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Abstract

The use of materials in contemporary technology heavily relies on their nanostructural, physical, and
chemical attributes. The specific domain within technology referred to as spintronics, encompasses
the realm of spin transport electronics. Spintronics delves into the electron spin, its inherent magnetic
moment and fundamental charge, and the manipulation of these intrinsic characteristics to develop
solid-state devices. In metallic systems, spintronics encloses phenomena like spin-charge coupling,
which includes ferro- and ferrimagnetic materials, giant and colossal magnetoresistive materials,
and metallic spins. Among the most versatile materials in the evidence of exotic properties, one
of the most representative families is the so-called perovskites, widely studied in recent years
including their properties in solar cell technology. Here, we present some crystallographic,
compositional, morphological, optical, and magnetic attributes of the Ca,TiFeO, double perovskite
material, synthesized by the standard solid-state reaction method from high-purity precursor oxides.
Rietveld refinement of experimental X-ray diffraction data revealed that this material crystallizes
in a monoclinic perovskite-type structure with alternating ordering of Ti-Fe cations along the three
crystallographic axes. The strongly granular surface character of the Ca,TiFeO, materials was
observed in the images from a scanning electron microscope; the electron X-ray energy dispersive
spectra revealed a close match of sample composition to that expected from their chemical formula.
The diffuse reflectance spectrum showed the semiconductor feature of the material with a 1.02 eV
bandgap. The magnetic characterization in the 50 K < T <335 K regime and the applied fields up to 1
kOe showed the ferromagnetic response of the material over the entire temperature range measured.
These properties are promising in the spintronics industry for devices where the same material serves
to process, record, read, and erase information as in the spin transistors.

Keywords: Double perovskite; Structure; Ferromagnetism; Semiconductor; Spintronics.

Resumen

La utilizacion de materiales en la tecnologia contemporanea depende en gran medida de sus atributos
nanoestructurales, fisicos y quimicos. El ambito tecnoldgico especifico de la espintronica abarca
la electronica de transporte de espin. La espintronica estudia a profundidad el espin electronico,
su momento magnético inherente, la carga fundamental y la manipulacion de estas caracteristicas
intrinsecas para el desarrollo de dispositivos de estado solido. En los sistemas metalicos, la
espintronica explora fendmenos como el acoplamiento espin-carga, incluidos los materiales ferro
y ferrimagnéticos, los materiales magnetorresistivos gigantes y colosales, y los espines metalicos.
Entre los materiales mas versatiles en la evidencia de propiedades exoticas, una de las familias
mas representativas es la de las perovskitas, cuyas propiedades han sido ampliamente estudiadas
en los ultimos aflos en el campo de la tecnologia de células solares. Presentamos aqui los atributos
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cristalograficos, composicionales, morfoldgicos, opticos y magnéticos del material perovskita doble
Ca,TiFeQ,, sintetizados mediante el método estandar de reaccion en estado sélido a partir de 6xidos
precursores de gran pureza. El refinamiento Rietveld de los datos experimentales de difraccion de
rayos X reveld que este material cristaliza en una estructura monoclinica de tipo perovskita con
ordenacion alternante de los cationes Ti-Fe a lo largo de los tres ejes cristalograficos. La naturaleza
marcadamente granular de la superficie de los materiales Ca,TiFeO, se observé mediante imagenes
obtenidas en un microscopio electrénico de barrido y los espectros de dispersion de energia de rayos
X electronicos revelaron una estrecha correspondencia de la composicion de las muestras con la
esperada a partir de su formula quimica. El espectro de reflectancia difusa revel6 la caracteristica
semiconductora del material con una banda prohibida de 1,02 eV. La caracterizacion magnética
en el régimen de 50 K < T <335 K y en campos aplicados de hasta 1 kOe evidencio la respuesta
ferromagnética del material en todo el rango de temperatura medido. Estas propiedades generan
expectativas tecnoldgicas en la industria espintronica para la produccion de dispositivos en los cuales
un mismo material se utilice en el procesamiento y las operaciones de grabacion, lectura y borrado
de informacion como sucede en los transistores de espin.

Palabras clave: Perovskita doble; Estructura; Ferromagnetismo; Semiconductor; Espintronica.

Introduction

Perovskites are an important basis for recent progress in solid-state physics, chemistry,
and materials science. Perovskite-type oxides are characterized by the general form ABO,,
where A stands for an alkali earth metal lanthanide or semimetal of radius greater than
B, B is usually a transition metal, and O is oxygen. These materials have been used in
applications ranging from semiconductors, ferroelectrics, and superconductors to colossal
magnetoresistive materials (Kieslich ef al., 2014) used in the fabrication of nanomaterials
(Mao et al., 2010) and high entropy composites (Jiang et al., 2017). Perovskites allow a
wide spectrum of cations with different oxidation states in their structure (Eng et al., 2003)
giving rise to a variety of compounds (Bhalla et al., 2000) with a remarkable diversity
of physical properties (Cavichini, et al., 2018). Perovskites allow a wide spectrum of
cations with different oxidation states in their structure (Eng et al., 2003) giving rise to
a variety of compounds (Bhalla et al., 2000) with a remarkable diversity of physical
properties (Cavichini et al., 2018). Perovskites adopt the ABO3 structure and also more
complex forms such as the A2BB’06- and AA’BB’O6-type double perovskites (Lufaso
& Woodward, 2001), and other more complex ones (Roa-Rojas et al., 2022) with A and
B sites occupied by two cations. These configurations indicate where cation inclusion
occurs and their arrangement influences the material properties. Inclusion in A (less
common than cation ordering in B) occurs in two different crystallographic sites, A and A’,
a configuration where the structural features limit the symmetries of complex perovskites,
as cations in A favor a layered crystalline ordering (King & Woodward, 2010) endowing
the material with magnetic and electrical properties (Cuervo-Farfan et al., 2018) and
modifying its optical (Deluque-Toro et al., 2023) and dielectric (Jaramillo-Palacio ef al.,
2021) characteristics.

A family of double perovskite-type materials, with few studies given their difficulty of
synthesis but promising physical properties, is based on calcium titanate with the inclusion
of magnetic atoms to form the compound Ca,TiMO,, where M represents a magnetic
cation. Ca,TiMnO, was reported as an antiferromagnetic at Néel temperature 15.3 K with
dielectric losses at room temperature that crystallized in a tetragonal structure belonging
to space group I4/m (#87) (Ochoa Burgos ef al., 2012). On the other hand, CaTi .Cr .O,,
reported as Ca, TiCrO,, is a simple CaTiO, perovskite substituted in 50% Cr at the Ti sites
whose crystallization occurs in an orthorhombic structure (space group Pbnm, #62). Its
main characteristic is the strongly frequency-dependent colossal dielectric character at
room temperature (Tan et al., 2013). When M=Fe, the CaTil_yFeyOM material adopts a thin
film form with suggested cubic phase crystallization (space group Pm3m, #221) and band
gap 3.4 eV semiconductor-type response. There are no reports on the magnetic nature of
the material (Yildirim et al., 2022).
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Here we aimed to examine the structural, morphological, optical, and magnetic
properties of the Ca, TiFeO, material to determine its multifunctional features and potential
applicability in spintronic devices simultaneously combining the functions of magnetically
stored information processing, erasing, writing, and reading.

Experimental procedures

We produced samples of the Ca TiFeO, material using the solid-state reaction ceramic
method. The starting point was Sigma-Aldrich CaO, TiO,, and Fe,O, oxides with 99.99%
purity dried at 120°C and ground in an agate mortar for 3 h, which were then pressed into
pellets and calcined at 800°C for 48 h. After a 30 minute-maceration, the final sintering
process was carried out at 1000°C for 48 hours. For the structural characterization, we
obtained diffraction patterns in a PANalytical X’pert-Pro diffractometer with A, =1.540598
A radiation in the Bragg-Brentano configuration and a 0.001° step during 5 s. We used
Rietveld refinement with the GSAS-II code for data analysis (Toby & Von Dreele, 2013).
We obtained scanning electron microscope (SEM) images from a Vega 3 TESCAN using
secondary and backscattered electron detectors. Using a Bruker detector coupled to the
microscope we obtained X-ray energy dispersive spectra (EDS) for the semi-quantitative
compositional analysis. For the optical characterization, we used a VARIAN Cary 5000
UV-vis-NIR spectrophotometer, and the magnetic response was measured with a VSM in
a VersaLab Quantum Design equipment in the range from 50 K to 335 K for magnetic
susceptibility following the Zero Field Cooling (ZFC) and Field Cooled (FC) recipes and
magnetization curves as a function of the external fields up to =1000 Oe.

Results and discussion

The Rietveld analysis of the experimental X-ray diffraction (XRD) data is shown in figure
1. We found a good correspondence between the experimental pattern (blue symbols) and
the theoretical one (green line).

In table 1, we present the structural parameters resulting from the refinement: a
characteristic monoclinic structure belonging to the space group P2 /n (#14), very similar
to the orthorhombic structure of the Pnma space group (#62) typical of simple perovskites,
except that in the monoclinic, one of the angles of the unit cell axes was slightly deviated
from 90°. The main feature is that Ti and Fe cations form a salt rock-like superstructure
arranged intercalary along the three crystallographic axes. Table 1 also shows Wyckoft’s
positions (c, d, and e) that relate to the lattice points where the symmetry groups of each
unit cell point become conjugate subgroups of the space group P2 /n (Parthé et al., 1993).
These letters represent an encoding type for the atomic positions in the cell appearing
always in alphabetical order (Wondratschek, 2006) while the numbers accompanying them
determine the equivalent points per unit cell referred to as Wyckoff position multiplicity.

Figure 1. Diffraction pattern refined by Rietveld analysis for the material Ca, TiFeO,
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Table 1. Structural parameters of Ca,TiFeO, obtained from Rietveld refinement of the experimental
XRD data

Atomic coordinates (+0.0001)

Lattice parameter (A)  Atom Wyckoff site

x y 4
a=5.39833(2) Ca 4e 0.5082 0.5272 0.2498
b=5.42707(1) Ti 2c 0.0000 0.5000 0.0000
c=7.6512002) Fe 2d 0.5000 0.0000 0.0000

0, 4e 0.2188 0.2148 -0.0338
o=y=90° o, 4e 0.2865 0.7199 -0.0339
p=90.061(1)o O, 4e 0.4323 -0.0087 0.2474

¥ =13.627,R_=7.43% R = 11.08%,

Refinement reliability parameters pr - 10.16%

The distorted nature of the crystal cell for the Ca,TiFeO, double perovskite-type
material is shown in table 1. The positions outside the expected equilibrium sites of the
anions in the cell provided the first indication of the distortional character of the TiO,
and FeO, octahedra. Second, the evidence of octahedral tinting arose from the differences
between the interatomic distances of the Ti and Fe cations concerning each of the O , O,,
and O, anions. The presence of Ti-O-Fe bond angles away from 180° and of p and n angles
different from zero degrees corroborate the distorted feature of the structure. Third, the
structural distortion was evidenced by the tolerance factor, defined as

_ rcatro
T= \/E(rTi"z'rFe+TO)’ M

where 7., 75, and r,, are the ionic radii of the Ca, Ti, and Fe cations and r,, represents
the ionic radius of oxygen. The ionic radii of the cations also influenced the octahedral
distortions (Woodward, 1997). In their octahedral coordination, the ionic radius of Ti**
is 0.605 A and that of Fe*" is 0.585 A. The electrical (Aleksandrov, 1978) or magnetic
(Lufaso & Woodward, 2004) character of the cations and their interaction with neighboring
cations also contributed to the occurrence of distortions. The tolerance factor obtained was
1=0.9210, representing an 8% deviation of the unit cell from the perfectly cubic structure,
for which =1 would be expected (Landinez-Téllez et al., 2014). In perovskite-type
materials, octahedral tilts are well described by Glazer’s notation (Glazer, 1972), whereby
the Ca, TiFeO, structure is denoted a'b*a". The superscript (-) represents an out-of-phase tilt
while (+) represents an in-phase tilt, so in the Ca,TiFeO, material, the octahedra rotate in
phase along the crystallographic b axis and out of phase along the @ and ¢ axes.

The surface morphology of the samples is exemplified in figure 2a at 10 kx magnifica-
tion. A formation of primary structures of strongly diffused irregular grains is shown. The
agglomerates thus formed, interconnected with each other, evidencing a high porosity in
the material. The small grains in diffusion had average dimensions of 653.8 nm (Figure
2b), while the clusters can reach micrometer sizes. The boundaries between agglomerates
appeared irregular, blurring with those of neighboring clusters. On the other hand, pores
occurred in the form of small dark regions and depressions in the surface topography of
the sample. Clusters are portions of compact material formed by grains joined by “necks”
through which intergranular diffusion takes place as the result of the high temperature
of the thermal processes applied during the sintering of the samples. In figure 2a, the
regions closest to the surface became bright because, due to the non-conducting nature
of the Ca,TiFeO, material, they were electrically charged when hit by the electron beam
of the microscope.
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We made a semi-quantitative estimate of the composition of the material through the
characteristic X-ray detector of the microscope electron beam interactions with the surface
of the sample, where the transitions between electronic orbitals emit radiation allowing an
energy dispersion spectrum (Figure 3). Firstly, the EDS data of the spectrum suggested
the absence of chemical elements other than those expected from the stoichiometric
formula Ca,TiFeO,, so only those included in the solid-state reaction during the synthesis
process appeared. Secondly, it was clear from the spectrum that the dominant intensities
corresponded to K and K energy transitions of Ca, Ti, Fe, and oxygen K . As expected,
the L_ transitions of Ca, Ti, and Fe were less intense and occurred at lower energy values.
By deconvolution of the spectrum curve, it was possible to quantify the percentage
proportion of each of the constituent atoms of the material. The values obtained were
97% in agreement with those expected from the stoichiometry Ca,TiFeO,, with 28.6%-Ca,
17.1%-Ti, 20.0%-Fe, and 34.3%-0O.

After determining the structural and compositional characteristics of the material,
we studied the properties that guarantee its applicability in modern technology. First, we
characterized the optical response of the material using diffuse reflectance spectroscopy
as shown in figure 4a, where the percentage of reflectance as a function of wavelength
is represented. Three anomalies can be seen in the spectrum, as well as a discontinuity

Figure 2. a. Surface microscopy image of a Ca,TiFeO, double perovskite sample. b. Distribution of
grain size in doble perovskite Ca,TiFeO,

Figure 3. Surface grain energy dispersion spectrum for the Ca,TiFeO, material
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at A=799 nm due to the change of lamp during the measuring process. These behavioral
deviations in the spectrum are related to three vibrational modes observed by UV-vis of
the eight that complete the irreducible representation for the double perovskite family
(Cuervo-Farfan et al., 2017). The remaining five vibrational modes were observable
by Raman spectroscopy (Sorescu et al., 2011) taking place at the Ti-O and Fe-O bonds
of the octahedral coordination and the Ca-O bonds of the cuboctahedral coordination in
the unit cell.

To obtain the value of an eventual optical bandgap, we performed a Kubelka-Munk-
type analysis of the experimental data (Kubelka & Munk, 1931). As shown in Figure
4b, this analysis was done by modifying the Tauc equation for thick samples (Kumar e?
al., 1999) to finally obtain an E =1.02+0.02 eV bandgap, characteristic of semiconductor
materials, such as SnSe, (Mohebbi et al., 2024).

Although Fe*" in octahedral coordination does not exhibit orbital splitting due to the
crystal field, there is evidence of its contribution to ferromagnetic (Hayashi et al., 2011)
and antiferromagnetic (Golubeva et al., 2009) ordering in perovskites. For this reason, we
measured the magnetic susceptibility as a function of temperature following the ZFC and
FC procedures under an H=200 Oe field strength in the thermal regime 50 < T < 335 K.
The result (Figure 5) was that at the highest temperature measured (T=335 K), there was
a finite susceptibility value possibly indicating a magnetic ordering characteristic whose
criticality occurs at higher temperatures.

Another interesting feature in the curve has to do with the irreversible response in
ZFC and FC procedures denoting magnetic disorder effects associated with the microstruc-
tural randomness of the material. Finally, it is evident that from the beginning of the
magnetization process at high temperatures up to T=335 K, the susceptibility increased by

Figure 4. a) Diffuse reflectance spectrum and b) Kubelka-Munk analysis for obtaining the bandgap
in the Ca,TiFeO, samples
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81.8% while in the 50 K < T <335 K regime it increased by 18.2%. This shows that close
to room temperatures and in the presence of a 100 Oe low field, the material presented
magnetic ordering but still not all its domains had oriented to reach saturation, which can
be achieved under the application of higher fields or lower temperatures.

To examine these effects more exhaustively, we did magnetization measurements as
a function of the applied field (Figure 6). The curves revealed a hysteretic characteristic
and although there was an increase in the coercive field with decreasing temperatures,
the values were typical of soft ferromagnetic materials, which may have applicability in
devices designed for reading and recording information on magnetic media. Additionally,
the remanent magnetization also increased slightly with decreasing temperatures.

On the other hand, we observed that not only the coercive field and the remanent
magnetization increased with decreasing temperatures but also the absolute value of the
magnetization. This has to do with the observations already discussed above concerning
the susceptibility curve as a function of temperature (Figure 5), where it is clear that

Figure 5. Susceptibility as a function of temperature measured in Ca, TiFeO, samples

Figure 6. Magnetization as a function of the magnetic field measured in Ca,TiFeO, samples
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at lower temperatures the magnetic moment is higher due to the orientation of a greater
number of magnetic domains in response to the application of the external field. Due to the
ferromagnetic nature of Ca,TiFeO, in the measurement regime, the occurrence of a Curie
temperature above 335 K is expected.

Conclusions

We synthesized the material Ca,TiFeO, by solid reaction. The Rietveld analysis of
experimental X-ray diffraction data allowed us to establish that the material crystallized
in a monoclinic perovskite-type structure (space group P2 /n, #14) with Ti and Fe cations
ordering along the crystallographic axes and forming a superstructure characteristic of
double perovskites. We observed grains of submicrometer dimensions forming agglom-
erates of micrometer sizes in SEM images. Compositional analysis through EDS experi-
ments corroborated the stoichiometry of the perovskite-type oxide Ca,TiFeO,. The optical
characterization suggested the semiconductor character of the material with a 1.02 eV
bandgap. Susceptibility measurements as a function of temperature and hysteresis curves
allowed us to establish that the material behaved as a soft ferromagnet at Curie temperature
higher than 335 K. The coexistence of semiconducting and ferromagnetic responses in the
same crystallographic phase allowed us to classify the material as multifunctional with
potential applicability in the design of spintronic devices such as spin transistors.
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