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electronic, optical,
thermoelectrical and magnetic properties of
manganite perovskites via DFT calculations and
critical exponent analysis

Line Karoui, *a Ala Eddin Mabrouki,b Taoufik Mnasri, a Anna Bajorek c

and Mourad Smari b

Samples of La0.8Sr0.2Mn0.8Co0.2O3 were synthesized using the sol–gel method at different gelation

temperatures to study their electronic, optical, thermoelectric and magnetic properties. Electronic

structure calculations for the spin-down configuration reveal a p-type semiconducting behaviour with

an indirect band gap of 3.44 eV, while the spin-up configuration exhibited metallic behaviour. Density of

states analysis shows a clear spin asymmetry and significant Mn–Co–O hybridization near the Fermi

level. The optical results present a high static dielectric constant and strong ultraviolet absorption below

300 nm, with a derived band gap of 3.44 eV, consistent with band structure analysis. The power factor

increased steadily with temperature, suggesting suitability for thermoelectric use at high temperatures.

Magnetic characterization using modified Arrott plots, Kouvel–Fisher analysis and scaling hypothesis

enables determination of the critical exponent, suggesting short-range ferromagnetic interactions or

mixed-range magnetic ordering depending on the gelation temperature.
1 Introduction

Perovskite oxides of the type LaMO3 (where M = Mn or Co)
exhibit a wide range of intriguing properties driven by the
strong coupling between charge, spin, orbital and lattice
degrees of freedom. The parent compound, LaMnO3, is known
for its antiferromagnetic behaviour due to the cooperative Jahn–
Teller distortion and orbital ordering of Mn3+ ions.1

Partial substitution of La3+ with Sr2+ introduces Mn4+

species, enhancing double-exchange interactions and leading
to a transition towards ferromagnetic to metallic states.2,3 In
contrast, LaCoO3 shows a series of spin-state transitions in Co3+

ions, inuenced by temperature and doping, as the system
varies from low-spin to intermediate- or high-spin
congurations.4,5

The composition La0.8Sr0.2Mn0.8Co0.2O3 (LSMCO) combines
both Mn and Co at the B site and Sr at the A site, allowing
simultaneous tuning of electronic structure and magnetic
interactions. The complexity arising from the Mn–Co interac-
tions and mixed valence states makes this system particularly
attractive for exploring correlated electronic and magnetic
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phenomena. Recent work has shown that even synthesis
parameters, such as the gelation temperature, can signicantly
inuence the magnetic and magnetocaloric properties of
similar perovskites, indicating their sensitivity to subtle struc-
tural variations.6

From a theoretical perspective, density functional theory
(DFT), especially when enhanced with Hubbard corrections or
hybrid functionals, has proven effective in describing the elec-
tronic structure of these materials. Earlier investigations on
LaMnO3 have demonstrated how orbital ordering and lattice
distortions affect magnetic ordering,7 while investigations on
LaCoO3 have underlined the importance of selecting appro-
priate exchange correlation functionals to capture spin-state
energetics accurately.8

The interplay betweenMn and Co in systems such as LSMCO
is expected to introduce additional electronic complexity,
including strong hybridization effects and spin polarization
near the Fermi level, which can be effectively explored through
DFT + U approaches.9,10

In order to identify the predominant interaction mecha-
nisms, it is imperative to perform a comprehensive analysis of
the magnetic transition. This is typically done by extracting
critical exponents (a, b, and g) from magnetization measure-
ments near the Curie temperature. These parameters allow
classication of the transition within a universality class,
reecting whether the behaviour is closer to a mean eld, 3D
Ising, 3D Heisenberg or tri-critical mean eld model. Previous
© 2026 The Author(s). Published by the Royal Society of Chemistry
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studies on related compounds, such as La0.88Sr0.12MnO3 (ref 11)
and La0.8Ca0.2Mn1−xCoxO3,12 have shown how cation substitu-
tion and local disorder can shi the critical behaviour and even
lead to tri-critical phenomena.13,14

In our previous work, the effect of the gelation temperature
on the structural, magnetic and magnetocaloric properties of
La0.8Sr0.2Mn0.8Co0.2O3 was systematically investigated,
revealing a strong dependence of these properties on synthesis
conditions.6 However, the microscopic origin of these varia-
tions, especially from an electronic structure perspective,
remains to be fully elucidated.

To bridge this gap, in this present study, we investigate the
electronic and magnetic properties of La0.8Sr0.2Mn0.8Co0.2O3

prepared at different gelation temperatures. Spin-polarized DFT
calculations are used to model the electronic structure and
evaluate the optical and thermoelectrical properties, while the
nature of the magnetic phase transition is analyzed through
critical exponent analysis, building on the magnetic character-
ization previously reported for the same compound.6

2 Experimental

Three La0.8Sr0.2Mn0.8Co0.2O3 compounds, designated LS1, LS2
and LS3, were prepared using a sol–gel method. Appropriate
stoichiometric amounts of La(NO3)3$6H2O, Sr(NO3)2, MnO2,
and hydrated cobalt carbonate (CH2CoO4) were used as starting
materials. Citric acid was added as a chelating agent to ensure
the homogeneity of the solution.

The precursors were dissolved in distilled water under
continuous stirring until a homogeneous solution was ob-
tained. Upon heating, the solution transformed into a gel,
which further evolved into a resin. The gel formation tempera-
ture was xed at 70 °C, 90 °C and 300 °C, respectively, during
the preparation process, as indicated in our previous work.6

The obtained gels were heated at 300 °C to remove residual
organic matter and yield a powder. The powders were then
ground for 30 minutes to improve the homogeneity, followed by
calcination at 600 °C for 24 hours in air. Aer a second grinding
step, a nal sintering was carried out at 900 °C for 24 hours in
air to ensure phase formation and crystallinity.

The crystal structures of the obtained samples LS1, LS2 and
LS3 were determined with an X-ray diffractometer using
a characteristic wavelength of copper l(Cu) = 1.54056 Å, at
room temperature. The diffractograms obtained show that
samples LS1, LS2 and LS3 crystallize in a rhombohedral struc-
ture with space group R�3C and do not exhibit any secondary
phase.

3 Computational details

Density functional theory describes the electronic structure of
a material in its ground state at zero temperature. As the LS1,
LS2 and LS3 samples correspond to the same compound,
La0.8Sr0.2Mn0.8Co0.2O3, and crystallize in the same structural
phase, a single representative DFT calculation is sufficient.

For a reliable numerical study of La0.8Sr0.2Mn0.8Co0.2O3

manganite, structural parameters obtained from the X-ray
© 2026 The Author(s). Published by the Royal Society of Chemistry
diffraction renement were used. A 1 × 1 × 5 supercell con-
taining 24 La atoms, 6 Sr atoms, 24 Mn atoms, 6 Co atoms, and
90 O atoms was adopted. The calculations were performed
using the full potential linearized augmented plane wave (FP-
LAPW) method implemented in the Win2k soware.

The exchange-correlation effect was treated within the
Generalized Gradient Approximation (GGA) using the Perdew–
Burke–Ernzerhof (PBE) functional. The nature of the localized
Mn and Co d electrons was addressed by applying an on-site
Coulomb correction using the Hubbard U approach, with an
effective value of Ueff = 4.0 eV and 5.5 eV for Mn and Co,
respectively.

A ferromagnetic ordering between the Mn and Co moments
was adopted. Calculations were performed using 2000 k-points
for Brillouin zone integration and an Rkmax value of 7, where R is
the smallest muffin-tin radius, and kmax is the plane-wave
cutoff.

The self-consistent eld (SCF) calculations were stabilized
and considered converged when the charge difference between
iterations was less than 0.001e− and the total energy difference
was below 10−5 eV. The muffin-tin radii ‘Rmt’ values were set to
2.38, 2.20, 1.80, 1.80 and 1.61 a.u for La, Sr, Mn, Co and O
atoms, respectively.

The thermoelectric properties of La0.8Sr0.2Mn0.8Co0.2O3 were
investigated in the temperature range from 20 K to 1200 K using
Boltzmann transport theory as implemented in the BoltzTrap
code within the constant relaxation time approximation.15 The
calculated transport coefficients correspond to s/s and ktot/s,
where s is assumed to be constant.
4 Results and discussion
4.1 Electronic structure

Fig. 1 depicts the band structure of the La0.8Sr0.2Mn0.8Co0.2O3

compound in both spin-up and spin-down congurations.
According to the spin-down conguration, the La0.8Sr0.2Mn0.8-
Co0.2O3 sample exhibits a p-type semiconducting behaviour
with an indirect energy gap Eg = 3.44 eV. However, in the spin-
up conguration, where there is an overlap between the valence
and conduction bands, it exhibits metallic properties. The
presence of these features indicates the semi-metallic nature of
the sample.16

To understand the mobility and behaviour of the holes and
electrons in the compound, their effective masses were calcu-
lated using the following expression:17

1

m*
¼ 1

ħ2
� d2E

dk2
(1)

The thermal velocities were derived from static physics by
the equation below:17

Vth ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3KBT

m*

r
(2)

The electron and hole densities were obtained from the
following equations:17
RSC Adv., 2026, 16, 22672–22686 | 22673
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Fig. 1 Calculated electronic band structures of the La0.8Sr0.2Mn0.8Co0.2O3 compound for both spin-down and spin-up states.

Fig. 2 Calculated total density of states for La0.8Sr0.2Mn0.8Co0.2O3 in
both spin-up and spin-down states.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

5:
49

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
n ¼ 2

�
2pm*

eKBT
�3=2

h3
exp

�
� EC � EF

KBT

�
(3)

p ¼ 2

�
2pm*

hKBT
�3=2

h3
exp

�
� EV � EF

KBT

�
(4)

The results of effective masses, thermal velocities, and
densities of electrons and holes are summarized in Table 1.

The signicantly higher mass of holes suggests lower hole
mobility compared to electrons, and the corresponding thermal
velocity values conrm that electrons are indeed more mobile.
However, the calculated carrier concentrations indicate p-type
character as the hole density exceeds the electron density.

Fig. 2 shows the total density of states of the sample La0.8-
Sr0.2Mn0.8Co0.2O3. An asymmetry between the density of states
for spin-up and spin-down congurations is evident, indicating
the ferromagnetic behaviour of the sample, which has already
been determined experimentally.6

The partial density of states (PDOS) of each atom is pre-
sented in Fig. 3 to provide a better understanding of the elec-
tronic structure of the sample. As shown in Fig. 3, Mn d and Co
d are the main contributors to the electronic structure in both
spin-up and spin-down congurations around the Fermi
energy. PDOS plots near the Fermi level for the spin-up
conguration show strong hybridization between Mn d, Co
d and O p orbitals. The metallic behaviour of the sample is
attributed to this hybridization, which aligns with previous
studies on transition-metal perovskites, where the electronic
structure is largely governed by the interaction between
transition-metal d-states and oxygen p-states.6,18 In manganite-
Table 1 Electronic parameters obtained via DFT calculations for La0.8Sr

Eg (Ev) m*
eðmeÞ m*

hðmeÞ Veth(m s−1) Vhth (m s−1)

3.44 0.484 1.679 1.6787 × 105 9.0156 × 104

22674 | RSC Adv., 2026, 16, 22672–22686
based systems, the MnO6 octahedra undergo Jahn–Teller
distortions,1 leading to the splitting of the 3d orbitals into t2g
and eg states.19 The resulting high density of hybridized eg-O2p

states near EF facilitates electron hopping between neighboring
Mn and Co sites through the oxygen bridge. This behaviour is
consistent with a double-exchange-like mechanism, in which
the delocalization of eg electrons contributes to the alignment
of localized spins and thus inuences the magnetic order of the
system.6,20
0.2Mn0.8Co0.2O3

NC (m−3) NV (m−3) n (m−3) p (m−3)

8.4236 × 1024 5.4382 × 1025 1.0948 × 10−4 7.0844 × 10−4

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Total density of states (DOS) of La0.8Sr0.2Mn0.8Co0.2O3 in the spin-up and spin-down states, (b–f) calculated partial density of states
(PDOS) in the spin-up and spin-down states for atom La, atom Sr, atom Mn, atom Co, and atom O, respectively.
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4.2 Optical properties

Owing to the rhombohedral symmetry of the La0.8Sr0.2Mn0.8-
Co0.2O3 system, the optical responses along the XX and YY
directions are identical; therefore, only the XX and ZZ compo-
nents are considered. The real and imaginary parts of the
dielectric function were analyzed, in the eld of linear optics,
using the relation of the Kramers–Kronig dened as:21

3(u) = 31(u) + i32(u) (5)

The dielectric function is derived from interband transitions
between occupied and unoccupied electronic states, as ob-
tained from density functional theory calculations,22 a method-
ology widely used for previous perovskite compounds.23

The complex dielectric function is directly related to the
complex refractive index:24

ñ = n + ik (6)

where n is the refractive index and k is the extinction coefficient.
The relation between the quantities is expressed as 31 = n2

−k2 and 32 = 2nk, where 31(u) describes the dispersion of the
electromagnetic radiation aer interaction with the surface of
the material and therefore the polarization of light, while 32(u)
accounts for the absorption of electromagnetic radiation inci-
dent on the material.25

Important optical constants, such as the refractive index,
n(u), the extinction coefficient, k(u), and the real part of optical
© 2026 The Author(s). Published by the Royal Society of Chemistry
conductivity, Re[s(u)], are directly related to 31(u)and 32(u)
through the Kramers–Kronig relations, providing a complete
description of the material's optical response.21,26

nðuÞ ¼
�
1
. ffiffiffi

2
p �

�
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

31ðuÞ2 þ 32ðuÞ2
q

þ 31ðuÞ

1=2

(7)

kðuÞ ¼
�
1
. ffiffiffi

2
p �

�
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

31ðuÞ2 þ 32ðuÞ2
q

� 31ðuÞ

1=2

(8)

Re sðuÞ ¼ u32ðuÞ
4P

(9)

During the calculations, a Lorentzian interband broadening
parameter (G) of 0.1 eV was applied to account for the nite
lifetime of the excited states and to produce smooth optical
spectra without excessive smearing. The Drude damping
parameter was set to 0.2 eV, chosen consistently with the
interband broadening to ensure a physically coherent descrip-
tion of the low-energy intraband optical response.

The real part 31, shown in Fig. 4a, exhibits a high static
dielectric constant 31(0), highlighting the low-frequency polar-
izability. This behaviour originates from the signicant
hybridization between O 2p and transition-metal (Mn/Co) 3d
orbitals, which enhances the electronic delocalization, a char-
acteristic feature of perovskite oxide materials.27,28 A sharp drop
in 31 is observed, crossing zero and becoming negative around
0.803 eV, reaching a local minimum indicative of plasma
RSC Adv., 2026, 16, 22672–22686 | 22675
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Fig. 4 Directional optical properties along the XX and ZZ directions of La0.8Sr0.2Mn0.8Co0.2O3: (a) real part of the dielectric constant, (b)
imaginary part of the dielectric constant, (c) refractive index, and (d) extinction coefficient.
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frequency. Beyond this point, 31 increases to 4.884 eV before
gradually decreasing and becoming negative at around
8.776 eV, pointing to a strong reectivity typical of optical
metals.29,30

The imaginary part 32, presented in Fig. 4b, representing the
optical absorption of our sample, shows distinct peaks E1, E2, E3
Fig. 5 Calculated optical properties of La0.8Sr0.2Mn0.8Co0.2O3: (a) absorp
the linear extrapolation of the Tauc plot used to estimate the optical ba

22676 | RSC Adv., 2026, 16, 22672–22686
and E
0
3. The prominent low-energy peak E1, around 0.286 eV,

arises from transitions between partially occupied Mn/Co 3d
states near the Fermi level, consistent with the metallic behav-
iour inferred from the electronic density of states. The other
three peaks E2, E3 and E

0
3, observed near 6 eV, 8.149 eV and

8.667 eV, respectively, correspond to higher energy transitions
tion coefficient, (b) Tauc plot for band gap determination, inset shows
nd gap, and (c) optical conductivity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Calculated thermoelectric properties of La0.8Sr0.2Mn0.8Co0.2O3: (a) electrical conductivity per relaxation time s/s, (b) determination of
activation energy Ea using the Arrhenius relation, (c) total thermal conductivity per relaxation time ktot/s, (d) the Seebeck coefficient S, with an
inset showing the Hall coefficient, (e) the dimensionless figure of merit ZT and (f) the power factor PF.
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from deeper valence states to the conduction band.31 The
progressive decrease of 32 beyond∼9 eV indicates a reduction in
optical absorption and a subsequent trend to an optical trans-
parency regime.

These observations are mirrored in the behaviour of the
refractive index n, as shown in Fig. 4c, which reaches a sharp
maximum of approximately 6.5 around 0.15 eV for both XX and
ZZ directions, reecting strong electronic polarizability and
a high density of states near the Fermi level. Then, n decreases
rapidly aer this peak below 2 eV, which indicates the start of
strong optical absorption. Between 2 and 8.5 eV, n shows
a secondary broad maximum typically arising from multiple
overlapping interband transitions, involving deeper electronic
states. Beyond 10 eV, the refractive index steadily decreases,
indicating reduced absorption and an evolution towards an
optical transparency regime.32

The extinction coefficient k, presented in Fig. 4d, further
conrms these features, exhibiting a strong absorption peak
near 0.367 eV (XX direction), which is in agreement with the low-
energy peak observed in 32. Additional peaks at 6.408 eV,
9.265 eV and 11.388 eV were observed, attributed to higher
energy interband transitions.32 The gradual decrease in k
beyond 11.5 eV supports the start of a transparency regime at
© 2026 The Author(s). Published by the Royal Society of Chemistry
high photon energies. Overall, the moderate but persistent
difference in anisotropy observed for 3, n, and k across the
energy spectrum conrms a directionally dependent optical
response due to structural distortions.

The absorption coefficient a was computed from the
complex dielectric function through the following relation:33

aðuÞ ¼
ffiffiffi
2

p
u

C

	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ


1=2
(10)

The frequency-dependent optical response is essential for
evaluating the performance of the material in optoelectronic
applications.34 Fig. 5a displays the absorption coefficient a as
a function of wavelength l along the XX and ZZ directions. A
pronounced increase is observed in the ultraviolet region below
300 nm, reecting strong absorption in this spectral range.

Fig. 5b presents the Tauc plot in which (ahn)1/2 is plotted as
a function of photon energy (hn), for materials with indirect
allowed transitions,35 following the relation:

(ahw)1/2 = C × (hw − Eg) (11)

where C is a constant, hw is the photon energy, and Eg is the
band gap energy.
RSC Adv., 2026, 16, 22672–22686 | 22677
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Fig. 7 Modified Arrott plotsM1/b vs. (H/M)1/g for LS1 based on differentmodels: (a) mean fieldmodel, (b) 3D Heisenbergmodel, (c) 3D Isingmodel
and (d) tri-critical mean-field model.
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From the linear extrapolation of the absorption plot to the
energy axis, the energy gap is estimated to be approximately
3.436 eV, which is consistent with the value obtained from the
electronic band structure graph (Fig. 1).
Fig. 8 Modified Arrott plots M1/b vs. (H/M)1/g for LS2 based on different
model and (d) tri-critical mean-field model.

22678 | RSC Adv., 2026, 16, 22672–22686
Fig. 5c shows the real part of the optical conductivity as
a function of photon energy, revealing four distinct peaks
located at approximately 0.6 eV, 6.3 eV, 8.7 eV and 11 eV. These
peaks are attributed to interband transitions from occupied to
unoccupied electronic states. Notably, the optical conductivity
models: (a) mean field model, (b) 3D Heisenberg model, (c) 3D Ising

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Modified Arrott plots M1/b vs. (H/M)1/g for LS3 based on different models: (a) mean field model, (b) 3D Heisenberg model, (c) 3D Ising
model and (d) tri-critical mean-field model.
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of our sample increases signicantly in the ultraviolet region,
which is in agreement with the strong absorption observed in
this range.
4.3 Thermoelectric properties

The transport properties can be derived from the band structure
using semi-classical Boltzmann transport theory.36

Fig. 6a illustrates the temperature dependence of the elec-
trical conductivity per relaxation time, s/s, displaying negligible
change at lower temperatures, suggesting minimal thermal
activation of charge carriers. This phenomenon may be asso-
ciated with the limited mobility of charge carriers.

A pronounced rise in electrical conductivity per relaxation
time is observed with increasing temperature, driven by the
enhanced mobility of thermally activated charge carriers, sug-
gesting a semiconducting behaviour. At room temperature, the
electrical conductivity per relaxation time reaches approxi-
mately 7.091 × 1016 S m−1 s−1, which lies within the range re-
ported for oxide perovskite, such as 3.44 × 1019 S m−1 s−1,
reported for Ba0.85S0.15Ti0.85Zr0.15O3,37 and 8.56× 1018 S m−1 s−1

for NaNbO3.38

The temperature dependence of electrical conductivity per
relaxation time was further analyzed through the Ln(s/s) vs. 1/T
plot, shown in Fig. 6b. Two distinct linear regions were identi-
ed, indicating a change in the dominant conduction mecha-
nism. In the low-temperature region (T < 300 K), the extracted
activation energy is approximately 107 meV, while in the high-
temperature region (T > 300 K), the value increased to 150
meV. This change may indicate a possible crossover from small
polaron hopping at low temperatures to thermally activated
© 2026 The Author(s). Published by the Royal Society of Chemistry
band conduction at elevated temperatures, consistent with
previous reports on manganite systems.39,40

The thermal conductivity per relaxation time ktot/s of La0.8-
Sr0.2Mn0.8Co0.2O3, depicted in Fig. 6c, follows a similar trend to
that of electrical conductivity per relaxation time, which is
qualitatively consistent with the Wiedemann–Franz law (k = s

× L × T, where L denotes the Lorentz number).41 It remains
nearly constant at low temperatures and then increases signif-
icantly at higher temperatures. At room temperature, the
thermal conductivity per relaxation time is approximately 6.21
× 1012 W m−1 K−1 s−1, which is consistent with the range of
values reported for oxide perovskites.37,38

Fig. 6d displays the variation of the Seebeck coefficient (S)
with temperature. Between 20 K and 120 K, S exhibits large
negative values, indicating n-type conduction dominated by
electrons, which is supported by the negative sign of the Hall
coefficient presented in the inset of Fig. 6d. This regime is oen
associated with small polaron hopping, commonly observed in
mixed-valence perovskite oxides such as La1−xSrxCoO3 and
La1−xCaxMnO3.42,43

With increasing temperature, S undergoes a sign reversal,
attaining positive values between 140 K and 420 K, which
implies a transition from n-type to p-type conduction. Despite
this sign inversion in S(T), the Hall coefficient remains negative
across the entire temperature range, which may indicate that
electrons remain the dominant carriers, while holes contribute
as minority carriers, a behaviour previously reported in related
cobaltite systems undergoing spin-state or carrier type
transitions.43,44
RSC Adv., 2026, 16, 22672–22686 | 22679
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Fig. 10 Variation of relative slope RS as a function of temperature for (a) LS1, (b) LS2 and (c) LS3 samples.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

5:
49

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Above 440 K, S gradually decreases and becomes negative
again, conrming the re-establishment of n-type conduction at
high temperatures. At room temperature, S reaches a value of
approximately 67.673 mV K−1.

The dimensionless gure of merit ZT ¼ S2sT
k

, which evalu-

ates the efficiency of energy conversion in thermoelectric
materials, is depicted in Fig. 8e. The curve displays a monotonic
behaviour, with a sharp initial peak of approximately 0.32 at 40
K, followed by a signicant drop to a minimum at 120 K and
then a gradual increase with temperature, reaching 0.15 at 1200
K. This upward trend correlates with the increase in power
factor (Fig. 8f) and the thermal conductivity per relaxation time
(Fig. 6c), which is consistent with previous reports on doped
perovskites, where increased carrier mobility and spin-state
transitions contribute to thermoelectric enhancement.45,46

Furthermore, the activation energy derived from the Arrhenius
plot (Fig. 6b) indicates thermally activated transport, suggesting
a potential improvement in thermoelectric performance at
higher temperatures.47

The evolution of the power factor (PF) as a function of

temperature, dened as PF ¼ S2 � s

s
, is depicted in Fig. 6f. The

PF shows a gradual increase with temperature, reaching a value
of 5.92 × 1010 W m−1 K−2 s−1 at 1200 K.
4.4 Critical exponents and scaling analysis

4.4.1 Modied Arrott plots method. Arrott plots assume
that the critical exponents adhere to mean eld theory, where
the critical exponents for spontaneous magnetization, MS(T),
and inverse magnetic susceptibility, c0

−1(T), are typically 0.5
and 1, respectively.48
22680 | RSC Adv., 2026, 16, 22672–22686
For systems with long-range ferromagnetic interactions, the
Arrott plots appear as straight lines parallel to each other in the
immediate vicinity of the Curie temperature.

Thus, in this method, MS and c0
−1 are dened as the points

where the linear segments of the isotherms intersect theM2 (for
T < TC) and H/M (for T > TC) axes, respectively, and the Curie
temperature corresponds to the Arrott plot passing through the
origin.

The Arrott plots of the three samples shown in Fig. 7–9 do
not show a series of parallel lines, as expected for long-range
ferromagnetic order. In contrast, they exhibit non-linear
behaviour, indicating the presence of short-range magnetic
correlations. This suggests that the critical exponents of the
mean-eld model are not suitable for these samples.

To identify the most accurate model describing the phase
transition of the samples, the Arrott–Noakes equation, given by
the following formula, is used:49

(H/M)1/g = a × 3 + b × M1/b (12)

where 3 = (T − TC)/TC is the reduced temperature, a and b are
constants.

Modied Arrott plots, also known as Arrott–Noakes plots, are
a graphical technique used to study the magnetic properties of
materials, in particular to analyse magnetic phase transitions,
and accurately determine critical exponents.

To construct modied Arrott plots, three types of exponents
associated with the following models are used: the 3D Heisen-
berg model (with b = 0.365 and g = 1.336), the 3D Ising model
(with b = 0.325 and g = 1.24), and the mean-eld critical model
(with b = 0.25 and g = 1).50
© 2026 The Author(s). Published by the Royal Society of Chemistry
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As depicted in Fig. 7–9, all the curves show an almost linear
behaviour within the high-magnetic-eld region.

The relative slope RS, dened as RS = S(T)/S(TC),51 can be
used to evaluate and compare the models used to identify the
most appropriate one for each of LS1, LS2 and LS3 compounds,
as shown in Fig. 10. For the most appropriate model, it is
desirable that RS is close to one.

All RS values, except for those of the mean-eld critical
model, appear to be close to one. This suggests that the other
three models may provide better descriptions of magnetic crit-
ical exponents. However, at this stage, the best model for the
three compounds remains uncertain. A precise iterative
method52 was used to condently select the most appropriate
model and determine the critical exponents b and g. This
method involved linear extrapolation of the isotherms in the
high-magnetic-eld region. This extrapolation allowed the
derivation of values for MS(T) and c0−1(T), which represent the
intersections of the extrapolated isotherms with the M1/b and
(H/M)1/g, respectively.

Fitting the data with eqn (13) and (14) gives initial values of
b and g. These initial values were then used to reconstruct
amodied Arrott plot. New values forMS(T) and c0

−1(T) are then
derived by linear extrapolation of the high-eld region. Addi-
tional b and g values are then generated iteratively. This process
continues until the b and g values converge to stability, indi-
cating optimal values for these critical exponents, as shown in
Fig. 11a–c.

MS(T) = MS(0) × (−3)b, for T < TC, 3 < 0 (13)
Fig. 11 Temperature dependence of spontaneous magnetizationMS(T) (
(a) LS1, (b) LS2 and (c) LS3 samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
c0
−1(T) = c0

−1(0) × 3g, for T > TC, 3 > 0 (14)

4.4.2 Kouvel–Fisher method. The critical exponents previ-
ously deduced from the MAP method can be accurately deter-
mined using the Kouvel–Fisher method,53 based on the
following equations:

MS(T)/(dMS(T)/dT) = (T − TC)/b (15)

c0
−1(T)/(dc0

−1(T)/dT) = (T − TC)/g (16)

These equations suggest that MS(T)/(dMS(T)/dT) and c0
−1(T)/

(dc0
−1(T)/dT) are temperature-dependent functions whose plots

are straight lines. The slopes of these functions are 1/b and 1/g,
respectively.

TC is identied as the intersection of the lines with the
temperature axes. As depicted in Fig. 12a–c, linear ts provide
the values of b at TC and g at TC.

In accordance with Widom's scaling law,54 d = 1 + g/b, the
critical exponent d can be derived using the previously deter-
mined values from both the MAP and the Kouvel–Fisher
methods. Table 2 shows the values of the three exponents.

Based on the results presented in Table 2, for the LS1
sample, the b values derived from MAP and Kouvel–Fisher
methods are closer to that of the 3D Heisenberg model (0.365),
while the g values are closer to that of the 3D Ising model (1.24).
This suggests the presence of short-range ferromagnetic inter-
actions between the nanoparticles of LS1.
left) and inverse initial susceptibility c0
−1(T) (right) with fitting curves for

RSC Adv., 2026, 16, 22672–22686 | 22681
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Fig. 12 Kouvel–Fisher plots ofMS(T)/(dMS(T)/dT) (left) and c0
−1(T)/(dc0

−1(T)/dT) (right) with fitting curves for (a) LS1, (b) LS2, and (c) LS3 samples.

Table 2 Comparison of the critical exponents of samples LS1, LS2 and LS3 with the different theoretical models

Model/sample Ref. Method b g d

Mean eld model 55 Theory 0.5 1 3
3D Heisenberg model 55 Theory 0.365 1.336 4.80
3D ising model 55 Theory 0.325 1.24 4.82
Tri-critical mean eld model 55 Theory 0.25 1 5
LS1 sample This work MAP 0.349 1.212 4.473

KF 0.354 1.2026 4.397
CI — — 4.59

LS2 sample This work MAP 0.359 0.953 3.655
KF 0.359 0.927 3.582
CI — — 3.90

LS3 sample This work MAP 0.357 1.090 4.053
KF 0.359 1.091 4.038
CI — — 4.66
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For LS2 and LS3 samples, the b values derived from the MAP
and Kouvel–Fisher methods are closer to that of the 3D Hei-
senberg model (0.365), as for LS1. However, the g values for
both samples are closer to that of the mean-eld model,56 sug-
gesting the presence of both long- and short-range interactions
between the nanoparticles of LS2 and LS3 samples. This could
be attributed to the coexistence of ferromagnetic interactions
via double exchange and antiferromagnetic interactions via
superexchange, as well as the presence of magnetic
inhomogeneities.

4.4.3 The critical isotherm method. The third critical
exponent, d, is determined by tting the critical magnetization
isotherm curve to the applied magnetic eld using the following
equation:57

M = D × H1/d, for T = TC, 3 = 0 (17)
22682 | RSC Adv., 2026, 16, 22672–22686
For greater accuracy, the value of d can also be obtained by
linearly tting ln(M) vs. ln(H), where the slope of this curve is
equal to 1/d.

Fig. 13 illustrates the log–log scale of the isothermal
magnetization M(H) at TC.

From the results presented in Table 2, it can be seen that the
critical exponent d, determined from the critical isotherm, is in
close agreement with the values obtained from the MAP and
Kouvel–Fisher methods.

4.4.4 Validity of the critical exponents. A scaling analysis
can also conrm the validity of the critical exponents and the
obtained Curie temperatures TC. Fig. 14 was plotted according
to the following equation:58

M(H,3) = 3bf±(H/3g+b) (18)

where f− for T < TC and f+ for T > TC are regular functions.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Isothermal magnetization curves at TC for samples (a) LS1, (b) LS2 and (c) LS3. The insets show the determination of the critical exponent
d from ln(M) vs. ln(H) curve at TC.

Fig. 14 Scale diagrams showing two universal curves below and above TC for (a) LS1, (b) LS2 and (c) LS3 samples. Insets display the same curves
on the log–log scale.
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Fig. 14 shows the variation of M × j3j−b vs. H × j3j−(b+g) over
the temperature range around TC using b, g and TC values ob-
tained from the Kouvel–Fisher method.
© 2026 The Author(s). Published by the Royal Society of Chemistry
By applying a logarithmic scale (shown in the inset of
Fig. 14), two distinct branches were observed, one for temper-
atures below TC and a second for temperatures above TC.
RSC Adv., 2026, 16, 22672–22686 | 22683
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These universal curves validate the adherence to the scaling
hypothesis, affirming the signicance of the critical exponent
values obtained in delineating the suitable model for the samples.
5 Conclusion

The results of DFT calculations demonstrated that La0.8Sr0.2-
Mn0.8Co0.2O3 exhibited spin-dependent transport with a p-type
semiconducting behaviour in one conguration and
a metallic behaviour in the other. Optical analysis conrmed its
high dielectric response and ultraviolet absorption. Thermo-
electric investigations demonstrated a thermally activated
carrier transport and a strong power factor at high tempera-
tures. Critical exponent analysis revealed distinct magnetic
behaviours, where LS1 exhibited short-range magnetic behav-
iour, consistent with the 3D Heisenberg model, while LS2 and
LS3 showed mixed short- and long-range interactions.
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