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The current study describes the synthesis of the perovskite manganite LaggCag5NagosMnggFey,0; using Pechini
method. The Rietveld analysis of the powder X-ray diffraction data verified the presence of a single phase exhibiting
orthorhombic symmetry with the Pnma space group. The phase undergoes a shift from paramagnetism to ferromagnetism
when the temperature reaches the Curie temperature of 111 K. A positive Weiss constant (@) and a greater effective
magnetic moment than the anticipated value suggests the presence of dominating ferromagnetic interactions in the phase.

Keywords: Pechini method, Rietveld refinements, Magnetic properties

The standard formula for mixed-valence perovskite
manganites is RE;.,A,Mn,_B.O;, where RE represents
a trivalent in nature rare earth ion, A represents a
divalent in nature alkaline earth metals like Ca, Sr,
Ba, or a monovalent alkali metal such as Na or K, and
B represents ions made of transition metals or
nonmagnetic trivalent ions such as Al, Ga, or In. The
substituted manganites continue to captivate
researchers in the field of solid-state chemistry, as
evidenced by the extensive study conducted thus
far'”’. Materials with high susceptibility to outside
factors including magnetic field, pressure,
temperature, and electricity have demonstrated
significant promise in several applications including
magnetic  storage, magnetic sensors, magnetic
refrigeration, spin-valve devices, and optical
instruments® . These materials experience a change
from a state of being paramagnetic and
semiconducting to a state of being ferromagnetic and
metallic as the temperature decreases. This change is
indicated by a peak in resistivity at a temperature
called Tys, which is in close proximity to the
transition temperature from paramagnetic (PM) to
ferromagnetic (FM) states, known as the Curie
temperature 7¢. Furthermore, these materials
demonstrate a significant magneto-resistance effect,
characterised by a reduction in electrical resistivity
when subjected to a magnetic field'*"’. The Zener

double exchange (DE) interaction, which involves the
coupling of spin and orbital structure'®, as well as the
Jahn-Teller (JT) distortions'’, can be linked to the
transition from a paramagnetic-semiconductor to a
ferromagnetic  metal at low  temperatures.
Furthermore, the primary factors that influence the
distinct properties of manganites are the average
size of cations at the A-site (<rA>)20, the disorder
caused by the mismatch in cation sizes at the
A-site (c”)*', the technique of manufacture, the
magnetic field, and the level of oxygen deprivation.
The doping of such materials can modify their
physical properties, which are predominantly
influenced by factors such as concentration, ionic
size, and the oxidation state of the dopant™.

Extensive research has been conducted on the
doping of A-site with divalent or monovalent ions in
order to get a more profound comprehension of the
structural and magnetic characteristics of doped
perovskites™**™* " An intriguing area of study is
investigating the impact of Mn-site doping in
manganites, which has a significant impact on the
structural and magnetic characteristics. This 1is
achieved by altering the carrier density (n), Mn—-O—
Mn bond angle, and Mn—O bond length. Doping of
Mn in perovskite manganites with trivalent ions
like A", Bi*", Ru*", and Co®" decreases the ratio
of Mn*" to Mn*" and suppresses Curie temperature
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72530 Multiple researchers have examined the
impact of substituting a portion of manganese (Mn)
with iron (Fe) on the structural and magnetic
characteristics® >’. These manganites possess a
composite structure consisting of Mn®* and Fe’" jons
at octahedral (B) sites. The replacement of Mn ions
with Fe ions in manganites not only causes distortions
in the lattice structure but additionally decreases the
Mn’*/Mn*" ratio, resulting in the suppression of Curie
temperature 7¢. The Lag¢;Cag33Mn; Fe,O; perovskite
system (with x values of 0.00, 0.01, 0.03, and 0.07)
exhibits a transformation from PM to FM behaviour
when the temperature lowers. As the temperature
drops, the perovskite Lagg¢;Cags3;Mn;.Fe,O; (with x
values of 0.00, 0.01, 0.03 and 0.07) exhibits
ferromagnetic ~ (FM)  behaviour instead  of
paramagnetic (PM) behaviour. The transition
temperature from PM to FM decreases as the content
of Fe increases’'. The magnetization experiments of
Lay¢Cap4Mn; Fe,O; (with x values of 0, 0.05, 0.1,
0.15 and 0.2) revealed that the introduction of Fe
atoms results in lowering of T¢ from 275 K (x = 0) to
75 K (x = 0.2). Additionally, for a critical composition
of x > 0.1, there is a simultaneous presence of
ferromagnetic and antiferromagnetic interactions®. In
their study, Sahasrabudhe et al.*® found that in the
examined system Lag;Cag3;Mn; Fe,O; (with x values
0f 0.08, 0.1 and 0.12), there is only one ferromagnetic
phase present below the transition temperature, and
no spin glass behaviour was seen. Kundaliya et al.*®
have previously reported similar findings for the
combination Laj¢7Cag33MngoFej105. The decrease in
both ferromagnetism and conduction in the
ferromagnetic (x = 0.37) and antiferromagnetic (x =
0.53) phases of La;,Ca,MnO; when Fe-doped, is
caused by the lowering of DE interactions and the
depopulation of hopping electrons®’. The substitution
of 1\/11’13+ with F63+ in the La0_67Ca0_33Mn0,9Feo_103
perovskite material decreases the number of
available hopping sites for the Mn e, (up) electrons,
leading to a decrease in ferromagnetic exchange. At
low temperatures, the system enters a randomly
canted ferromagnetic state due to competition
amongst co-existing antiferromagnetic super-exchange
interactions and the ferromagnetic DE interactions’.
We have previously documented the structural and
magnetic characteristics of iron-doped perovskite
manganites LaygCag5NagosMn;_Fe,O; (with x values
of 0, 0.05, 0.10 and 0.15) that were synthesized using
Pechini method’'. The results indicated a negative
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correlation between the concentration of the dopant
(Fe) and the T, with the 7, falling as the
concentration of the dopant increased. Our analysis
was restricted to examining the dopant concentration
up to a maximum value of x = 0.15. In order to
examine the effects of substituting a greater doping
level of Fe at the B-site on the structural and magnetic
characteristics, we have synthesized Fe-doped
LaggCag 1sNagosMnggFeo,0; manganite using a
modified sol-gel Pechini process and investigated its
magnetic and structural characteristics.

Experimental Section

The polycrystalline sample with composition
LagsCag 15sNagosMng gFep,0; has been synthesized by
the Pechini method using ultra-pure (99.9%) La,0;,
CaCO;, Na,CO;, Mn(CH;C0O0),.4H,0, and
Fe(NO;);.9H,0 as starting materials. The lanthanum
oxide underwent a firing process at a temperature of
1000°C for 6h to eliminate any moisture and adsorbed
gases before being weighed. At first, the reactants
were dissolved in 3N nitric acid and stirred
continuously at 80°C for two hours to guarantee the
generation of metal nitrates. The metal nitrates
underwent conversion to citrates with the addition of
a suitable quantity of citric acid (3 moles for every
1 mole of metal ion). The pH of the citrate solution
was modulated to a range of 6.5 to 7 by incrementally
adding drops of ammonia solution. Next, the solution
was supplemented with the necessary quantity of
ethylene glycol (4 moles for every 1 mole of metal
ion), which acts as a polymerization agent. The
solution was then agitated for approximately 2h to
promote the polymerization process. Subsequently,
the solution was gradually evaporated at 90°C on a
thermal plate to ensure complete elimination of the
solvent, leading to the production of a uniform and
thick gel. The gel was dehydrated at a temperature of
250°C using a hot air oven to obtain a dry, porous
substance. This substance was then subjected to a
temperature of 500°C for 8h in a muffle furnace. The
resulting product was pulverized into a fine powder
and subsequently compacted into a pellet employing a
hydraulic press under pressure of about 20 MPa. The
pellet underwent calcination at a temperature of
1000°C for 10h to achieve the desired composition. In
the electric tube furnace, the sample was lastly
progressively cooled to ambient temperature.

The powder sample was structurally characterized
using powder X-ray diffraction (XRD). Utilising a
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computerised powder X-ray diffractometer
(PANalytical X'PERT-PRO MPD) from the
Netherlands, the XRD analyses were conducted at
ambient temperature. The device ran at 45 kV and 40
mA and was outfitted with Ni-filtered CuKa radiation
(L = 1.54443 A). The XRD research was performed in
the 10° to 100° 20 range. The topography and
microstructure of the powdered sample were analyzed
using Scanning Electron Microscopy (SEM) with an
accelerating voltage ranging from 0.3 to 30 kV.
Energy-dispersive =~ X-ray  spectroscopy (EDX)
employing an INCA attachment to a SEM device was
used to investigate the compositional purity and
stoichiometry of different cations.

The powder sample was subjected to temperature-
dependent magnetization (y,—7) measurements under
zero-field cooled (ZFC) and field-cooled (FC)
conditions. These measurements were conducted
using a Faraday magnetic balance equipped with a
Polytronic electromagnet. The magnetic investigation
was conducted within the temperature range of liquid
nitrogen, using an applied magnetic field of 1000 G.

Results and Discussion

Structural characterization

The crystal structure and the phase purity of the
LagsCag 1sNagosMnggFeq,0; sample were examined
employing powder XRD at ambient temperature.
Fig. 1(a) depicts the XRD spectrum of the synthesized
compound. The sample exhibited distinct and
prominent peaks that closely resembled the perovskite
structure, suggesting a high degree of crystallinity. No
secondary phase was observed within the instrument's
sensitivity limit. All the recorded diffraction maxima
were indexed perfectly in the orthorhombic setting of
the Pnma space group. We used the GSAS/EXPGUI
programme to perform Rietveld refinement on the
XRD data in order to get detailed information on the
prepared sample's crystal structure™. This involved
incorporating a substantial amount of structural
information from the literature, specifically in the
space group Pnma. In this space group, the La/Ca/Na
atoms were found to be located at the 4c(x, 0.25, z)
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position, while the Mn/Fe atoms were located at the
4b(0, 0, 0.5) position. Additionally, the oxygen atoms
were found to occupy two different sites: Ol at the
4c(x, 0.25, z) position and O2 at the 8d(x, y, z)
position. The occupancy factors for the metals were
determined by taking the sample stoichiometry into
account, whereas the occupation factors for oxygen
atoms were refined. The XRD structural refinement
did not provide any indication of oxygen non-
stoichiometry. As a result, the oxide ion sites were
assumed to be fully occupied. The Rietveld profile
fitting for the data is shown in Fig. 1(b). The presence
of a phase with great purity has been confirmed by the
strong correlation between the calculated and
observed diffraction patterns. Table 1 presents the
precise structural parameters, dependable parameters
R,, R,, and reduced y° value acquired using the
Rietveld analysis. The values of obtained reliable
parameters R,,, R, and j° confirmed the crystal
structure of the synthesized perovskite manganite
using Rietveld analysis.
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Fig. 1 — (a) Typical Miller-indexed XRD pattern and (b) Rietveld
profile fitting for the XRD pattern of Lay gCag 5Nag gsMng gFeg 203

Table 1 — Structural Parameters of Lag gCay 15Nag osMng gFey,O3 phase

Atom site X
La/Ca/Na 4c 0.0156(3)

Mn/Fe 4b 0
o(1) 4c 0.4968(22)
0(2) 8d 0.2665(14)

y z Uso (A%)
0.25 ~0.0024(3) 0.02042(5)
0 0.5 0.01412(6)
0.25 0.0698(22) 0.06007(6)
0.0285(14) ~0.2725(14) 0.02701(5)

Space group Pnma, a = 5.4772(3) A, b="7.7514(5) A, ¢ = 5.5049(3) A, V' =233.72(2) A®, R,,, = 0.1223, R, = 0.0894, * = 1.03
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The selected Mn/Fe—-O—-Mn/Fe bond angles and
Mn/Fe—O bond lengths, along with their averages, are
presented in Table 2. Examination of bond lengths
and bond angles reveals substantial distortion in the
(Mn/Fe)Og octahedra. The angles Mn/Fe—O(1)—
Mn/Fe and Mn/Fe—O(2)-Mn/Fe in the ideal cubic
perovskite structure, are expected to be 180°.
However, in our sample under investigation, these
angles deviate from this value due to the tilting of the
octahedra.

The mean size of the crystallites (D) was computed
based on the XRD patterns using the Scherrer formula
as stated in reference™

_ KM
B cos0

The shape factor, denoted as K, is equal to 0.90, 4
represents the wavelength of the X-ray, 0 defines the
position of the peak, and P represents the full width at
half maximum of the peak, measured in radians. The
determined value of the mean crystallite size (D) was
41.1 nm. The compound's nanometric size is
attributed to the modest synthesis temperature, usually
about 1000°C, achieved by the sol-gel technique.

Elemental and microstructural analysis

The synthesized sample was subjected to EDX
analysis to evaluate the stoichiometry and
compositional purity of its constituent elements. The
EDX spectrum of the La(),gcao.15N3(),05MHO,3F€(),203
sample, displayed in Fig. 2, validates the existence of
all constituent elements within the compound. The
mass proportion of different regions has been used to
calculate a typical cationic composition. The results
(expressed as mass percentages) confirm that there is
minimal loss of constitutive elements during the
preparation process, and no presence of impurity was
detected within the experimental constraints. Due to
its lower atomic weight, O cannot be accurately
detected by EDX. Therefore, only the chemical
composition of La, Ca, Na, Mn, and Fe is shown in
Table 3. The agreement between the experimental and

Table 2 — Selected bond lengths (A) and bond angles (°) and
their averages for Lag gCag 15Nag sMng gFeg 205

Mn/Fe — O(1)x2 1.97560(12)

Mn/Fe — O(2)x2 1.93590(7)
Mn/Fe — O(2)x2 1.98366(7)
<Mn/Fe — O> 1.96505
Mn/Fe - O(1) - Mn/Fe 157.558(2)
Mn/Fe — O(2) - Mn/Fe 164.290(1)
<Mn/Fe — O — Mn/Fe> 160.924
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theoretical mass percentages indicates that the cation
composition in the sample has been confirmed.

The SEM technique was used to examine the
topography and microstructure of the prepared
phase. Fig.3 displays the SEM image of the
LagsCag 1sNagosMngsFep,0; powder, providing a
realistic visual representation of its structure under a
scanning electron microscope. The SEM analysis
reveals a polycrystalline structure in the as-
synthesized sample, characterized by a random
distribution of grains with varying shapes. There is a
certain amount of agglomeration among the grains,
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Fig. 3—SEM micrograph
Lag 3Cag.15sNag osMng gFeg 03

of polycrystalline powder of

Table 3 — EDX results of Lao_gcao_15N30_05Mn0_gF60_203

Element Mass (%)
Observed Calculated
La 49.85 50.19
Ca 2.66 2.71
Na 0.46 0.52
Mn 19.65 19.85

Fe 4.95 5.04
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with diameters in the nanometric range. The existence
of certain pores in the sample is likely associated with
the preparation method of citrate precursors.

Magnetic Properties

Fig. 4 displays the molar magnetic susceptibility
versus temperature (y,, — T) curve for the LagsCag s
Nag9sMnggFeq,0; sample. The measurements were
taken under both ZFC and FC modes. Our synthesized
sample has shown a rise in susceptibility as the
temperature is lowered. This is characterized by a
shift from a typical PM to FM phase at low
temperatures, which is known as T7¢ The
ferromagnetic behaviour in divalent/monovalent ion-
doped perovskite manganite is attributed to the
presence of Mn in a mixed-valence state of +3 and +4,
which leads to the formation of Mn®*/Mn*" pairs. The
presence of Mn*"/Mn*" pairs results in a double
exchange (DE) interaction, which involves the
magnetic coupling between these pairs. This
mechanism is attributed to the ferromagnetism seen in
this manganite®™*. The T value is obtained by
identifying the minima on the dy,/dTvs T curve,
which is shown as an inset in Fig. 4. The calculated
Tc value is 111 K. The value of Curie temperature
obtained is consistent with the results reported
earlier’ >,

As expected, the substitution of the Mn site by a
higher doping level of Fe does not vanish the
ferromagnetic state noticed at a lower temperature in

the parental sample LaygCagsNagosMnO; but
1.2
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Fig. 4 — Temperature ~ dependence  of molar  magnetic
susceptibility for LaygCag15NagosMnggFe,03. (Inset shows the
variation of dy,/dT as a function of temperature (7) for
La, 3Cay 15Nag sMng sFeg ,03)

decreases the T remarkably which can be credited
to the competition among the double exchange
(Mn**~O-Mn*") and the super-exchange interactions
(Mn*-O-Mn’" and Mn*"~O-Mn*")**. The Mn*"/Mn*"
ratio is lowered when Fe is doped because Fe*
replaces Mn®*. Furthermore, there is no participation
of the Fe*" ions in the DE interaction with the Mn**
ions. Consequently, the ferromagnetic DE interaction
is attenuated in favour of super-exchange interactions,
leading to a reduction in 7¢.

Fig. 5 displays the temperature dependence of the
reciprocal ZFC molar magnetic susceptibility for the
given phase. The )(;11 — T curve's linearity suggests
that the Curie-Weiss law, which is established by the
following relationship:

where C is the Curie constant and © is the Curie-
Weiss temperature, is followed in the high-
temperature region, where the sample is completely
paramagnetic. The value of Curie-Weiss temperature
() has been considered as that temperature at which
the straight line fit of )(r_nl versus T plot of
paramagnetic region meets the X-axis. The value of &
is calculated from the plot by extrapolation of the
straight line fit of the curve towards the temperature
axis, whereas the slope of the curve defines the value
of the Curie constant (C). The values of @ and C are
determined to be 59 K and 6.663 respectively. The
positive value of @ suggests that ferromagnetic
interactions are the prevailing factor in the phase.
Furthermore, the observed decrease in the @ value in
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Fig. 5— Plot of temperature-dependent inverse molar magnetic
susceptibility for the Lag gCag 15NaggsMng gFeg 03
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comparison to our previously reported system’’,
provides additional evidence of the gradual reduction
in long-range ferromagnetic exchange interaction due
to disorder.

The effective magnetic moment (4, £ f) of the phase

within the temperature range where the Curie-Weiss
rule is applicable has been calculated using the Curie
constant (C) according to the following equation:

Hopp = 2.828VC
The theoretical magnetic moment value (4,,;) of

3+ ng 4+
the LaggCapi5Nao.os(MnyssMngzs)Feg,03
phase has been calculated from the relationship®”**

Hear = (05512 51 +0.2502 40+ 022 34

where K3+ s Hppa+ and M 3+ are the spin-only

magnetic moments of Mn** (4.90 B.M.), Mn* (3.87
B.M.) and Fe’" (5.92 B.M.) ions in their high spin
states respectively. The values of i ef f and U, were

determined to be 7.30 B.M. and 4.89 B.M.
respectively. The higher value of u, ff compared to

U, g can be credited to the existence of ferromagnetic

interactions within the magnetic structure of this
polycrystalline phase.

Conclusions

The perovskite manganite LaggCagisNagosMngg
Fe(,0;, prepared by sol-gel based Pechini method,
crystallized in the orthorhombic symmetry with Pnma
space group. The phase exhibits dominant
ferromagnetic interactions attributed to the presence
of Mn in a mixed-valence state of +3 and +4 leading
to the formation of Mn’"/Mn*" pairs which are
accountable for the creation of ferromagnetic double
exchange interactions. The value of the effective
magnetic moment was found to be higher than
that of the calculated one indicating that
ferromagnetic interactions are prevalent in the phase.
The dominant ferromagnetic behaviour of the phase
was further confirmed by the positive value of the
Weiss constant (®).
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