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A successful mechanochemical synthesis of a new nanoscale semi-conductive perovskite,
Lao 25510 75SN0.4IN0 25RU 3503 (LSSIRUO) was achieved through co-doping of SrSnOs. XRD and IR
analyses confirmed that the sample crystallized in a pure perovskite GdFeOs type structure (Pnma space
group). Diffuse reflectance measurements revealed a direct band gap of 1.3 eV, which was significantly
narrowed compared to that of SrSnOs (4.1 eV). The investigation of DFT calculations into the sextenary
systems Lag 25Srg 75[SN0.4RUQ 35]IN0 2503 and Lag 255r0.75[SNg sRUg 251INg 2503 has revealed semiconductor
behavior, very close to a semiconductor-semi metal transition. Importantly, Arrhenius-type charge
transport was confirmed through a temperature-dependent conductivity study of the sample, showing
good electrical conductivity of 3.6 S m™ at 513 K with an activation energy of E, = 0.19 eV.
Furthermore, the compound exhibited ferromagnetic ordering at temperatures lower than 155 K,
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electrical properties of LSSIRuUO, in addition to its ferromagnetic characteristics, distinguish it as a
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1. Introduction

Tin-based perovskites with general formula ABO; have attracted
the attention of researchers in the fields of photocatalysis,*
energy,” and gas sensing.® One of the key compounds in this
stannate family is SrSnO; (SSO), which stands out due to its
structural flexibility, reduced lattice parameters, and high trans-
parency with a wide band gap ranging from 3.9 to 4.5 eV.*
Compared to conventional binary oxides such as ZnO, In,O;,
and SnO,, the perovskite structure of SrSnO; offers a better
control over its optical properties.®> Visible light absorption is
observed in SSO by increasing the doping level, thanks to the
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promising candidate for applications in optoelectronics, as well as in memory and spintronic devices.

orthorhombic distortion of its perovskite structure.® The tilting
of octahedra in tin-based perovskites is also a crucial factor in
determining their physical properties, as slight changes can lead
to drastic variations in these properties.” SrSn0; is classified as
an n-type material® and is used, both doped and undoped, as a
humidity sensor. Sensitivity increases with donor substitution,
while electrical conductivity is enhanced in acceptor-doped
SrSn0;.* To meet the growing demand for high-performance
oxides in multiple applications with commercial viability,
SrSnO; is often doped with alkali metals, transition metals,
post-transition elements, and rare earth elements, either on
the A-site, B-site, or simultaneously on both sites. Thus tuned
new obtained materials could present innovative properties by
enhancing or refining characteristics such as thermal stability,
chemical stability, electrical conductivity, magnetic effects, cat-
alytic activity, and electrolytic compatibility.>°

According to the literature, A-site doping of SrSnO; with
lanthanum (La) has been observed.” Lanthanum is a rare earth
element known for its ability to retain parent crystal structures
and promote electrical conductivity.'* Furthermore, ruthenium
(Ru), a transition metal with good catalytic and magnetic
properties, as well as excellent chemical stability, is often used
as a substitute to enhance the activity and selectivity of catalytic
materials.”* Indium (In) is well known as a dopant in
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semiconductors often used in electronics, optics and solar cells
due to its ability to improve electrical conductivity and form
thin films.'® Thus, the selection of these substitutes La, Ru and
In in the new material has the essential objective of contributing
to improving the performance and characteristics of the material
for some intended applications.

Significant efforts have been dedicated to the development
of highly efficient and air-stable tin-based perovskite solar
cells."" In this context, an intriguing alternative as a light
absorber for lead-free solar cells is CsSnl;, with a band gap of
1.3 eV," a low excitonic binding energy of 18 x 107> eV,'® and a
high optical absorption coefficient of 10* cm™" (comparable to
that of MAPbI,)."® Nevertheless, it is imperative to overcome the
major challenge related to the instability of CsSnl;, as its black
phase tends to easily transform into a yellow phase after oxidation
in the atmosphere.'® The preferred solution in this case is the
development of new tin-based perovskite oxides due to their
advantages, such as greater stability than halide-based perovskites
or halide-based hybrid perovskites. In addition, they exhibit better
optical absorption in the visible range than halides."®

The exploration of ferromagnetic half-metallic materials is
crucial due to their potential applications in memory and
spintronic devices. In order to develop new promising candidates
for achieving half-metallic ferromagnets (HMFs),"” several
attempts were carried out by substituting B-site ions in SrRuO;
with Ti*" and Sn** to explore transforming of a simple ferromag-
netic metal, into a half-metal.’®" Despite theoretical advances in
the search for new HMFs, the experimental realization of these
materials remains challenging. The few well-established examples
of half-metallic ferromagnetism were materials adopting a double
perovskite type structure,”” where a double-exchange mechanism
leading to a half-metallic state with associated magnetic proper-
ties should be expected as suggested by J. H. Park et al>® The
transition from double perovskite systems to simple perovskites
to achieve ferromagnetic half-metallicity is motivated by the
stringent constraints of B-site ordering in the former.>

In this study, we report the structure as well as the electrical,
magnetic and optical properties of SrSnO; (perovskite oxide)
doped with La, Ru and In. To date, no experimental studies or
DFT analyzes exist on how the co-doping of In and Ru system-
atically influences the electronic and magnetic properties of
SrSnO;, whether in bulk or in thin film form.

2. Experimental and
theoretical section
2.1 Synthesis of Lag 5551 7551n0 4INg 25RU, 35053

The synthesis of LSSIRuO powder employed the eco-friendly
mechanosynthesis method, known for its simplicity and cost-
effectiveness. This is achieved through the use of affordable
starting materials and the omission of solvents, effectively
addressing waste disposal concerns. Moreover, mechanosynthesis
provides a versatile and efficient approach, affording control
over composition and properties. In this particular process,
precise amounts of La,O; (99.9+%; Sigma-Aldrich), SrCO;

This journal is © the Owner Societies 2024

View Article Online

PCCP

(99.9+%; Sigma-Aldrich), SnO, (99.9%; Alfa), RuO, (99.9%;
Sigma-Aldrich) and In,O3 (99.9%; Sigma-Aldrich) precursors, with
purity exceeding 99.9%, were dried and weighed using a high-
precision balance. The weighed precursors were then introduced
into the mill (FRITSCH GmbH), and ground for 3 hours at a speed
of 500 rpm, with a ball-to-precursor ratio of 20: 2. After the initial
grinding, a second grinding step was carried out, followed by
calcination at 950 °C and subsequent XRD diffraction analysis.
Based on the presence of diffraction lines corresponding to the
SnO, precursor, the calcination temperature was increased to
1000 °C for 12 hours. Subsequently, through XRD analysis, it
was observed that the intensity of the SnO, lines decreased,
prompting a further sintering cycle at 1050 °C. This led to the
disappearance of the lines associated with the aforementioned
precursor. All heating processes were conducted in the presence
of air. The stoichiometric proportions of the reagents used in the
synthesis are represented by the following equation:

1 3 2 7 1
‘L 2 ‘ IR =
3 a,03 + 4SrCO3 + SSn02 + 20 uO, + 3 n, O3
3
— Lag258r9.75Sn9.4Ing 25 Rug 3503 + ZCOZ

2.2 Characterization

Powder X-ray diffraction (XRD) measurements were conducted
using an X'Pert3 powder PANalytical diffractometer equipped
with Cu Ko radiation (4 = 0.15406 nm). The experimental
parameters were carefully set to ensure accurate data acquisi-
tion, including a step size of 0.013° and an accumulation time
of 30 seconds. The 26 range covered was from 10° to 110°, and
the measurements were performed in a continuous scan mode.

For the analysis of the obtained XRD data, Rietveld refine-
ment was conducted following the established methodology
described by Rodriguez-Carvajal in the FullProf program.>*

To accurately determine the instrumental line broadening, a
standard microcrystalline powder was utilized, and its XRD
pattern was recorded under identical experimental conditions.
This reference measurement served as a benchmark for evalu-
ating and accounting for any broadening effects inherent to the
XRD instrument itself.

High-resolution scanning electron microscopy (SEM) measure-
ments were conducted using a cutting-edge FE-SEM instrument
(Hitachi SU8030) operating at 10 kV. This advanced SEM instru-
ment allowed us to capture detailed images of the sample surface,
providing valuable insights into its microstructure and morphol-
ogy. Additionally, energy-dispersive X-ray analysis (EDX) was
performed using an Oxford INCA x-act system at an acceleration
voltage of 15 kV. The EDX analysis enabled the determination of
the elemental composition of the sample. Importantly, the analy-
tical errors associated with the elemental content were found to
be less than 5 atomic percent (at%), ensuring high accuracy.
Quantification of the elements was achieved using the Proza
algorithm (Phi-Rho-Z), a reliable method for elemental analysis.

Infrared (IR) measurements were realized using a highly
precise spectrometer, BRUKER “TENSOR 27,” covering a spec-

tral range from 4000 to 400 cm . For the measurements,
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approximately 1 mg of the sample was mixed with 300 mg
of potassium bromide (KBr) and ground in an agate mortar.
The resulting mixture was then pressed into pellets under a
pressure of 10 bar.

Diffuse reflectance (DR) spectra were obtained using a UVD-
3500 UV-Vis spectrophotometer equipped with a BaSO,4-coated
integrating sphere. The spectral range covered wavelengths
from 190 to 900 nm, with measurements taken at 1 nm intervals.
The use of an integrating sphere ensured accurate and reliable
measurement of the diffuse reflectance properties of the sample.
By analysing the DR spectra, valuable information about the
optical properties, such as band gap energy and light absorption
behaviour, could be obtained, contributing to a comprehensive
characterization of the material.

For the theoretical geometry optimization and study of the
electronic structure and optical properties of LaSrSnInRuO com-
pound, we employed the implementation of density functional
theory (DFT) calculations in the QUANTUM Espresso 6.5 program
package.>>?® The plane-wave basis set for valence electron states
with the cutoff energy of 120 Ry (1632 eV), corresponding to 800
Ry (10880 eV) for the charge density cutoff, was taken. We
considered the Perdew-Burke-Ernzerhof (GGA-PBE) functional
for the description of exchange-correlation energy.”” Pseudopo-
tentials for the electronic structure calculations were taken from
the standard solid-state pseudopotentials (SSSP) library.”®*° The
projector-augmented-wave (PAW) method for the electron-ion
interaction®*?" was also applied to perform the numerical simula-
tion. To take into account the magnetic order in the LaSrSnInRuO
compound we used the generalized gradient spin approximation
(GGSA). The calculations were performed within the Hubbard-
corrected DFT energy functionals (GGSA+U) for the ruthenium
atoms. The GGSA+U approach®* can overcome the lack of a
DFT-based correlation-exchange functional by combining DFT
with the Hubbard model. To consider the strong correlation
induced by Ru 4d electrons, an on-site Coulomb interaction U =
5.0 eV is chosen in GGSA+U calculations. The Brillouin zone
integrations were performed using the Monkhorst-Pack k-point
sampling scheme®’ with the 4 x 4 x 4 mesh grid (for the non-self-
consistent field calculations, the &-point grid size of 8 x 8 x 8 was
used) together with the Methfessel-Paxton smearing®® with the
smearing width of 0.02 Ry. For the calculations of the electronic
density of states, the Bochl tetrahedron method®” was employed.
Periodical boundary conditions were used. The atomic equili-
brium positions were obtained by the complete minimization of
the unit cell using the calculated forces and stress on the atoms.
The convergence criterion of self-consistent calculations for ionic
relaxations is 10~% eV between two consecutive steps. Further-
more, all atomic positions and the supercell itself were optimized
until all components of all forces acting on the atoms became
smaller than 10~* hartree per Bohr. Such criteria ensure that the
absolute value of stress is less than 0.01 kbar. The electronic
structure properties were elucidated by analyzing the sample band
structure and its electronic density of states. In order to get the
accurate band gaps, the beyond GGA methods such as Gaussian
attenuating Perdew-Burke-Ernzerhof (Gau-PBE) that uses a Gaus-
sian function as a modified Coulomb potential for the exact
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exchange,*® and Heyd-Scuseria—Ernzerhof (HSE) hybrid func-
tional approaches® were included. The use of these approaches
allowed us to refine the values of band gaps.

Direct current electrical measurements were conducted using
a Lucas Labs S-302 four-point probe and a Keithley 2400 digital
source counter (Keithley Instruments, Inc., Cleveland, Ohio). The
measurements were performed over a temperature range of 330-
520 K. The sample used for the measurements had a diameter of
8 mm and a thickness of 2 mm.

To investigate the magnetic properties of the samples, a
MANICS DSM-8 differential magneto-susceptometer was employed.
The measurements were carried out under an applied magnetic
field of up to 1.5 T. The magnetization of the samples was
measured using two modes: FC (field-cooled) and ZFC (zero-field-
cooled). Additionally, hysteresis measurements were performed for
a deeper understanding of the magnetic properties exhibited by the
samples.

3. Results and discussion
3.1 Structural analysis

3.1.1 Crystal structure and phase determination. A qualita-
tive analysis using X-ray powder diffraction, followed by identifi-
cation using the ICDD PDF4+ database, confirmed the presence
of a new phase, while no traces of the precursor materials were
detected. The structural investigation of the developed material
was conducted using the Rietveld method, adopting the perovs-
kite structure type of GdFeO; (space group Pnma).

The crystallographic parameters derived from this analysis
are presented in Table 1, providing valuable insights into the
structural characteristics of the material. Fig. 1 illustrates the
profiles obtained from the Rietveld refinement process, including
the observed, calculated, and difference profiles. Additionally,
Fig. 1 presents the structure of the LSSIRUO compound. It is
noteworthy that nearly all reflections are successfully indexed. The
refinement results and atomic positions are presented in Table 1.
The stability of this structure is supported by three well-established
factors: the Goldschmidt tolerance factor’® ¢, the octahedral
factor*'  and the newly introduced tolerance factor* z.

The formulas for these factors are presented in equations
(eqn (1)-(3)), and their corresponding values are illustrated
in Table 2. In these expressions, r(A) and r(B) represent
the Shanon ionic radii*® of A (Sr** or La**) and B (Sn**, In*",
or Ru*"), respectively, while n, denotes the oxidation state of A.
The ionic radii, considering a coordination of twelve for (Sr, La),
six for (Sn, In, and Ru), and two for oxygen, are as follows:
H0*7) =1.4 A, r(Sr*") = 1.44 A, r(La*") = 1.36 A, r(Sn*") = 0.69 A,
r(In*") = 0.8 A, and r(Ru*") = 0.62 A.**

0.25x r(La’") +0.754r(Sr*") +r(0*")
V2% (0.4 x r(Sn*) +0.25 x r(In3+) +0.35 x r(Ru#+) +r(0>"))
1)

p=—= (2)
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Table 1 Crystallographic data and structural parameters of
Lao.255r0.755N0.4IN0 25RU0 3503

Temperature 300 K

Chemical formula
Formula weight (M)
Space group
Lattice parameters

(Lao.25ST0.75)(SNg.4INg 25RUg 35)O3
844.023 g mol !
Pnma (no. 62)

a(A) 5.6848(8)
b (A) 8.0676(8)
c(A) 5.6961(10)
v (A% 261.24(6)
z 4

7 1.84

R, 2.72
RExpected 2.57

Rup 3.49

R 2.02
Dw_y (nm) 98

Dygp (nm) 135
Strain 0.0095

Atomic positions

Atoms  Sites Occupancy X Y Z Uiso

La 4c 0.25 0.0024  0.2500  0.4962  0.0320(9)
Sr 4c 0.75 0.0024  0.2500 0.4962  0.0320(9)
Ru 4a 0.35 0.0000  0.0000 0.0000 0.0087(6)
In 4a 0.25 0.0000  0.0000  0.0000  0.0087(6)
Sn 4a 0.40 0.0000  0.0000 0.0000 0.0087(6)
O, 8d 1.00 0.2825  0.0342  0.2154 0.01312
O, 4c 1.00 0.4891  0.2500 0.5666  1.03989

Lao‘zsSro,;s[sno.ztRuo‘;s]Ino‘zso
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Fig. 1 Observed, calculated and difference of X-ray diffraction patterns of
Lag 25510 755N0.4IN0 25RUp 3503 powder calcined at 1050 °C with structure inset.
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These factors provide further confirmation of the stability of
the structure in the orthorhombic system.

This structure consists of interconnected (Sn/In/Ru)Og octa-
hedra at the corners, with each Sn, In, or Ru surrounded by six
oxygen ions. These octahedra are adjacent to large (La/Sr)Oq
cavities. In this orthorhombic structure, all B cations occupy
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the same crystallographic site 4a (0, 0, 0), while the A cations
reside in 4c. The two oxygen atoms, O; and O,, occupy non-
equivalent crystallographic sites, 8d and 4c, respectively. Sur-
rounding each oxygen, there are 2 Sn*" ions and 4 Sr** ions,
forming octahedral coordination environments. The Sn-O,
distances range from 2.0394(2) A to 2.0576(2) A, with an average
of 2.0485 A. The Sn-0, distance is 2.0532(2) A, resulting in an
average Sn-O bond length of 2.0501 A, which is slightly smaller
than the average value in SrSnO; (2.0504 A).” The Sr-O bond
lengths vary between 2.4590(2) A and 2.9455(5) A, with an
average value of 2.7352 A, compared to 2.8685 A in SrSnO;
and related compounds.”** These bond lengths fall within the
typical range observed in octahedral environments.*>*® With
doping, the covalency of the bonds increases, resulting in a
slight decrease in the average Sn-O and Sr-O bond lengths. The
values of the Sn-O,-Sn and Sn-O,-Sn angles (0; and 0,,
respectively) are 158.276(4)° and 158.420(2)°, respectively,
which are consistent with the findings of Mizoguchi et al*’
In SrSnQO;, these values are Sn—-0,-Sn = 160.73° and Sn-0,-Sn =
158.60°.” Using the mathematical relations (eqn (4)) proposed
by O’keeffe et al.,””*® which established the connection between
these angles and the tilting angles, we calculated the tilt in our
material, resulting in an average value of 13.242°, compared to
12.44° in SrSn0;.”

1 — 4(cos ¢, )’ cos 0y — 2 — 5(cos @, )

3 2+ (cos p,)* @

cosly =

The difference between these two values of ~1° is not sig-
nificant to induce a big change in symmetry, indeed the
orthorhombic symmetry is still maintained in our structure.
These tilt values align well with the tolerance factor ¢ being less
than 1.

The relationship between octahedral rotations and the cova-
lent nature of metal-oxygen bonds in orthorhombic perovskites
was explored by Cammarata et al.*® Their research indicated
that the covalency of the metal-oxygen bond influenced the
degree of octahedral rotation, with a less covalent B-O bond
resulting in a more distorted structure. Consequently, co-
doping with less electronegative atoms (Ru, In) is expected to
enhance the conduction bandwidth and reduce the band gap,
which will be verified through UV-Vis spectroscopy in next
paragraphs and DFT calculations.

3.1.2 Crystallite size and strain determination. The average
grain size, denoted as D, and micro strain in the sample were
assessed using the Williamson-Hall (W-H) method (eqn (5)).
This method takes into account two factors contributing to the
broadening of diffraction peaks, size and deformation.

Beosd = (%) +desin0 (5)

In the equation, D and ¢ represent the crystallite size and
microstrain value, respectively, while  corresponds to the
half-height width of the diffraction peak, measured in radians
(FWHM), and corrected by the instrumental half-height width f
(inst). The X-ray wavelength, 2, is 1.54056 A, and 0 denotes the
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Table 2 Goldschmidt tolerance factor (t), octahedral factor (u), and tolerance factor (z) for Lag 255rg 755N0.4IN0.25RUQ 3503

t I T
LSSIRuO 0.9478 0.4928; 0.5714; 0.4428 3.3947
Tolerated values in the perovskite structure 0825 <t <1 0.414 < p < 0.732 T < 4.18

Bragg diffraction angle. The analysis was conducted on 8 lines
with intensities exceeding 10% of the maximum intensity,
whereas lines at high angles, where measurement errors are
more significant, were excluded. By plotting “fcos 0” on the
y-axis and “4 sin 0’ on the x-axis, the average crystallite size and
microstrain can be estimated by extrapolating the y-intercept
and slope of the line (Fig. 2).

The line in the Fig. 2 passes through nearly all points, suggesting
a microstructural homogeneity. Additionally, according to the
Hume-Rothery crystallographic defect model,”® the ionic radius
difference between the dopant and host cation should be less than
15% to form a stable crystalline system. In the present case, the
ionic radius of the dopant In** (0.8 A) is 15% higher than that of the
host cation Sn** (0.69 A), the ionic radius of the dopant Ru** (0.62 A)
is 10% smaller than that of the host cation Sn*', while the ionic
radius of the dopant La** (1.36 A) is 6% higher than that of the host
cation Sr*' (1.44 A). This likely rules out the possibility of oxygen
vacancy formation® and the incorporation of In, Ru, and La in both
cationic sites. The calculated average size is found to be D = 98 nm,
while the microstrain is on the order of ¢ = 0.0095, confirming the
nanoscale nature of the particles as shown in Table 1.

3.1.3 Scanning electron microscopy and energy-dispersive
X-ray analysis of Lag,5Srg755n0.4INng55RU 3505, We utilized
scanning electron microscopy (SEM) to delve into the surface
morphology of LSSIRuO, as depicted in Fig. 3. The micrograph
illustrates that particle agglomeration manifests randomly,
yielding a diverse array of shapes ranging from 100 nm to
180 nm in size. After fitting the data to a Gaussian function, we
determined the average agglomerate size to be 135 nm (Fig. 3).
At a relatively high temperature of 1050 °C, a majority of
particles undergo agglomeration and consolidation, resulting

o
0.012 ~ Bcos6=0,0038 (4 sin6)+0,00141 o
e
0.009 - i
R
F
o e
2 0.006 -7
U N -
) _/9
0.003
@ Experimental data
----- Fit
0.000 : T T T T
0.5 1.0 1.5 2.0 25 3.0
4 sin6

Flg 2 Williamson-Hall (W-H) plOt of Lao_255r0_7ssno_4|no_zsRUOv3so3.
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in a wide size distribution, in accordance with sintering
theory.”® This distribution pattern is reflected in the observed
agglomerate sizes. The average particle size (rsgvm) was assessed
at 135 nm, whereas the minimum crystallite size (rx.ray), calcu-
lated from X-ray diffraction (XRD) data, was determined to be
98 nm. Through the relationship N = rsgy/Tx.ray, We calculate the
number of coherent diffraction domains within a particle. The
results indicate that, on average, a particle comprises no more
than 1.37 coherent diffraction domains.

To evaluate the chemical purity and elemental composition
of LSSIRuO, we employed energy-dispersive spectroscopy (EDS).
The EDS analysis confirmed the presence only of the antici-
pated elements, including La, Sr, Sn, In, Ru, and O, demon-
strating the elemental homogeneity of the material and the
absence of any foreign elements (Fig. 4). Furthermore, the
mass, atomic, theoretical (based on the empirical formula),
and experimental (from EDS) percentages within the unit cell of
the perovskite LSSIRuO are determined and presented in
Table 3. The rather remarkable coincidence between these
values and estimates and their agreement and provide informa-
tion on the chemical coherence of the material.

3.2 Optical properties

3.2.1 Infra-red analysis. The IR absorption spectrum as a
function of wavenumber of the studied sample, LSSIRuO, in the
range of 4000 to 400 cm ', is presented in Fig. 5.

The strong band at 663 cm ™" may be associated with various
0O-M-0 bends and M-O stretch in the octahedra of InOg, SnOg,
and RuOe. As per the literature, the stretching and bending

Gaussian fit

Count %

120 140 160

Particle size ( nm)

Fig. 3 SEM image and grain size histogram of Lag 25Sr0.755N0.4INg 25-
Rug 3503.
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Fig. 4 EDS spectrum of Lag 255r0.755N0.4IN0 25RUp 3503.

vibrations of SnO¢ are typically identified between 624 and
687 cm™'.>> Those corresponding to the In-O bonds within
InO4 octahedra are commonly observed within the range of
405 to 560 cm™ ".*"* In the case of ruthenates, the absorptions
linked to the stretching and bending of the Ru-O bond are
reported to be located between 414 cm™* and 524 cm ™' with
weak intensity.>® The deconvolution of this broad band that
spreads from 500 to 800 cm ™, using Gaussian function, gives
three absorption peaks, shown in Fig. 5 to characterize the various
O-M-O bends and M-O stretch (with M being Sn, In or Ru).
In addition to the metal-oxygen bands, vibrations attributed to
carbonates, water, and the Sn—OH bond are also observed. The
carbonate can be formed by the absorption of atmospheric CO,
or, alternatively, it can be derived from the strontium carbonate
used as a starting precursor in the solid-state synthesis.>® If
carbonate is trapped in the perovskite structure, it would replace
the O anions and is bound to Sr**. The presence of these
carbonates in the perovskite lattice leads to greater disorder in the
(Sn/In/Ru)O¢ octahedra. Nyquist and Kagel showed that carbonate
bands are located at 1320-1530, 1040-1100, and 800-890 cm™*.>*
Our compound exhibits bands around 1456, 1083, and 860 cm ™ ™.
The presence of water is probably observed due to its adsorption

Table 3 Theoretical and experimental mass and atomic percentages

The theoretical mass and
atomic percentages

The experimental mass and
atomic percentages

Absolute
Element Mass (%) Atom (%) Mass (%) Atom (%) error (%)
Strontium 25.27 15 25.48 14.61 0.99
Oxygen 18.46 60 19.80 62.17 3.77
Tin 18.26 8 17.72 7.50 0.65
Lanthanum 13.35 5 13.15 5.51 0.70
Ruthenium 13.6 7 11.55 5.74 0.45
Indium 11.04 5 10.21 4.47 0.42
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Fig. 5 FTIR spectrum of Lag 255rg 755N0.41N0 25RU0 3503 and deconvolution
of the spectral band at 663 cm™™.

by LSSIRUO as SrO is a hygroscopic oxide.>® The broad band
located between 3450 and 3900 cm ' is probably due to the
stretching vibration of the hydroxyl group O-H (free and bound).
This presence is confirmed by a weak band around 1627 cm™ %,
which is caused by the bending vibration of H,0 and Sn-OH.*>’
This OH group may also be bound, in addition to water and Sn, to
oxygen atoms on the surface.

3.2.2 UV-Visible analysis. The Kubelka-Munk function

F(R), expressed by the formula:
FR)=(1 — R*/2R=K/S (6)

with R as reflectance, K as absorption coefficient and S as
backscatter coefficient, indicates, as shown in Fig. 6(a) that
LSSIRuO exhibits absorption over the entire wavelength spec-
trum, in the case where we assume that the radiation moves
through layers of infinitesimal size.

This was facilitated by the common hypothesis that the
Kubelka-Munk function was analogous to the absorbance
function in transmission spectroscopy.

To determine the optical band gap of LSSIRuO, the Tauc
method was employed, using the relation (F(R)-hv)f = A(hv —
E,). Here, E, represents the band gap energy, A is a constant,
and p is the index that can take on various values (1/2, and 2)
corresponding to indirect allowed and direct allowed transi-
tions, respectively. We graphed the Tauc relation with various
exponents against sv to precisely determine the optical band
gap. The analysis disclosed an E, value of 1.3 eV in Fig. 6(b),
indicating a direct allowed transition as illustrated in Fig. 6(c).
Remarkably, the band gap showed a significant decrease with
La, In, and Ru doping compared to pure SrSnO3, which had a
band gap of 4.1 eV,'® Sr(Ru, Sn)O; with 0.4 eV,?® Sr(In, Sn)O;
with 3.8 eV®® and (La, Sr)SnO; with 3.97 V.’

It is noteworthy that this band gap is smaller than those of
CH;3NH;PbBr; (2.26 e€V) and CH3NH;PbCl; (3 eV), but of the
same order as that of CH;NH;BiSel,, MASnl;, and CsSnl;.'®
These findings highlight the potential of this simple oxide
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perovskite semiconductor as an environmentally friendly alter-
native to lead halide-based perovskite semiconductors.

3.3 Density functional theory calculations

To study the electronic properties of the LSSIRuO compound,
we analyze the electronic characteristics, namely band structure
and density of electronic states of the sample’s equilibrium
structure. The total density of states (DOS) and the band
structure along high symmetry directions of the optimized
sample are shown in Fig. 7(a). The Fermi level is set to zero
energy.

The nature of the electronic band structure and the density
of states indicate that the LSSIRuO sample exhibits metallic
nature. The finite value of the density of electronic states at the
Fermi level and the absence of the explicit dielectric gap
indicate that the LSSIRuO belongs to the class of semi-metals
or even metals. Additional analysis of the partial density of
electronic states (PDOS, Fig. 7(b)) demonstrates that the
number of states at the Fermi level in the conduction band is
primarily composed of ruthenium and oxygen atoms. Thus, the
GGA approximation predicts the absence of energy gap at the
Fermi level. It should be noted that taking into account
the magnetic order in the LaSrSnInRuO compound using the
generalized gradient spin approximation (GGSA) and within the
framework of the Hubbard model (U = 5.0 eV) indicates the
presence of a semiconductor gap in the sample. The nature of
the density of electronic states in this case indicates that the
LaSrSnInRuO sample exhibits the semiconducting properties
(see Fig. 8). The density of electronic states is equal to zero at
the Fermi level and possesses a gap. An estimation of the band
gap at the GGSA+U level of theory gives the value of 1.55 eV,
which agrees well with the experimentally obtained value of
1.3 eV.

Adjusting the substitution ratio of Sn by Ru and increasing
the Sn content to 0.5 in our formulation, corresponding to
a Sn to Ru ratio of x = 0.66, results in the compound
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Fig. 7 (a) Band structure and density of electronic states of the Lag 25Srg 75S-
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zero. (b) Partial density of electronic states for the Lag25Srg75SN0.4lng.2s-
Rug3503 sample. The Fermi level is assigned at zero.

Lag »55r0.755N0 51N0 25RU0 2503, which, according to our DFT
results, exhibits semiconductor behavior with a gap of
0.75 eV (Fig. 9). It should be noted that GGA level of theory
tends to underestimate the dielectric gap. So, we made a
refinement using the Gau-PBE and HSE hybrid functional.
The HSE approach gives an estimate of 11.69 eV for the bottom
of the conduction band and 9.69 eV for the top of the valence
band. Thus, the determined band gap using the HSE approach
is equal to 2 eV, which corresponds to a value more character-
istic of a semiconductor. Data obtained within the framework
of the Gau-PBE approach confirm this result. The estimated
semiconductor gap in this case is 1.93 eV. Increasing tin
content leads to a shift in the Fermi level, and a gap appears.

This finding agreed well with the detailed experimental
study on the effects of Sn substitution in SrRuO; done by
Amand et al.>* in which they classified all the compositions
with x > 0.44 as semiconductors or even insulators.

On the other hand, calculations with LSDA (local spin-
density approximation) and LSDA+U method led by Kim
et al.*® showed that Ru’s electron hopping ‘d’ is blocked by
Sn-substituted sites, resulting in a reduction of the Rut2g
bandwidth as doping x increases. Transitions from ferromag-
netic metal (FM) to ferromagnetic half-metal (HMF) up to the
insulator are described by the Rut2g bandwidth (W), the posi-
tion of the maximum valence band (4) in the majority spin
channel, and the band gap. The HMF region is observed for
0.5 < x < 0.7, with a potential half-metal-to-insulator transi-
tion at x &~ 0.7. It is noteworthy that our compound’s doping
ratio (Sn/Ru) x = 0.53 falls within the semiconductor region
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close to the HMF region. Probably, by decreasing the Sn content
in our formulation, we could reach the half-metal to insulator
transition.

3.4 Electrical properties

The electrical properties of the sample were analyzed by studying
the electrical conductivity as a function of temperature. It is well
established that the dc conductivity of the sample is related to
temperature according to Arrhenius equation (eqn (7))

Gge = G EXP —Ea (7)
kg T

Here, 0, represents the pre-exponential factor, k stands for the
Boltzmann constant, and E, denotes the activation energy
necessary for the mobility of charge carriers in the sample.
The Arrhenius plot depicting samples with In o) vs. 1000/T is
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presented in Fig. 10. The linear correlation observed between
values of loga(ge) vs. 1000/T strongly indicates Arrhenius-type
conduction in the sample. Within 333-513 K temperature range,
a singular conduction process prevails in the LSSIRuO sample,
characterized by an activation energy of 0.19 eV. Such a low
activation energy value of LSSIRuO sample could suggest a more
favored ionic conduction process within degenerate sites of
(Sn**/sn*") and (Ru**/Ru’").>°

For instance, the dc conductivity shows a 100-fold increase
from 3.2 107> S m " at 333 K to 3.6 S m™' at 513 K. This
improvement in conductivity is expected for several reasons:

(i) Doping perovskite oxides with trivalent (3+), such as La’>",
is known to enhance their electrical properties.’

(ii) Substituting La*" for Sr** creates a mixed valence state of
sn**-sn**, Ru**~-Ru*" generating mobile charge carriers. This
process strongly influences electrical conductivity, with sensi-
tivity to chemical composition and oxygen content.**

3.5 Magnetic properties

The temperature dependence of the magnetization M(T) of
LSSIRuO was characterized using a differential sample suscept-
ometer under an applied magnetic field of 1 T, in both field-
cooled (FC) mode (cooling under field) and zero-field-cooled
(ZFC) mode (cooling without field), with a heating rate of 5 K
per minute (Fig. 11).

The ferromagnetic isotropy is confirmed by the overlap of
the magnetization curves M(FC) and M(ZFC), even at low
temperatures. Paramagnetic behaviour is observed at high
temperatures, and a second-order ferromagnetic-paramagnetic
phase transition occurs around the Curie temperature of T, =
155 K, as evidenced by the FC curve that does not exhibit a
sharp change in slope when the temperature decreases to low
temperatures. As shown in the inset of Fig. 11, the Curie
temperature has been determined to be 155 K, corresponding
to that at which the ZFC and FC curves begin to diverge when
cooling the sample. The region where this occurs has been
magnified (inset of Fig. 11).
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Fig. 10 The plot of DC conductivity as a function of temperature.
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The magnetic hysteresis loops M(H) of LSSIRuO powder at
8 K and 100 K are shown in Fig. 12 with an applied field
reaching 10 T.

As the magnetic field increases, this compound undergoes a
transition from a weak magnetic state to a strong one, it all
depends on the applied field and temperature. The hysteresis
loops exhibit a small area, highlighting the low energy loss
during the magnetization-demagnetization process.®* The para-
meters obtained from the curves are summarized in Table 4. As
the temperature decreases, poHc increases, and the ferromag-
netic ordering becomes significantly enhanced. The value of
Mg/Ms indicates a weak multi-domain structure in our case.

The occurrence of ferromagnetism in LSSIRuO, despite the
diamagnetic nature of the mother compound SSO is intriguing.
Various already known factors may contribute to the emergence
of ferromagnetism in oxide-based semiconductors such as the
incorporation of magnetic or mixed-valence ions,** as well as
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Fig. 12 Magnetization dependence of LSSIRUO as a function of the
magnetic field. (Inset: (a) an enlarged view of the central region of the
curves; (b) magnetisation of SrSn0s.0)
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Table 4 Derived parameters from the M vs. (uoH) plots of the compound

T (K) M (emu g ") Mg (emu g ") Mg/Ms poHc (T)
8 2.048 0.0623 0.0304 0.0724
100 0.63 0.0689 0.1093 0.0230

With Mg (saturation magnetization), Mg (remanence), and uoHc (coer-
cive field).

the existence of magnetic impurities and defects.®® However,
at high doping concentrations, defects are likely to hinder the
establishment of magnetic order.” This could explain the
relatively low magnitude of ferromagnetism in our compound.
Furthermore, the surface-level imperfections such as grain
boundaries, deep point defects, and interstitials® are supposed
to be absent and could not contribute to the observed ferro-
magnetism in our compound.

In our case, the observed ferromagnetism can only be
explained by models involving free charge carriers, such as
the Ruderman-Kittel-Kasuya-Yosida (RKKY) theory, superex-
change, and double exchange interactions. According to the
RKKY interaction theory, ferromagnetism arises from spin
injection by the dopant, which interacts with the free electrons
in the conduction band, inducing a ferromagnetic order.®® In
the superexchange interaction, each oxygen anion positioned
between two Ru*" ions in the Ru*'~O-Ru** configuration leads
to an antiferromagnetic order. Conversely, the order becomes
ferromagnetic in the double exchange if this oxygen is situated
in the Ru**~0-Ru"" configuration, since Ru*" is a magnetic ion
with mixed valence.®?

4. Conclusions

The Lag ;5510 755N0.4IN0 25RUg 3505 (LSSIRUO) compound has
been successfully synthesized using a rapid, mild, effective,
and reproducible mechanosynthesis method. This process
resulted in an orthorhombic perovskite structure akin to
GdFeO;. XRD analysis confirmed the excellent crystallinity of
the material, and the systematic doping of La, In, and Ru
influenced the lattice constants. EDS analysis provided the
chemical composition of each element, while IR spectroscopy
validated the perovskite structure by identifying vibrational
bands associated with LSSIRuO groups, such as SnOs, RuOg,
and InOe. The sample exhibited a significantly narrow band
gap of 1.3 eV, as determined through diffuse reflection mea-
surements. Intermediate energy states were identified as cru-
cial for this band gap reduction. Additionally, LSSIRuO
displayed substantially improved electrical conductivity com-
pared to SrSnOj3, as evidenced by conductivity-as-a-function-of-
temperature analysis, which indicated Arrhenius-type charge
transport. Investigation into the magnetic properties, when
doping SrSnO; with La, In and Ru, revealed a transition from
dia- to ferromagnetic nature induced by superexchange and
double exchange interactions. DFT predictions with an estima-
tion of the band gap at the GGSA+U level of theory give a value
of 1.55 eV, which agrees well with the experimentally obtained
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value of 1.3 eV. It could be concluded that the increase in Ru
doping favors the transition from the insulating state to the
semiconductor state, then to the semi-metal/metal state. This
chemical doping on both A and B sites demonstrates control
over the functional properties, facilitating a transition from
insulating to semi-metallic states and enabling exploration of
optical, electrical, and magnetic properties. The highly reduced
band gap, coupled with excellent electrical and magnetic
characteristics, positions LSSIRuO as a promising candidate
for optoelectronic, memory, and spintronic applications.
Future applications in thin films aim to reveal the intricate
interplay of these properties, further unveiling the semi-
metallic ferromagnetic state.
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