
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:0
8:

14
 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
View Journal  | View Issue
Exploring the str
aLaboratoire de Physique Appliquée, Facult

Tunisia. E-mail: alafss1994@gmail.com
bUniversity of Coimbra, CFisUC, Physics De
cDepartment of Physics, University of Algarv

Cite this: RSC Adv., 2026, 16, 12326

Received 28th December 2025
Accepted 9th February 2026

DOI: 10.1039/d5ra10066f

rsc.li/rsc-advances

12326 | RSC Adv., 2026, 16, 12326–12
uctural, magnetic, and optical
properties of multifunctional Ni0.4Mn0.6Cr2O4

spinel chromite toward optoelectronic innovation

Ala Ben Abderrazak Hajji, *a Ahmed Dhahri, b Radhia Dhahri, a

Essebti Dhahri a and Jose F. M. L. Marianoc

The field of non-linear optics is still progressing and having an impact on various sectors; its potential is

especially suitable for optoelectronics and photonics. Herein, a pure-phase spinel chromite

Ni0.4Mn0.6Cr2O4 (NMCO) is successfully synthesized via the sol–gel route. Various characterization

techniques are used for analysis, such as room-temperature X-ray diffraction, vibrating sample

magnetometry (VSM) and UV-visible/NIR infrared spectroscopy. Structural analysis confirms the purity

and indicates the crystallographic cubic phase with the Fd�3m space group of the studied NMCO sample.

Analysis of 3D-electron density mapping reveals that heavier nickel and manganese ions are expected to

scatter more X-rays than lighter chromium ions. In a magnetic study, second-order magnetic transition

from the ferrimagnetic state to the paramagnetic state occurs at around 39 K. Field-cooled M–H

hysteresis measurement at 5 K reveals hard ferrimagnetic behaviour, thus holding great potential for

permanent magnet manufacturing. Optical analysis, discussed in terms of absorbance as well as

reflectance measurements, reveals the semiconducting behaviour of the studied NMCO sample with

a direct optical band gap of around 1.72 eV. Further analysis of the optical constants—including refractive

index, extinction coefficient, optical conductivity, and dielectric parameters—was carried out to gain

deeper insight into the electronic transitions. The dispersion behaviour is analysed using the Wemple–

DiDomenico theoretical approach. The non-linear optical response of the Ni0.4Mn0.6Cr2O4 material

demonstrates considerable potential for its use in numerous non-linear devices, including fiber optics,

optical modulators and optical switches.
1 Introduction

In the era of rapidly evolving technology, there has been a great
surge of interest in developing smaller smart technologies as
well as lead-free, efficient energy devices associated with
advances in magnetic and optoelectronic functionalities over
the last two decades. The enhancement of functionalities of
such devices requires the development of multifunctional
materials that are cost-effective and easy to synthesize and
exhibit adjustable optical characteristics. In this context, the
use of oxide and mixed-oxide powders in structural ceramics is
becoming increasingly popular among researchers because of
their high reactivity and low synthesis temperature.1 Transition-
metal-based spinel oxides constitute an important class of
smart materials that have attracted considerable interest due to
their remarkable properties, including high thermal and
chemical stability, strong mechanical resistance,
é des Sciences, Université de Sfax, 3000,
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347
superparamagnetic behavior, and selective catalytic activity.2

The word “spinel” is used to describe a class of materials that
adopt the chemical formulation MeB2O4 and possess a face-
centred cubic (FCC) structure. These compounds exhibit the
classic spinel arrangement observed in the mineral called
MgAl2O4, where a divalent Me2+ cation (Ni2+, Cu2+, Zn2+, Cd2+,
etc.) is situated in a tetrahedral site (8a), whereas the trivalent
oxidation state B3+ cation (Mn3+, Fe3+, Cr3+, Co3+, Ti3+, etc.) is
octahedrally coordinated (16d).3,4 In a similar structure, 32
oxygen anions are densely packed within a cubic arrangement
where eight divalent oxidation state cations are distributed to
the tetrahedral A-site, whereas sixteen trivalent B cations are
octahedrally coordinated, occupying therefore one-eighth and
one-half of the tetrahedral and octahedral locations, respec-
tively.5 This arrangement thus provides eight units for every
cubic cell [(A2+)8 (B3+)16(O

−2)32]. These compounds exhibit
widespread applications as supercapacitors and energy-storage
devices,6 in biomedicine,2 photovoltaics,7 gas sensors,8 selective
solar absorbers and photocatalysts.

Based on the cationic distribution, the spinel family can be
divided into three principal categories: inverse, mixed and
normal. Being part of the normal category, spinel-like
© 2026 The Author(s). Published by the Royal Society of Chemistry
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chromites adopting the chemical formula MeCr2O4 have drawn
continuous interest in the research eld thanks to their
remarkable physicochemical properties, including structural
stability,9 hard ferrimagnetic behaviour,10 high resistivity and
high chemical stability. During the last decade, interest in
spinel chromite materials has been growing exponentially as
a promising class of materials for permanent magnets,11

microwave-absorption devices,11 optoelectronic devices,12

photovoltaics, potential antimicrobials,13 as pigments for
potential use within concentrated solar power solar selective
coatings14 and for magnetic switching.15,16 Chromium-based
spinel compounds demonstrate a variety of magnetic behav-
iours, including ferrimagnetism or antiferromagnetism,
depending on the nature of the cation occupying the tetrahedral
site and its interactions with the nearest-neighbouring
cations.17 In this context, various studies have been conducted
by adopting appropriate substitutions in order to enhance the
magnetic response of NiCr2O4. Pandey and his co-workers18

studied the effect of iron doping in NiCr2−xFexO4 on its cationic
distribution and magnetic behaviour. They demonstrated that
iron substitution leads to a signicant increase in saturation
magnetization accompanied by a remarkable reduction in
coercivity. Similarly, Vanasundari et al.19 investigated the effect
of doping small amounts of rare-earth element gadolinium (Gd)
on the magnetic response of NiCr2−xGdxO4. As a result, higher
saturation magnetization values were reached at lower remnant
magnetization and coercivities.

In terms of optical properties, NiCr2O4 spinel chromites have
been identied to possess relatively high bandgap energies (2.7–
3.28 eV),20–22 making them particularly suitable for photo-
catalytic applications. Consequently, owing to the higher band
gap energies of NiCr2O4 chromites, they mainly absorb UV
photons. While solar light predominantly consists of a minimal
proportion of UV photons, accounting for approximately 5% of
the total light energy, room-light lamps primarily emit visible
photons. In order to expand the spectral response of NiCr2O4

chromite to include visible light, it is necessary to decrease its
band gap energy. In fact, smaller band gaps indicate higher
absorption of visible light in photocatalytic reactions. The
purpose of this study is to investigate the optical properties of
NiCr2O4 chromite through partial substitution of Mn in the A-
tetrahedral site. We have employed the sol–gel method to
synthesize Ni0.4Mn0.6Cr2O4 spinel chromite and investigated its
structural, elastic, and optical properties. The sol–gel method is
a signicant approach employed for the synthesis of pure spinel
chromite with precise control over its chemical composition
and grain size. This technique offers numerous advantages,
including reduced calcination times, lower processing temper-
atures, improved material homogeneity, and high purity of the
synthesized materials. By adjusting various parameters such as
the pH of the initial solution, concentration, calcination time,
and calcination temperature, the sol–gel synthesis can further
enhance the properties of the spinel chromite.

Taking into consideration the promising ndings above,
within this framework, we attempt to enhance the magnetic
response of Ni-based chromite through 0.6%manganese (Mn2+)
substitution within the A-site. Since the divalent Mn2+ ion
© 2026 The Author(s). Published by the Royal Society of Chemistry
exhibits an effective magnetic moment (z5 mB) signicantly
higher than that of the Ni2+ ion (z2.8 mB), the magnetization is
expected to be improved. Furthermore, the ionic radius of Mn2+

(0.83 Å) is larger than that of Ni2+ (0.69 Å), which is expected to
have a signicant effect on the structural, microstructural, and
optical behaviours. This study reveals signicant results for the
as-prepared samples. Notably, the studied Ni0.4Mn0.6Cr2O4

spinel chromite sample demonstrated a lower bandgap energy
compared to NiCr2O4 chromites. This suggests the potential for
improved visible-light absorption of NiCr2O4 chromite through
the substitution of Mn2+, which could be useful in optoelec-
tronic applications.

2 Experimental

Ni0.4Mn0.6Cr2O4 spinel chromite was synthesized via a sol–gel
route (Fig. 1). Stoichiometric amounts of high-purity precursors
(Sigma-Aldrich) were used: manganese di-nitrate tetrahydrate
[Mn (NO3)2$4H2O], nickel di-nitrate hexahydrate [Ni
(NO3)2$6H2O], and chromium tri-nitrate nonahydrate [Cr
(NO3)3$9H2O]. The salts were dissolved in 60 mL of distilled
water under magnetic stirring at 80 °C until a homogeneous
solution was obtained. Citric acid monohydrate (C6H8O7) was
added as a complexing agent in a 1 : 1 molar ratio with respect
to the metal nitrates, followed by ethylene glycol (C2H6O2) as
a polymerization agent. Themixture was heated at 180 °C for 2 h
under continuous stirring, yielding a dark gel. The gel was dried
overnight at 300 °C and then ground and calcined at 600 °C for
6 h to remove residual organics, followed by slow cooling to
room temperature. To promote reaction completion and grain
crystallization, the resulting powder was pelletized, reground,
and sintered at temperatures between 600 and 900 °C.

3 Results and discussion
3.1 Structural study

In accordance with previous research, Mn2+ as well as Ni2+ ions
are found to reside within the tetrahedral A-site, whereas the
trivalent Cr3+ cation is dispersed throughout the octahedral B-
site. The appropriate cationic distribution for the studied
NMCO sample can therefore be represented as
[Mn0.6

2+Ni0.4
2+]tetra[Cr2

3+]octaO4
2−.23–25 In a similar structure, the

number of unit cells is 8 as a result of the octahedral and
tetrahedral sites being half-lled and one-eighth lled, respec-
tively. In the current study, we consider the degree of inversion
to be zero. The major peaks within the diffraction pattern
located at the 2q angular positions 30.050°, 35.279°, 37.511°,
42.319°, 53.267°, 56.927°, 62.470°, 65.616°, 70.790°, 73.814°,
74.818°, 78.765°,87.211°, 89.408°, 94.219°, 104.951°, 105.961
and 110.111° are identied using the Match 3 soware and can
be indexed, respectively, to the (220), (311), (222), (400), (422),
(511), (440), (531), (620), (533), (622), (444), (642), (731), (800),
(820), (751) and (662) Bragg reections typical of spinel crys-
talline symmetry. All distinguishable diffraction lattice planes
are found to match perfectly with the standard JCPDS data le
[JCPDS card no. 77-0007]26 of the single-phase Ni0.4Mn0.6Cr2O4,
which belongs to the normal spinel structure with (Fd�3m) space
RSC Adv., 2026, 16, 12326–12347 | 12327
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Fig. 1 Schematic of the synthesis of Ni0.4Mn0.6Cr2O4 according to the sol–gel procedure.
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group (No. 227). In Fig. 2, a continuous black line represents the
theoretical XRD pattern, and red circles correspond to the
experimental diffraction pattern. The phase purity of the
powder composition was conrmed by rening the observed
XRD data to a theoretical prole computed using Rietveld
structural renement using the FullProf Suite soware package.
The peak proles were modelled by rening the shape (U, V, W)
Fig. 2 Structural refinement using the Rietveld method for the Ni0.4-
Mn0.6Cr2O4 sample.

12328 | RSC Adv., 2026, 16, 12326–12347
parameters included within a pseudo-Voigt function. Linear
interpolation between sets of points with renable heights was
employed to model the background of the X-ray diffraction
peaks. The occupancy rate of atoms occupying specic Wyckoff
positions (8a) and (16d) and adopting, respectively, the
following fractional atomic coordinates (1/8; 1/8; 1/8) and (1/2;
1/2; 1/2) were rened simultaneously to avoid under-
population of specic crystallographic site, while keeping the
molar stoichiometric ratio of 1 : 1 between A2+ and Cr3+, there-
fore satisfying precisely the estimated cationic distribution
within the normal spinel structure. It should be noted that the
oxygen anions occupying the 32e Wyckoff site in the face-
centered cubic structure are characterized by a free fractional
coordinate (x, x, x). This positional parameter can be rened
simultaneously with the zero shi, lattice parameter a (Å), scale
factor, and prole shape parameters during the Rietveld
renement. The positional oxygen parameter x is associated
with a measure of the level of distortion within the spinel unit
cell.27 Several parameters, including the isotropic displacement
factor (Biso (Å

2)) of each atom and asymmetry parameters, were
taken into consideration to achieve reliable agreement (R-
factors) and the goodness of t (c2), thereby obtaining high
reliability between the experimental and calculated proles.
The computed structural parameters of the studied Ni0.4-
Mn0.6Cr2O4 spinel chromite sample are tabulated in Table SI.1.

By assuming that n is equal to unity, Bragg's law can be used
to compute the lattice constant in the face-centered cubic
structure, as stated in the following expression:
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a
�
Å
�
¼ lCu

sin q

�
h2 þ k2 þ l2

�1=2
(1)

The estimation of the actual lattice constant a0 (Å) value
requires a rigorous evaluation of the evolution of the experi-
mental lattice value for each diffraction peak with respect to the
extrapolation function FN–R(q) stated by Nelson–Riley, which is
benecial for minimizing both systematic and random errors:28

FN�RðqÞ ¼ 1

2

�
cos2q

sin q
þ cos2q

q

�
(2)

The variation of a (Å) on the y-axis with respect to FN–R(q) on
the x-axis is displayed in Fig. 3. The actual lattice constant a0 (Å)
is estimated from the intercept of the linearly tting data. The
a0 (Å) value is found to agree well with that computed via
Rietveld renement.

Furthermore, the theoretical unit cell parameter ath, derived
from the suggested cation distribution for the analysed sample,
can be expressed in terms of the ionic radii of the tetrahedral A-
site rA and octahedral B-site rB as follows:29

ath

�
Å
�
¼ 8

3
ffiffiffi
3

p
h
ðrA þ rOÞ þ

ffiffiffi
3

p
ðrB þ rOÞ

i
(3)

where rA ¼ P
i
Siri and rB ¼ 1

2

X
i

Siri, Si designate the multi-
plicity of specic positions associated with element i that
exhibit ionic radii ri residing in either a tetrahedral or an
octahedral site. rO refers to the ionic radius of oxygen, which is
approximately 1.38 Å.29 Using the generated value of ath, we can
estimate the positional oxygen parameter using the following
formula:30

u ¼
�

1ffiffiffi
3

p
a
ðrtet þ rOÞ þ 1

4

�
(4)

Within an undistorted cell, the ideal value of x is around
0.25. In accordance with the calculated value of x, it is plausible
Fig. 3 Experimental lattice parameter estimated via the Nelson–Riley
approach.

© 2026 The Author(s). Published by the Royal Society of Chemistry
that the studied structure exhibits a slight distortion, which is
expected in this case as a result of the structural defects.31

Furthermore, the ionic radii associated with the octahedral B-
site can be expressed in terms of the positional oxygen param-
eter as indicated by the formula below:

rB ¼ a

	
5

8
� u



� rO (5)

In order to evaluate the microstructure within the studied
Ni0.4Mn0.6Cr2O4 spinel chromite material, we resorted to an
estimation of the average crystallite size using the well-known
Size–Strain–Plot (SSP) method. This approach places less
emphasis on data resulting from reections at high angles.32

This has a more favourable outcome for isotropic broadening,
due to the fact that, at higher Bragg angles and higher di-
ffracting, the quality of XRD data oen decreases and peaks
overlap. In accordance with this estimation, the prole is
assumed to be represented by both a Gaussian function from
the strain prole and a Lorentzian function from the crystallite
size. Accordingly, the total broadening can be expressed as
follows:33

bT = bG + bL (6)

bL and bG depict peak broadening through the use of Lorentz
and Gaussian functions in tandem. The (SSP) approach can be
expressed as follows:

ðdhkl � bhkl � cos qÞ2 ¼ klCu

DSS

�
dhkl

2 � bhkl � cos q
�þ �3

2

�2

(7)

K and bhkl stand for the shape factor (depending on the shape of
the sample under study) and the full width at half maximum of
each diffraction (hkl) plane. dhkl denotes the interplanar
spacing, which can be expressed in terms of the Miller indices
(hkl) using the following formula:

dhkl ¼ a�
h2 þ k2 þ l2

�1=2 (8)

Eqn (7) can be graphically represented by plotting
ðdhkl � bhkl � cos qÞ2 as the ordinate with respect to
ðdhkl2 � bhkl � cos qÞ as the abscissa (Fig. 4). By performing
a linear t of the obtained data, the slope yields the SSP crys-
tallite size DSSP, while the intercept gives the SSP micro-strain 3.

The Williamson–Smallman relation is employed to evaluate
the length of dislocation per unit volume within an MNCO
sample, which can be expressed in terms of the square crys-
tallite size as follows:

d ¼ 1

DSSP
2

(9)

Considering that the cubic spinel structure contains eight
formula units per unit cell (Z = 8), the theoretical X-ray density
(rₓ) of the analyzed compound can be determined using the
following relation:34

dX-ray ¼ 8MW

NAa3
(10)
RSC Adv., 2026, 16, 12326–12347 | 12329
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Fig. 4 Average crystallite size computed using the strain size plot
method, inset: linear regression parameters (slope a, intercept b) and
goodness-of-fit values obtained from the relation y = ax + b.

Table 1 Theoretical parameters computed using the Aharoni
approach

MSp (emu g−1) TtheoC (K) TexpC (K)

0.01 T 4.82 41 39.51
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where MW and NA are the molecular weight and the Avogadro
number, respectively. The hopping lengths between magnetic
ions within tetrahedral sites (LA−A) and octahedral sites (LB−B)
provide valuable information regarding the strength of spin
interaction between ions. Both can be calculated by referring to
Stanley's equation:30

LA�A ¼ a
ffiffiffi
3

p

4
;LB�B ¼ a

ffiffiffi
2

p

4
(11)

The tetrahedral and octahedral bond lengths (dAL) and (dBL),
the tetrahedral edge length (dAE), and the shared (dBE) and
unshared octahedral edge lengths (dBEU) can be expressed in
terms of the unit cell parameters as well as the positional
oxygen parameter u:

dAL ¼ a
ffiffiffi
3

p
ðu� 0:25Þ (12)

dBL ¼ a

	
3u2 � 11

4
uþ 43

64


1=2

(13)

dAE ¼ a
ffiffiffi
2

p 	
2u� 1

2



(14)

dBE ¼ a
ffiffiffi
2

p
ð1� 2uÞ (15)

dBEU ¼ a

	
4u2 � 3uþ 11

16


1=2

(16)

The computed values of (LA−A), (LB−B), dAL, dBL, dAE, dBE and
dBEU are all tabulated in Table 1. To gain a deeper insight into
the structural defects within the spinel structure, a fundamental
property given by the tolerance factor should be dened:

t ¼ 1ffiffiffi
3

p
	
rA þ rO

rB þ rO



þ 1ffiffiffi

2
p

	
rO

rA þ rO



(17)
12330 | RSC Adv., 2026, 16, 12326–12347
For an ideal spinel-structured sample, the tolerance factor is
approximately unity. However, for the material under study, it is
found to be equal to 0.86, suggesting the presence of a slight
defect.
3.2 Electron density mapping

To gain additional evidence of the structural uniformity within
the studied NMCO spinel chromite material, 3D and 2D elec-
tron density maps of the electron density (ED) distribution
along the xy-plane (z = 0) inside the spinel unit cell were
successfully generated via the GFourier subprogramme imple-
mented in the FullProf Suite soware package; the results are
displayed in Fig. 5. According to the 3D Fourier map, the ED can
be evaluated as a periodic function of position, which rises to
a maximum at the exact position of an atom and drops to
a minimum value in the space between atoms.35 The electron
density (ED) levels are visualized in the 2D Fourier map using
different contour colours. The dense and thick contours of
scattered ED within the unit cell are associated with the atomic
positions of heavier elements compared to lighter elements. At
every point of the elementary lattice, a unique numerical value
can be associated with the ED distribution, which is found to
vary precisely in accordance with the spatial coordinates.36

Physically speaking, the intensity of a diffracting (hkl) plane is
proportional to the square of the modulus of the atomic
structure factor Fhkl dened by

Fhkl ¼
X
j

aje
i2pðhxjþkyjþlzjÞ ¼

X
j

aje
iQhkl$rj (18)

where Qhkl denotes a reciprocal space vector. The summation is
extended to all atoms j in the crystalline lattice, with scattering
amplitude aj and reduced coordinates xj, yj, zj. If the intensities
of a sufficient number of reections have been measured and
the scattering amplitudes are known, it is conceivable that we
can access the true coordinates (xj, yj, zj), thereby locating the
atoms in the elementary lattice. At various lattice points in the
crystal, the electron density rð rj!Þ is given by the fast Fourier
transform of the geometrical structure factor:37

r
�
xj ; yj ; zj

� ¼ 1

V

X
hkl

Fhkle
�i2pðhxjþkyjþlzjÞ (19)

On the basis of the electron density distribution highlighted
in Fig. 5(b) and (d), the thick and dense contours surrounding
manganese (ZMn = 25), nickel (ZNi = 28) and chromium (ZCr =
24) indicate the distribution of 3d orbital electrons. In contrast,
the lighter contours surrounding the oxygen (O) anion are
mainly attributed to valence electrons within the 2p electronic
sublevel. However, when talking about X-rays, it should be
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) 3D electron density mapping of chromium ions. (b) 2D
electron density mapping of chromium ions. (c) 3D electron density
mapping of manganese (Mn) and nickel (Ni) ions. (d) 2D electron
density mapping of manganese (Mn) and nickel (Ni) ions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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noted that the scattering amplitude of atoms is directly affected
by the atomic number. It is therefore plausible that the heavy
atoms will have a preponderant weight within the atomic
structure factor. This implies that we will be capable of detect-
ing heavy atoms with high precision, but less so for light atoms.
As already observed in Fig. 5(a) and (c), Mn and Ni ions occu-
pying the (8a) coordination sites exhibit signicantly more
intense ED peaks than those associated with the octahedrally
coordinated Cr ions. Based on these results, manganese and
nickel atoms scatter X-rays more effectively than chromium
because they possess more electrons.

3.3 Magnetization study

In order to gain a deeper insight into the temperature-
dependent magnetization behaviour of the studied NMCO
spinel chromite sample annealed at 900 °C, typical DC thermal
magnetization measurements were carried out at an external
applied magnetic eld of 0.01 T following zero eld cooling
(ZFC) and eld cooling (FC) protocols, as depicted in Fig. 6. As
shown in Fig. 6, the thermal variation of the ZFC and FC curves
demonstrates an irreversible behaviour, which is highly infor-
mative of the presence of spin glass order within the studied
structure.38 At lower temperatures, the ZFC curve increases
sharply, reaching its maximum around a certain critical
temperature denoted as TB. According to our plot (inset of
Fig. 6), the blockage temperature is approximately 37.34 K. At
around this temperature, the experimental measurement
timescale is assumed to be typically within the same range as
the relaxation time of the particle moments.27 The signicant
increase in ZFC magnetisation within this range is mainly
attributable to the thermal energy (which dominates the
anisotropy energy) possessed by magnetic moments. This
allows them (take the liberty) to overcome the anisotropy energy
barriers, thereby moving away from the easy axis direction to
align with the applied magnetic eld.39 The bifurcation between
Fig. 6 FC and ZFC magnetization of Ni0.4Mn0.6Cr2O4 compound,
inset: d(ZFC − FC)/dT vs. temperature.
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Fig. 7 Experimental and theoretical estimation of Curie temperature
TC, inset: dM/dT vs. temperature.
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the FC and ZFC curves takes place around a certain critical
temperature denoted as Tirr (irreversible temperature). From
a physical point of view, this temperature can be associated with
the blocking of the largest particles as well as the relaxation
process, thereby emphasising the relationship between mag-
netisation and magnetic anisotropy.40 According to previous
reports, the observation of both a blocking temperature (TB) and
an irreversibility temperature (Tir) in the ZFC and FC magneti-
zation curves can be primarily attributed to the distribution of
magnetic anisotropy energy barriers, interparticle magnetic
interactions, and particle size dispersion.41,42

The magnetic phase transition temperature, known as the
Curie temperature Tc of the material under study, can be
computed as follows:

3 Experimentally, by detecting the inection point of the

plot of
dMðTÞ
dT

with respect to T (K).

3 Theoretically, by adjusting the thermal variation of the FC
magnetization using the Aharoni approach, given by the
following expression:43
mtheo
eff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:6�

�
mtheo
eff

�2�
Mn2þ�þ 0:4�

�
mtheo
eff

�2�
Ni2þ

�þ 2�
�
mtheo
eff

�2�
Cr3þ

�r
(23)
MðTÞ ¼ MSp

	
1� T

TC


b

1� b�
	
T

TC



þ a�

	
T

TC


3
2 � g�

	
T

TC


7
2

(20)
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whereMSp is associated with spontaneous magnetization and a,
b and g are the model constants. The obtained experimental
and theoretical results show that the studied NMCO spinel
chromite compound exhibits a second-order magnetic phase
transition from a ferrimagnetic state to a paramagnetic one at
a specic Curie temperature of around 39 K (Fig. 7). The theo-
retical value of the Curie temperature TC, highlighted in Table 1,
was found to be signicantly higher than the experimental
value.

Themolecular eld theory of ferrimagnetism associated with
nonequivalent sublattices, developed by Neel,44 provides an
efficient tool for understanding how the inverse susceptibility of
the investigated NMCO material behaves within the para-
magnetic range (T [ TC). In a similar class of samples, the
thermal variation of reciprocal susceptibility demonstrates
a magnetic behaviour that differs from that of ferrimagnets, as
well as antiferromagnets, in the higher temperature region. As
a result, we observe a hyperbola instead of a straight line, and it
can be estimated using the following expression:44,45

c�1ðTÞ ¼
T �

	
C

c0



C

� d

T � qþ
(21)

Here, the Curie–Weiss temperature is associated with the term	
C
c0



. c0, d and q+ are for constants. The modied Curie–Weiss

law described by the previous equation can be treated as
a composite of both a hyperbolic high-temperature linear part,
adopting the CW form given by the rst term, and a hyperbolic
low-temperature asymptote indicated by the second term. In
terms of the generated value of the Curie constant C, we can
express and compute the experimental effective magnetic
moment mexpeff in the paramagnetic region of the analysed NMCO
sample using the following expression:46

m
exp
eff ¼

	
3kBC

NmB


1=2

(22)

where N, kB and mB denote the Avogadro number, the Boltz-
mann constant and the Bohr magneton, respectively. In accor-
dance with our calculations, mexpeff was found to be equal to 7.34
mB. This experimentally measured effective magnetic moment
can be compared to a theoretical one that can be calculated
using the following relation:
herein, mtheoeff (Mn2+) ∼5.92 mB, mtheoeff (Ni2+) ∼2.83 mB and
mtheoeff (Cr3+) ∼3.87 mB (ref. 47) denote the theoretical effective
moments of divalent manganese, divalent nickel and trivalent
chromium ions, respectively. The theoretical value was found to
be slightly higher, reaching 7.36, mB. When compared to
mexpeff , the theoretical effective moment per formula unit agrees
well, suggesting a slightly quenched angular momentum. As
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adjustment modified Curie–Weiss parameters

Applied eld (Oe) qW (K) C (emu K$Oe−1$mol−1) d (Oe$mol K emu−1) q− (K) meff (mB/f.u) f ¼
����qWTC

����
100 −384 6.75 640.4 45.82 7.35 9.71

Fig. 8 Reciprocal magnetic susceptibility adjusted by the modified
Curie–Weiss law.
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a perspective, we suggest that manganese as well as nickel ions
contribute signicantly to the total magnetic moment. The
adjusted modied Curie–Weiss parameters are tabulated in
Table 2. The thermal variation of reciprocal magnetic suscep-
tibility is depicted in Fig. 8.

To gain deeper insight into the magnetic behaviour of our
spinel NMCO chromite compound, we examined the hysteresis
loop collected at an applied eld of up to 8 T at a specic
Fig. 9 Theoretical adjustment of the M–H hysteresis loop collected at
5 K.

© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature of 5 K (as displayed in Fig. 9). At this temperature,
a non-saturation behaviour was detected. Magnetization
increases progressively with respect to the applied eld m0H,
and does not reach the full saturation level even at the
maximum eld strength. From a physical point of view, two
explanations were employed to account for this behaviour:48

3 The spin disorder occurring on the nanoparticle surfaces,
which is difficult to orient in the same direction as the applied
magnetic eld.

3 The correlation between both ferrimagnetic and antifer-
romagnetic interaction processes.

In order to identify the fundamental hysteresis parameters,
including Ms, HC, and Mr, and to better evaluate how the ferri-
magnetic and paramagnetic contributions behave, the M–H
hysteresis curve should be simulated theoretically using the
following approach:48,49

MðHÞ ¼
�
2� MFim

sat

p
� a tan

		
H �HC

HC



� tan

�p� rsq

2

�
�
þ cHfH

(24)

The investigated model describes the total magnetization
M(H) as the superposition of two distinct contributions: (i)
a ferrimagnetic component accounted for by the arctangent
term in eqn (24), which characterizes the hysteretic behavior,
and (ii) a paramagnetic contribution represented by the linear
term cHfH, associated with the high-eld susceptibility. This
latter term can be identied as forced magnetization, which
occurs when spontaneous magnetization progresses linearly
with respect to the applied eld H.27 MFim

sat , HC, rsq and cHf

denote saturation magnetisation, intrinsic coercivity, the

squareness ratio
	
rsq ¼ Mr

Ms



and the high eld magnetic

susceptibility, respectively. The coercive eld is an indispens-
able parameter within magnetic materials. It is highly infor-
mative about the suitable applications for which the studied
sample can be employed, since it can provide better insights
into the ferrimagnetic nature of the investigated sample, which
can be classied as so (electromagnetic devices), semi-hard
(ultra-high magnetic recording devices) or hard (permanent
magnets).50,51 Furthermore, by identifying the squareness ratio
rsq, we place emphasis on the magnetic domain structure
within the nanoparticles.52 On the basis of the Stoner–Wohl-
farth theory,53 when rsq is within the range of 0.2 to 0.5, the
uniaxial anisotropy originates from randomly oriented multi-
domain structures. Whereas, for rsq values signicantly
higher than 0.5, the nanoparticles possess a mono-domain
structure, therefore giving rise to anisotropic and hard
RSC Adv., 2026, 16, 12326–12347 | 12333
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Table 3 Adjusted hysteretic parameters based on the theoretical model

Sample

PM contribution FM contribution Percentage (%)

c (emu g−1 Oe−1) MFim
sat (emu g−1) HC (Oe) Mr (emu g−1) mfu (mB) FM PM

(5 K) 6.09997 × 10−5 11.26 6196.03 8.71 0.45 58.21 41.79
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materials.54 The M–H hysteresis loop of the NMCO chromite
compound annealed at 900 °C, adjusted theoretically, is por-
trayed in Fig. 9. All the adjusted parameters are tabulated in
Table 3.

In accordance with our computations, the material under
study was found to exhibit a higher intrinsic coercivity of
approximately 6196 Oe (493 kA m−1) at 5 K. The generated value
of HC is signicantly higher than 2000 Oe (159.15 kA m−1),
thereby placing emphasis on the hard ferrimagnetic behaviour
of our material.

As demonstrated by the following expression, the magneton
number per formula unit Ni0.4Mn0.6Cr2O4 is strongly affected by
its molecular weight:55

mfuðmBÞ ¼
MwðNMCOÞ �MFIM

sat

5585
(25)

3.4 UV-visible/NIR spectroscopy

UV-visible/NIR spectroscopy is one of the most commonly per-
formed analysis and characterisation techniques in several
elds of research, including lasers, photoluminescence, solar
cells, photovoltaics, and light-emitting diodes. This technique
is particularly benecial for quantitative measurements owing
to the linear relationship that links absorbance to absorber
concentration. Within molecules and inorganic samples, elec-
trons can be promoted to higher energy levels by absorbing
either incident ultraviolet or visible photons. UV-visible/NIR
Fig. 10 (a) Spectral absorbance behaviour of the NMCO sample. (b) Spe

12334 | RSC Adv., 2026, 16, 12326–12347
spectroscopy plays a signicant role in both fundamental
research and the technological enhancement of applied mate-
rials by enabling the examination of the optical behaviour of
semiconducting compounds. Belonging to this category of
compounds, various materials, including solid-state laser hosts,
materials for solar cell absorbers, materials for optical infor-
mation processing and ultrafast optical communication, can be
analysed by UV-visible spectroscopy. In the current research, the
optical properties of the studied Ni0.4Mn0.6Cr2O4 spinel chro-
mite sample will be discussed in terms of absorbance as well as
reectivity measurements. Both are found to be highly infor-
mative regarding the optical transition mode (which may be
either directly allowed or indirect), the examination of disper-
sive behaviour, the spectral evolution of various derived
parameters (extinction coefficient k, refractive index n), and the
evaluation of the band structure, thereby determining the
suitable applications for which the material can be utilised.

3.4.1 Absorbance study. Using UV-visible-NIR spectrom-
etry, the spectral behaviour of the optical absorbance and
reectivity of the NMCO compounds was investigated in the
wavelength range of 190–1000 nm, as shown in Fig. 10(a) and
(b). The material under study exhibits a signicant, broad
visible to near-infrared absorption. Therefore, demonstrating
a suitable feature for visible and near-infrared optoelectronic
devices.

The deconvoluted absorbance spectra reveal nine absorption
peaks; (i) two of which occur in the ultraviolet region (200–400
nm), (ii) six are located within the visible range (400–800 nm),
ctral reflectance behaviour of the NMCO sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Deconvoluted absorption spectrum of the NMCO sample.
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and (iii) a single absorption band is in the near infrared
range (800–1000 nm) (Fig. 11). The absorption band located at
243 nm mainly results from the electronic transition (t2g

3)4A2g
/ (t2geg

2)4T1g(P) associated with the trivalent chromium ion
Cr3+. The highest-wavelength absorption maximum observed in
the ultraviolet region at 308 nm corresponds mainly to the
electronic transition from the ground state 6A1g to the 4T1g(P)
state of octahedrally coordinated Mn2+.56 The rst absorption
band observed in the visible region occurs at 407 nm and is
fundamentally associated with the d–d electronic transition
4A2g(F) / 4T1g(F) within octahedrally coordinated trivalent
chromium Cr3+.57 The absorption band around 481 nm was
attributable to the 6A1 /

4T1(G) electronic transition associated
with the tetrahedrally coordinated divalent manganese Mn2+

ion.58 Detected at around 571 nm, the third absorption band
observed in the visible range is mainly attributable to the elec-
tronic transition 3T1(

3F) / 3T1(
3P) that occurs within tetrahe-

drally coordinated Ni2+.59 Two additional bands with
signicantly high absorption intensities (one occurring at 632
nm) are associated with the 4A2g / 4T2g transition in octahe-
drally coordinated trivalent chromium Cr3+. The second,
occurring at 686 nm, originates from the superposition of the
spin-forbidden transition 4A2g /

2T1g,
4A2g /

2Eg of the chro-
mium Cr3+ at the octahedral B-site.60 The last absorption band
observed in the visible range, located at 751 nm, occurs mainly
as a result of the d–d electronic transition within the tetrahe-
drally coordinated Ni2+. The only absorption band in the near
infrared region is observed at around 807 nm and is attributed
to the 3A2g(F) /

3T1g(P) transition in octahedrally coordinated
divalent nickel Ni2+.61 As mentioned previously, the tetrahedral
A-site within the normal spinel chromite is typically occupied by
divalent ions (Mn2+, Ni2+), whereas the octahedral B-site is
entirely occupied by Cr3+ ions due to high crystal eld stabili-
sation energy. However, according to our interpretation, some
of the octahedral B-sites are also occupied by Ni2+ and Mn2+.
This suggests that divalent Ni2+ and Mn2+ ions can be
© 2026 The Author(s). Published by the Royal Society of Chemistry
distributed across both the tetrahedral A-site and the octahedral
B-site. This behaviour emphasizes the antisite defect associated
with the normal spinel structure and can be mainly explained
by the similarity between the ionic radii of chromium and
nickel.

3.4.2 Optical band gap energy. To provide deeper insight
into the optical behaviour of the material under study, it is
essential to achieve a precise estimation of its forbidden
bandgap width, which is considered one of the fundamental
properties of a semiconducting sample. From this perspective,
it is crucial to distinguish between the optical gap and the
fundamental gap. The optical gap is associated with the
smallest energy transition detected within the optical absor-
bance spectrum, standing for the rst excitation energy from
the ground state to the rst dipole-allowed excited state,
whereas the fundamental gap can be identied by the energy
difference between the rst electron affinity and the rst
potential ionisation.62 The optical gap is typically much smaller
than the fundamental gap because the electron and hole are
electrostatically bound to each other in the excited state (as
opposed to the ionized state).63 The optical band gap energy of
the studied NMCO spinel chromite compound can be estimated
using Tauc's law, given by the following formula:

ðFðRNÞhyÞ
1
g ¼ b

�
hy� Eg

�
(26)

where hy represents the incident photon energy, b is a constant
factor expressing the disorder degree within the normal spinel
crystal structure, and Eg is the optical band gap energy of the
analysed sample. The parameter g is a power factor associated
with the electronic transition mode; it can vary depending on
the semiconducting behaviour of the sample, which can be
either directly allowed (g= 1/2) or indirectly allowed (g= 2) and
prohibited. F(RN) denotes the Kubelka–Munk function. It can
be expressed in terms of the diffuse reectance data RN as
follows:

FðRNÞ ¼ ð1� RNÞ2
2RN

¼ K

S
(27)

where K and S correspond to the molar absorption coefficient
and the scattering coefficient, respectively. By extrapolating the

linear portion of ðFðRNÞhyÞ12 and (F(RN)hy)2 with respect to the
incident light energy hy, we deduce the most suitable band gap
energy, which was observed when n = 1/2. Thus, for a direct
band gap semiconductor sample, Tauc's law can be expressed
as follows:

(F(RN)hy)1/2 = b(hy − Eg) (28)

The experimental estimation of the optical bandgap energy
using Tauc's law is depicted in Fig. 12. To conrm the direct
nature of the band gap transition, a mathematical verication
can be introduced:

ln(F(RN)hy) = ln(b) + gln(hy − Eg) (29)
RSC Adv., 2026, 16, 12326–12347 | 12335
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Fig. 12 Experimental estimation of the optical bandgap energy of the
NMCO sample.

Fig. 13 Optical transition mode of the studied NMCO compound,
inset: linear regression parameters (slope a, intercept b) and good-
ness-of-fit values obtained from the relation y = ax + b.

Fig. 14 Band structure of the Ni0.4Mn0.6Cr2O4 sample.
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According to the spectral dependence of ln(F(RN)hy) versus
(hy − Eg), the power-factor, indicating the nature of the elec-
tronic transition, is derived from the slope of the linear t
observed in Fig. 13. A linear expression can therefore be derived:

ln(F(RN)hy) = 3.07 + 0.5 ln(hy − 1.72) (30)

The direct band gap semiconducting behaviour was
successfully veried. The experimental value of g was found to
be in very good agreement with the predictedmode. It should be
noted that optoelectronic devices fabricated from direct band
gap semiconducting samples are considered advantageous,
since the majority of energy generated through direct recom-
bination is emitted in the form of light without the intervention
12336 | RSC Adv., 2026, 16, 12326–12347
of phonons (quasi-particles associated with crystal vibrations).
Optical and electronic applications can greatly benet from the
unique properties of direct band gap semiconducting materials,
particularly for detectors and emitters of infrared radiation
correlated with interband optical transitions.64

The forbidden bandwidth (optical band gap) and its struc-
ture in terms of the wave vector~k are among the fundamental
properties of a semiconducting sample and are of fundamental
relevance for optoelectronic operation.65 To better analyse the
band structure of the material under study, it is essential to
evaluate the conduction lower edge (CB potential) and valence
upper edge (VB potential), which can be calculated using the
following formulas:

E0
CB ¼ EC � cþ 1

2
Eg (31)

E0
VB = Eg − E0

CB (32)

where EC denotes the energy of the free electron on the
hydrogen scale (approximately 4.5 eV) and c denotes the elec-
tronegativity of the studied Mn0.6Ni0.4Cr2O4 spinel chromite
sample, which can be computed as follows:

c = [cMn
a cNi

b cCr
d cO

s]1/(a + b + d + s) (33)

where a, b, d and s denote the multiplicity of the specic posi-
tions associated with the manganese, nickel, chromium, and
oxygen ions, respectively. On the basis of the previous expres-
sions, the computed values of c, E0CB, and E0VB were found to be
equal to 5.62 eV, −0.049 eV and 1.031 eV, respectively. Thus,
a descriptive scheme of the band structure can be proposed, as
shown in Fig. 14.

3.4.3 Urbach energy. The investigation of the Urbach
energy, denoted as EU in semiconductors, is a pivotal issue, as it
plays a signicant role in analysing the degree of disorder,
impurities, electronic transition broadening, and structural
defects (vacancies or interstitials) that result in absorption
states within the region between the conduction band and the
valence band, known as the Urbach tail, which can affect
material properties, and consequently, their performance in
applications.66,67 By evaluating the Urbach energy EU, we gain
deeper insight into the tail of these localized states that extend
© 2026 The Author(s). Published by the Royal Society of Chemistry
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into the bandgap on either side of the sample's forbidden
bandwidth.68 The Urbach energy is highly informative about the
decay length associated with the exponential tail and is
inversely related to the spatial extent of the absorption states. It
can be expressed in terms of the incident light energy as follows:

a ¼ be

	
hy
EU



(34)

By applying a Napierian logarithm to eqn (34), we obtain:

lnðaÞ ¼ lnðbÞ þ hy

EU

(35)

The Urbach energy is determined by tting the linear portion
of the spectral dependence of ln (a) on the y-axis with respect to
incident light energy hy on the x-axis. It is worth noting that
semiconductors with a smaller EU value are less disordered,
whereas those with a higher EU value exhibit a higher density of
defects and disorder. The calculated Urbach energy is approxi-
mately 0.13 eV (Fig. 15), thereby indicating a signicant density
of defects within the studied NMCO spinel chromite sample.

Furthermore, the interaction between electrons and
phonons or electrons and excitons leads to a broadening of the
absorption edge. This broadening can be associated with the
steepness parameter, which can be expressed in terms of the
incident light energy according to the exponential Urbach law:69

a ¼ a0e

	
sðhy�EOÞ

kBT



(36)

where kB denotes the Boltzmann constant and EO denotes the
energy of the lowest exciton state at zero lattice temperature.
According to previous literature,70 EO corresponds to Eg in the
case of direct band gap semiconductors and is equal to Eg ± Eph
in the case of indirect band gap semiconductors (where Eph
denotes the phonon energy). Thus, by applying a Napierian
logarithm on eqn (36), we can deduce:
Fig. 15 Spectral evolution of ln(a) as a function of incident photon
energy.

© 2026 The Author(s). Published by the Royal Society of Chemistry
lnðaÞ ¼ lnða0Þ � sEg

kBT
þ shy

kBT
(37)

By comparing eqn (35) and (37), we can deduce

1

EU

¼ s

kBT
(38)

The steepness parameter provides insight into the rate at
which the absorption coefficient changes with regard to the
incident light energy near the band edge.71 In accordance with
the current study, s was estimated to be 0.19885. However, the
electron–phonon interaction energy Ee–ph can be expressed in
terms of the steepness of the absorption edge according to the
following formula:

Ee�ph ¼ 2

3s
(39)

The computed value of Ee–ph was found to be equal to
3.35 eV. This parameter provides a comprehensive insight into
the electronic and thermal properties of semiconductors.
Semiconducting samples with a higher Ee–ph value are likely to
exhibit a stronger electron–phonon interaction, indicating
a greater ability to dissipate energy through lattice vibrations.

3.4.4 Linear and non-linear optical response. The study of
the refractive index within semiconducting samples supplies
basic information about the interaction between incident elec-
tromagnetic waves and matter. It plays a substantial role in
selecting specic semiconductors for the design of optoelec-
tronic devices, including optical switches, modulators, and
lters. When irradiated by an incident electromagnetic wave,
a semiconducting material exhibits a variable refractive index
that depends on the wavelength of the incident radiation.
Physically speaking, the complex refractive index is regarded as
a combination of two contributions; one of which is described
by the real part, whereas the other is expressed by an imaginary
number:72

n̂ = n(l) + ik(l) (40)

The real part, denoted as n(l) is associated with the optical
refractive index. It provides insight into the local eld as well as
the electronic polarization of ions inside semiconductors,73

while the imaginary part, denoted as k(l), refers to the extinc-
tion coefficient. The latter is highly informative about the
attenuation of incident electromagnetic waves as they propa-
gate through matter.74 Both parameters can be expressed using
the following Kramer–Kronig formulas:75

kðlÞ ¼ aðlÞl
4p

(41)

nðlÞ ¼ ð1þ RðlÞÞ
ð1� RðlÞÞ þ

"
4RðlÞ

ð1� RðlÞÞ2 � kðlÞ2
#1=2

(42)
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Fig. 16 Spectral evolution of extinction coefficient with respect to
wavelength.

Fig. 17 Spectral evolution of refractive index n vs. l, inset: theoretical
adjustment of n by using the Cauchy model.
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The spectral dependences of the extinction coefficient and
the refractive index with respect to the incident radiation
wavelength are depicted in Fig. 16 and 17, respectively. It can be
observed from Fig. 16 that k exhibits a value much lower than
unity. Furthermore, in the wavelength range of 190–681 nm, the
extinction coefficient increases and exhibits higher values,
suggesting greater light loss in this region. In contrast, within
the remaining spectral range (681–1000 nm), k drastically
decreases to reach its minimum value, highlighting the signif-
icant transmission within this region. This suggests that the
studied sample can be considered a highly transparent
compound in this range. According to the spectral evolution of
n as a function of incident wavelength radiation, one can
observe that n increases markedly as wavelength increases,
emphasising the decrease in light velocity during propagation
through the sample. The spectral behaviour of the real part of
12338 | RSC Adv., 2026, 16, 12326–12347
the refractive index can be modelled using the Cauchy disper-
sion function, given by the following expression:

nðlÞ ¼ n0 þ a

l
þ f

l2
(43)

where n0 denotes the static refractive index. The theoretical
adjustment of n by using the Cauchy model is depicted in the
inset of Fig. 17.

Accordingly, by using the generated value of the static
refractive index, we can estimate the reection loss factor using
the following relation:

RL ¼
	

n� 1

n þ 1


2

(44)

The reection loss value of the studied MNCO spinel chro-
mite compound was estimated to be 0.063. Furthermore,
structural imperfections, which can disrupt the periodicity of
electronic charge density, can occur even within perfect
lattices.76 This phenomenon is basically ascribed to the inter-
action between charge carriers (electrons or holes) and lattice
ion vibrations, thus leading to the formation of quasiparticles
known as ‘polarons’.77 In particular, the excess charge displaces
neighbouring ions as a result of Coulomb interactions, thus
creating a polarization cloud that tracks the charge carrier as it
moves through the crystal.76 Polaron creation is especially
advantageous in polar semiconducting samples and metallic
oxides due to their strong electron–phonon interaction; it is
even more favoured at surfaces where the crystal lattice is more
exible and lattice relaxations require less energy.78,79 The
polaron radius can be computed using the following expression:

RP ¼ 1

2

� p

6N

�1=3

(45)

Herein, N stands for the number of crystallographic sites per
unit volume. Based on the crystallographic structure associated
with normal spinel symmetry, which consists of 32 octahedral
sites and 64 tetrahedral sites, N is found to be equal to 96/a3

(where a denotes the unit cell parameter).
The molar refractive index denoted as Rm of the material

under study can be expressed in terms of the refractive index n
and the molar volume Vm according to the Lorentz–Lorenz
formula:

Rm ¼ ðn2 � 1Þ
ðn2 þ 1ÞVm (46)

Accordingly, by assuming that Vm ¼ MW

rX-ray
, we obtain

Rm ¼ ðn2 � 1Þ
ðn2 þ 1Þ �

MW

rX-ray

(47)

An additional parameter, known as the molar electronic
polarizability am, can be expressed in terms of the molar
refractive index Rm based on the following expression:
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10066f


Table 4 Computed optical parameters of Ni0.4Mn0.6Cr2O4

Sample Ni0.4Mn0.6Cr2O4

Oscillator energy E0 (eV) 7.62
Dispersion energy Ed (eV) 11.75
Oscillator wavelength (nm) 162.747
Average oscillator strength (10−5 nm−2) 5.82
Transition moment M(−1) (eV) 1.54
Transition moment M(−3) (eV

−2) 0.026
Oscillator strength (eV2) 89.53
Static refractive index 1.59
Static dielectric constant 2.54
c(3) (10−22 m2 V−2) 1.46
n2 (10

−22 m2 V−2) 3.46
RL 0.062
Rp (Å) 0.35
Rm (cm3 mol−1) 20.97
am (Å3) 8.31

Fig. 18 Evolution of (n2 − 1)−1 with respect to the square of incident
photon energy.

Fig. 19 Evolution of (n2 − 1)−1 with respect to the reciprocal square
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am ¼
	

3

4pNA



Rm (48)

where NA corresponds to Avogadro's number (NA = 6.023 × 1023

mol−1). The computed values of the polaron radius, molar
refractive index and molar electronic polarizability are listed in
Table 4. It should be noted that the polarizability factor provides
insight into a semiconductor's ability to induce an electric
dipole moment aer being subjected to an external electro-
magnetic eld, responding to the incident electromagnetic eld
by shiing its charge carriers. In addition, the current study
demonstrates a direct proportionality between molar refraction
and molar electronic polarizability. This proportionality is
useful when investigating the optical non-linear response since
it is dependent on electronic polarizability.

Regarding the dispersive behaviour of the studied MNCO
material, it is relevant to study the single effective oscillator
model developed by Wemple–DiDomenico.80 The dispersion of
the optical refractive index within a semiconducting sample
plays a signicant role in the design of optoelectronic devices
and optical communication systems.81 The common practice
for insulating and semiconducting samples involves identifying
an inverse correlation between the characteristic interband
energy and the optical refractive index. In particular, this
correlation is found to be highly effective in semiconducting
materials, and it can be extended to an analogous correlation
with the optical band-gap energy.82

The primary outcome of the theoretical Wemple–Di-
Domenico approach is the dispersive energy, denoted as Ed.
This parameter can be associated with the coordination
number of samples and valence ionicity.83 It provides signi-
cant insight into the strength of inter-band optical transitions.
Furthermore, the single oscillator energy given by E0 is highly
informative about the average excitation energy required for
electronic transitions.84 Both parameters can be expressed in
terms of the incident light frequency and refractive index as
follows:

�
n2 � 1

��1 ¼ E0

Ed

� 1

E0Ed

ðhyÞ2 (49)
© 2026 The Author(s). Published by the Royal Society of Chemistry
where h is the Planck constant (around 6.62 × 10−34 J s−1). By
tting the linear portion of the spectral evolution of (n2 − 1)−1

with respect to the square of incident light energy, one can
determine Ed and E0 from the slope and intercept values, as
shown in Fig. 18. According to the Sellmeier single-oscillator
model, another result can be identied by computing the
oscillator strength S0 as well as the oscillator wavelength l0.
These parameters can be correlated to the optical refractive
index according to the following expression:85

�
n2 � 1

��1 ¼ 1

S0l0
2
� 1

S0l
2

(50)

By tting the linear portion of the evolution of (n2 − 1)−1 with
respect to the reciprocal of the square of the wavelength, one
can estimate S0 and l0 using the slope and y-axis intercept
values, as depicted in Fig. 19.
wavelength.
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Furthermore, in the low-frequency region, the static refrac-
tive index as well as the zero-frequency dielectric constant can
be estimated by referring to the computed values of E0 and Ed:86

3N ¼ n0
02 ¼

	
1þ Ed

E0



(51)

The computed low-frequency static refractive index was
found to be in very good agreement with that estimated using
the theoretical Cauchy model. This agreement places emphasis
on the accuracy and reliability of the results achieved through
these various approaches. Using the obtained values of the
single oscillator parameters, we computed the moments M(−1)

and M(−3), as explained by the following equations:

E0
2 ¼ Mð�1Þ

Mð�3Þ
(52)

Ed
2 ¼ Mð�1Þ

3

Mð�3Þ
(53)

The oscillator strength is directly connected to the disper-
sion parameters E0 and Ed and can be expressed as follows:

fs = E0Ed (54)

The computed values of the single effective oscillator
parameters for the studied NMCO compound are summarized
in Table 4 and Fig. 20.

Optical nonlinearity (ONL) is a major eld that has grown
exponentially over the last few years owing to its multitude of
applications in novel photonic effects. Nonlinear optics
provides a deeper insight into both elastic and inelastic light
scattering phenomena when intense light radiation interacts
with a sample composed of molecules or atoms.87 Optical
nonlinearity manifests when an external electric eld~E induces
a non-harmonic displacement of the charge carriers (electrons)
Fig. 20 Spectral behaviour of linear optical susceptibility.

12340 | RSC Adv., 2026, 16, 12326–12347
within a compound (composed of nanoparticles). The induced
electric dipole moments, which oscillate at the same frequency
as the applied electric eld, sum up, leading to the generation of
macroscopic polarisation in the irradiated material. In fact,
while smaller expansion coefficients render higher-order
nonlinearities of little interest in some cases, they can still be
signicant when resonantly enhanced in matter.87 The macro-
scopic polarizability can therefore be expressed in terms of the
electric eld strength according to the following formula:88

P = 30[c
(1)E + c(2)E2 + c(3)E3 + .] (55)

where 30 denotes the dielectric permittivity of free space (30 =

8.854 × 10−12 F m−1). The term c(1) is associated with the linear
susceptibility, whereas the second-order nonlinear optical
susceptibility and third-order nonlinear susceptibility are
denoted as c(2) and c(3), respectively. A clear connection
between the linear susceptibility and the refractive index is
based on the following expression:

cð1Þ ¼ n2 � 1

4p
(56)

The spectral behaviour of the linear susceptibility with
respect to the incident light wavelength is depicted in Fig. 21.
Accordingly, the third-order nonlinear susceptibility c(3) can be
anticipated based on the linear susceptibility as follows:

cð3Þ ¼ A

�
n2 � 1

4p

�4
yA

�
cð1Þ
4 (57)

Here, A is associated with a constant parameter estimated to be
approximately 1.7 × 10−10 esu (where 1 esu is equivalent to 1.4
× 10−8 m2 V−2). The evolution of the third-order nonlinear
susceptibility c(3) with respect to the incident radiation wave-
length is displayed in Fig. 21. In the low-energy region, the
quadratic susceptibility can be expressed in terms of E0 as well
as Ed as follows:89
Fig. 21 Spectral evolution of the third-order non-linear optical
susceptibility.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 Spectral evolution of the electrical conductivity of the NMCO
compound.
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cð3Þ ¼ A

�
n0

02 � 1

4p

�4
¼ A

�
Ed

4pE0

�4
(58)

The nonlinear refractive index can be expressed in terms of
the static refractive index and the quadratic susceptibility by
referring to the subsequent formula:90

n2 ¼ 12pcð3Þ

n0
0 (59)

The calculated values of c(1), c(3) and n2 (tabulated in Table 4)
were found to be in very good agreement with those of other
compounds considered suitable for nonlinear applications,
including ultrafast optical communication and optical infor-
mation processing.

3.4.5 Optical and electric conductivity. The investigation of
conductivity within a semiconducting sample can be achieved
by evaluating two types of contributions: electrical and optical
conductivities. The rst provides insight into the charge carrier
(electrons and holes) transport phenomena, while the second is
directly connected to the electron–photon interaction mecha-
nism. It should be noted that the exponential evolution of
conductivity within semiconductors is typically inuenced by
temperature and forbidden bandwidth. Charge carriers that are
responsible for conductivity in similar materials are either
positive holes, electrons or ions.72 In terms of the optical
absorption coefficient, the two conductivity contributions can
be expressed as:91

sopðlÞ ¼ aðlÞnðlÞC
4p

(60)

selðlÞ ¼ 2lsopðlÞ
aðlÞ (61)

where C is the velocity of light in vacuum (approximately 3 ×

108 m s−1). The plots of optical and electrical conductivity with
respect to the incident light radiation are illustrated in Fig. 22
Fig. 22 Spectral evolution of the optical conductivity of the NMCO
compound.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and 23. The higher optical conductivity values observed within
the high absorption range are mainly attributed to the excited
free charges that have successfully crossed the forbidden
bandgap thanks to the higher photon absorption rates, placing
therefore emphasis on the signicant potential of our material
to interact with incident light at these regions.92 On the other
hand, the lower values of electrical conductivity compared to
those of optical conductivity are mainly attributed to the elec-
trons that have not succeeded to cross the potential barrier
levels.

3.4.6 Optical dielectric constant. The study of optical
dielectric constants within semiconducting materials is of great
interest since it provides signicant information for the design
of high-performance optoelectronic devices. The optical
dielectric constant is a complex function comprising two
contributions: the real part, which provides insight into the
refraction of light as it propagates through matter, and the
imaginary part, which describes the attenuation of incident
radiation waves. Both components can be expressed in terms of
the refractive index and the extinction coefficient as follows:

3r(l) = n2(l) − k2(l) (62)

3im(l) = 2n(l)k(l) (63)

In accordance with the spectral evolution of the real and
imaginary parts of the dielectric permittivity with respect to the
incident radiation energy, as illustrated in Fig. 24, it can be seen
that the real part 3r(l) shows a similar trend to the refractive
index, which, in turn, behaves similarly to the reectance.
Furthermore, the imaginary part of the dielectric constant
exhibits a behaviour similar to that of the extinction coefficient
kkk, which is directly inuenced by the optical absorbance of the
material. The dielectric loss, also known as the dissipation
factor tan(d), represents the amount of electrical energy that is
dissipated as heat within semiconducting materials. It corre-
sponds to the ratio between the imaginary and real parts of the
dielectric constant:
RSC Adv., 2026, 16, 12326–12347 | 12341
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Fig. 24 Spectral evolution of the real (blue) and imaginary (red) parts of the optical dielectric constant.

Fig. 25 Spectral evolution of dielectric loss as a function of incident
photon energy.
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tanðdÞ ¼ 3imðlÞ
3rðlÞ (64)

The plot of the dissipation loss factor tan(d) with respect to
incident radiation energy is depicted in Fig. 25. As a matter of
fact, the spectral behaviour of tan(d) reveals small values for the
dissipation loss factor, thereby emphasising the low dissipation
rate of light that propagates through our material. Furthermore,
Fig. 25 depicts a signicant increase within the spectral range
between 1.25 and 1.83 eV, suggesting that activation levels occur
in this region.
4 Conclusion

In sum, spinel chromite Ni0.4Mn0.6Cr2O4 has been successfully
synthesised via the sol–gel method. The structural renement
12342 | RSC Adv., 2026, 16, 12326–12347
by the Rietveld method reveals the formation of a pure phase of
Ni-based spinel chromite, which crystallises according to the
cubic system with the (Fd�3m) space group. The average crys-
tallite size estimated using the strain size plot (SSP) was found
to be 96.54 nm. The magnetic investigation reveals a transition
from paramagnetic to hard ferrimagnetic behaviour at 39 K. The
signicant coercivity observed at low temperatures, rooted in
the electronic anisotropy evidenced by density mapping,
suggests the compound's potential for low-temperature hard
chromite applications.

Furthermore, the bandgap (Eg) and Urbach (Eu) energies
were found to be lower for the NMCO sample. A comprehensive
analysis of various optical parameters, including refractive
index, penetration depth, extinction coefficients, nonlinear
optical parameters, optical conductivity, and dielectric
constants, was also presented. Our ndings indicate that the
substitution of Mn2+ ions in nickel chromites (NiCr2O4)
enhances their visible-light absorption. The NMCO sample
demonstrates signicant advantages, including easy and cost-
effective synthesis, lower band gap energy, good transparency,
efficient light absorption, and effective energy conversion.
These materials hold potential for various optoelectronic elds,
including solar cells and photocatalysis.

Future research will focus on expanding this compositional
series to further rene the structure–property relationships.
Specically, investigating electrical conductivity and imple-
menting strategic doping or surface modications will be
essential to optimize these chromites for next-generation
optoelectronic and microwave absorption technologies. This
work provides the fundamental framework necessary for the
integration of Mn–Ni chromites into high-performance tech-
nological applications.
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