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Perovskite manganites, due to their strong interplay between crystal structure, electronic states, and
magnetic ordering, are highly tunable via chemical substitution. In this study, we investigate the effect of
low-level co-doping with Ca?" at the A-site and Ni®* at the B-site in rhombohedral Lag¢/Sro33MNnOs
(LSMNO), focusing on the composition Lag 750 35Cag.025MNo.975Nig.02503 (LSMN1). The doping level x =
0.025 was strategically selected to preserve phase stability while inducing measurable modifications in
lattice geometry, electronic structure, and optical behavior. Nanocrystalline samples were synthesized
via a modified sol—gel route to ensure compositional homogeneity and fine grain sizes. Structural char-
acterization using X-ray diffraction (XRD) and Rietveld refinement confirmed the retention of the
rhombohedral R3c phase, with slight variations in lattice parameters and Mn—O-Mn bond angles upon
doping. Fourier-transform infrared (FTIR) and Raman spectroscopy revealed modifications in vibrational
modes, indicating reduced Jahn—Teller distortions. Optical absorption measurements in the UV-Vis-NIR

Received 22nd September 2025, range demonstrated a band gap widening, decreased Urbach energy, and notable changes in refractive

Accepted 25th November 2025 index dispersion and dielectric functions for the co-doped sample. These findings establish a direct
correlation between structural refinement and enhanced optical performance, underscoring the

potential of dual-site doping as a powerful tool for tailoring perovskite manganites for applications in
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1. Introduction

In the past few decades, perovskite manganites with the general
chemical formula R; ,A,MnO; (R: trivalent rare-earth ion, A:
divalent alkaline-earth ion) have emerged as a class of materials
of extraordinary scientific and technological relevance.'
Their significance lies in the remarkable diversity of physical
phenomena they exhibit colossal magnetoresistance (CMR),
charge/orbital ordering, insulator-metal transitions, magneto-
caloric effects, and tunable optical responses arising from the
intimate coupling between their crystal structure, electronic
states, magnetic ordering, and lattice dynamics.”® This cou-
pling is exceptionally sensitive to small perturbations in com-
position, pressure, temperature, and magnetic field, which
makes manganites an ideal platform for studying correlated
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optoelectronics, photonic devices, and energy-conversion technologies.

electron systems and for developing functional devices across
spintronics, energy conversion, sensing, and photonics.

From a structural perspective, these oxides crystallize in the
perovskite structure, where Mn occupies the B-site, surrounded
by an octahedral cage of oxygen atoms, and R/A cations reside
at the A-site in a 12-fold coordination environment. The physi-
cal properties are largely determined by the mixed-valence state
of Mn ions Mn** and Mn*" and by the associated double-
exchange interaction (Mn**~O-Mn*") that governs charge trans-
port and magnetic alignment.®® Competing with this inter-
action are Jahn-Teller (JT) distortions of Mn*'Og octahedra,
which localize charge carriers and reduce conductivity. The
delicate equilibrium between double exchange and JT distor-
tions is, in turn, strongly dependent on the Mn-O-Mn bond
angle, Mn-O bond length, and overall crystal symmetry.

Chemical substitution at the A-site or B-site is an efficient
strategy to tune this balance. A-site substitution for example,
replacing Sr** with the smaller Ca** reduces the Goldschmidt
tolerance factor, leading to enhanced octahedral tilting and
a decrease in the Mn-O-Mn bond angle.>'® This structural
modification narrows the electronic bandwidth and shifts the
balance between itinerant and localized electronic states. B-site

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substitution such as replacing Mn with Ni*" introduces addi-
tional effects: Ni>" has a larger ionic radius and a 3d® electronic
configuration, which tends to weaken JT distortions, modify
the Mn*/Mn*" ratio, and alter the hybridization between
transition-metal d states and oxygen p states.'"'> These
changes affect not only transport and magnetic properties but
also optical absorption, dielectric response, and refractive
index dispersion.

When both A-site and B-site are substituted simultaneously,
the effects can be synergistic rather than simply additive. Such
co-doping allows simultaneous control over structural distor-
tions, electronic bandwidth, charge carrier concentration, and
defect landscape.’® Low-level co-doping is particularly valuable
because it can trigger significant modifications in electronic
and optical properties without destabilizing the perovskite
framework or introducing parasitic phases. In fact, several
previous studies have demonstrated the potential of dual-
doped manganite systems such as La;_,Sr,Mn;_;C0,03, La;_,
Ca,Mn;_,Fe O3, and Lag6,Sr¢.33-xCaMn;_,C0,0; in enhancing
magnetoresistive, dielectric, and optical performances.>*™°
These works revealed that simultaneous A- and B-site substitu-
tions can tune the Mn-O bond geometry, modify the Mn**/Mn**
ratio, and optimize the balance between double-exchange and
Jahn-Teller interactions, yet comprehensive optical investigations
of such low-level co-doped systems remain scarce.

In the present work, we investigate the Lage;Sro33_x
Ca,Mn, _,Ni,O; system with a precisely chosen co-doping level
of x = 0.025. This specific composition was selected for three
main reasons: (i) it is small enough to preserve the rhombohe-
dral R3¢ symmetry, ensuring phase stability; (ii) it is large
enough to produce measurable changes in lattice parameters,
Mn-O bond geometry, and octahedral tilting.

(iii) it offers an opportunity to correlate structural refine-
ment (grain growth, reduced micro-strain) with substantial
modifications in optical properties such as band gap widening,
refractive index behavior, and dielectric performance.'”*8

Previous studies have demonstrated that similar co-doping
strategies can lead to enhanced crystallinity, reduced lattice
disorder, suppression of defect-related localized states, and
controlled modulation of the optical band gap.'® These effects
are crucial for optoelectronic applications where light-matter
interaction must be precisely engineered such as in photo-
detectors, transparent conducting oxides, optical coatings, and
components in the UV-Vis-NIR range.

Here, our objective is to provide a detailed, multi-technique
investigation of the influence of Ca** (A-site) and Ni*" (B-site)
co-doping on the structure, vibrational dynamics, and optical
behavior of nanocrystalline Lags,Sro33Mn0O;. The materials
were synthesized using a modified sol-gel method to ensure
atomic-level homogeneity, precise stoichiometry, and nano-
scale crystallinity. Our research involves the study of optical
characteristics, which allow the determination of band gap
energies, Urbach energy, refractive index dispersion and dielec-
tric functions. By integrating these experimental results, we aim
to establish a clear understanding of the structure-property
relationships in low-level co-doped manganites, providing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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insights for their application in advanced photonic and optoe-
lectronic systems.

2. Experimental study

Nanocrystalline manganites LSMNO and LSMN1 were synthe-
sized through a modified sol-gel route, a method known for
producing highly homogeneous, fine-grained materials with
precise stoichiometric control. High-purity precursors were
used, including lanthanum nitrate hexahydrate (La(NO;);-
9H,0, 99.9%), strontium nitrate (Sr(NOs),, 99.9%), calcium
nitrate tetrahydrate (Ca(NO;),-4H,0, 99.9%), manganese
nitrate tetrahydrate (Mn(NO3),-4H,0, 98%), and nickel nitrate
hexahydrate Ni(NO3),-6H,0, all supplied by Sigma-Aldrich. The
nitrates were dissolved in deionized water and continuously
stirred at 80 °C for 2 h to ensure complete homogenization.
Citric acid and ethylene glycol were added as complexing and
polymerizing agents, promoting the formation of a stable sol
network. The resulting solution was gradually heated to 200 °C
to form a viscous gel, which was subsequently dried and
calcined in three stages at 300 °C, 400 °C, and 600 °C (12 h
each) to remove organic residues and initiate crystallization of
the perovskite phase. The obtained powders were finely milled,
pressed into pellets, and sintered at 800 °C for 24 h to achieve
high crystallinity and phase stability. This synthesis approach
enables atomic-scale mixing, uniform cation distribution, and
controlled particle growth, key factors in obtaining nanostruc-
tured perovskites with enhanced functional performance.

The structural, vibrational, and optical properties of LSMNO
and LSMN1 were investigated using complementary techni-
ques. X-Ray diffraction (XRD) patterns were recorded with a
Bruker D8 Endeavor diffractometer using Cu Ko, radiation (4 =
1.5406 A), operating at 40 kV and 25 mA. Data were collected
over the 20 range of 10°-90° with a step size of 0.01° and a
counting time of 1 s per step, ensuring high angular resolution.
Phase identification and peak fitting were performed using
DIFFRAC.EVA (v2.1, Bruker).

Fourier transform infrared (FTIR) spectra were performed
in the 400-4000 cm ' region using a DTGS detector with a
resolution of 4 cm™ " and 32 accumulations, probing the metal-
oxygen vibrational modes. Raman spectroscopy at 300 K was
performed using a Renishaw Reflex spectrometer coupled with
a Leica DM confocal microscope to investigate lattice dynamics
and possible Jahn-Teller distortions. The instrument provides
automatic alignment and calibration for reproducible signal
acquisition. Spectra were recorded with a 514 nm Ar' laser, a
spatial resolution of ~2 um, and laser power below 1 mW to
avoid local heating. The setup includes a low-noise CCD
detector, Rayleigh filters, and a motorized XYZ stage for Raman
mapping. Data processing was performed using Wire 3.0 software
(Renishaw, UK), with spectra collected in the 100-1000 cm '
range. Optical absorption spectra were obtained using a UV-
3101PC double-beam spectrophotometer operating in the 200-
2400 nm range, equipped with a xenon lamp for UV-Vis and a
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halogen lamp for near-infrared measurements. The experimental
results are presented and analyzed in the following section.

3. Results and discussion

3.1. Structural study

The crystal structure of the Lag 519 33_xCa,Mn; _,Ni, O3 nano-
crystalline compounds (x = 0.0, LSMNO; x = 0.025, LSMN1) was
investigated at room-temperature by X-ray diffraction (XRD)
using a Bruker D8 Endeavor diffractometer with Cu-Ko1 radia-
tion (1 = 1.5406 A). Diffraction patterns were collected over the
10°-90° (260) range with high angular resolution, enabling
precise evaluation of phase composition and lattice symmetry
(Fig. 1(a)).

The XRD profiles exhibit sharp and well-defined diffrac-
tion peaks, characteristic of highly crystalline single-phase

View Article Online
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materials, with no detectable secondary phases, confirming
the phase purity of both compositions. All main diffraction
peaks were indexed and matched with the standard JCPDS card
no. 96-152-1757 for rhombohedral La, ;Sry 3MnO3, confirming
that both LSMNO and LSMN1 crystallize in the same R3¢ phase.
The most intense reflections correspond to the (012), (104),
(110), (113), (202), (024), (122), (214), and (220) planes, which
are clearly labeled in Fig. 1(a).>°

When comparing the diffraction profiles of LSMNO and
LSMN1, a slight shift of the major peaks toward lower angles
(Fig. 1(a), insect) is evident upon Ni substitution. This shift,
interpreted according to Bragg’s law, indicates an increase in
lattice spacing (d) and therefore a slight expansion of the unit
cell in the Ni-doped sample. Such expansion is consistent with
the partial replacement of Mn*/Mn*" by Ni*" ions, which
possess a slightly larger effective ionic radius and introduce
local lattice distortions.>"
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(a) XRD patterns of LSMNO and LSMN1 compounds indexed to the rhombohedral R3¢ phase (Ref. Cod: 96-152-1757). The inset shows the most

peak shift between the two samples. (b) Rietveld refinement profiles of LSMNO and LSMN1.
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The rhombohedral symmetry (R3c) observed in both sam-
ples arises from collective rotations of the MnOg octahedra, a
structural response typically associated with the tolerance
factor reduction due to Ca®" substitution at the A-site and
Ni*" substitution at the B-site. These distortions decrease the
Mn-O-Mn bond angle, influencing electronic bandwidth and
electron-phonon coupling.”> The observed peak broadening
also suggests a nanocrystalline nature, which is consistent with
the low-temperature sol-gel synthesis route employed.

To quantify these effects, Rietveld refinement was per-
formed using the FullProf suite with the standard R3c struc-
tural model as an initial input, as shown in Fig. 1(b). The
calculated profiles showed excellent agreement with experi-
mental data, confirming the R3¢ rhombohedral phase for both
LSMNO and LSMN1. The refined lattice parameters and cell
volumes (Table 1) reveal a small increase in unit cell volume for
LSMNT1, consistent with Ni-induced structural relaxation and
modified Mn-O bond lengths.

These findings demonstrate that low-level Ni substitution
(x = 0.025) preserves the global rhombohedral symmetry but
subtly modifies the lattice metrics, potentially influencing
the electronic bandwidth, Jahn-Teller distortions, and Mn**/
Mn** double exchange interactions. Such structural adjust-
ments are known to impact magnetic ordering and transport

Table 1 Refinement results of LSMNO and LSMN1
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behavior, as reported for related Ni-doped rhombohedral
manganites.'”*?

The classical Scherrer equation is commonly employed to
estimate the average crystallite size from X-ray diffraction (XRD)
line broadening. However, it inherently neglects the contribu-
tion of lattice strain, which also affects peak broadening and, in
some cases, peak position. In nanocrystalline materials, both
particle-size effects and microstructural defects (vacancies,
dislocations, and surface stress) contribute significantly to
peak broadening, making a more comprehensive approach
necessary.

To address this limitation, the size strain plot (SSP) method>*
is considered advantageous because it simultaneously accounts
for crystallite size and lattice strain. Starting from the Scherrer
relation and incorporating strain-induced peak broadening, the
SSP equation can be expressed as:

Kic &
(diktB g c0s 0)*= Ks:(d/?/dﬁhk/ cos ) + y 1)

where K = 0.75 is the shape factor, ic, = 1.5406 A is the X-ray
wavelength, Dgsp is the average crystallite size and ¢ is the lattice
strain. In this approach, a linear plot of (djufBrucos0)” versus
dpii’ Prucos 0, yields a slope proportional to (K/ic,)/Dssp and an

Sample LSMNO LSMN1
Structure Rhombohedral Rhombohedral
Space group R3¢ R3¢
Unit cell parameter a=h(A) 5.495(1) 5.495(6)
¢ (A) 13.367(6) 13.369(3)
v (&%) 349.566(3) 349.675(8)
Atoms Tetrahedral A-site (La/Sr/Ca) Wyckoff position (0, 0, 1/4) 6a 6a
Site summitry -3 -3
Biso (A%) 5.25978 1.66489
Occupancy:
(La) 0.11650 0.11508
(sr) 0.06017 0.05096
(Ca) — 0.02940
Octahedral B-site (Mn/Ni) Wyckoff position (0, 0,0) 6b 6b
Site summitry -3 -3
Biso (A%) 5.25019 1.32474
Occupancy
(Mn) 0.16599 0.15608
(Ni) — 0.01103
(@) Wyckoff position (x, 0, 1/4) 18e 18e
Site summitry 1 1
Biso (A%) 6.02641 2.88729
Occupancy 0.51585 0.56419
Dgsp (nm) 40 +£ 5 75+5
(0-Mn-0) (°) 90.627(17) 90.7112(0)
(Mn-0O-Mn) (%) 167.0(3) 165.5401(0)
(La/Sr/Ca-O-La/Sr/Ca) (°) 94.62(11) 95.1376(0)
(La/Sr-O-Mn) (%) 89.11(3) 88.9879(0)
(0-La/Sr-0) (°) 114.51(12) 120.0000(0)
(Mn-0) (A) 1.9509(6) 1.95410(0)
(La/Sr-0) (A 2.527(5) 2.50186(0)
(Mn-La/sr) (A) 3.34190(11) 3.34232(0)
Agreement factors Ry, (%) 9.07 12.7
Rexp (%) 9.34 8.62
Rup (%) 12.3 13.8
Rg (%) 7.18 8.43
Ry (%) 1.40 1.31
7 1.23 1.46

© 2026 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2026, 7,1046-1065 | 1049


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01087j

Open Access Article. Published on 12 detsember 2025. Downloaded on 27.02.2026 20:22:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

. LSMNO
2.5x10” Linear Fit
o
= 2.0x10°
[==}
S’
wn
S 1.5x10°
=
=
= 1.0x10
e
=
o=
N’
= 5.0x10°
-
0.0 D,,,= 4045 nm
0.000  0.001  0.002 5 0.003  0.004  0.005
dpk1”“Brkicos(8)

Fig. 2 Size strain plot (SSP) of LSMNO and LSMN1 samples with linear fits.

intercept corresponding to &°/4, from which the strain is derived
as ¢ = 2y/intercept.

To ensure data reliability, each diffraction peak was fitted
using a pseudo-Voigt profile to minimize instrumental broad-
ening effects, and the full width at half maximum (FWHM)
uncertainty (+£0.005° in 20) was propagated through the
SSP calculation. Consequently, the estimated uncertainties
in crystallite size and strain are +5 nm and $0.02%, respec-
tively. These error bars have been added to Fig. 2 to highlight
the reproducibility and statistical confidence of the linear
fitting.

Applying this analysis to Lae,Sr0.33_Ca,Mn; ,Ni,O; (x =
0.0 and 0.025) revealed crystallite sizes of 40 £+ 5 nm for LSMNO
and 75 £ 5 nm for LSMN1, indicating that Ni substitution
facilitates grain growth and reduces lattice strain. The SSP plot
(Fig. 2) clearly reflects these trends, where LSMNO shows a
steeper slope and higher intercept (smaller crystallites and
higher micro-strain) compared to LSMN1, which exhibits a
gentler slope and reduced intercept (larger crystallites and
lower micro-strain). These findings suggest that partial Ni
incorporation at the Mn site enhances lattice coherence,
reduces defect density, and promotes improved crystal growth
kinetics, consistent with similar observations reported in
doped perovskite oxides.>*

3.2. FT-IR spectroscopy and spectroscopie Raman analysis

The FT-IR spectra of LSMNO and LSMN1 were recorded in the
range 400-4000 cm ' (Fig. 3). Both spectra exhibit the typical
absorption features of distorted perovskite manganites, with
no additional peaks associated with the Ni dopant, indicating
that Ni*" ions are successfully incorporated into the perovskite
lattice without forming secondary phases.

For LSMNO, strong absorption bands appear at 448, 473,
764, and 1007 cm™'. The bands around 448-473 cm™' are
attributed to Mn-O bending vibrations, while the higher fre-
quency peaks near 764 and 1007 cm ™ correspond to stretching
modes of Mn-O bonds within the MnOy octahedra.>® These
features are consistent with the lattice vibrations typically
observed in rhombohedral perovskites (R3¢ space group). Addi-
tionally, weaker absorptions observed in the 2000-2500 cm ™"

1050 | Mater. Adv., 2026, 7, 1046-1065
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Fig. 3 FT-IR spectra of LSMNO and LSMN1 samples showing Mn-O
vibrational modes.

region can be linked to atmospheric CO, adsorption, which is
common for oxide powders.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In comparison, the Ni-doped LSMN1 sample exhibits slight
shifts and intensity variations: the main low-frequency band
appears at 445 and 562 cm !, suggesting subtle modifications
in Mn-0 bond lengths due to Ni** substitution at the Mn site.
New contributions near 679 and 811 cm™*, as well as a shifted
high-frequency component at 1006 cm™ *, indicate changes in
octahedral distortion and local bonding environments. Similar
modifications of FTIR bands upon B-site substitution have
been reported for doped manganites, reflecting local structural
relaxation and variations in Jahn-Teller distortion intensity.

The presence of broad, low-intensity features in the region
around 3400 cm™ " (not highlighted in detail here due to weak
signal) is commonly associated with O-H stretching vibrations
of surface-adsorbed water and lattice hydroxyl groups. This
confirms the hygroscopic nature of perovskite oxide powders.

Overall, both spectra confirm the retention of the perovskite
framework after Ni doping, with subtle changes in Mn-O
vibrational frequencies suggesting minor lattice distortion
and altered bonding strength, in agreement with XRD analysis
showing increased crystallite size and reduced micro strain for
LSMNT1 (Table 2).

The room-temperature Raman spectra of LSMNO and
LSMN1, recorded using a 514 nm excitation laser within the
200-1000 cm " range (Fig. 4), exhibit the characteristic vibra-
tional features rhombohedral distorted perovskite manganites
(space group R3c).>**” For the undoped LSMNO sample, three
prominent Raman-active bands can be identified: an A;, mode
near 225 cm™ ', corresponding to rotational (tilting) motions of
the MnO, octahedra;*® an E; mode around 410 cm ™', attributed
to bending distortions of the Mn-O-Mn bonds; and a broader,
more intense E; band in the 660-670 ecm ! region linked to
Mn-O bond stretching and highly sensitive to Jahn-Teller
lattice distortions; the broadening reflects local structural
disorder.?**° Additionally, a weak shoulder around 310 cm™*
cans be clearly observed in Fig. 4. This feature is assigned to
mixed rotational-bending vibrations of the MnOg octahedra,
in agreement with previous reports on La; ,Sr,MnO;-type
perovskites.””?' The significant broadening of this high-
frequency band reflects a degree of local structural disorder
inherent to the material. Upon partial Ni** substitution at the

1

Table 2 FTIR peaks and vibrational mode assignments

Sample Band (cm™')  Vibrational assignment

LSMNO 448-473 Mn-O bending (MnOs octahedron)

764 Mn-O stretching (internal MnOg mode)
1007 Asymmetric Mn-O stretching
2000-2500 Adsorbed CO,

(weak)

~ 3400 (weak)
LSMN1 445-562

O-H stretching (adsorbed water/lattice OH)
Mn-O bending modified by Ni** substitution

679-811 Mn-O stretching with local distortion (Ni**
effect)

1006 Asymmetric Mn-O stretching (modified
octahedron)

2000-2500 Adsorbed CO,

(weak)

~3400 (weak) O-H stretching (adsorbed water/lattice OH)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Room temperature Raman spectra of LSMNO (x = 0.0) and LSMN1
(x = 0.025) compounds.

T
200

Mn site (LSMN1), distinct spectral changes are observed:
all Raman bands exhibit a slight blue shift (toward higher
frequencies) for example, from (225 — 230 cm™', 410 —
420 em ™', and 670 — 675 cm '), indicating a local rigidifica-
tion of the lattice, the high-frequency E, band becomes sharper
with reduced full width at half maximum (FWHM), suggesting
reduced Jahn-Teller distortions and enhanced local octahedral
symmetry and the overall spectral intensity increases reflecting
improved local crystallinity and reduced dynamic disorder.
Moreover, the relative enhancement of the 230 and 410 cm™*
modes in LSMN1 evidence stronger Mn/Ni-O-Mn coupling and
reduced angular distortion. These modifications indicate a
reduction in Jahn-Teller distortions and an enhancement
of the local octahedral symmetry, suggesting that Ni doping
suppresses dynamic disorder by altering Mn/Ni-O bond
lengths and decreasing octahedral tilting. These assignments
are consistent with previous Raman studies on La; ,Sr,MnO;
(Podobedov et al., 1998;** Dubroka et al., 2006*). This inter-
pretation is consistent with X-ray diffraction (XRD) results,
which revealed a significant increase in crystallite size (from
~40 nm in LSMNO to ~75 nm in LSMN1) and a reduction in
micro strain. Overall, the Raman analysis confirms that Ni
doping preserves the global rhombohedral symmetry while
inducing localized structural relaxation and improved crystal-
linity, in line with the typical effects of B-site substitutions in
perovskite manganites.?’

3.3 Optical absorption analysis of
Lay ¢7510.33_xCa,Mn; ,Ni,O; (x = 0.0 and 0.025)

The optical absorption spectra of Lag ;51 33_Ca,Mn; ,Ni, O3
were analyzed for x = 0.0 (LSMNO) and x = 0.025 (LSMN1) Fig. 5.
Both spectra display features associated with Mn**/Mn*" ions
in an octahedral crystal field, while the Ni-substituted sample
(LSMN1) shows additional signatures due to Ni** ions.

For the parent compound LSMNO, a broad absorption band
is observed around 750-800 nm, characteristic of the spin-
allowed °Eg — °T,, transitions of Mn®" ions in octahedral
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coordination. Several additional absorption features are visible in
the 300-600 nm region (as revealed by spectral deconvolution):

e 320-350 nm: 0>~ — Mn*/Mn"* charge-transfer transi-
tions, commonly observed in manganite perovskites.**

e 430-450 nm: *A,, — T, transitions of Mn*" jons.*

e 520-550 nm: °E; — °T,, transitions of Mn®".

For the Ni-doped sample LSMN1 (x = 0.025), several changes
appear:

e The absorption band in the 700-1100 nm region becomes
more pronounced, which can be attributed to Ni** electronic
transitions, such as *Agy(F) — *Ty(F) (~1100 nm) and *A,(F) —
°Ty4(F) (~720 nm).**

e The 500-700 nm range shows slightly increased intensity,
indicating overlapping contributions from Mn*": °Eg — °T,,
and Ni*": *Ay(F) > °T4(P) (~520-590 nm).

e The charge-transfer region (320-350 nm) remains present,
but its intensity changes, suggesting local electronic structure
modifications due to Ni substitution, which is known to affect
the Mn**/Mn""* ratio and the electronic bandwidth.
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e The broad Mn*" band near 750-800 nm is reduced in
intensity compared to LSMNO, consistent with partial replace-
ment of Mn*"by Ni**. These absorption bands and their corres-
ponding electronic assignments are summarized in Table 3.

These changes demonstrate that Ni** jons are effectively
incorporated into the lattice, introducing additional d-d transi-
tions and altering the crystal field distribution. Similar effects
have been reported in other Ni-doped manganites, where Ni**
doping modifies Jahn-Teller distortions, changes carrier band-
width, and influences the overall optical response.’””*®

3.4 Optical band gap analysis

The optical band gap E, of LSMNO and LSMN1 was determined
using two complementary spectroscopic approaches: the first
derivative of the absorption coefficient (du/d4) and the first
derivative of the reflectance spectra (dR/dA), which, although
less commonly used than absorption, provides a reliable alter-
native for polycrystalline powders and thin films where direct
absorption measurements can be affected by scattering and
sample inhomogeneity.>>*° In both cases, the optical transition
edge is defined by the extreme values of the derivative curves,
corresponding to the onset of direct electronic transitions
between the valence and conduction bands. Both techniques
yielded consistent results, confirming the reliability of the
optical analysis: E, = 1.49 eV for the undoped LSMNO and E, =
3.46 eV for the Ni- and Ca-codoped LSMNT1 (Fig. 6(a) and (b)).

This significant increase in E, is induced by simultaneous A-
site (Sr** —» Ca®") and B-site (Mn**/Mn*" — Ni*") substitutions
originate from combined structural and electronic effects. On
one hand, the partial replacement of Sr** by the smaller Ca**
ions decreases the Goldschmidt tolerance factor, thereby
increasing the tilt of the (Mn/Ni)Og octahedra and modifying
the orbital overlap between transition-metal d-states and oxy-
gen p-states.”” On the other hand, Ni** substitution at the B-site
alters the Mn®*/Mn*" ratio and suppresses Jahn-Teller distor-
tions, which typically generate localized electronic states near
the Fermi level. The reduced electronic disorder and improved
local symmetry lead to a more delocalized conduction band and
a widening of the optical band gap.

In addition, the simultaneous Ca-Ni co-doping introduces a
redistribution of charge carriers between Mn** and Mn*" ions,
leading to a partial filling of the e, orbitals and a modification
of the Mn—-O-Mn bond angles. This effect decreases electron-
phonon coupling and weakens the polaronic localization typi-
cal of undoped manganites. Consequently, optical transitions
shift toward higher energies, consistent with the increased
band gap observed.

The strong correlation between the optical, structural, and
vibrational results further supports this interpretation. XRD
and Raman analyses revealed reduced micro-strain, narrower
E, stretching modes (~670 cm™ '), and enhanced crystallinity
for LSMNT1, all of which contribute to a more ordered lattice
and a widening of the electronic gap.

These results demonstrate that dual-site substitution in
perovskite manganites can be an effective approach to engineer
their electronic structure and tune their optoelectronic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summary of absorption features
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Composition /. (nm) Assigned ion(s) Transition type
LSMNO 320-350 Mn**/Mn** 0>~ — Mn charge transfer
4+ 4 4
— n —
750-800 Mn** Broad SE;g—> °Tye band
LSMN1 320-350 Mn*'/Mn** 0>” — Mn charge transfer
3+ 2+ 3+ 5 5 2+ 3 3
500-700 Mn* + Ni Mn** *Eg > *Top, Ni** *Agy(F) — *Tig(P)
720 N2 Asg(F) — *Ty(F)
1100 NI *AaglF) > “TylF)
750-800 Mn’" (weakened) "Eg = “The

properties without disrupting the global rhombohedral frame-
work. The combination of derivative-based optical methods
and structural analysis confirms that the observed band gap
enhancement is intrinsic, arising from electronic structure
modifications rather than secondary phases or measurement
artifacts. This synergistic effect of Ca and Ni substitution
highlights the interplay between lattice distortions, charge
compensation, and orbital hybridization, offering a clear phy-
sical basis for the observed trends. Such tunability is promising
for designing functional manganite-based materials for ultra-
violet-visible optoelectronic devices*>*?

The optical properties of LSMNO and LSMN1 were investi-
gated to evaluate the effect of simultaneous A- and B-site
substitutions on the perovskite lattice. The absorption coeffi-
cient («) was derived from the experimental absorbance using

Beer-Lambert’s law o = 1'323A,44

where A is the absorbance

and d is the sample thickness. The optical band gap was then
determined using Tauc’s formalism:*

(ahv)" = p(hv — Eg) (2)

where f is a material-dependent constant and n =2 and n = 1/2
correspond to direct and indirect allowed transitions, respec-
tively. Linear extrapolation of the plots of (a41)? and (ahv)'?
versus photon energy (Fig. 6(c)) revealed that LSMNO exhibits
Eqq = 1.61 €V and Eg = 0.28 eV, whereas LSMN1 shows much
larger values of Egq = 3.24 €V and Ej; = 2.05 eV. To validate these
findings, two derivative-based approaches were employed:
(i) the first derivative of the absorption spectra (d«/d1) and
(ii) the first derivative of the reflectance spectra (dR/d4). In both
cases, the band edge was clearly identified by a minimum in
the derivative curve, yielding consistent band gap values of
1.49 eV for LSMNO and 3.46 eV for LSMN1. The considerable
band gap widening in LSMNT1 is attributed to Ni** substitution
at the Mn site and Ca”* substitution at the Sr site, which modify
the Mn/Ni-O bond lengths, reduce Jahn-Teller distortions, and
enhance crystallinity as confirmed by XRD and Raman results.
Furthermore, the simultaneous presence of Ca** (smaller ionic
radius) and Ni** (lower electronic degeneracy) introduces a
synergistic lattice contraction that stabilizes a more ordered
octahedral network. This structural reorganization increases
the crystal field splitting energy (4) and shifts the conduction
band to higher energy, explaining the observed optical gap
enlargement.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Therefore, the observed optical behavior is not a simple
measurement artifact but reflects a real modification of the
electronic band structure induced by co-doping. These findings
bridge the link between lattice distortion, charge redistribu-
tion, and optical response, providing a comprehensive physical
understanding of the system. These findings highlight that
double A/B-site doping preserves the overall rhombohedral
symmetry while tuning the local electronic structure, making
these materials promising for optoelectronic applications oper-
ating in the visible and near-UV regions.*®

To further elucidate the nature of optical transitions in the
x = 0.0, LSMNO and x = 0.025, LSMN1 compounds, the absorp-
tion spectra was analyzed using the logarithmic form of the
Tauc relation:

In(ehv) = In(p) + nin(hv — Ey) (3)

where 7 is the transition index (n =~ 0.5 for direct allowed
transitions and n ~ 2 for indirect ones), « is the absorption
coefficient, hv is the photon energy, and E, is the optical band
gap.47’48

For the undoped LSMNO sample, the fitting procedure
yielded n = 0.966 + 0.007 for the direct gap transition (Egq =
1.61 V) and n = 1.327 £ 0.006 for the indirect one (Ey; = 0.28 eV)
(Fig. 7). These values deviate from the ideal parameters of
0.5 and 2, indicating that electronic transitions in LSMNO are
affected by local lattice distortions and defect-related states,
which promote phonon-assisted processes and mixed transi-
tion behavior. Similar effects have been reported in perovskite
manganites where Jahn-Teller distortions and oxygen vacancy
states influence optical transitions.**”° Such deviation also
reveals the presence of localized energy levels within the band
gap, most likely arising from oxygen vacancies and Mn**-O-
Mn*" lattice fluctuations. These localized states enhance non-
radiative recombination and reduce optical transition prob-
ability, leading to the mixed indirect-direct nature observed in
LSMNO. The broad absorption tail in this composition supports
the presence of such defect-related sub-gap states.

In contrast, the Ni-doped LSMN1 sample exhibited signifi-
cantly lower indices, with n = 0.270 £ 0.0009 for the direct band
gap (Egqa = 3.24 eV) and n= 0.505 £ 0.002 for the indirect one
(Egi = 2.05 eV) (Fig. 7). These values approach those expected for
a direct allowed transition, suggesting that Ni** substitution at
the Mn site reduces electronic disorder and narrows defect-
related tail states, leading to a cleaner and sharper band edge.
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of LSMNO and LSMNL1 used for band gap determination. (c) Tauc plots for the determination of direct and indirect optical band gaps of LSMNO and

LSMN1.

Such behavior is consistent with the observed increase in
crystallite size and reduced micro-strain in LSMN1 (from
XRD), as well as the reduced Jahn-Teller distortion evidenced
by Raman analysis.”* This finding highlights that Ni*" incor-
poration not only widens the band gap but also reorganizes the
electronic density of states by strengthening the hybridization
between Ni-3d and O-2p orbitals. This enhanced covalency
reduces mid-gap states and stabilizes direct electronic transi-
tions, in agreement with the observed structural ordering.
Moreover, Ca*‘substitution at the A-site complements this

1054 | Mater. Adv., 2026, 7, 1046-1065

effect by tightening the lattice through its smaller ionic radius,
thus reducing bond-length fluctuations and phonon scattering.
The cooperative action of both dopants contributes to the
transition from a disordered to a more coherent electronic
structure.

Overall, these results highlight how double substitution on
both A-site (Ca®*) and B-site (Ni**) significantly modifies not
only the band gap energy but also the nature of optical transi-
tions, shifting the material response from mixed and defect-
affected behavior (LSMNO) toward predominantly direct

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.5 Determination of Urbach energy and threshold P i
wavelength < 3] °*] i
%t . . . o . \5 0.20 Ai=314nm
The optical absorption analysis provides further insight into ~ 24
the disorder and localized states present in the studied man- i
ganite compounds. In particular, the Urbach energy (E,,) is a key
parameter that characterizes the width of the exponential 0+ ——LSMNO
absorption tail in the vicinity of the band edge. This tail p Lapeir Fie
. . . . - T T T T T
originates from localized states in the bandgap, often asso- 0 1 2 3 4 5
ciated with lattice disorder, structural defects, and phonon (1/2) (10 nm)
interactions.”> While in many cases a high concentration of 6
substitute atoms can increase structural disorder and broaden 5 b
the absorption tail, carefully selected dopants can reduce local o= L)
distortions and improve lattice ordering, thereby decreasing E, i
and increasing the optical bandgap, as observed in our study. i s
According to the Urbach model, E, can be extracted from the "QE 4= Eu= 096
slope of the linear region in the plot of In(x) versus photon N 038
energy (hv), following the expression: =31
N
< /
h—E e {—
In(a) = In(B) + E—g (4) =
u Ai=402nm
14
where B is a material-dependent constant. The experimental —>—LSMNI1
plots for LSMNO and LSMN1 are shown in the insets of Fig. 8(a) 1 Linear Fit
and (b), respectively. Linear fitting yields E, ~ 1.62 eV for % 1 2 3 4 5

LSMNO and E, = 0.96 eV for LSMN1. The higher E, value in
LSMNO indicates a more significant degree of lattice disorder
compared to the doped sample. Such disorder promotes the
conversion of weak bonds into defect states, thereby enhancing
the density of localized states.>

© 2026 The Author(s). Published by the Royal Society of Chemistry

(1/2) (10nm)

Fig. 8 Variation of (a/4)? as a function of 1/4 for the determination of
the threshold wavelength (4,) of LSMNO and LSMN1. The inset shows In(x)
as a function of photon energy (hv) for the determination of the Urbach
energy (E,).
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Once E, is known, the steepness parameter S can be calcu-
lated using:
 KgT
- S(1)

E, ()
where Ky is the Boltzmann constant and T is the absolute
temperature. At room temperature (7 = 300 K), the calculated
values are:

e LSMNO: S ~ 0.01596

e LSMN1: § ~ 0.02693

A higher S value corresponds to a sharper absorption edge,
typically reflecting a lower degree of structural disorder and a
reduced density of localized states. The increase of S from
LSMNO to LSMN1 therefore confirms that doping improves
lattice ordering, consistent with the observed reduction in E,.

The S(T) parameter can also be related to the average
phonon energy (Av,,) via:>*>®

2KBT hl/P
tanh 6
p 0 (2KB T) (6)
where S, is a constant. This relation links the optical absorp-
tion edge to phonon-disorder interactions.
Finally, the threshold wavelength (4;), corresponding to the

maximum wavelength of incident radiation capable of initiat-
ing electronic transitions, was determined using:>*>’

cG-)

where C is a constant. By plotting («/4)* versus 1/ and extra-
polating the linear region to intersect the baseline (Fig. 8(a) and
(b)), the threshold wavelengths were obtained as:

e LSMNO: /; ~ 314 nm

e LSMN1: A 402 nm

The increase in /; after doping suggests that LSMN1 can
absorb photons of lower energy (longer wavelength), which is
consistent with its reduced optical bandgap and improved
structural ordering.

In summary, the combined analysis of E,, S, and 4; demon-
strates that doping effectively reduces the Urbach tail, sharpens
the absorption edge, and shifts the absorption threshold
toward longer wavelengths, confirming a significant improve-
ment in the structural and electronic quality of the material.

The skin depth J, extinction coefficient k, and refractive
index n of LSMNO and LSMN1 were determined from the
optical data. The penetration depth, also referred to as the
optical skin depth, represents the distance over which light can
propagate into a material before being significantly absorbed or
attenuated. It depends on the photon energy and can be
obtained from the absorption coefficient («) according to the
relation:*®

S(T) = S

~
~

~

~

, 1
o0 =35 ®)

The J(hv) spectra in Fig. 9(a) show several characteristic
minima, each corresponding to strong optical absorption
bands associated with interbond or charge-transfer transitions.
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Fig. 9 (a) Variation of skin depth () as a function of photon energy (hv) for
LSMNO and LSMNL1. (b) Extinction coefficient (k) versus photon energy (hv)
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Low-energy features (<2.3 eV) are generally related to polaronic
or d-d excitations, while higher-energy structures (>2.3 eV)
correspond to more intense charge-transfer processes involving

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Mn 3d, Ni 3d, and O 2p states. A direct comparison reveals that
the skin depth ¢ is higher for LSMN1 than for LSMNO in the
2-4 eV range, indicating that LSMN1 allows deeper light
penetration and thus experiences lower absorption. Conversely,
the reduced & values for LSMNO imply stronger absorption.
This behavior can be directly linked to the enhanced structural
order and reduced lattice distortions introduced by Ni** and
Ca** co-doping. The improved crystallinity and decreased Jahn-
Teller activity in LSMN1 minimize carrier scattering and defect-
related absorption, resulting in a longer optical penetration
depth. In contrast, the higher disorder and localized states in
LSMNO favor strong photon-phonon interactions, which
shorten § and increase light attenuation.

The extinction coefficient k, which quantifies the absorption
and scattering of light by the material, is calculated from o
using:*®

ol

k) =2 (9)

The k(hv) spectra (Fig. 9(b)) display several pronounced
peaks in the visible region, consistent with the minima
observed in J(hv). The extinction coefficient k is higher for
LSMNO than for LSMN1, confirming that the Ni substitution
reduces absorption in LSMN1.This reduction in k reflects a
lower density of defect-induced mid-gap states and a more
efficient charge-transfer pathway between Ni/Mn 3d and O 2p
orbitals. The smoother electronic landscape in LSMN1 sup-
presses non-radiative losses, while the smaller ionic radius of
Ca®" enhances lattice compactness, further decreasing optical
scattering.

Moreover, the correlated decrease of k and increase of o
indicate a transition toward a more transparent and optically
homogeneous lattice in the Ni- and Ca-co-doped compound.
This trend is consistent with the observed bandgap widening
and Raman/XRD evidence of structural relaxation.

This reduction in k, along with subtle shifts and additional
spectral features, indicates modifications in the electronic
band structure and Mn-O hybridization induced by Ni doping.
Consequently, LSMN1 exhibits weaker visible absorption and a
lighter blue color compared to LSMNO, which may be beneficial
for optoelectronic or light-harvesting applications requiring
tailored absorption properties. Such controlled modulation of
0 and k demonstrates the potential of dual-site substitution as a
tool to engineer both the optical penetration and the carrier
dynamics in perovskite manganites, enabling a rational design
of functional transparent or semi-transparent oxide materials.

3.6 Optical dispersion analysis (LSMNO/LSMN1)

The optical response of the synthesized compounds was exam-
ined by analyzing the spectral dependence of the refractive
index n on the wavelength . (Fig. 10(a)). This parameter is
essential for understanding the interaction of light with the
material, as it reflects the reduction of light velocity during
propagation through the medium. The refractive index n is
related to the reflectance R(Z) and the extinction coefficient k(1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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through the following expression:*°

1/2
1+ R()

T 1-R(%)

4R(2) 2
n(A) 10— R()) — K°(2) (10)

The refractive index also depends on the optical band gap
E,, and can be estimated using the empirical relation:*'

n?—1 E,
= 1-—4/=E 11
n? 41 20 (11)

From eqn (11), the simplified form becomes:

E
2 |~8
= ——2

For a more precise description, the experimental refractive
index was fitted using the Cauchy dispersion model:**

(12)

n(A) = ny + Ax + Bx”

(13)

where x = 1//%, and n,, A, and B are the Cauchy parameters.

The fitting results reveal notable differences between the
two compositions (Fig. 10(b)):

e LSMNO: 1, = 1.92907, A = —0.29326, B = 0.05055, with R? =
0.99739.

e LSMN1: 15 = 1.35379, A = 0.13405, B = —0.02825, with R* =
0.99809.

The higher n, value in LSMNO indicates a denser electronic
polarizability compared to LSMN1, which can be associated
with its structural compactness and possibly lower porosity.
Conversely, LSMN1 exhibits a lower refractive index baseline,
which may enhance light penetration, making it potentially
more suitable for optical transmission applications. The
decrease of n, and the change of sign of parameter A upon
Ni/Ca co-doping suggest a fundamental alteration of the lattice
polarizability and electronic density distribution. The lower n,
in LSMN1 is consistent with its wider optical band gap and
reduced defect density, as both factors diminish the contribu-
tion of free and localized carriers to the dielectric function. In
contrast, the negative A coefficient in LSMNO indicates stronger
wavelength dispersion caused by defect-related electronic tran-
sitions and local lattice distortions.

This behavior agrees with Raman and XRD analyses, which
showed that Ni incorporation reduces octahedral tilting and
Jahn-Teller distortions, thereby suppressing low-energy polar-
ization mechanisms. As a result, LSMN1 exhibits a more stable
dielectric response and smoother refractive-index dispersion
over the visible range.

The dispersion behavior also differs: LSMNO shows a stron-
ger wavelength dependence with a negative A parameter, indi-
cating a decrease in n with increasing x (shorter wavelengths),
whereas LSMNT1 has a positive A, revealing a slight increase in n
toward shorter wavelengths This crossover reflects the transi-
tion from a disordered to a more ordered electronic structure,
where light-matter interactions are governed by well-defined
interbond transitions rather than defect-induced scattering.
These variations suggest distinct electronic transition characteristics
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Fig. 10 (a) Refractive index n vs. 4 for LSMNO and LSMNL1. (b) Variation of n(1) curve with Cauchy fit.

between the two compositions, likely due to differences in local related to reduced electronic polarizability and lower density of

bonding environments and lattice distortions introduced during low-energy transition states.

synthesis. The values of the static oscillator strength (S,) and the
The dispersion behavior of the refractive index n(Z) for oscillator wavelength (4,) were determined using the alternative

LSMNO and LSMN1 was analyzed using the Wemple-DiDome- WDD relation:**%

nico (WDD) single-oscillator model, which relates the optical

2
response to the photon energy E,;, through the equation:*® =1+ &2 (16)
o
y -
2 dL0
=l4+——- 14 )
" * E02 - Eph2 ( )
where E, is the single-oscillator energy and Ejy is the dispersion which can be linearized as:
energy. Rearranging eqn (14) into a linear form: 1 1 1 1 17
L,k R "

- E 15
21 EE™ TE (15)

1 -1
Here, the int t gi ) d the sl i — .
allows the determination of E, and E4 from the intercept a = ere, the intercept gives (SOAOZ) an ¢ slope gives (So)

Eo/Eq and slope b = —1/(EoEq) of the (n* — 1)~ versus Ep,” plot ~ From the fits of (n* — 1)~ versus 1/4> (Fig. 11(b)), the extracted
(Fig. 11(a)). Using this approach, the calculated parameters are: =~ parameters are:

o LSMNO: E, = 2.588 eV, Eq = 2.508 eV e LSMNO: S, = 4.494, /, = 471 nm
e LSMNT1: E, = 4.103 eV, Eq = 1.584 eV e LSMNT1: S, = 6.497, /o = 394 nm
The higher E, value for LSMN1 suggests that its dominant The larger S, value for LSMN1 points to stronger oscillator

interbond transitions occur at higher energies, consistent with  coupling at its characteristic resonance wavelength A,, despite
its larger optical band gap. Conversely, the lower Eq for LSMN1 its lower dispersion energy Eq. This combination indicates
indicates a weaker overall dispersion strength, which can be that the Ni-doped compound exhibits sharper and more
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energetically selective optical transitions, but with a narrower
dispersion range compared to the undoped sample. Physi-
cally, this reflects a redistribution of oscillator strength toward
high-energy transitions, consistent with the Ni-induced shift
of the conduction band edge and the suppression of defect-
related absorption channels. The shorter 4, in LSMN1 con-
firms this upward shift, evidencing a more rigid and electro-
nically ordered lattice.

Overall, the WDD analysis highlights a distinct shift in the
optical response upon Ni incorporation: LSMN1 shows a sig-
nificant increase in E, and S, but a decrease in E4, reflecting an
upward shift of interbond transition energies and a modifica-
tion of the polarizability dynamics within the perovskite lattice.
These optical trends are fully consistent with the electronic
bandgap widening and reduced structural disorder found in
previous sections, providing a coherent picture of how co-
doping tunes both dielectric and optical dispersion behaviors.

3.7 Optical and electrical conductivity

The transport behavior of perovskite manganites can be com-
prehensively understood by examining both their electrical
conductivity (¢¢) and optical conductivity (o,p). Electrical con-
ductivity is mainly dictated by the mobility and density of free
charge carriers, whereas optical conductivity is associated with
photon-induced electronic excitations and the interaction of
light with the material’s band structure.®®

In this work, o,,(4) was calculated from the refractive index
n(%) and the absorption coefficient «(1) using the relation:*”

a(L)-n(d)-c

4n (18)

Top(4) =
where c is the speed of light in vacuum (3 x 10* m s™%).

As shown in Fig. 12(a), o,p exhibits distinct spectral varia-
tions across the measured wavelength range (200-2400 nm).
Both LSMNO and LSMN1 display multiple peaks, reflecting
strong interbond transitions and localized state absorptions.
LSMNO shows a more pronounced o,, in certain spectral
regions (notably around 800-1000 nm), which can be linked
to enhanced photon electron interactions due to its specific
electronic configuration. In contrast, LSMN1 exhibits smoother
variations, possibly indicating reduced scattering centers and
altered electronic density of states induced by partial Ca/Ni
substitution. The overall magnitude of ., (~10° S™') confirms
the strong optical response of these materials, which is crucial
for optoelectronic applications.

Electrical conductivity o.)(4) was determined from the refrac-
tive index and incident wavelength according to:®®

A-n(d)-c

oa (%) = 2

(19)
The o, curves (Fig. 12(b)) reveal a monotonic increase with
wavelength for both samples, consistent with the wavelength
dependence predicted by the above relation. The magnitude of
0. is significantly lower than that of g, (61 < 0,p), emphasiz-
ing their different physical origins. While o, is governed by
photo-excitation processes, ¢ primarily reflects charge carrier
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mobility under an applied electrical field. This behavior
indicates that even in regions of strong optical absorption,
carriers may remain localized, leading to transport dominated
by hopping mechanisms among Mn**/Mn*" sites, as previously
reported for similar perovskite systems.*®

Notably, LSMN1 exhibits slightly higher ¢.; than LSMNO over
much of the investigated range, suggesting that Ca/Ni co-
doping may improve charge carrier mobility by tuning lattice
distortions and reducing polaron trapping. However, this
improvement in o does not directly correlate with the trends
observed in o, reaffirming that optical and electrical conduc-
tivities probe distinct aspects of carrier dynamics.

Similar findings were reported by L. H. Omari et al”® in
Ca;Ti,_Fe,O,_;, where g, was consistently lower than o,
highlighting the independence of optical absorption and direct
current transport efficiency.

Overall, the combination of high optical conductivity and
moderate electrical conductivity in LSMN compounds under-
scores their potential for optoelectronic devices, including
photodetectors, solar energy converters, and spintronic compo-
nents. The ability to tailor their transport and optical responses
via controlled doping offers a promising route toward
application-specific optimization.

3.8 Dielectric constant

The optical dielectric response of LSMNO and LSMN1 materials
was evaluated based on the complex dielectric function defined
by eqn (20):""

e()) = &/(2) + ie" (1) (20)

where the real part ¢'(1) represents the material’s ability to
polarize under an external electric field (linked to light slowing
and energy storage), while the imaginary part ¢’(1) quantifies
optical losses due to light absorption, often associated with
interbond transitions or localized electronic states. These com-
ponents are calculated from the refractive index n(Z) and
extinction coefficient k(1) using the standard relations:*®

¢'(2) = n%(A) — K¥(A); &"(%) = 2n(A)-K()) (21)
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and the optical loss tangent, which indicates dielectric effi-
ciency, is given by:”*
&) 2n(2)-K

t“@:wm:mmfé

4)
(4)

(22)

Experimental analysis of the dielectric spectra ¢’(hv) and
tan 6(hv) (within the 0-6 eV energy range) (Fig. 13(a)) reveals a
clear distinction between the two samples. LSMNO exhibits a
pronounced ¢’ peak in the low-energy range (0.5-1.5 eV), reach-
ing values above 8 x 10~°, suggesting strong optical absorption
caused by a high density of localized states or crystal defects
near the band edge. In contrast, LSMN1 (co-doped with Ni and
Ca) shows significantly reduced ¢” values, reflecting improved
crystallinity and lower structural disorder. This reduction in &’
for LSMN1 directly correlates with the suppression of Jahn-
Teller distortions and defect-related states evidenced by Raman
spectroscopy and XRD, indicating that the co-doping stabilizes
the lattice and minimizes electronic inhomogeneities. Conse-
quently, fewer trap-assisted transitions occur, leading to
reduced dielectric losses. This trend is further supported by
the behavior of tand, which remains consistently lower for
LSMN1, particularly below 2 eV, indicating lower energy dis-
sipation relative to its dielectric polarization a desirable feature
for optoelectronic applications. Although the real part &
(Fig. 13(b)) ranges between approximately 2.1 and 2.6 for both
samples, their spectral behaviors differ: LSMNO shows a peak
near 1.8-2.0 eV, pointing to strong low-energy polarization,
while LSMN1 exhibits more prominent ¢ values at higher
energies, consistent with its wider optical band gap (estimated
at 3.24-3.46 eV for LSMN1 vs. 1.49-1.61 eV for LSMNO), imply-
ing a shift of interbond transitions toward the UV region due to
the modified electronic structure induced by doping.

This upward shift in ¢'(Av) for LSMN1 indicates that the
main electronic polarization mechanisms are now dominated
by higher-energy charge-transfer transitions (Mn/Ni-O hybrid
orbitals), confirming that co-doping enhances the covalency
and reduces carrier localization. As a result, dielectric polariza-
tion becomes more efficient and less lossy, in line with the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optical transparency improvement noted previously. Function-
ally, LSMNO could be suited for dielectric applications such as
IR-range capacitors or components where high low-energy
polarizability is needed; however, its higher optical losses
(larger ¢’ and tand) limit its performance in transparent
devices. On the other hand, LSMN1 achieves an optimized
balance between high dielectric response and low absorption
losses, with reduced ¢’ and minimal tan J, making it a strong
candidate for photonic and optoelectronic devices operating in
the UV-visible range, such as optical windows, filters, or low-
loss layers. In summary, chemical control via Ni/Ca co-doping
offers an effective approach to tailoring the dielectric and
optical behavior by modulating both the polarization capability
and loss mechanisms, thereby enhancing the material’s per-
formance for targeted functional applications.

In the near-infrared domain, the real (¢') and imaginary (¢")
parts of the dielectric permittivity can be described by the
empirical relations:*>”?

e'(1) = My — My2%; &"(2) = M3A° (23)
where M; represents the high-frequency dielectric constant,

Mo,
M= 471526g
M1 a)pz
4m3c3t
tion time. Linear fits of ¢’ versus A* (Fig. 14(a)) and &” versus 2°
(Fig. 14(b)) yield the following parameters.

For LSMNO, the fit of &'(1) gives M; = 2.29788 and M, =
(9.51234) x 10~ ¥ nm?, with a strong correlation coefficient R* =
0.96076. For LSMN1, the corresponding values are M; = 2.24208
and M, = —(7.31204) x 10~ ®nm? (R* = 0.96509). The slight sign
inversion of M, for LSMN1 suggests a subtle modification in the
dispersion trend, potentially arising from local lattice distortions
or changes in carrier screening induced by Ca/Ni co-doping.

For the imaginary part £’(1), the fits yield M3 = (4.68064) X
10" nm® for LSMNO (R* = 0.9957) and M; = (1.27629) x
10 "nm?® for LSMN1 (R* = 0.97447). In both samples,

is related to the plasma frequency w,, and M; =

reflects the dielectric loss factor, where 71 is the relaxa-

© 2026 The Author(s). Published by the Royal Society of Chemistry

¢’ remains significantly smaller than ¢ across the spectral

range investigated, indicating that dielectric losses are minimal
and that light propagation through the material occurs with
limited energy dissipation. The higher M; value observed in
LSMN1 can be attributed to faster dielectric relaxation and
improved carrier mobility within the lattice, reflecting a more
coherent polarization response to optical excitation. The inver-
sion of M, also points to a possible shift in the dominant
polarization mechanism, from defect-assisted in LSMNO to
interbond-driven in LSMN1.

The high R? values for all fits confirm the validity of eqn (23)
for modeling the dielectric behavior in the near-infrared region.
The combination of high ¢’ values and low ¢” values highlight
the capability of these manganite systems to store electromag-
netic energy efficiently while minimizing absorption losses,
which is desirable for photonic and optoelectronic applica-
tions. Overall, the near-IR dielectric modeling corroborates that
Ni/Ca co-doping enhances dielectric stability and optical trans-
parency by modifying the free-carrier screening and reducing
defect-mediated polarization. The consistent trends across ¢/,
¢’, tan 9, and M-parameters demonstrate that structural ordering
and bandgap widening jointly govern the improved dielectric
performance of LSMN1.

4. Conclusion

In this study, we carried out an in-depth analysis of the
structural, vibrational, optical, electrical, and dielectric proper-
ties of nanocrystalline LSMNO and its Ca/Ni co-doped counter-
part LSMN1, synthesized via a modified sol-gel route. Rietveld
refinement of the XRD patterns confirmed the retention of the
rhombohedral R3¢ symmetry in both compositions, with slight
variations in lattice parameters, Mn-O bond lengths, and Mn-
O-Mn bond angles after co-doping. These changes, supported
by FTIR and Raman results, indicate a reduction in Jahn-Teller
distortions and an enhancement of crystallinity, as reflected by

Mater. Adv,, 2026, 7,1046-1065 | 1061
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the crystallite size increase from ~40 nm in LSMNO to ~75 nm
in LSMN1.
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Optical investigations revealed a pronounced widening of
the band gap (from 1.49 eV to 3.46 eV), a substantial decrease in
Urbach energy (from 1.62 eV to 0.96 eV), and a refinement of
refractive index dispersion, all pointing to reduced electronic
disorder and improved optical quality. The analyses based on
Wemple DiDomenico and Cauchy models further confirmed a
stronger oscillator strength and tunable refractive index in the
co-doped sample.

Beyond the optical response, transport and dielectric measure-
ments highlighted additional benefits of Ca/Ni co-substitution.
The optical conductivity reached values on the order of 10° 77,
while the electrical conductivity o] was moderately improved in
LSMN1, suggesting enhanced carrier mobility through reduced
polaron trapping. Dielectric studies showed that LSMN1 exhibits
lower dielectric losses (smaller ¢’ and tan J) and a more stable
real permittivity ¢’ across the visible-NIR range, demonstrating
improved dielectric efficiency. This balance between strong
dielectric response and minimized optical losses makes the
material particularly suitable for transparent optoelectronic
and photonic applications.

Overall, the dual substitution at the A-site (Ca®") and B-site
(Ni**) lead to improved crystallinity, wider band gap, enhanced
optical transparency, higher optical conductivity, and reduced
dielectric losses, while maintaining phase stability. These com-
bined improvements establish low-level Ca/Ni co-doping as a
promising strategy for tailoring the multifunctional properties
of perovskite manganites, with potential applications in UV-Vis-
NIR optoelectronic devices, transparent conducting films, and
low-loss dielectric components.
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