is clear that the value ofb is nearly
onstant with increasingx up to 0.35, after that it decreas
iving a minimum atx = 0.45 and increases again. The tren
oth parametersa andc is nearly the same, where they reac
aximum value atx = 0.45 corresponding to the minimum ob
nd then decrease. This result reflects the distortion that
lace in the lattice atx = 0.45 due to the mismatch between
ize of the La3+ and Ca2+ ions. Also, the peculiar change of t

ig. 1. X-ray diffraction patterns for the samples La1−xCaxFeO3

0.05≤ x ≤ 0.55).
e

s

a content decreases the tolerance factor fromt = 0.902 a
= 0.05 tot = 0.895 atx = 0.55, assuming nine-fold coordinati
-cation. This means that the orthorhombic distortion incre
ith Ca2+ content which agrees well with the variation of

attice parameters,Fig. 2, as the Ca content increases.

.2. Magnetic susceptibility

The dependence of the molar magnetic susceptibility o
bsolute temperature as a function of the magnetic field inte

or the sample La1−xCaxFeO3 (x = 0.25) is shown inFig. 3(a)
s a typical curve. The data in the figure shows stability inχM

rom 900 down to∼=690 K, below which, a sudden increase
M is observed with the continuous decrease in tempera
he value ofχM at room temperature is∼=6 times its value a
90 K. The intensity of the magnetic field affects directly on
alues ofχM where it decreases with increasing the intensit
he magnetic field.

ig. 2. Variation of the lattice parametersa, b andc with the Ca content (x).
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Fig. 3. (a) The dependence of the molar magnetic susceptibility (χM) on the
absolute temperature for the sample withx = 0.25 as a function of magnetic field
intensities as a typical curve; (b) the dependence of the reciprocal of the molar
magnetic susceptibility (χ−1

M ) on the absolute temperature for the sample with
x = 0.25 as a function of magnetic field intensities as a typical curve.

The magnetic susceptibility data obeys the Curie–Weiss law
below the Ńeel temperature, while aboveTN the sample behaves
like a normal paramagnet obeying the Curie law,Fig. 3(b).
The values of the magnetic constants were calculated from the
plot of χ−1 versusT (Fig. 3(b)). Below the Ńeel temperature,
TN = 693 K atx = 0.25; the magnetic ordering of Fe3+ ions in
orthoferrites is that of a canted antiferromagnet of the G-type
[33]. At room temperature, the net moments of Fe3+ ions lie
along thec-axis where as the sublattice moments (G) lie in (a,b)
plane being slightly canted to thea-axis. Above the Ńeel tem-
perature, the samples behave as completely paramagnetic[34].

Depending mainly on the synthesis techniques and cond
tions (sintering atmosphere, cooling rate, etc.) and the differen
in ionic radii between La3+ (rionic = 1.216Å) and Ca2+ ions
(rionic = 1.180Å) in nine-fold coordination, the substitution of
La3+ by Ca2+ in LaFeO3 has at least two possibilities. First:
the system La1−xCaxFeO3 consists of two or more phases; iron
possesses an intermediate valence state that increases grad
from Fe3+ to Fe4+ with increasingx. The second possibility is
that the iron keeps its stable trivalent state and the oxygen de
ciency appears in the lattice in order to neutralize the compou
electrically.

Fig. 4 represents the variation of the calculated effectiv
magnetic moment (µeff), the Curie constant (C) and the Ńeel
temperature (TN) as a function of the calcium content. The
decrease of the Ńeel temperature is probably due to the fac

Fig. 4. Variation of the effective magnetic moment (µ) in B.M., the Curie con-
stant (C) in (emu/g mol) K at 3800 Oe and the Néel temperature (TN) in K with
the Ca content (x).

that increasing Ca2+ content in the solid solution increases the
number of Fe4+ (3d4) and decreases the number of Fe3+ (3d5).
This expectation is enhanced by the decrease in the effective
magnetic moment with increasing Ca2+ concentration. The pos-
sible explanation is that the Fe3+ (3d5) ions have the largest
magnetic moment (5.85 B.M.) as compared with that of iron
ions in another valence state[35]. This means that, with increas-
ing x, the number of Fe4+ (3d4), of lower magnetic moment,
increases:

Theoretically, the effective magnetic moment of the investi-
gated samples can be calculated using the formula[36]:

µeff = ((1 − x)µ2
La3+ + xµ2

Ca2+ + (1 − t)µ2
Fe3+ + tµ2

Fe4+ )
1/2

As, the La3+ and Ca2+ ions are diamagnetic, therefore their
net magnetic moments are too small so they can be neglected.
The resultant is that of the iron ions, in the investigated sam-
ples, taking into consideration that iron exists in two different
valence states. The dependence ofµeff on x is mainly due to
ratio of (Fe4+/Fe3+) ions due to the increase of Ca2+ ions. It
was reported that[35] µeff is calculated for the metal ion from
µeff = g

√
J(J + 1); whereg is the Landau splitting factor andJ

is the total angular momentum; which is equal to 5.85 B.M. for
Fe3+ ions. This value agrees with the experimental calculated
value (µeff = 2.83

√
C, C is the Curie constant) from (χ−1 ver-
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susT) at x = 0.05 (6.20 B.M.) at 833 Oe. The difference her
due to the canted antiferromagnetic character of the samp

The influence of the tolerance factor (t) on the magneti
properties is well established[37,38]for super exchange antife
romagnets such as LaFeO3. Analysis of this system has sho
that the Ńeel temperature is directly proportional to cos2 θ. Con-
sequently, one can attribute the decrease of the Néel temperatur
with increasing Ca2+ content to the decrease of the tolerance
tor.

The variation of the molar magnetic susceptibility with
absolute temperature at different Ca2+ contents is illustrated i
Fig. 5. The remarkable increase inχM with increasing Ca2+ ion
content is explained by the increase in the number of Fe4+ ions on
the expense of Fe3+, thus giving rise to a high probability of th
super exchange interaction between Fe3+ and Fe4+ where they
are antiferromagnetically coupled through the oxygen anio
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Fig. 5. The dependence of the molar magnetic susceptibility (χM) on the abso-
lute temperature at different Ca concentrations.

4. Conclusion

X-ray diffraction analysis for the investigated samples reveals
single-phase orthorhombic structure. The trend of the lattice
parametersa, b andc as a function of Ca content is the same
for a andc with the reverse trend forb. This reflects the distor-
tion occurred in the lattice atx = 0.45. The value of the effective
magnetic moment and the other magnetic constants decrease
with increasing Ca content. This enhances the presence of Fe4+

on the expense of Fe3+ ions in the samples, where the two ions
are coupled antiferromagnetically through oxygen anions.
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