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Saudi Arabia, *HITEC Colleges, HIT Taxila Cantt, Rawlpindi, Pakistan, “Institute of Space Technology,
Islamabad, Pakistan, “Section of Mathematics, International Telematic University Uninettuno, Corso
Vittorio Emanuele Il, Roma, Italy

Polycrystalline compounds of lanthanum strontium manganite (La;_,Sr,MnOs,
LSMO) are widely used in electronic storage devices due to their minimal losses
and electronic charge transport properties. In this study, we investigated how
varying substitutions of Sr°* for values of x = 0.0, 0.1, and 0.2 affected the tuning
of the optical band gap and dielectric losses in La;_,Sr,MnOs nanoparticles.
Synthesized samples were structurally analyzed via X-ray diffraction. A
rhombohedral R gccrystal structure was confirmed for all prepared samples;
crystallite size ranging from 15 nm to 20 nm was estimated along with other
lattice parameters. Polygonal or hexagonal-like morphology was revealed by
field emission scanning electron microscopy, with a moderate size distribution
of nanoparticles affected by thinner grain boundaries in doped LSMO. Energy
dispersive spectroscopy was employed to confirm the elemental composition of
each compound, and the infrared spectrum indicated bonding in the fingerprint
region It was observed that there was a significant reduction in the optical
band gap, which was measured using ultraviolet spectrometer absorption data.
The band gap decreased from 4.34 eV to 4.11 eV. This reduction was found
to be related to the difference in refractive index, which was calculated using
both Moss and Herve—Vandamme relations. In parallel, frequency-dependent
dielectric analysis revealed that frequency was proportional to the increase in
Sr content, inversely affecting dielectric loss. Moreover, the AC conductivity of
the prepared samples increased with the rise in Sr content, as described by
Johnscher’s universal power law in the region of high frequency.

KEYWORDS

LSMO nanoparticles, co-precipitation, optical band gap, dielectric constant, dielectric
loss, ac conductivity

1 Introduction

In recent years, research motivated by the development of renewable energy resources
has become a popular area for scientists. The use of natural energy resources creates a
pollution-free environment and contributes less to climate change as compared to fossil
fuels. Numerous materials are fabricated to convert these energy resources into useful
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electrical energy. For this reason, extensive research has been
conducted on lanthanum-based ABO;-type perovskite oxide
materials due to their diverse range of applications in many
electrical and magnetic storage devices. In ABO;-type perovskite,
A represents rare earth or alkaline earth positive cation metals
and B denotes transition metal cations; their combined sum is 6,
as in A**B*0,, A¥B*0;, or A"B°*0;. Lanthanum manganite
(LaMnO;) nanoparticles exhibit unique optical and electrical
properties and are widely used in many applications such as LiO,
batteries, supercapacitors, photocatalytic activity, and sustainable
dye-synthesized solar cells (Hernindezetal., 2015; Lietal,
2018; Shafi et al., 2018; Ozkan et al., 2021). Existing studies have
reported that high-specific-surface-area LaMnO; nanoparticles are
associated with very high catalytic activity in the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) due to the
creation of oxygen vacancies in the Mn**-O*-Mn** network
(Li et al., 2018; Miao et al., 2020; Yan et al., 2020). The Jahn-Teller
distortion in the octahedral symmetry of MnOg due to substitution
on either the A or the B site in the LaMnOj; system causes transitions
from Mn?®" to Mn*" ions, thereby enhancing the chemical stability,
colossal magnetoresistance, nitrogen monoxide (NO) absorption
capacity, and pseudocapacitive performance of perovskite materials
(Shafietal., 2018; Huetal, 2019; Flores-Lasluisa et al., 2022).
We can control particle size, electrical conductivity, optical band
gap, and dielectric constant by partially substituting the divalent
cation, such as Ca’*, Sr**, Ba**, or Mg** (Solopan etal., 2012;
Zhong et al., 2013; Afify et al., 2021), with an La*" ion on the A
site in La; , A, MnOj; perovskites.

Over the course of a few years, it has been observed
that partially substituted lanthanum magnetite (La; A, MnO;)
nanoparticles undergo electric polarization to determine the
permittivity spectrum; based on this spectrum, this material is
competitive in several applications due to its extremely high static
dielectric constant (specifically, on the order of 105) (Assoudi et al.,
2018; Mleiki et al., 2020). Doping with alkaline earth metals, such
as Sr’*, enhances the material’s overall optical and dielectric
characteristics. Tripathi etal. (Naseem Siddique et al., 2019) have
reported that Sr reduces defects and improves the optical spectra of
NiO nanoparticles. Du Huiling et al. (Arshad et al., 2020) revealed
that dielectric losses are reduced upon Sr** doping in BST ceramics.
Kandil et al. (Turky and Kandil, 2013) observed a significant increase
in dielectric constant with the use of a higher Sr** molar ratio in BST
nanoparticles. Transition metals, such as manganese (Mn), play a
vital role in charge transport when it undergoes transition via partial
replacement of Sr** (1.44 A) with La®* (1.36 A) (Turky et al,, 2016),
improving electrical properties that are connected to dielectric losses
in the desired material. Typically, tunneling and hooping processes
can demonstrate the movement of these charge carriers (Hizi et al,
2022). In polycrystalline material, at high frequency, charge carriers
move from one localized state to another across grain boundaries
through a process known as hooping, which can reduce the defect
density and contribute to an increase in the AC conductivity of the
material (Mohanty et al., 2020a). It has been reported that, in an
external electric field, charge carriers build up at grain boundaries
and cause polarization in the material, thereby increasing the
dielectric constant and overall electrical AC conductivity of doped
material (Mohanty et al., 2020a; Mohanty et al., 2020b). Ali Omar
Turky et al. prepared LSM nanoparticles for values of X = 0.2, 0.5,

Frontiers in Materials

10.3389/fmats.2024.1369122

and 0.8 using precipitation (Turky et al., 2016) and citrate precursor
(Turky et al., 2017) techniques, and reported observing increases in
the optical band gap with a decrease in dielectric constant for higher
values of X. According to Andreja Zuzi¢ et al. (Zuzi¢ et al., 2022),
LSM nanoparticles prepared by the co-precipitation method possess
higher electrical conductivity. Sandhya Suresh et al. (Sandhya et al.,
2023) synthesized a series of LSM nanoparticles for values of X =
0.0, 0.3, 0.5, 0.7 by the combustion method and observed band gap
increases with a decrease in the refractive index and dielectric losses.
The main highlight of this work was the x = 0.7 sample; the authors
noted a significant increase in dielectric constant with minimal
dielectric losses, which may be attributable to large grain boundaries
with comparatively more strain produced by Mn** ions on lattice
sites. Extensive research has been conducted on LSM nanoparticles,
as a result of which the research gap has been diminished; however,
here we report a decrease in losses with band gap in a series of
La,_,Sr,MnOj stable nanoparticles for x = 0.0, 0.1, 0.2, synthesized
by the precipitation method.

To avoid low conducting SrZrO; phase formation, we utilized
molar ratios of Sr ion of only 0.0, 0.1, and 0.2 in the La, , Sr,MnO,
lattice for relatively a high conducting phase. It has been reported
that samples prepared via the precipitation technique have higher
conductivity, recorded as 0.176 Q~'.cm™! at room temperature for
20% Sr** concentration, which is comparable to the conductivity
of silicon (Zuzi¢etal., 2022). The hooping mechanism at the
octahedral site in this La, ,Sr,MnO; system indicates that the
tuning of optoelectrical properties, including optical band gap,
refractive index, frequency-dependent dielectric constant, dielectric
losses, and AC conductivity, is strongly influenced by degrees of
substitution, lattice mismatch, and grain size.

2 Experimental details

2.1 Materials

Chemicals with purity levels of 99.99% were utilized in
the experiment, including strontium chloride hexahydrate
[SrCl,.6H, 0], manganese acetate tetrahydrate [C,H, MnO,.4H, 0],
and lanthanum (III) nitrate hexahydrate [La (NO;);.6H,0].
As a precipitating agent, sodium hydroxide (NaOH) was also
made available by Sigma-Aldrich. The chemicals were all utilized
as procured directly from the supplier without any additional
purification.

2.2 Sample preparation

To obtain LSMO nanoparticles for both undoped and
Sr-doped samples, the co-precipitation method was utilized.
Chemicals including strontium chloride hexahydrate [SrCl,.6H, 0],
manganese acetate tetrahydrate [C,H, MnO,.4H,0], and
lanthanum (III) nitrate hexahydrate [La (NOs);.6H,0] were used
in the experiment. These chemicals were dissolved in 300 mL of
deionized water in the proportions of (1-X) (La (NO;);.6H,0):x
(SrCl,.6H,0): (C,Hy MnO,.4H,0) for (0.0 < x < 002), with a 5-
g sample of each. The pH was adjusted to 8.5 through addition
of 50 mL of a 1M NaOH solution progressively, with constant
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stirring, for 2 hours at 80 °C until black precipitates were obtained.
The precipitates were cleaned of contaminants by centrifuging for
10 minutes; they were rinsed with distilled water each time. To
obtain maximum yield, a filtration technique with Whatman filter
paper was employed, and the precipitates were dried at 100°C for
5 h to obtain a pure solid phase. The final yield, LSMO powder, was
annealed in a tube furnace for 10 h at 600°C. The same procedure
was used to obtain Sr-doped specimens. The prepared samples were
labeled La, , Sr,MnOj for X = 0.0, 0.1, 0.2 nanoparticles.

2.3 Characterization techniques for LSMO
powder

Advanced
characterize the atomic behavior of powder LSMO nanoparticles. A
diffractometer system (XPERT-3 Malvern Panalytical) was utilized
to investigate crystallographic manipulation over a wide angular

nanotechnology methods were utilized to

region (5° < 20 <100°) with a counting rate of 3 s per step (size
=0.02°) and XRD (Cu-k alpha radiation) of a specific wavelength,
approximately 1.5406 A. The shape of particles was determined at
the nanoscale using a high-resolution imaging device, the SEM-
VEGA 3 TESKAN field emission scanning electron microscope,
with energy-dispersive X-ray spectroscopy (EDX) for elemental
identification in the material. For confirmation of bonds and
molecular vibration at a frequency range of 400-4,000 cm™, the
IRTracer-100 apparatus was used. A UV-visible SPECORD 200
PLUS spectrometer was used to analyze the optical properties of the
materials. Finally, the AC conductivity and dielectric properties
of the samples were evaluated using a gold terminal pellet (1
kHz-2 MHz) impedance analyzer.

3 Results and discussion
3.1 Structural properties

The X-ray diffraction (XRD) profiles of all prepared samples
revealed their composition of pure La, ,Sr,MnO; (0<X<002)
polycrystalline nanocrystals. These samples were synthesized using
the co-precipitation method, then calcined at 600 °C for 10 h, and
subsequently cooled to room temperature, as shown in Figure 1.
The XRD patterns for all compositions indicated a monophasic
crystal structure without any further impurities. All samples possess
a rhombohedral (R 3¢ — spacegroup) crystal structure, with their
lattice constants confirmed by the Xpert high score program with
reference JCPDS card numbers of 01-088-0126, 01-089-0647, and
01-089-0648 for each composition of Sr**; this appears to be
consistent with previously published data (Zuzi¢ et al., 2022).

To ensure sample phase purity, step scanning was performed at
room temperature across the angular range 22.9° < 2 theta <68.6°. In
Figure 1, peaks are indexed according to the electron density in the
material at different diffraction angles.

The average crystallite size (D) was determined using Debye-
Scherer’s equation:

D=——2:, (1)
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FIGURE 1
The XRD patterns of La;_, Sr,MnOj3 for (0 <x < 012) polycrystalline
nanoparticles.

where D represents the crystallite size, A the wavelength of X-
rays, 0 the Bragg diffraction angle, and B the full width at half
maximum (FWHM) of the diffraction peak (Wangetal., 2022;
Ali Akhtar et al,, 2023). The average crystallite size ranged between
15 and 20 nm, clarifying the crystallinity of the synthesized samples.
The lattice constant obtained indicated anisotropic behavior with
unit cell volume, which may be attributed to two main factors.
First, the substitution of a relatively larger ion Sr** (1.44 A)
for coordination number 12 could have caused a portion of
the Mn** ions to oxidize to Mn*" ions, which have smaller
ionic radii (Zuzi¢etal., 2022). This oxidation could result in a
contraction of the unit cell. Second, the existence of vacancies
at oxygen sites might also have contributed to the reduction of
electrostatic forces, leading to a decrease in unit cell volume. The
lattice constants obtained for rhombohedrals with a hexagonal
morphology (Manohar and Krishnamoorthi, 2017) are related to the
unit cell volume given by Eq 2:

B a’c, )

Vcell = P

where a and c are lattice constants (Shkir et al., 2020a). It has been
noticed that the presence of Sr** in host lattice La, ,Sr,MnO,
decreases the dislocation density (defects per unit volume); this can
be defined in terms of interims of crystallite size as:

1

0= o (3)
The outcomes of Eq 3 (Chandekar et al., 2021b) confirmed that
the crystallinity of the desired samples increased with a decrease in
defects from 0.0044 to 0.0025, which makes them more suitable for
storage applications. The macro strain, X-ray density, and specific
surface area were also estimated to identify the influence of dopant
atoms on their optoelectrical properties; this is discussed in later
sections. Hence, Egs. 4-6 were used to determine the micro-strain,

X-ray density, and specific surface area expressed as follows:

to
Micro - strain, () = B%, [43] (4)
ZM
= ——[41
px_ray VcellXNA , [ ] (5)
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and
$=6000/p 0 D,[42] (6)
In EqQ5, P, denotes the X-ray density, depending on
molecular weight, coordination number, Avogadros number, and
unit cell volume. All findings in terms of crystallographic data are
tabulated in Table 1. The Jahn-Teller distortion in MnOg plays a
central role in modifying the lattice parameters, which enhances the
electrical properties due to offering more vacancies as a result of
Mn** to Mn** transitions.

3.2 Morphological studies

Field emission scanning electron microscopy (FESEM) was
utilized to investigate the surface morphology of all prepared
samples. No additional contaminants were observed in SEM images,
as shown in Figure 2A-C. The XRD results exhibited strong
agreement: with no extra phases, all LSMO-prepared nanoparticles
for X = 0.0, 0.1, and 0.2 annealed at 600°C for 10 h confirmed the
hexagonal-like morphology of the nanoparticles. A high potential
of approximately 10.0 kV electrons was employed to capture images
using backscattered electrons at resolutions of 500 nm and 200 nm,
illustrated with histograms in Figure 2A-C. It can be seen that,
in the case of 0.2 concentration of Sr** ion content, the particles
were agglomerated faceted powders. A higher concentration of Sr**
ion created more defects in the crystal structure via oxidization of
Mn?**/Mn*" transitions, leading to a more conductive nature. The
average particle or grain size distribution is shown for all LSMO
compounds, and the moderate ranges of particles in SEM images are
displayed in histograms. The particle sizes of all reported samples are
listed in Table 2.

A simple

average particle size from the corresponding histograms:

DI = > midpointx frequency
- S frequency

particle. A significant increase in the average particle or grain size

statistical relation was utilized to calculate
. Here D[ is the average diameter of each

0DU was observed. This means that the partial substitution of a
larger ion Sr** (1.44 A) with the smaller La®" (1.36 A) causes
a reduction in lattice constant with a specific surface area of
prepared nanoparticles, as mentioned in Table 1. According to
Table 1, crystallite size increased with a decrease in defects/voids
in a material; as a result of this, porosity was reduced alongside
enhancement of conductivity, which is beneficial in enabling
photovoltaic devices to store more electrical energy. The increase
in particle size may be attributed to small grain boundaries, at

10.3389/fmats.2024.1369122

which the hooping of charge carriers plays a significant role in
surface effects that make these materials promising for a variety of
applications in SOFCs and many other electronic storage devices.

3.3 Compositional analysis

Energy-dispersive X-ray (EDX) spectra offer proof of the
stoichiometry of the nominal composition. Quantitative energy-
dispersive X-ray spectroscopy was used to determine the chemical
composition of the synthetic La, ,Sr,MnO; (X = 0.0, 0.1, 0.2)
samples, as shown in Figure 3A-C.

The elements La, Sr, Mn, and O were present in the synthetic
samples, according to the EDX spectrum. Figure 3A-C illustrates
the presence of peaks for lanthanum, manganese, oxygen, and
strontium, illustrating the phase purity and elemental composition.
There was no additional peak for impurities.

The initial values utilized during synthesis and the atomic weight
percentages of elements used during synthesis as obtained from
the EDX spectrum were in good accord. The weights and atomic
percentages of the samples are shown in Table 3. Nanoparticles that
were created had an excess of oxygen and a nearly stoichiometric
composition (Jadhav et al., 2015).

3.4 FTIR analysis

Using IRTracer-100, functional groups located in prepared
samples in the 400-4,000 cm™! range were identified. The Fourier
transform infrared (FTIR) spectroscopy spectra of each sample are
shown in Figure 4. Six oxygen atoms were positioned around one
Mn atom in the MnOy structure, which had perfect octahedral
symmetry. IR activity was present in only two of the six vibrational
modes. These IR band positions matched well with those reported
in the literature (Hassan et al., 2020). The bending modes of Mn-
O around 465 and 477 cm™! can be attributed to a change in the
Mn-O-Mn bond angle, as observed, whereas stretching vibrations
in Mn-O-Mn can be ascribed to the wavenumber between 690 and
706 cm™!. Bending and stretching vibrations may be due to a change
in bond angle and internal motion or a change in the length of the
Mn-O-Mn molecule.

Transmission peaks of Mn-O-Mn stretching are shifted toward
a lower wave number, while the bending vibrations of Mn-O-Mn
are displaced to a higher one, according to the energy relation
represented by Eq 7. The change in the bond length and angle under
the influence of ionic defects in the crystal lattice brought on by the

TABLE 1 Lattice constants, crystallite size, unit cell volume, specific surface area, X-ray density, dislocation density, and micro-strain for La; ,Sr,MnO;.

La, ,Sr,MnO; Lattice Lattice Crystallite Unitcell | S(cm?/g) plg/em®) §,%x107° | e,,x107
Samples for x constant constant size (hm) volume (1/nm?3)

= (@a=b) (A) | (c) (A)

0.0 5.4951 13.3030 15 347.88 57.80 6.92 0.0044 2.238

0.1 5.5242 13.3481 15.9 352.76 56.49 6.68 0.0039 3.091

02 55172 13.3590 20 352.16 45.80 6.55 0.0025 2572
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FIGURE 2
(A-C): FESEM images and histograms of La;_,Sr,MnOs.

TABLE 2 The average particle or grain size of LSMO nanoparticles.

La;_,Sr,MnO3; samples for x =

0.0 87 nm
0.1 106 nm
0.2 119 nm

substitution ratio Sr**/La>* leads to a transition from Mn>" to the
smaller Mn** ion.

hc
E=—=—
A

where ¢ represents the photon’s speed, E the photons energy,

7)

h PlancKs constant, and A the wavelength. We may observe
the absorbance peak of the La-Sr bond at 898 cm™ as a result
of substitution of Sr into pure LaMnO;. Environmental CO,

Frontiers in Materials
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causes an additional peak around 1,496, 1,499, 1,689, 1,552,
1,556, and 1759 cm™!. The peak is present at approximately 2,985-
299 cm™! due to surface-adsorbed water on LSMO particles, as
well as approximately 2,347-2,470 cm™! in ambient circumstances
(McBride et al., 2016).

3.5 Optical measurements

The influence of Sr** on the optical and charge transport
properties of La,_,Sr, MnOj; for X = 0.0, 0.1, and 0.2 nanostructures
can be discussed in terms of optical band gap and refractive index.
The absorption spectrum of LSMO nanoparticles in an ultraviolet
(UV) region (200-340) nm is shown in Figure 5. All samples
possessed a good absorption edge in the UV range, which can be
ascribed to the inorganic nature of LSMO compound; typically,
direct and forbidden transitions are responsible for such weak
absorption peaks around 280 nm (Naseem Siddique et al.,, 2019). It
can be observed that, as a result of increasing Sr** content from 0.1 to
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FIGURE 3
(A—C): EDX spectra of powder La,_,Sr,MnO5 (x = 0.0, 0.1 and 0.2).

TABLE 3 Elemental composition of La;_, Sr,MnO3 (x = 0.0, 0.1, and 0.2).

La;_,Sr,MnO;
samples for x =

Weight %

Atomic%

0.0 46.21 0 19.31 34.48 100 11.72 0 12.38 7591 100
0.1 65.35 0.38 24.34 9.92 100 30.60 0.29 28.81 40.29 100
0.2 50.72 1.73 23.03 24.52 100 15.63 0.85 17.94 65.59 100

0.2, a notable shiftin A ,,
corresponding to a blue shift (Gouider Trabelsi et al., 2022).

This variation in absorption edge as a result of different values
of X, attributed to the alteration in the optical band gap (E,) as a
function of the diameter of a particle or grain size, can be expressed
in terms of the Brass effective model (Hassan et al., 2020).

toward a lower wavelength was detected,

2172
E=E3u|k+hH2+( 1 + 1 )_ 1.8e
2eR m,m, mym, 4T1ee,
0.124¢? 1 1 !
- - *——) ©)
h*(4Ileg,)” MM, MM,
Frontiers in Materials
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Here, m,, my, and R represent the effective masses of the
electrons, holes, and diameter of particle size, respectively, while
Eg”'k denotes the bulk energy band gap of the semiconductor
material, and € and ¢, the relative permittivity of material and
permittivity of free space. According to this model, the phenomenon
of blue shift can be attributed to an increase in particle size,
which leads to a reduction in the excitation energy required for
an electron to transition from the valence band to the conduction
band. In morphological studies, we have discussed the trend of
average particle or grain size, which was increased from 87 to
119 nm and has shown good agreement with obtained values for
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FIGURE 4
The IR spectrum of La; ,Sr,MnO; (x = 0.0, 0.1 and 0.2).

FIGURE 5
The UV absorption graph of La; ,Sr,MnO; (x = 0.0, 0.1, and 0.2).

the optical band gap. Sandhya Suresh et al. (Sandhya et al., 2023)
reported in their work that the variation in the optical band gap is
due to the interaction of charge transfer between O, and Mn®*. The
optical band gap (E,) was estimated using the Wood-Tauc relation
(Turky et al., 2017; Zhoua et al., 2023), given as follows:

(ahv) = K(hv - Eg)"/™ )

where hv is the energy of the photon required for transition, K is
a constant, and m determines the type of transition, i.e., whether
it is direct or indirect; it takes the value of 1/2, 2, 3/2, or 3,
representing direct allowed, indirect allowed, direct forbidden, and
indirect forbidden transitions. We calculated the optical band gap
by first finding the value of o (the absorption coefficient) in the Tauc
equation via the Beer-Lambert law, expressed as:

o =2.3003 x %, [24,55] (10)
where A represents absorbance and d denotes the cuvette’s thickness,
usually taken as 1 cm. To obtain the values of absorption edges for
direct transitions, we plotted the graph (ahv)? vs. E,, as shown in
Figure 6A-C. The optical band gap decreases as Sr** content rises
from 0.0 to 0.2 in the La, ,Sr,MnO; system. The values for each
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molar ratio of Sr were 4.34 eV, 4.29 eV, and 4.11eV, as listed in
Table 4. As predicted based on Eq 8, the grain size increased with
a decrease in the energy band gap due to an excess of polaron
in the doped LSMO samples, showing good agreement with the
quantum size confinement effect (Chandekar etal., 2020b). Ali
Omar Turky etal. (Turkyetal, 2016) reported that if the band
gap is greater than 2 eV, this generally indicates absorption in the
UV range. Tuning of the energy band gap (E,;) can be explained
by the hooping mechanism involved in the La; ,Sr,MnO; system
(Turky etal., 2016). The charge transport in the La’*,, Sr**,
Mn* (4 125 Mn** 55, O (5.5, chemical formula can be attributed
to a change in the Mn**/Mn*" ratio as a result of d-d transitions
as a result of varying the La**/Sr** stoichiometric ratio. Ali Omar
Turky et al. prepared LSM nanoparticles for values of X = 0.2, 0.5,
and 0.8 via precipitation (Turky etal., 2016) and citrate precursor
(Turky etal., 2017) techniques and found that the optical band
gap was increased. Additionally, in 2023, Sandhya Suresh et al.
(Sandhya et al., 2023) synthesized a series of LSM nanoparticles for
X = 0.0, 0.3, 0.5, 0.7 by the combustion method and observed band
gap increases with doping. In the current study, we observed that
the band gap of LSMO nanoparticles prepared by the precipitation
method decreased with the selection of a specific concentration of
dopant, strongly confirming the prediction by Andreja Zuzi¢ et al.
(Zuzi¢ et al., 2022) that nanoparticles prepared by this technique
have a more conductive nature.

The narrowing of the energy band gap is caused by the small
numbers of voids/defects present in a crystal lattice, according to
Kamlesh V. Chandekar et al. (Kamlesh et al., 2021a). In the present
series of LSMO, results obtained from XRD analysis showed that
dislocation density (defects per unit volume) decreased from 0.0044
to 0.0025, correlated with an increase in crystallite size from 15 to
20 nm, as doping concentration of Sr rose from 0.0 to 0.2, which
means these stable LSMO nanoparticles have great potential for used
as solar cells due to their lower transparency; we calculate their
degree of transparency in the upcoming discussion. The elevation
of the Fermi level was the result of introducing donor states with
Strontium ion content; this also discussed, along with evidence of
how much energy is required for the transition to the conduction
band and additionally the radius of unoccupied or donor states,
which helps us to understand their band structure. Generally, at a
low value of X, all states are nondegenerate; whenever we introduce
donor states via an extra holding charge carrier, i.e., Sr**, the effect
is to raise the Fermi level—not much in the case of degenerate states
(Turky et al., 2017), but near the conduction band, this suppresses
the optical band gap. The ionization energy required for the donor
atom is given by Eq. 11 with some modifications (Matsuura, 2006):

]
m

Eq= i2'6—eev, (11)
m

where €, is the dielectric constant of samples, 13.6 is the ionization

me

energy of the hydrogen atom, and (=) is the ratio of effective

masses of electrons and holes in IFhe material; its value is
approximately 0.2, as reported by Kamlesh V. Chandekar et al.
(Chandekar et al., 2020b), and the radius of a loosely bound electron
of donor orbit can be estimated by the relation ry = £r(%)rH, where
ry is the radius of a hydrogen atom (0.53 A). The results obtained
based on these two relations confirmed that the required energy fell
(from 0.102 eV to 0.079 eV) as we increased the donor states near
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FIGURE 6
(A—=C): Energy band gaps for La;_xSr,MnO5 (x = 0.0, 0.1, and 0.2).

TABLE 4 The optical band gap, refractive index, static dielectric constant, high-frequency dielectric constant, ionization energy, and radius of the
donor atom for La;_,Sr,MnO; (x = 0.0, 0.1, and 0.2) nanoparticles.

La; ,Sr,MnO; | Optical Refractive index, n (no units)  Static High- lonization Radius of
samples for band gap, dielectric frequency energy of donor orbit
X = Eg (eV) Moss Herve and constant, ¢y | dielectric donor ry (A)

relation Vandamme (no units) constant, ¢, electrons

relation (no units) Eq (V)

0.0 434 2.163 2.02 5.152 4.678 0.102 13.64
0.1 429 2.169 2.03 5.306 4704 0.096 14.04
0.2 4.11 2192 2.06 5.862 4.804 0.079 1552

the edges of the conduction band, and also that the Fermi level radii
increased from 13.64 A to 15.52 A; all values are displayed in Table 4.
The refractive index is an important parameter in the context of
optical measurements that measures the degree of transparency as
light passes through the sample material and can be expressed both
by Moss and by Herve and Vandamme’s relation, as in Eqs 12, 13:

Egn4 =95eV (12)
and
v 2
n=Vv1+ 1
(Eg+B) (13)

Here, A and B are numerical constants with respective ionization
energies of 13.6 eV and 3.4 eV. From the data obtained for LSMO
nanoparticles based on both relations, it can be noted that there
is not much difference in the values of the refractive index. The
trend in Table 4 shows that the refractive index increased as we
raised the strontium content for X = 0.0 to 0.2. For the higher values
of the X, the refractive index decreases, as reported by Sandhya
Suresh etal. (Sandhya etal., 2023) in 2023, which means that, at
low values, LSMO is more optically dense as compared to higher

Frontiers in Materials

values. As explained earlier in XRD analysis, more defects/voids
were observed with higher values of Sr in the crystal lattice,
which causes more instability. According to Sandhya Suresh et al.,
(Sandhya et al., 2023), static and high-frequency dielectric constants
play a significant role in optoelectronic devices, which can be
expressed as:

(static dielectric constant) e, = 18.52—3 08E, (14)

(high — frequency dielectric constant) g, = n* (15)

where E, and n represent the optical band gap and refractive index,
respectively; these parameters will be discussed in the following
section, and values are additionally presented in Table 4.

3.6 Frequency-dependent dielectric
properties

In the preceding section, we have attempted to establish several

critical relations correlated with optical behavior, mainly the static
and high-frequency dielectric constant. In the present discussion,
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we extend this momentum to explain how the electric dipoles of
La; ,Sr,MnO; for X = 0.0, 0.1, and 0.2 were altered in the presence
of varying AC electric fields. To establish the dielectric spectrum,
pellets measuring 12.7 mm in diameter with thickness 1.5 mm were
made by crushing nanopowder at 10 tons for 10 min, such that these
pellets served as electrodes, and samples were taken as the dielectric
medium (Shah et al., 2012). An impedance analyzer (1 kHz-2 MHz)
was utilized to record frequency-dependent dielectric responses at
room temperature, including the dielectric constant (¢"), dielectric
loss (¢”), and AC conductivity (8,.) of La, ,Sr,MnOj, nanoparticles
for x = 0.0, 0.1, and 0.2, as displayed in Figure 7A-C). According
to Sandhya Suresh etal. (Sandhya etal., 2023), the behavior of
the material in the presence of an external electric field can be
expressed in terms of complex dielectric permittivity, defined by ¢”
=¢ +¢ . Here, £ denotes the real part of the dielectric constant,
which determines the store of electrical energy. At the same time,
¢” represents the imaginary part of the dielectric constant, which
describes the dissipation or loss of energy as heat in a material. The
real part of the dielectric may be expressed as in Eq 16:

-_ Ct

8 = —
A

(16)
where t represents the thickness of the sample, €, the permittivity of
free space, and A the area of the electrode surface (Hizi et al., 2022).
The frequency-dependent dielectric constant for all compositions
of x is displayed in Figure 7A. In the region of low frequency, a
significant increase in the values of the dielectric constant was
observed whenever we further increased the frequency; this appears
to be independent of frequency. The trend of the dielectric constant
as a function of Sr content was consistent with that reported by
Sandhya Suresh etal. (Sandhya et al., 2023). The grain boundary
effect, interfacial/space charge polarization, charge defects, oxygen
vacancies, and the heterogeneous character of the dielectric may
all be responsible for the lower frequency high dielectric qualities
(Chandekar et al., 2020a; Shkir et al, 2020a; Chandekar et al,,
2020b; Shkir et al., 2020b; Kamlesh et al., 2021a; Shkir Mohd et al.,
2021; Chandekar etal., 2021b; Gouider Trabelsietal., 2022;
Sandhya et al., 2023). The Maxwell-Wagner model states that
dielectric materials are made up of grains with insulating grain
boundaries and strongly conducting grains (Kamlesh et al., 2021b;
Ben et al., 2023). Charge carriers can easily move between grains
and collect at grain borders thanks to the external field (Song et al.,
2021). The mobility of charge carriers inside grains and the
accumulation of charge at grain borders as a result of the applied field
are additional factors that contribute to considerable polarization
and a high dielectric constant. Since the dipoles cannot keep up
with the applied field, many polarization processes come to an end
at higher frequencies. At higher frequency ranges, the end outcome
is a drop in the dielectric constant. Mn** ions shift to Mn** ions to
balance the electrical charge, while La** ions change to Sr** ions.
The intrinsic dipole is significantly influenced by electron hopping
between Mn** and Mn>*, which enhances the local displacement
of charge carriers (Shkiretal, 2020a; Chandekar etal., 2020b;
Shkir et al., 2020b; Chandekar et al., 2021b). The dielectric constant
decreases along with the concentration of Sr** ions due to the rapidly
moving charge carriers from grains that collect at grain boundaries
(Singh and Prasad, 2015; Manohar and Krishnamoorthi, 2017;
Manohar et al., 2019). The static dielectric constant is increased,
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which means that more charges are introduced on the grain
boundaries, enhancing the material’s capacity to store electrical
energy with an increase in Sr content. In contrast, the more
conducting grain in the sample with X = 0.2 indicated the conductive
nature of the material, which can be attributed to a reduction in band
gap from 4.34 to 4.11 eV, as shown in Table 4. The increase in the
dielectric constant can be ascribed to an increase in the particle size,
especially in the low-frequency region, and a decrease in the porosity
and defects due to the rising Sr content, caused by space charge
polarization (Gholizadeh and Banihashemi, 2021; Mojahed et al.,
2022; Eghdami and Ahmad, 2023; Tarnack et al., 2023). Due to their
extremely high static dielectric constant, these materials serve in
storage applications, such as supercapacitors (Sandhya et al., 2023).

For the frequency range of 1 kHz-2 MHz, Figure 7B displays the
frequency response of the dielectric loss for ambient temperature
La,_ Sr,MnO; nanoparticles (X = 0.0, 0.1, and 0.2), showing the
dissipation of energy caused by defects/voids or dislocation density
present in the prepared nanoparticles (Kamlesh et al., 2021b). In the
region of low frequency, 3.0 log(f) to 5.0 log(f), an increment in the
dielectric loss is indicated; this steadily decreases with increasing
frequency (>5.0 log(f)), describing the polar nature of the samples.
The £ vs. f curve can be explained based on the polarization
mechanism involved in the material. Typically, high and low values
of dielectric loss represent the accumulation of charges across grain
boundaries: initially, electric dipoles keep their orientation with
the polarity of an AC electric field, corresponding to space charge
polarization (SCP), and in the second half they fail to overcome the
movement of charge carriers through grain boundaries, resulting in
leakage or conduction of current in the samples. Eq. 17 illustrates the
connection between polarization and the energy lost by a dielectric
medium in an applied field.

P =& wl|EPdV, 17)

where E is the electric field vector, & for La, ,Sr,MnO,
nanoparticles is the dissipation of energy, and w is the angular
2023). at high
frequencies is comparably low due to the low reactance of the
applied field; the ability to shift their domain walls, which defect
dipoles govern, may be why low-frequency dielectric loss decreases

frequency (Sandhya et al., Conduction loss

with Sr** dopant concentration (Sun et al., 2014). The tangent or
dielectric loss can be calculated from Eq 18:

tand = E,
€

(18)

Here ¢ and & are the real and imaginary parts of the
dielectric (Sandhya et al., 2023). According to Ahmad Gholizadeh
et al. (Eghdami and Ahmad, 2023), the energy required to exchange
electrons between ions generally represents the constrained motion
of domain walls. In the present study, strontium was found to
reduce defects, and inhomogeneity had a significant impact on
dielectric lost, as discussed earlier with respect to the XRD results,
as the molar ratio of Sr** increases, which reduces the energy
required to exchange electrons between Mn** and Mn*'; this
suppresses the optical band gap along with losses in the reported
samples. This variation can also be explained in terms of particle
size (Mojahed et al., 2022; Eghdami and Ahmad, 2023), with less
resistive grains being offered by relatively larger particle sizes; in
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FIGURE 7
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(A—C): The dielectric constant, dielectric loss, and (A, C) conductivity of La;_ Sr,MnO3 (x = 0.0, 0.1, and 0.2).

the present scenario, particle size increased by means of Sr doping
led to a decrease in defects/inhomogeneity, optical band gap, and
dielectric loss, which makes these materials the best candidates for
energy storage and photovoltaic devices.

Figure 7C shows the AC conductivity of La, ,Sr, MnO; (X = 0.0,
0.1, and 0.2) perovskite nanoparticles as a function of frequency.
The presence of frequency-dependent and -independent regions
observed in this curve is due to the polar nature of dielectrics.
In the region of low (3.0 log(f) to 4.0 log(f)) frequency, the fact
that AC conductivity is lower may be attributed to high resistive
grain boundaries that resist tunneling of charge carriers. Ahmad
Gholizadeh etal. (Ahmad and Beyranvand, 2020) reported in
their work that interfacial polarization is the reason for this low-
conductivity behavior. Similarly, at high (>4.0 log(f)) frequencies,
a significant increase in the conductivity was observed as a result
of the smaller numbers of grains present in the reported samples
(Amini and Ahmad, 2020). A notable relaxation was observed in
pure samples, which might be due to the availability of fewer charge
carriers as compared to doped samples, which exhibited relatively
more conduction. The AC conductivity of the sample can be related
to leakage current or angular frequency, as follows:

AC Conductivity = £”g,0 (19)

where ¢ and w represent the dielectric loss and may be referred to
as leakage current and angular frequency, respectively.

The flat response of the sample in the low-frequency range
may be attributed to the DC component of conductivity. Low-
frequency ion accumulation and low conductivity are the results
of the electric fields delayed periodic reversal. Johnscher’s
universal power law (Chandekaretal,, 2020b) provides the
clearest description of frequency-dependent AC conductivity.
The use of Sr** as a dopant plays a vital role in enhancing
the AC conductivity of LSMO nanocrystals by introducing
donor states with an excess of polarons; these reduce the
defects/inhomogeneity and also the porosity of the material
(Sandhya et al., 2023). Similarly, Ahmad Gholizadeh et al. (Amini
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and Ahmad, 2020) utilized different dopants in MFe,0,
M
conductivity; they found that the strontium-doped sample

= Ba, Pb, Sr) and examined frequency-dependent AC
exhibited higher conductivity due to highly conductive grains
present in the sample. Eq.20, which reflects the conduction
process in La; ,Sr,MnO;, attributes the defects in the host
lattice caused by the partial replacement of the Sr** ion to
charge transport, with hopping charged carriers over disordered

arrangements:

6aczédc[l"'(ooiH) ]r (20)

where wy represents hopping frequency and s is is an exponent
of frequency that can be determined based on the 9§, vs.
f plot given in Figure 7C by fitting of linear sections. Bulk
resistance and capacitance are the main causes of the tendency to
higher frequencies and the effects of high-frequency capacitance
(Turky etal., 2016). One study has reported that less energy is
required for the hooping of electrons between two ions in a
region of high frequency (Eghdami and Ahmad, 2023). In the
La, ,Sr,MnO; system, the higher Sr**/La’* ratio offered more
vacancies due to the interaction of charge carriers in O*~ and
Mn?®*, leading to an increase in electronic charge transport
across smaller grain boundaries, which can be attributed to
larger particle sizes. The hooping mechanism determines the
true essence of AC conductivity in the material because the
mobility of carriers in the doped samples enables tunneling through
such small grains as a result of the reduced amount of energy
required for exchange between Mn®" and Mn** ions. All the
findings of the present study support the frequency dependence
response of AC conductivity, mainly as a result of the optical
band gap, structural imperfections, and particle size, indicating
that this material is best used in solid oxide fuel cells and
photovoltaic devices.

frontiersin.org


https://doi.org/10.3389/fmats.2024.1369122
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Ali et al.

4 Conclusion

1. In this study, optoelectrical properties as a function of
different (0 .0< x <
host lattice La, ,Sr,MnO; have been investigated. All
reported samples of LSMO nanoparticles were successfully

0.2) concentrations of Sr** in a

synthesized via the co-precipitation method, with no
extra phases or impurities observed in XRD, FESEM, or
EDX spectra.
2. Structural rhombohedral (R

3¢ —spacegroup) crystal structure for all prepared samples

studies  revealed a
of LSMO nanoparticles, with crystallite size in the range of
15 to 20 nm. It was observed that Sr enhances crystallinity
by decreasing the dislocation density from 0.0044 to
0.0025. A slight increase in the unit cell volume for
the 0.1 sample was attributed to the micro-strain of
approximately 3.091 exerted by Sr** (1.44A) on the
host lattice. X-ray density and specific surface area were
decreased by up to 6.55 (g/cm3) and 45.80 (cmz/g)
respectively.

3. Morphological and compositional analysis showed that the
prepared samples had polygonal or hexagonal-like structures,
with average particle or grain size estimated from SEM
images in the range of 87-119 nm. Based on the EDX
spectra, the purity or molar ratio of each composition in
the compound was confirmed; additionally, bonds in the
fingerprint region of 400-1,500 cm™ were confirmed by
FTIR analysis.
The optoelectrical properties of un-doped and Sr-doped
samples indicated that the elevation of donor states near
the conduction band suppressed the optical band gap from
434 eV to 4.11 eV, which was correlated with the refractive
index. Moss’s relation showed increases in refractive index
from 2.163 to 2.192, which means that the samples became
more optically dense with higher Sr content. The static and
frequency-dependent dielectric constant increased with an
increase in Sr content, which means that the reported samples
have the potential to serve in energy storage devices and high-
frequency transmission cables due to their minimal dielectric
losses. Finally, AC conductivity increased with an excess of
polarons in the heavy-doped sample.

Based on the above points, we conclude that LSMO
nanoparticles with low Sr content are more stable and represent a
promising material for application in solid oxide fuel cells (SOFCs)
and electronic storage devices.
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