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Abstract

This work contributes to the development of new nanostructured mixed valence manganites and to explore and optimize their
magnetic properties at 1-D level. Nanofibers of Lag,Cag 3819 o7MnO3; manganite were fabricated using the electrospinning
method and three different heat treatments to determine how the nanostructure affects its thermomagnetic behavior. From
scanning electron microscopy, nanofibers morphology was observed and average diameters of 75, 94, and 97 nm were identified
after heat treatments of 973, 1073, and 1173 K, respectively. According to X-ray diffraction technique, a single-phase ortho-
rhombic structure was defined for each sample. Average crystallite sizes were determined as 47, 49, and 58 nm. A ferromagnetic
to paramagnetic transition with Curie temperatures of 297, 305, and 314 K were identified, respectively. Furthermore, a glassy
state was induced by nanofibers agglomeration. The spin glass and irreversible temperatures diminished as the magnetic field was
increased and a highly anisotropic state was evidenced for all samples. Thermomagnetic behavior in manganites showed to be
significantly influenced by the one-dimensional structure and exposed how the dimensionality proportionated by the fabrication
method can be used to adjust magnetic properties.
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1 Introduction

For a long time, perovskite manganites have been investigated
for their physical properties. In this group, mixed valence
manganites with general formula R;_(A,MnO; (where R is
a rare-earth metal, and A is an alkaline-earth metal) have
phase diagrams where paramagnetic (PM), ferromagnetic
(FM), and antiferromagnetic (AFM) phases, appear together
with complex ones like spin-glass [1]. The magnetic
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properties of mixed valence manganites are strongly depen-
dent on the coupling between Mn** and Mn** ions, specifi-
cally of Mn—O bond distance and Mn—-O-Mn bond angle
[2,3]. In these materials, the double-exchange interaction
(DEI) helps to explain the appearance of ferromagnetic order-
ing occurred when electrons are transported from Mn>* ions to
Mn** ions through oxygen atoms [3]. Furthermore, the strong
relationship between structural, magnetic, and electric degrees
of freedom presented by these complex oxides are relevant for
technological applications. Recently, research on magnetic
nanostructures has increased due to their original physical
properties, which compared with the bulk form are significant-
ly different [4, 5]. Also, their potential application in areas
such as photonics, microelectronics, magnetic, and spintronic
devices has attracted even more research interest in one-
dimensional manganite nanostructures like nanorods, nanofi-
bers, nanowires, and nanotubes [6—8]. Consequently, adjust,
optimize, and control the nanostructure, morphology, and size
of these materials are essential for their potential technological
applications [4]. To synthesize nanofibers, several fabrication
methods like template synthesis, self-assembly, phase separa-
tion, and electrospinning have been employed [6]. The re-
search interest in electrospinning of ceramics has increased
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because of its simplicity and useful way to synthesize the 1-D
nanostructure and the low fabrication cost [4, 6]. Furthermore,
adjusting the electrospinning parameters such as the precursor
concentration, the solution viscosity, the needle gauge, the
solution flow rate, the applied potential, and the distance of
the applied potential can be used to control the fiber sizes [9].
In this work, nanofibers of La 7Cag »3Srg.07MnO3 manganite
were successfully fabricated using the electrospinning meth-
od, with the purpose of identifying how the nanostructure
obtained and the heat treatment applied, influence their ther-
momagnetic properties.

2 Materials and Methods

To obtain Lag;Ca»3Sr9,0;MnO; nanofibers, a precursor so-
lution was made starting from stoichiometrically weighed La,
Ca, Sr, and Mn acetates dissolved in water at 0.1 M concen-
tration. Subsequently, 20% of polyvinylpyrrolidone (PVP)
polymer was added to the solution and mixed to attain an
appropriate viscosity. A syringe connected to a hose with an
end in a 22-gauge needle was used to transport the solution.
Using a fluid flow of 0.1 ml/h, assigned with a pump, a drop of
the solution was set in the tip of the needle. Then, from a
vertical distance of 15 cm between the 22-gauge needle, made
of stainless steel, and an aluminum deposit plate, the electric
field of 15 kV was set to extrude the fibers. After that, the

fibers were collected and process by the corresponding heat
treatments. The heat treatments were applied using a heating
ramp of 1 K/min, followed for an isotherm of 973, 1073, and
1173 K applied for 1.5 h. Nanofibers were obtained utilizing a
Tong Li Tech Co. electrospinning equipment model TL-Pro.
The phase formation and crystal structure of the nanofibers
were verified by X-ray diffraction (XRD) technique, using a
Panalytical diffractometer model X'Pert Pro-MPD. Whereas,
nanofibers diameters and morphology were identified by
scanning electron microscopy (SEM), through a JEOL 6010
LV microscope. Zero-field cooling and field cooling thermo-
magnetic curves at magnetic fields of 2, 5, 10, and 15 mT and
M vs. H measurements were carried out in a Quantum Design
Versalab, with a vibrating sample magnetometer probe.

3 Results and Discussion

X-ray diffraction patterns for Lay 7Cag »3S1g 9;MnO3 nanofi-
bers heat-treated at 973, 1073, and 1173 K respectively are
exposed in Fig. 1. According to these, a single-phase ortho-
rhombic structure was identified with PDF 01-071-5292 file
for each sample. The peaks, more defined and their narrowing
as heat treatment is increased, were evidence of crystallization
and growth. Using the Scherrer equation (d = kA/3 Cos0), the
crystallite sizes were estimated as 47, 49, and 58 nm for 973,
1073, and 1173 K heat-treated samples respectively. The time

Fig. 1 X-ray diffraction patterns
for Lag7Cag 23810,07MnO3
nanofibers heat treated at 973,
1073, and 1173 K
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Fig. 2 Micrographs obtained
from secondary electrons in SEM
microscopy for Srg o7 samples
heat-treated at (a) 973 K, (b)
1073 K, (c) 1173 K with x 30000
of magnification

to reach the isotherm increases for each sample as heat treat-
ment temperature rises. Therefore, the heating ramp of 1 K/
min extends the heat exposure and increases the crystal
growth. The strain represented by the slope in Williamson-
Hall equation 1, CosOy =kA/Dyw —p + 4€sinBy,, [10] for
the nanofibers of Lag7Cag 2351y 07MnO; heat treated at 973,
1073, and 1173 K demonstrates that there are no strain pres-
ent. Thus, any effect due strain can be considered.
Micrographs acquired for Lag 7Cag 351, 0;MnO; nanofi-
bers at (a) 973 K, (b) 1073 K, and (¢) 1173 K heat treatments
respectively are shown in Fig. 2. The micrographs show

agglomerates of nanofibers, related with the extrusion on the
aluminum deposit plate with different diameter distribution
according to the heat treatment. The average fiber diameter,
measured from these micrographs, was 75, 94, and 97 nm for
973, 1073, and 1173 K heat-treated samples respectively. The
diameter growth demonstrates that PVP polymer is already
calcined, by the time the isotherm temperature was reached
in all samples, which also supports the crystal growth.

The temperature dependence of magnetization was mea-
sured for Lag7Cag »3Srg o7MnO5 nanofibers, with heat treat-
ments of 973, 1073, and 1173 K, using zero-field cooling

100 200 300 400
115 T T T T T T T T T T T T T T
43
107 —=—ZFC
Sr, ,, 973 K L
E’ 12
~e T =280 K
50,5 E
s T =303K |,
5mT
0,0
40
1(|)0 I 2(I)O 3(|)0 4(|)0 I : I : 4(|)0
61 46
. 7FC ——ZFC
—+FC -—FC
=4 sr,,, 973K 1,
a4
~ T =265 K
E T =275K g
= 21 T =293 K
T =300 K 12
15mT
ol 10mT
—40
1 (I)O 2(|)0 3(|)0 4(|)0 1 (I)O 2(|)0 3(|)0 4(|)0

Temperature (K)

Temperature (K)

Fig. 3 ZFC and FC curves for Srj o7 sample heat treated at 973 K, with applied magnetic fields of 2, 5, 10, and 15 mT
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Fig. 4 ZFC and FC curves for Sry 7 sample heat treated at 1073 K, with applied magnetic fields of 2, 5, 10, and 15 mT

(ZFC) and field cooling (FC) processes. These ZFC-FC mag-
netization curves were measured for magnetic fields applied
of woH= 2, 5, 10, and 15 mT in a temperature range from 110
to 380 K, and are exposed in Figs. 3, 4, and 5 respectively.
Figure 3 illustrates ZFC-FC curves for Srgy; nanofi-
bers heat treated at 973 K. All graphs for this sample
display a ferromagnetic to paramagnetic transition, where
a Curie temperature (7¢) of ~297 K remains independent-
ly of the magnetic field applied. A bifurcation between
ZFC and FC curves that diverges for lower temperatures
can be observed for every magnetic field applied. The
divergence of ZFC-FC curves for low temperatures has
been found in disordered systems like spin glasses or
superparamagnetic nanoparticles [11, 12]. For this sample,
the separation between curves starts at irreversibility tem-
perature (7;,) and diverges strongly for lower tempera-
tures in each magnetic field applied. Such strong diver-
gence occurred among ZFC-FC curves in this sample is
considered a typical behavior of spin-glasses systems [13,
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14]. Furthermore, there is a broad cusp in ZFC curves
displayed for lower temperatures in each magnetic field
applied, which is also considered a characteristic behavior
of disordered systems [14—16]. This cusp has place on the
called spin-glass freezing temperature (1), below which
the system enters to glassy state. The cusp widens as
magnetic field increases and T, shifts to lower tempera-
tures when the magnetic field rises. Typically, in standard
spin-glasses systems, T, is very close to T, but for this
Lag 7Cag »3519.07MnO3 nanofibers system, 7, and Tj,, re-
main apart from each other for magnetic fields applied,
indicating the appearance of a cluster glass state for low
temperatures as pointed out by several authors [11, 13,
14]. The T, located in ZFC curves diminishes from 302
to 265 K, as the magnetic field increases and is related
with the decrease of crystal-field anisotropy. According to
this, when magnetic field increases, the energy barrier due
to magnetic anisotropy diminishes, and then a smaller
amount of thermal energy is required to overcome the
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Fig. 5 ZFC and FC curves for Sry 7 nanofibers heat treated at 1173 K with applied magnetic fields of 2, 5, 10, and 15 mT

energy barrier, which causes a decreasing in 7, tempera-
ture [17]. The small magnetization response visualized in
ZFC curves for low temperatures demonstrates that the
applied magnetic fields are not strong enough to rotate
the spins easily on the magnetic field direction, which is
related with a high anisotropic system [18].

ZFC-FC curves are shown in Fig. 4 for Sr;o; nanofi-
bers heat treated at 1073 K. A FM to PM transition is
depicted with a constant Curie temperature of ~305 K
for 2, 5, 10, and 15 mT magnetic fields applied respec-
tively. A strong divergence between ZFC and FC curves
is evidenced for this sample, which represents an irrevers-
ibility behavior [19] where T}, temperatures diminish as
applied magnetic fields increase. The cusp in ZFC curve
and the characteristic strong separation between ZFC and
FC curves, related to cluster-glass behavior [20], remains
in Sry o7 sample heat treated at 1073 K for every magnetic
field applied. From ZFC processes, a random magnetiza-
tion of the sample occurs around 7 =305 K and remains
upon cooling to 110 K because spins lack enough thermal

energy to rotate, and when the temperature increases, ther-
mal energy unlocks the spins aligning them in the direc-
tion of the applied field increasing magnetization. This
unlocking process starts first with small particles and later
with bigger particles [21]. Therefore, comparing 7, peaks
between 1073 K and 973 K heat-treated samples. The
narrower T, peaks, for all magnetic fields applied in the
1073 K heat-treated sample, are related with a more ho-
mogeneous particle size distribution inside the nanofibers,
since small particles were reduced. Magnetic anisotropy
remains high for nanofibers heat treated at 1073 K as can
be seen in FC curves, where magnetization increases as
temperature diminish [18].

ZFC-FC curves are observed in Fig. 5 for Sty o7 nanofibers
heat treated at 1173 K. The sharp increase in magnetization
around 7 ~314 K remains for each magnetic field applied,
indicating a PM to FM transition. Also, in comparison with
973 and 1073 K heat-treated samples, a steep slope at 7 can
be noticed, representing a higher defined PM to FM transition.
This steep slope at 7¢ is related with a more homogeneous

@ Springer
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Fig. 6 M vs poH curves for Srg o7
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particle size distribution inside the nanofibers of the sample.
Moreover, T¢ value is the higher among the samples, which is
attributed to the strengthening of double-exchange interaction
via crystallite growth, since this interaction depends on Mn—O
bond distance and Mn—O-Mn bond angle. The strong diver-
gence of ZFC-FC curves at low temperatures and the cusp
displayed in ZFC curves for each magnetic field applied, still
appear in this sample, supporting its glassy nature [22]. Also,
T, and Tj, temperatures remain separated for each applied
magnetic field, evidencing cluster-glass behavior. This feature
is supported by the rapid rise in magnetization in FC curves,
which could be associated with the occurrence of a short-
range FM ordering, forming FM clusters [12]. Observing
closely, Ti, and T, tend to separate from each other when
magnetic field increases, which was attributed to a more uni-
form reduction of crystal-field anisotropy, since for this sam-
ple, a more homogeneous particle size distribution is present.

High magnetic anisotropy is a representative feature of
spin-glass systems. In ZFC and FC processes for this sys-
tem, such high magnetic anisotropy is represented by the
strong divergence between these curves [23]. In FC pro-
cess, when the sample is cooled in the presence of a mag-
netic field. The random-oriented spins tend to be aligned in
the magnetic field direction when the sample passes
through the Curie temperature. As temperature diminishes,
particular spins tend to be aligned with the field and freeze.
New spins tend to be aligned with the field in collaboration
with previous oriented ones. Also magnetic frustration and
magnetic anisotropy rises producing a sudden increase in
magnetization. Such sudden increase in magnetization is a
particular behavior of spin glasses.
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A negative magnetization can be observed in ZFC
curves measured at 2 mT for 973, 1073, and 1173 K
heat-treated samples respectively. This behavior could be
related to the freezing of randomly oriented spin glass
clusters, which at low temperatures have a long-term frus-
tration. As nanofibers are agglomerated, interactions in
the samples also occur between fibers, producing frustra-
tion between random competing interactions among Mn**
and Mn** ions. Then, negative magnetization could be
explained due to the short-range interaction between these
ions. When temperature diminishes, short-range interac-
tion rises and a long-term frustration appears. This mag-
netic frustration promotes that the spin clusters cannot be
oriented specifically in a preferred direction [24]. When
the clusters interact, they cannot be oriented immediately
in the field direction due to a greater magnetic anisotropy
energy barrier in the sample and only spin-glass clusters
oriented in the opposite direction of the field contribute to
the magnetization. The behavior of competing interactions
between clusters was gradually overcome, as the increase
in temperature provides enough thermal energy to the
spins glass clusters to rotate in the direction of the mag-
netic field applied.

Magnetic field dependence of magnetization for Sry (7
nanofibers, heat treated at 973, 1073, and 1173 K is
exposed in Fig. 6. The M (H) curves were measured in
a magnetic field from 0 to 3 T at room temperature. As
can be seen, magnetization increases faster for low fields
and improves as heat treatment increases, then the in-
crease was gradual with further increase in the magnetic
field, according to the sample. Magnetic hysteresis loop
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of manganites usually exhibits a very high rise in M at
low fields and a gradual saturation at high fields. The
samples studied here did not show any sign of saturation
at upH =3 T, which is attributed to the glassy nature of
the samples [22]. Besides, the S shape with a positive
curvature displayed at low fields for this sample is also a
feature of spin glasses [25]. The M (H) curves displayed
by ferromagnets and superparamagnets describe a differ-
ent behavior compared with spin glasses. The effect of
increasing the measurement temperature for spin glasses
promotes the narrowing of the magnetic hysteresis loop
[26, 27]. Hence, the narrow loops, observed for these
samples, have an explanation in the measurement tem-
perature (300 K), which is high enough to stretch the
loops.

4 Conclusions

Single-phase nanofibers of Lag ;Cag »3Sr9.0,MnO3 manga-
nite were successfully obtained with the electrospinning
method. With the rise in heating time and temperature of
the heat treatments, crystallite growth was noticed from
the Scherrer equation with values of 47, 49, and 58 nm
respectively and from Williamson-Hall equation, a cero
strain value was obtained for Sry o7 nanofibers. Using
SEM microscopy, agglomerates of nanofibers were ob-
served in all the samples, showing average fiber diameters
of 75, 94, and 97 nm for 973, 1073, and 1173 K heat-
treated samples respectively. From ZFC-FC magnetic
measurements, a FM-PM transition was identified for all
samples, where Curie temperatures of 297, 305, and
314 K were determined according to the heat treatment.
The rise in T¢ is related to the strengthening of double-
exchange interaction via crystallite growth, as, in mixed
valence manganite systems, this interaction is directly in-
fluenced by the Mn—O-Mn bond angle and Mn—O bond
distance of Mn>*~O—Mn"** chains. Thermomagnetic mea-
surements for all samples showed a bifurcation between
ZFC-FC curves at the irreversible temperature (7j.),
which diverge strongly for lower temperatures. This bifur-
cation, together with the cusp showed at T, in ZFC curves
for low temperatures, demonstrates the glassy nature of
the sample. When the magnetic field was increased in
ZFC-FC measurements, T, shifts to lower temperatures
with the increase in the magnetic field, which is associat-
ed with the decrease of crystal-field anisotropy.
Agglomeration of Lag;Cag,3Srg o7MnO3 nanofibers in-
duced both high anisotropy and glassy nature behavior
displayed.
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