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a b s t r a c t

La0.67Ca0.13Sr0.2Mn1�xFexO3 (x = 0–0.1) compounds were synthesised by standard sol-gel reaction and
characterised by X-ray diffraction at room temperature. X-ray diffraction and Rietveld refinement show
that they crystallize in the rhombohedral structure with the R3c space group. The magnetic behavior
(magnetization and Curie temperature TC) shows a large dependence on the fractional composition x.
The Mössbauer results reveal the presence of iron ion at the trivalent state Fe3+ assigned by the same iso-
mer shift d value. Resistivity measurements, performed between 10 and 350 K, show a metal–insulator
transition for 0.0 � x < 0.1 and a pure insulator behavior for x = 0.1.
The suppression of metallic behavior and ferromagnetism under the doping effects of Fe will be dis-

cussed in terms of doping disorder, Fe-Mn super-exchange interactions and a site percolation
mechanism.
� 2017 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

For twenty years, researchers worldwide have given a great
interest in mixed valence manganites Ln1�xAxMnO3-type (where
Ln is a lanthanide cation and A is usually an alkaline earth ion)
due to the colossal magnetoresistance (CMR) and the magne-
tocaloric properties displayed by some compounds of this family
[1–5]. On one hand, films [6] of these materials have potential
applications, e.g. as magnetic sensors or in computer memory sys-
tem. On the other hand, it is expected that the understanding of the
underlying physical mechanisms could lead to substantial
advances in the field of strongly correlated electron physics. The
conventional understanding of electrical transport and magnetic
properties is generally based on the double exchange (DE) mecha-
nism [7], which considers the ferromagnetic (FM) coupling and the
eg electrons hopping through Mn3+-O2--Mn4+ bond. However, the-
oretical considerations indicate that the DE mechanism alone
could not quantitatively account for all the physics in these com-
pounds. The Jahn–Teller distortions, lattice, spin and orbital
degrees of freedom should be considered [8,9].

Many previous studies have been reported on the effects of Mn
site substitution by foreign elements in La0.7(Ca, Sr)0.3MnO3 such as
Ga [10], Al [11], Co [12], Ti [13], Cr [14–19], etc. . . Generally, doping
at Mn site decreases the Curie temperature (TC) and the metal–in-
sulator (M-I) electric transition temperature (Tp). These studies
allow authors to discuss the influence of Fe doping on the struc-
tural, magnetic and electrical transport properties.

This paper is intended to obtain characterization of the La0.70-
Ca0.15Sr0.15Mn1�xFexO3 system, including the novel results of con-
ductivity measurement. The systematic investigations of all the
structural, magnetic and transport properties were performed on
the same and well defined samples.
Experimental

The La0.70Ca0.15Sr0.15Mn1�xFexO3 (x = 0.000, 0.025, 0.050, 0.075
and 0.100) compounds were synthesized using the sol-gel method
as described in reference [20]. The final heat treatment was per-
formed at 1200 �C for 24 h. The X-ray diffraction patterns were
recorded on a PHILIPS X’PERT diffractometer using Co Ka radiation.
The analysis of the phase was carried out by the FULLPROF pro-
gram based on the Rietveld method [21]. The Mössbauer measure-
ments were performed at room temperature using transmission
Mössbauer spectrometry. The 57Co (Rh) source was mounted on
a constant acceleration triangular motion velocity transducer.
The values of isomer shift are referred to that of a-Fe absorber at
room temperature. The fitting procedure was performed with a
current routine based on the least-squares minimization. The
hyperfine parameters were determined from the fitted spectra col-
lected at room temperature.

Magnetic measurements were performed in BS1 and BS2 mag-
netometer developed in Louis Néel Laboratory of Grenoble. The
magnetization curves were obtained under an applied magnetic
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Table 1
Lattice parameters and cell volume of La0.7Ca0.15Sr0.15Mn1�xFexO3compounds.

x 0.000 0.025 0.050 0.075 0.100

Space group R3c oR3c R3c R3c R3c
<rA> (Å) 1.22(4) 1.22(4) 1.22(4) 1.22(4) 1.22(4)
<rB> (Å) 0.70(4) 0.70(4) 0.70(4) 0.70(4) 0.70(4)
ar(Å) 5.15(8) 5.47(1) 5.47(1) 5.47(8) 5.47(8)
a (�) 60.48(1) 60.25(5) 60.27(6) 60.13(8) 60.19(2)
V(Å3) 57.78(1) 58.22(2) 58.25(3) 58.32(5) 58.38(1)

Mn/Fe(site b)
x 0.0000 0.0000 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000 0.0000 0.0000
La.Ca.Sr (site a)
x 0.0000 0.0000 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.2500 0.2500 0.2500 0.2500 0.2500

O (site e)
x 0.4470 0.5554 0.5423 0.5483 0.5412
y 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.2500 0.2500 0.2500 0.2500 0.2500
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field ranging from 0 to 5 T at temperatures ranging from 100 to
400 K. Finally, the electrical resistance was measured by the four
probe technique, developed in MCMF Laboratory of Grenoble,
using current at most 10 mA.

Results and discussions

The Crystalline structure determination of our samples was
obtained from X-ray diffraction analysis.

X-ray diffraction patterns for La0.7Ca0.15Sr0.15Mn1�xFexO3

(x = 0–0.1) compounds are reported in Fig. 1. They give evidence
that all samples are single phased. We state that some doublets,
present for x = 0, disappear after Fe-doping. Despite this change in
XRD pattern, no significant structural transition is detected, hence
all compounds can be indexed in the rhombohedral structure with
R3c space group as we can see in Fig. 2, for x = 0.025 and 0.075.

The results of XRD patterns refinements, based on Fullprof
program, are gathered in Table 1. RP Residuals pattern, RF structure
factor and v2 goodness of fit are listed as well. In addition, V unit
Fig. 1. X-ray diffraction patterns of La0.7Ca0.15Sr0.15Mn1�xFexO3 (x = 0.00, 0.025,
0.050, 0.075 and x = 0.100) compounds.

Fig. 2. Observed (solid circles) and calculated (solid line) XRD patterns of the Fe-doped s
these spectra is plotted at the bottom. Bragg reflections are indicated by ticks. (For interp
web version of this article.)

Mn-O 1.95(2) 1.95(1) 1.95(2) 1.95(7) 1.95(2)
Mn-O-Mn 162.89(1) 162.16(4) 166.33(4) 164.43(5) 166.69(5)
Rp 16.0 23.2 32.6 29.4 28.3
RF 6.49 5.56 15.0 7.83 14.1
v2 2.26(4) 1.60(4) 1.60(3) 1.73(3) 2.95(8)
cell volume, Mn–O average bond length and Mn–O–Mn average
bond angles values are added in the same table. As main
conclusion from these results, no significant structural change for
La0.7Ca0.15Sr0.15Mn1�xFexO3 compounds (0 � x � 0.1) is observed.

The zero-field Mossbauer spectra at room temperature of the
two samples (x = 0.075 and 0.100) are shown in Fig. 3. The spectra
present the similar profiles and the presence of a single Mossbauer
paramagnetic doublet with different quadruples splitting (DEQ) is
evidenced. We have fitted both spectra with a single quadruple
split doublet and the resulting hyperfine parameters are given in
Table 2. Taking into account the calculation errors, both spectra
have the same isomer shift d value which is assigned to Fe3+. We
can mention that the DEQ value increases versus Fe-doping
content.

The temperature dependence of the magnetization measure-
ments M (T), under applied magnetic field of 0.05 T, reveals a
amples (x = 0.025 and 0.075) obtained at room temperature. The difference between
retation of the references to colour in this figure legend, the reader is referred to the



Fig. 3. Mössbauer spectra collected at room temperature of La0.7Ca0.15Sr0.15Mn1�xFexO3

(x = 0.075 and x =0.1) compounds.

Table 2
Estimated parameters from the Mössbauer spectra of La0.7Ca0.15Sr0.15Mn1�xFexO3

(x = 0.075 and 0.100) compounds.

x d (mm/s) DEQ (mm/s)

0.075 0.35 0.08
0.100 0.36 0.24

Fig. 4. Temperature dependence of the magnetization (M) and (dM/dT) for x = 0.025
and 0.075 samples.

Fig. 5. Temperature dependence of the resistivity of the La0.70Ca0.15Sr0.15Mn1�xFexO3

(x = 0.000, 0.025, 0.050, 0.075 and 0.100) compounds.
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ferromagnetic–paramagnetic transition for all samples (Fig. 4).
The transition occurs at Curie temperature (TC), where dM/dT
shows a minimum. The iron introduction in the Mn site causes,
as expected, a significant decrease in the temperature of
ferromagnetic ordering (TC) [22]. This result has explained by
Othmani et al. [20], as a positive contribution of the double
exchange mechanism due to the Fe presence. This effect is also
reported in the electrical transport properties.

The resistivity temperature dependences of
La0.70Ca0.15Sr0.15Mn1�xFexO3 (x = 0–0.1) compounds are displayed
in Fig. 5. For x < 0.1, all samples undergo a typical metal–insulator
transition at Tp temperature, corresponding to the maximum of
resistivity. Resistivity increase accompanied by Tp decrease versus
Fe content is observed as well. A similar behavior was observed in
Cr-substituted manganites by Kallal et al. [23]. The resistivity
increase is essentially due to the disorder introduced in the
charge transfer mechanism when replacing some links of the
Mn3+–O2�–Mn4+ bond by Mn3+–O2�–Fe3+. When x reaches 0.100,
the compound has an insulator behavior over the entire tempera-
ture range, upper to 100 K.

The transport in manganites is closely related to the spin of the
eg carriers and the localized t2g spin core in Mn3+ ions. This is
explained by the double exchange model and Jahn–Teller lattice
distortion. At T < Tp, the double exchange interaction becomes
stronger. According to Pauli Exclusion Principle, only when the
spin direction of the jumping eg electrons is identical with that of
the acceptor Mn4+ ions, the 2p electrons of the O2� ions satisfy
Hund’s rule. The eg electrons of the Mn3+ ions jump more easily
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between the Mn3+ and Mn4+ ions through the O2� ions. By the
substituting of the Fe at Mn site, Xavier et al. [24] report that the
Fe clusters depolarize the spins of their Mn neighbors leading to
the decrease of the conduction by scattering off these depolarized
spins in this doping regime. Rao et al. [25] have proposed a
phenomenological cluster model. It is known that the top of the
Fe eg band is near the bottom of the Mn eg band. The substituted
Fe ions act as trapping centers for the eg electrons and as result
reduce the hopping of the eg electrons between the Mn3+ and
Mn4+ ions. So, we can deduce that these trapping centers perturb
the double exchange interaction and leading to an increase of the
resistivity. The Tp value is mainly dependent on the lattice
distortion, the ratio of the Mn3+/Mn4+ ions and the oxygen
deficiency [26]. The samples preparation conditions are identical
and thereby these samples have the same oxygen deficiency. So
we can consider that this parameter is negligible in comparing
the Tp. The difference of the atomic radius between the A–O layer
and Mn-O layer leads to the mismatch of the adjacent atomic
layers. This creates distortion and results in the change of the bond
angles from 180� of the ideal cubic structure in AMnO3 to less than
180�. The octahedron is tilted and shows the alternating buckling
with the tolerance factor. If the distortion is stronger, the orbits
of the itinerant electrons split and the double exchange interaction
weakens. Therefore the transfer of the electrons is forbidden and
the resistivity increases. When the Mn elements are partially
substituted by the Fe elements, the distortion becomes stronger
and the double exchange interaction weakens, so the resistivity
increases and the Tp shifts to the lower temperatures.
Conclusion

In a summary, a systematic investigation of the structural, mag-
netic and transport properties in the La0.70Ca0.15Sr0.15Mn1�xFexO3

compounds has been carried out. Rietveld analyses indicate that
these samples crystallize in rhombohedral structure with R3c
space group and the lattice parameters are not affected by iron
substitution. Mossbauer spectra pointed, for both compositions
(x = 0.075 and 0.100), to the same d isomer shift values close to that
of iron Fe3+. The magnetic study revealed a significant decrease in
the temperature of ferromagnetic ordering (TC) when Mn is substi-
tuted by Fe. The electrical characterizations show that all samples
exhibit a typical metal–insulator transition for x < 0.100 and an
insulating behavior for x = 0.100. Iron ions enter the lattice as triva-
lent ions to substitute for Mn3+ and act as trapping centers for the
eg electrons. This leads to magnetization weakening which results
in TC decrease, resistivity increase and decrease of both TC and Tp
temperatures, corresponding to magnetic and metal–insulator
transition respectively.
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