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Abstract. Polycrystalline manganites of composition La,/3Sr;,3Mn;_, T, O3 (T = Critor Fe*t, x = 0.0-
0.10) were obtained by the Pechini method. Their magnetic properties exhibited a marked dependence on Fe/Cr
content, with significant reduction of the magnetic moment per formula unit and their Curie temperatures.
In addition, the magnetocaloric effect, determined by isothermal magnetization measurements, displayed a
decreasing tendency with increasing Fe/Cr concentration. Results were interpreted on the basis of a deleterious
effect on the double exchange interaction provoked by the presence of Fe** and Cr** ions within the crystal

structure.
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1. Introduction

Mixed valence manganites with perovskite structure
and general formula A;_,A’,MnO; (where A is a triva-
lent cation such as La, Pr, Nd, Sm, Gd, Ho or Y, while
A’ stands for a divalent cation such as Ca, Sr, Ba and
Pb), has been extensively studied because of their rich-
ness in transport and magnetic properties. Such phe-
nomena includes a variety of couplings between charge,
spin, orbital and vibrational degrees of freedom.!'?
In addition, these materials possess features of tech-
nological interest such as colossal magnetoresistance,
magnetocaloric effect and unconventional insulator—
metal transitions upon diverse external stimuli such
as magnetic field, light, X-ray irradiation or current
injection.>* Most studies focus on A = La and
on its partial substitution by divalent or monova-
lent cations. > Other numerous reports describe the
replacements of Mn by metallic species such as Fe,
Co, Ni or Cr.**!! For both cases, a strong corre-
lation between electronic properties and the valence
and the ionic radius of the doping atoms have been
observed. '>+¢

In particular, for La,;_,Sr,MnO; systems, the pres-
ence of Mn** and Mn*" cations (provoked by the inclu-
sion of divalent cations such as Sr>*) induces mobile
holes in the e, band near the Fermi energy, which

*For correspondence

Mixed valence manganites; magnetic manganites; magnetocaloric effect; Pechini method.

affects the electronic conduction and the superex-
change interaction.'? The superexchange interaction
causes antiferromagnetic coupling between magnetic
moments in manganites and thus, moderate-to-low val-
ues for the magnetic moment per unit formula.'?
This antiferromagnetic ordering can be progressively
supressed by the increment of the number of Mn**—
Mn** pairs, which favours the double exchange inter-
action. The double exchange promotes ferromagnetic
coupling between magnetic moments and hence, the
enhancement of the magnetic moment per unit for-
mula and the Curie temperature.'>'> The number of
Mn*—Mn** pairs also influences the electronic struc-
ture of La;_,Sr,MnO; manganites, giving rise to a
very rich phase diagram characterized by ample varia-
tions of critical temperatures associated to multi-phase
transitions."'*!7 Such transitions include paramagnetic
insulator (PI), paramagnetic metallic (PM), spin-canted
insulator (SCI), ferromagnetic insulator (FI), ferro-
magnetic metallic (FM) and antiferromagnetic metal-
lic (AFM). Even first- to second-order magnetic phase
transitions as a function of the Sr content have
been reported.'* According to the phase diagram of
La,_,Sr,MnO; manganites, '® the x = 0.50 point of Sr
concentration lies at the border of the first order FM-AF
transition, defining a so-called ‘bicritical point’.! This
specific LagsoSryso proportion elicited a great interest
from the scientific viewpoint because of the compet-
ing phases involved, namely FM, charge-orbital ordered
AFM, and orbital-ordered AFM.!
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Other interesting characteristic of manganites is
the magnetocaloric effect (MCE), which refers to the
isothermal magnetic entropy change (accompanied by
an adiabatic temperature change) of a magnetic mate-
rial under the application of an external magnetic field.
This effect has been studied extensively in LaSr- and
LaBa-based manganites because of the possibility for
developing room temperature magnetic refrigeration
technology based on their competitive cost of produc-
tion, chemical stability and easy tailoring of magnetic
properties.® Although a significant number of composi-
tional variations have been explored for La(Na,K,Ag)-,
LaCa-, LaSr-, LaBa-, LaPb-, LaNd-, LaY- and LaLi-
based manganites, reports concerning the effect of
the systematic variation of Fe/Cr content on the
MCE in La,/3Sr;3MnO; manganites are much less
numerous. '8

On the other hand, conventional synthesis of La-
based manganites embraces in general some few vari-
ants of solid state reaction between oxides, nitrates
or carbonates precursors at temperatures usually above
1200°C. An alternative and effective way to obtain
manganites is a sol-gel variant known as ‘Pechini
method’. This synthetic route was originally discovered
for obtaining titanates, niobates and zirconates via poly-
meric precursors made from citric acid and ethylene
glycol.!” In this method, an alpha hydroxycarboxylic
acid (citric acid) is used to chelate with various cationic
precursors by forming a polybasic acid. In the presence
of a polyhydroxyl alcohol (ethylene glycol), the chelate
reacts to form organic esters and water by-products.
When the mixture is heated, polyesterification occurs
and leads to a homogeneous sol in which metal ions
are uniformly distributed throughout the organic matrix.
Subsequent heating of the sol removes excess of sol-
vents, leading to the formation of an intermediate resin.
This solid resin is then heated to elevated temperatures
to remove organic residuals, allowing the formation of
the aimed stoichiometric compounds during pyrolysis.
Due to uniform spreading of the ions, as well as the for-
mation of small particles with narrow size distribution,
the diffusion of cations affords the formation of oxides
with high chemical homogeneity. >

In this study, we present a systematic study
on the magnetic properties, including MCE, of
La,/3Sr;3Mn,_, T,0; (T = Cr** or Fe’* and x = 0.0,
0.025, 0.050, 0.075 and 0.10) manganites, obtained by
Pechini method. The selected La:Sr ratio lies within
the FM zone (according to the phase diagram for
La,_,Sr,MnO; manganites)."'® For this La,/3Sr; 3 pro-
portion with a single FM order, it is possible to estab-
lish correlations between magnetic properties and the
valence state of the constituent transition-metal atoms,
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since no additional effects between different competing
magnetic phases are expected.

2. [Experimental

The polycrystalline manganites series La,/3Sr;3sMn_,
FexO3 and L32/3SI'1/3M111,XCI'XO3 (X = 00, 0025,
0.050, 0.075 and 0.10) were prepared by the Pechini
method with the following precursors: La(NO;);-6H,O
(Fluka, >99.0%), Sr(NO;), (Fluka, >99.0%), Mn
(NO3)-4H,0 (Fluka, >97.0%), Cr(NO5)-9H,0 (Fluka,
>97.0%) and Fe(NO;);-9H,0 (Mallinckrodt, >99.0%).
The initial solution was prepared by mixing distilled
water and the nitrates (properly weighed according to
the specific composition), citric acid and ethylene gly-
col in the following molar proportion 1:5:4.3. The mix-
ture was then dried at 50°C for 12h. At this point,
the resultant dried polymer was ground for a calcina-
tion treatment of 1100°C for 10h in a muffla (Ther-
molyne 47900). Phase distribution analysis was done
by X-ray diffraction (XRD) with Cu-K, radiation,
while microstructural characterization was carried out
by scanning electron microscopy (SEM) in a Leica—
Cambridge equipment operating at 20 kV. Concerning
magnetic properties, the magnetic moment per for-
mula unit for each compositional series was determined
from hysteresis loops measured at room temperature
in a vibrating sample magnetometer (VSM) at a maxi-
mum applied field of 15000 Oe, whereas the Curie tem-
perature was established by means of magnetic ther-
mogravimetric analysis (MTGA) in a thermobalance
within the temperature range of 20-100°C at a heat-
ing rate of 10 K/min under an applied field of 0.20T.
In addition, the MCE was quantified by means of mag-
netic entropy variations — A Sy, calculated from isother-
mal magnetization measurements with an applied mag-
netic field change of AH = 10000 Oe, according to the

following expression: *!7
Hy
M
ASy = / ) am (1)
oT ),
Hy

3. Results
3.1 Phase distribution and structural analysis

XRD diffractograms for selected compositions
within  the series Lay;3Sr;3Mn;_Fe,O; and
La,/3Sr;3sMn;_,Cr,O; (x = 0.0-0.10) are shown in
figure 1. For both cases, the main phase was identified
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Figure 1. XRD diffractograms for selected compositions

of the manganites series Lay;3Sr;;3Mn;_,T,O3; (T = Fe or
Cr).

as perovskite La,3Sr;,3sMnO; with thombohedral sym-
metry and R3¢ space group, according to ICDD-PDF
01-089-4461. No secondary phases were observed in
any case. Rietveld analysis? was performed to verify
the formation of a single phase for each mangan-
ites series by using slow runnings from 20 = 25° to
125°, as shown in figure 2 for the initial composition
La,/3Sr; 3MnOj5 as example. Residuals for the weighted
pattern R,,(%) and the goodness of fit x2 across the
compositional series resulted below 13% and 3.0%,
respectively. These values are consistent with previous
reports concerning similar materials.'"'*** From the
mathematical fitting, the unit cell parameters a and ¢
(hexagonal coordinates) as a function of the Fe or Cr
content were determined (figure 3). A minor variation
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Figure 2. Experimental (dots) and calculated (solid)
X-ray diffraction profiles for the Lay;3Sr;3sMnO; sam-
ple. Tick marks below the diffraction pattern represent the
allowed Bragg reflections. The difference profile is located at
the bottom of the figure. The residuals for the fitting process
were of Ryp(%) = 12.3% and x* = 1.9%.
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Figure 3. Unit cell parameters a and ¢ (hexagonal coordi-
nates) as a function of Fe/Cr content x for the compositional
series Lay/3Sr1,3Mn;_, T, O3 (solid line does not represent a
mathematical fit).

for both parameters is manifested for increasing Fe or
Cr content. This marginal effect on the unit cell dimen-
sions can be interpreted in terms of the very similar
ionic radius of the cations Fe** and Cr** in octahe-
dral coordination (<rgs+> = 0.64 A and <rep+> =
0.615 A)» compared with Mn>* (<ryy+ > = 0.65 A)>
and Mn** (<ryy:> = 0.62 A).” Complementary
SEM micrographs obtained with secondary electrons
indicated the formation of a polycrystalline, randomly
oriented distribution of polyhedral grains across the
compositional series, as illustrated in figure 4 for the
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Figure 4. SEM image formed with secondary electrons,
for the Lay;3Sr;;3Mnqg75Fe 02503 sample at a magnifica-
tion of 20k. The associated grains size distribution his-
togram (shown as inset) was constructed by the intersection
method employing several micrographs taken on different
zones across the same sample.
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Lay/3Sr;3Mng 975Fe) 00503 manganite as an example.
Much similar microstructural features were observed
for the remaining compositions.

3.2 Magnetic properties

The hysteresis M—H loops for both compositional
series, La,/3Sr;3Mn;_,Fe,O; and La,;3Sr;,sMn;_,
Cr,O; are shown in figure 5(a) and (b), respectively.
The values observed for the magnetic moment per
formula unit are consistent with the magnetization
of manganites with similar composition.?® For both
cases, a marked decreasing trend is observed, from
2.7 Bohr magneton (ug) per formula unit, fu., to
0.9 ug/f.u. for the Fe-containing manganites, and from
2.7 to 1.4 ug/f.u. for the Cr-containing samples. These
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Figure 5. Hysteresis M—H loops for the compositional
series Lay/3Sr;3Mn;_, T, O3.
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Figure 6. Curie temperature 7, as a function of Fe/Cr con-
tent x for the compositional series Lay;3Sri;3Mn;_T,O;3
(solid line does not represent a mathematical fit). Inset:
MTGA plot for the Lay;3Sr;;3MnO3; sample showing the
Curie transition.

reductions in the magnetic moment per f.u. reflect the
deleterious effect of the Fe/Cr substitution on the pre-
dominant double exchange interaction of the initial
La,/3Sr;3MnO3; manganite in favour of the superex-
change coupling, which promotes antiferromagnetic
ordering. Complementarily, the Curie temperature 7, as
a function of the Fe or Cr content is shown in figure 6.
The Curie temperatures for both series of manganites
display a diminishing tendency with increasing Fe or
Cr content x. These T, values were determined from
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Figure 7. Isothermal magnetization curves for the

Lay/3Sr;,3MnO3; manganite at a maximum applied field of
10T
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MTGA, as shown for the La,/3Sr; 3sMnOs manganite as
inset in figure 6. The well-defined one-step shape of the
MTGA curve indicates that all the grains undergo their
Curie transition at the same temperature, which in turn
reflects the excellent chemical homogeneity attained
within the sample.

The reduction of these magnetic properties with Fe
or Cr concentration is consistent with the incorporation
of both atoms into the crystal structure of each man-
ganites series (as suggested by XRD results), since the
magnetic moment per f.u. and 7 are highly sensitive to
the chemical composition. In addition, isothermal ini-
tial magnetization curves, determined for all the man-
ganites across the compositional series (see figure 7
for the La,/3Sr;3sMnO; manganite as example), were
measured from below and above the 7. indicated by
MTGA results. From these curves, negative magnetic
entropy AS,, calculated according to (eq. 1) are dis-
played in figure 8 for both compositional series. The
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Figure 8. Magnetic entropy variation —AS,, for the com-
positional series Lay/3Sr,3Mn;_T,O3 (solid line does not
represent a mathematical fit).

maximum in —AS,, is consistent with 7, determined
by MTGA (figure 6) for all compositions, with a top
value of —2.2J/kgK for the original La,/3Sr|,;MnO;
manganite, followed by a decreasing tendency for the
maximum entropy variation as a function of the Fe or
Cr concentration. Rapid reduction of the maximum in
—AS,, is consistent with the significant diminution of
the magnetic moment per f.u. for both compositional
series, since high MCE values require a steep magneti-
zation fall from large magnetizations at the Curie transi-
tion point.? The observed —A S, values compares very
well with those reported for similar compounds. >3

4. Discussion

As mentioned in the °‘Introduction’, the increasing
(or decreasing) number of Mn**-Mn** pairs play
a decisive influence on the electronic properties of
A;_ A’ ;MnO; manganites through the creation (or
suppression) of mobile holes affecting the superex-
change interaction in favour (or against) of the double
exchange interaction.'>?® For the present case, bear-
ing in mind that no significant changes were detected
for the unit cell parameters (figure 3), the marked
reduction observed for the magnetic moment per f.u.
and Curie temperature as a function of the Cr con-
tent x can be attributed to the weakening of the dou-
ble exchange interaction as follows: The Cr** cations
have the same electronic structure of Mn**, i.e., [Ar]3d?
with three electrons at the lower 1,, level and 0 electrons
at the higher e, level. So, the progessive Cr concen-
tration across the La,;3Sr;,3sMn,_,Cr,O; series implies
an increasing number of cations with the [Ar]3d? con-
figuration (i.e., Mn** configuraton), which is equiva-
lent to a progressive reduction of the number of
Mn?* cations, and hence, a reduced number of Mn*T—
Mn*" pairs. Reduction of these atom pairs favours
the superexchange interactions between Cr**—O-Mn**,
Cr’*—O-Cr** and Mn**—O-Mn** cations, and thus,
the deterioration of the magnetic properties of the
La,/3Sr; 3Mn,;_,Cr,Oj series. The superexchange inter-
actions being favoured between ions with empty e,
orbitals (i.e., [Ar]3d° configuration) in manganites were
described in detail by Goodenough et al.?” The decreas-
ing tendency observed for —AS,, as a function of the
Cr content x is a direct consequence of the diminution
in the magnetic moment per f.u. since the MCE is very
sensitive to magnetization variations.>

For the Fe-substituted manganites, deterioration of
their magnetic properties can be explained in terms of
the electronic structure of the Fe** and Mn3** cations
([Ar]3d?). This configuration comprises three electrons
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at the lower #,, level and two electrons at the e, level.
However, according to Ahn et al.,?® there is a poor over-
lap between the e, bands of Fe’* and Mn** ions (less
than 3%),”® which causes the hampering of the elec-
tron hopping from Mn’* to Fe’*. Since Fe** replaces
Mn*" within the perovskite structure, a reduction of
the number of Mn**—Mn*" pairs is expected, caus-
ing a depopulation of hopping electrons as well as the
diminution of the number of available hopping sites.
In consequence, the double exchange interaction (i.e.,
ferromagnetic ordering) is progressively suppressed in
favour of the superexchange coupling (i.e., antiferro-
magnetic ordering) as the Fe content increases, leading
to the worsening of the magnetic moment per f.u. and
Curie temperature and hence, to the diminishing effect
on —AS,,. The valence state of the Fe*" cation within
the perovskite structure has been confirmed by means
of Mossbauer spectroscopy in similar LaSr(MnFe)O;
manganites. '3

5. Conclusion

The Pechini method was effective for preparing LaSr-
based manganites with partial substitutions of Mn by
Fe or Cr. The incorporation of Fe** or Cr** cations
shows a shallow effect on the unit cell parameters, but a
marked reduction of the magnetic properties and MCE
due to significant weakening of the double exchange
interaction (causing ferromagnetic ordering) in favour
of the superechange interaction (causing antiferromag-
netic ordering).
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