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1. Introduction

Observation of intrinsic fluorescence in cobalt
ferrite magnetic nanoparticles by Mn®*
substitution and tuning the spin dynamics by
cation distributiont

a

*9 Arjun Singh,”® Komal Jain,
9and R. P. Pant (2 *@®

Prashant Kumar,?® Saurabh Pathak,
H. Khanduri, 2% Lan Wang,“ Sang-Koog Kim

In this work, we report the synthesis and detailed characterization of single-domain, optically active,
manganese-substituted cobalt ferrite (CoFe,O4) magnetic nanoparticles without any surface
functionalization as prospective fluorescent probes for bio-imaging. Generally, nanoferrites (NFs) do not
show any intrinsic fluorescence and require surface modification to make them fluorescent by
functionalization with fluorescent probes. Herein, we observed multi-band fluorescent emission in
Co;_yMn,Fe,O4 (0.8 < x < 0) NFs synthesized via a one-pot hydrothermal method. The substitution of
cobalt by manganese in CoFe,O,, which has an inner shell electronic transition between its d° energy
levels, and increase in the concentration of defect centers mainly contributed to the fluorescent
characteristics of the as-synthesized NF samples. The two emission bands observed for the Co—Mn NFs
are violet and blue bands. The violet band was observed due to the transfer of electrons from the shal-
low donor level to the valence band (i.e., near band edge (NBE) emission), while the emission in the blue
region can be attributed to the band edge free and bound excitons. Also, the time-resolved
photoluminescence studies indicated two decay times, which can be attributed to the blue and violet
emission bands. Detailed structural modeling was performed using Rietveld refinement of the X-ray
diffraction data and the cation distribution obtained from the modeling was corroborated by the optical
properties and spin dynamics of the NFs. The cation distribution of the NF samples indicates that the
blue band originates from the 3z — 3, transition in the octahedral sites between the Co?*/Mn®* ions.
Further, a strong ferromagnetic characteristic was observed for the NF samples and the optimized
substitution of Mn?* ions resulted in an improvement in the saturation magnetization from 68.51 to
80.30 emu g‘l, which was corroborated by the Yafet—Kittel model. Further, imparting optical properties
in magnetic materials opens a new horizon for the biomedical applications of these materials by capita-
lizing on their intrinsic fluorescence, which will not hamper their magnetic properties as in the case with
external fluorescent probes.

been realized with the evolution of nanotechnology."” Magnetic
materials have a significant impact on modern-day materials

Currently, substantial growth in the biomedical and environ-
mental applications of magnetic nanoparticles (MNPs) has
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science given that they have led to the discovery of many high-
performance applications, resulting in an improvement in the
quality of life.® In this class, ferromagnetic materials (FM) are
significantly important due to their superior properties such as
low electromagnetic and eddy current losses, superparamagnet-
ism (SPM), high magnetic dipolar strength, spin-glass behavior,
and super exchange interactions (SEIs).* These superior proper-
ties of FM materials have been employed to design and develop
several applications in diverse fields. Ferrites (combination
of metals and iron oxides) are generally FM in nature and their
structure is based on the crystal structure of the oxygen (face-
centered cubic “FCC”) in which the metal ions occupy the

This journal is © The Royal Society of Chemistry 2022
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interstitial sites.” The properties of these materials are mainly
governed by their cation distribution, compositional variation,
and synthetic methods.® Thus, the properties of these ferrites
can be effectively tuned by varying the shape and size of their
particles, chemical composition, surface modification, doping,
and site occupancies of their cations.” Moreover, these materials
have numerous current and prospective applications in the field
of science and technology such as EMI shielding,*"° high-
density storage devices, magneto-optical devices, nanofluids,
spintronic devices, transformer cores, and biomedical applica-
tions (magnetic resonance imaging, therapeutics, targeted drug
delivery, and magnetic fluid hyperthermia''~*°).

Moreover, the agglomeration of MNPs significantly affects
the performance of these materials such as biomedical applications
in the bloodstream.'” MNPs tend to form a cluster of MNPs,
which can cause blockage of the smooth motion of the blood in
the vein.'® The agglomeration of MNPs is mainly caused by
their high surface-to-volume ratio and strong inter-particle
dipolar interactions.® Accordingly, in the last decade, special
attention has been given to the development of surface-
functionalized MNPs to avoid their agglomeration.'® However,
surface functionalization affects the properties of MNPs, which
can moderate the performance of the material.>***' Thus, the
development of strategies to prepare agglomeration-free MNPs
remains at the forefront of contemporary research. Further,
nano ferrites (NFs) are considered a special class of MNPs with
a wide variety of applications. Especially, CoFe,O, and
MnFe,0, present unique and remarkable properties such as
spin canting, spin glass behavior, exchange bias, magnetic
excitation, and magnetic field tunable optical characteristics.’
In the last decade, biomedical applications such as targeted
drug delivery, bio-imaging, and hyperthermia treatment using
these materials have been gaining significant attention.>”
These materials show enhanced heating efficiency due to
hysteresis loss and Néel and Brownian relaxations, which can
be efficiently used to treat cancer cells.>® Generally, cancer cells
are treated by heating them at elevated temperatures using
chemotherapy and radiotherapy, where cancer cells are suscep-
tible to these elevated temperatures, while healthy cells remain
unharmed."® Also, the other major applications of these mate-
rials include heavy metal ion removal, energy conversion,
plastic degradation, magnetic resonance imaging (MRI), solar
splitting, photocatalysis, batteries, and memory
devices."">**"*® However, in all these applications, maintain-
ing the nano features of the materials remains the biggest
challenge and the current research in this field is focused on
the large-scale production of MNPs with uniform and homo-
geneous properties.

In NFs, the distribution of cations at the tetrahedral (A) and
octahedral (B) sites plays a key role in controlling their properties,
which can be altered effectively by adopting a suitable synthetic
method at the industrial scale to make it economically viable.?**
The properties of NFs significantly depend on their synthetic
method. Numerous methods such as the solvothermal, reverse
micelle, co-precipitation, microwave synthesis, thermal decompo-
sition, hydrolysis, and sol-gel methods have been explored in the

water
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past; however, the hydrothermal route is considered highly
suitable for the large-scale synthesis of MNPs.”* Several research
groups have investigated the preparation of CoFe,0, using hydro-
thermal methods. However, the effect of Mn>" substitution on the
properties of Co-Mn mixed ferrites has rarely been investigated in
detail.**° Also, none of the reports in the literature investigated
the optical properties of Co-Mn mixed ferrites given that NFs are
generally optically inactive materials.**> Consequently, impart-
ing optical activity, which can be tuned by an external magnetic
field, provides a unique opportunity to develop active control
devices.">'® Recently, Kumar et al.'® reported the preparation of
optically active MnFe,O, MNPs via a facile large-scale hydrother-
mal route and investigated their optical properties in detail. Also,
they suggested that the optical activity of the MnFe,O, MNPs is
due to the cation distribution and increase in the concentration
of defect centers, which are related to the synthesis method.
Furthermore, they predicted that tuning the cation distribution
can be an efficient way to control the optical properties of NFs.
Balakrishnan et al. synthesized CoFe,O, NFs with substituted
manganese (Mn), nickel (Ni), zinc (Zn), and copper (Cu) ions and
studied their cation distribution to provide a correlation between
their structural and magnetic properties.*> However, they did not
report any optical activity with the substitution of Mn, Ni, Zn, and
Cu ions in CoFe,O, MNPs. Also, Salunkhe et al. and Ansari et al.
synthesized Mn-substituted CoFe,O, MNPs via a hydrothermal
method; however, they both focused on the structural and mag-
netic properties of the materials.**** There are also several reports
on CoFe,O, NFs with other transition metal ion substitutions;
however, there are no reports on the optical and spin dynamic
properties of Mn-substituted CoFe,0, MNPs.*%*443

Herein, we synthesized Co; _,Mn,Fe,0, (0.8 < x < 0) MNPs
and studied their optical properties in detail using photolumi-
nescence (PL) spectroscopy and time-resolved PL. The motiva-
tion behind choosing Mn?"-substituted CoFe,0, is that Mn has
an inner shell electronic transition between its d° energy levels,
and thus it possesses good luminescent properties and has a
large magnetic moment of 5 up.’® The synthesis of the
Co; _,Mn,Fe,0, (0.8 < x < 0) MNPs was carried out via low-
temperature hydrothermal synthesis and detailed structural
modeling was conducted by Rietveld refinement of the X-ray
diffraction (XRD) data. The effect of Mn substitution on the
structure of CoFe,0, is mainly responsible for the PL properties
of the materials. Also, the spin dynamics of these materials play
a key role in controlling the properties of the NFs, and thus we
investigated the microwave spin resonance behavior of all the
samples using ferromagnetic resonance (FMR). The correlation
between the structure and spin dynamics of the NF samples
was investigated by fitting their FMR spectra and obtaining
different microwave spin resonance properties. The static mag-
netic properties of the NF samples were also investigated using
a vibrating sample magnetometer (VSM) and the correlation
between the cation distribution and magnetic properties
was studied in detail. Further, we also studied the different
properties such as structural, elastic, and morphological prop-
erties of the as-synthesized NF samples using different techni-
ques including Fourier-transform infrared spectroscopy (FTIR),
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transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and energy dispersive x-ray (EDX), and UV-
visible (UV-vis) spectroscopy.

2. Synthesis and characterization of
Col_XMnXFe204 08 < x <
0) nanoferrites

2.1 Synthesis of Mn-doped cobalt ferrites using the
hydrothermal method

The synthesis of the Co, ,Mn,Fe,0, (0.8 < x < 0) NF sample
was carried out via a facile, low-cost, environmentally friendly,
and scalable one-pot hydrothermal method. This method
enables the fabrication of materials in bulk quantities at
relatively moderate temperatures, which is the main bottleneck
in the application of these nanomaterials.>**> A schematic
representation of the synthetic process adopted for the pre-
paration of the NF samples is shown in Fig. 1. The synthesized
NFs were capped with polymer (PEG-400), which acts as a
primary surfactant to reduce the agglomeration of the NF
particles. In a typical synthesis process, the precursor salts of
iron (Fe*"), cobalt (Co>"), and manganese (Mn**) were mixed in
50 mL solution (DI water 18.2 (MQ cm) and ethanol), each with
continuous stirring (500 rpm) until all the salt was completely
dissolved in the solution. The amount of Co** and Mn** was varied
for the different Co,_,Mn,Fe,O, (x = 0, 0.2, 0.4, 0.6, and 0.8)
samples in such a way that the molar ratio of the trivalent ion (Fe*")
to divalent ions (Co*" + Mn®") remained 2: 1 (Table S1, ESI{). All the

NaOH + PEG-400
Mixing the reactants
at specific pH

View Article Online
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salt solutions of each ion were mixed in a 500 mL beaker under
constant stirring (400 rpm) and heating (60 °C).*”*® Further, 10 mL
PEG-400 surfactant was added to the precursor salt solution, which
prevented the agglomeration of the NF particles during their
growth. Afterward, 10 mmol sodium hydroxide (NaOH) solution
was added to the homogenized precursor solution dropwise until
the pH reached a constant value of 12 and the resultant solution
was kept stirring for 30 min. Subsequently, the obtained solution
was transferred to a 200 mL Teflon-lined stainless-steel autoclave
sealed at atmospheric pressure and kept inside a hot air oven for
12 h at 160 °C. Further, the autoclave was removed from the oven
and allowed to cool to room temperature. Then, the obtained
solution was filtered and washed several times using water and
ethanol via magnetic decantation (separation of nanoparticles
using NdFeB permanent magnet) to remove any trace of impurities,
which significantly hampers the performance of magnetic systems.
The black precipitate obtained after washing was centrifuged to
remove the considerably smaller or bigger particles, with the
resulting samples having a narrow size distribution. Finally, the
centrifuged samples were dried under vacuum oven overnight to
remove any trace of water present in the samples. The as-prepared
samples were directly used for different characterizations. The
reaction mechanism during the synthetic process is as follows:

2Fe*" + xMn** + (1 — x)Co®" + 8OH ™~
— (1 — x)Co(OH),xMn(OH),-2Fe(OH);

xMn(OH),-2Fe(OH);(1 — x)Co(OH), — Mn,Co,_,Fe,0,-nH,O0.

Placed inside160°C@ 12 hour

10000 rpm/15min

Fig. 1 Schematic diagram of hydrothermal synthesis of Co;_,Mn,Fe,O4 (x = 0, 0.2, 0.4, 0.6 and 0.8) nanoferrites.

12654 | J Mater. Chem. C, 2022, 10, 12652-12679

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2tc02605h

Published on 05 August 2022. Downloaded on 6/27/2024 9:27:28 PM.

Paper

2.2 Characterization techniques

The in-depth characterization of the structural, magnetic (static
and dynamic), morphological, chemical, elastic, optical, and
photoluminescence properties of the Co,_,Mn,Fe,O, (0.8 <
x < 0) was carried out via various sophisticated analytic
measurement techniques including XRD, HRTEM, SEM &
EDX, VSM, FMR, FTIR, UV-visible, PL, and TR-PL. The details
of all the characterization tools used are as follows:

2.2.1 X-Ray diffraction (XRD). The crystalline purity and
phase identification of the as-synthesized Co,_,Mn,Fe,0O,
(0.8 < x < 0) samples were investigated using a multi-
purpose X-ray diffractometer (Rigaku Ultima-IV). The XRD
patterns of all the sample compositions were obtained at
40 kv/40 mA voltage and current, respectively, using CuKa
(% = 1.54056 A) radiation in the 20 range of 20-80° (slow scan
(1° min™") and step size of 0.02°). Further, the detailed struc-
tural modeling was performed by Rietveld refinement using the
FullProf software, and various theoretical parameters such as
oxygen vacancy, bond length, edge length, packing efficiency,
and bond angle were obtained for all the samples. Also, the 3-D
crystal structure of the Co,gMn,,Fe,O, sample compositions
was modeled using the VESTA software by different associated
parameters such as bond angle, bond length, and cation-cation
interaction among the A and B sites obtained from the struc-
tural modeling of the XRD patterns.

2.2.2 Transmission electron microscopy (TEM). The mor-
phology of the NFs and their size distribution were probed by
TEM (model TECNAI F30). Also, all the samples were probed by
selected area electron diffraction (SAED) and high-resolution
transmission electron microscopy (HRTEM) to confirm the
polycrystalline nature of the NFs. The sample for the measure-
ment was prepared by dispersing the particles in ethanol under
sonication for 3-4 min, followed by immediately dropping it on
a 300 mesh carbon-coated copper grid and the grid was dried
using an optical lamp.

2.2.3 Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS). The surface morphology
of the NF sample compositions and their element composition
were obtained using a 10 keV SEM with EDS attachment (model
EVO MA 10 variable pressure SEM). The SEM specimen for all
the samples was prepared by dispersing the sample in ethanol
under sonication and drop-casting it on a silicon wafer. The
samples were dried in a vacuum oven at 60 °C followed by
conducting coating. Further, EDS is a non-destructive technique
used to determine the quantitative elemental composition of
materials. The specimen for the EDS measurement was prepared
using a pelletiser to make a 12 mm diameter and 2 mm thick
pellet for all the samples.

2.2.4 Fourier transform infrared (FTIR) and UV-visible
(UV-vis) spectroscopy. The room-temperature FTIR spectra of all
the NF compositions were recorded using an FTIR spectrometer
(NICOLET 5700) in the wavenumber range of 4000-400 cm™ ' in
transmission mode to identify each functional group present in
the sample. The specimen for the NF samples was prepared by
mixing the dry powder sample with KBr matrix. The elastic
parameters of all the sample compositions were obtained based

This journal is © The Royal Society of Chemistry 2022
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on the vibrational frequency () and force constant (K). The optical
absorption spectra of all the NF compositions in the wavelength
range of 200-900 nm were obtained using a UV-vis spectrophot-
ometer (Lambda 950, PerkinElmer) with the step size of 0.1 nm to
calculate the band gap energies and refractive indexes. The
sample for the measurement was prepared by dispersing the
powder sample in ethanol and sonication for 40 min.

2.2.5 Photoluminescence (PL) and time-resolved photolu-
minescence (TRPL). The room-temperature PL and TRPL spectra
of all the sample compositions were recorded using a fluores-
cence spectrometer (Edinburg Instrument (FLS-980.D2D2)). The
PL spectra of all the samples were obtained at an excitation
wavelength of 350 nm. Also, at room temperature, the TRPL
measurements were performed for all the NF compositions to
obtain their fluorescence decay time, which is in the ns range.

2.2.6 Vibrating sample magnetometer (VSM). The dc mag-
netic properties of all the NF samples were obtained using a
VSM (model Lakeshore 7410 VSM) in the magnetic field range
of +2T at room temperature (300 K). The magnetization curve
obtained for the sample was further fitted to the theoretical
predictions to calculate the anisotropy constant, initial perme-
ability, and magnetic moment.

2.2.7 Ferromagnetic resonance (FMR). The room-
temperature spin dynamics study of the as-synthesized NF
samples was conducted using an EPR spectrometer (Bruker,
Biospin, Model A300) using the X-band microwave frequency
(9.84 GHz) with a modulation frequency of 100 kHz in the
magnetic field sweep range of 0-1.5 T. The FMR spectra
obtained for all the samples were fitted to calculate their spin
concentration and spin-spin relaxation time.

3. Results and discussion
3.1 X-Ray diffraction study

The phase confirmation and crystallinity of the Co; ,Mn,Fe,0,
(0.8 < x < 0) NFs were probed by XRD measurements and the
diffraction patterns of all the samples were obtained in the
reflection mode. The XRD patterns of the pure and Mn>*-doped
CFO samples are depicted in Fig. 2(a), which show multiple
diffraction peaks, indicating the polycrystalline nature of the
NFs. The sharp diffraction peaks for all the Co;_,Mn,Fe,0,
sample compositions indicate their good crystalline nature.
The diffraction peaks of the pure CFO sample were observed
at the Bragg angle (20) of 30.56°, 35.38°, 42.89°, 53.67°, 57.24°,
and 62.93°, corresponding to the (220), (311), (400), (422), (511)
and (440) lattice planes, respectively, which perfectly match the
single cubic spinel structure (JCPDS card 22-1086).*%*%4° Also,
all the other Mn-doped samples show diffraction peaks in close
proximity, which suggests that the Mn ions occupy the lattice
site and do not hamper the single cubic spinel structure of the
CFO. Further, the incorporation of Mn ions resulted in the
shifting of the peak systematically. Fig. 2(b) shows an enlarged
view of the (311) plane of the XRD patterns of all the samples,
which suggests that the diffraction peak shifted towards mar-
ginally lower values. This can be correlated with the exchange
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Fig. 2

(a) X-Ray diffraction spectra of Co;_,Mn,Fe,O4 (0.8 < x < 0) nanoferrites. (b) Enlarged view of major diffraction peak of (311) plane XRD spectra

of all the samples. All samples show good crystalline behavior and their major peaks shifted towards the lower 20 values with an increase in Mn®* ion

concentration.

interactions and difference in radius between the Co and Mn
ions, which induce strain in the material. Also, the lattice
constant (LC- “a”) of the NFs was significantly affected by the
distribution of cations from their respective sites. The LC was
calculated from the interplanar spacing (d) and the respective
(hkl) planes using eqn (1), as follows:

Jl [h2+k2+12]|/2

= 2 sin 0 ™

The LC for the Co; ,Mn,Fe,0, NF sample for the x = 0
sample concentration is 8.391 A, which increased to 8.44 A for
sample x = 0.8 with an increase in the Mn>* concentration, as
shown in Table 1. Similar behavior was also observed in the
bulk samples, where the substitution of Mn** in place of Co**
resulted in an increase in LC from 8.499 A for MnFe,0, (JcpDS
card-10-0319) to 8.392 A for CoFe,0O, (JCPDS-22-1086).°° The
variation in LC with an increase in Mn>" concentration is
shown in Fig. 4(a). This increasing trend of LC with Mn**
doping is due to the Mn*" (0.83 A) ions with a larger ionic
radius replacing the Fe*" (0.67) and Co?' (0.78A) ions with
smaller ionic radii. It has been reported in the literature that
the replacement of smaller radius host ions by larger radius
ions results in an increase in the LC of the NFs. P. Monisha
et al. reported similar behavior in the CFO, where Mn substitu-
tion resulted in an increase in the lattice parameters.*®

The theoretical and experimental LC was obtained using the
Nelson-Riley function, as expressed in eqn (2):

cos2 cos?f
1/2(sme+ 0 ) 2)

The LC obtained using the Nelson-Riley function (F(0)) gives
precise values and is in good agreement with that obtained
using the XRD pattern directly using eqn (1).° The LC values
were obtained by assuming linear regression to determine the
y-intercepts, by extrapolating the straight line to F(f) = 0, as
depicted in Fig. 3(b). The square blocks in Fig. 3(b) depict the
experimental points corresponding to each 6 value and the
straight line represents the linear fit of the experimental points.
The value of the LC obtained from the Nelson-Riley function is
shown in Table 1 for all the sample compositions. The variation
in the LC with varying Mn concentration is shown in Fig. 4(a),
which is evident in the linear increase in the LC values with an
increase in Mn concentration. The crystallite size (“d” - using
the D-S method and “Dyy” - using the W-H method) of all the
sample compositions was obtained using the D-S equation
(eqn (3)) and W-H method (eqn (5)). The D-S equation does
not account for the instrumental and strain broadening, which
is rectified in the W-H method giving a more precise value of
the crystallite size of the samples. Also, the crystallite size in the
D-S method is obtained by only considering the highest
intensity peak (311), which sometimes results in an error.

F(0) =

Table 1 Crystallite size, strain, particle size, lattice constant and structural parameter (hopping length, specific surface area, and dislocation density)
calculated from the X-ray diffraction studies of Co;_,Mn,Fe,O4 (0.8 < x < 0) nanoferrites samples

Crystallite .
size (nm) Lattice constant (A)
Sample D-S W-H  Strain Particle size Nelson Lattice

Volume L, Lg Dx b (S) (01) line
(gem™@) (gem ™) (P) % m’g ' per m?

name method method () TEM (nm) XRD Riley method strain x 10> (A) @ @&

X=0 2013 23.56  0.0045 23.47 8.391 8.386 9.9 590.80 3.633 2.966 5.275 3.285 37.726 56.505 0.0024
X=0.2 21.59 25.82 0.0038 26.85 8.422 8.406 12.9 597.37 3.646 2.977 5.199 3.359 35.392 53.454 0.0021
X=04 19.03 22.41 0.0027 22.41 8.424 8.412 12.7 596.94 3.645 2.976 5.185 3.482 32.845 60.808 0.0027
X=0.6 19.92 24.92 0.0018 25.93 8.427 8.417 13.5 598.43 3.648 2.979 5.154 3.527 31.568 58.441 0.0025
X =0.8 20.56 26.89 0.0012 27.48 8.441 8.473 15.2 601.42 3.655 2.984 5.098 3.613 29.137 57.244 0.0023
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Fig. 3 (a) Williamson Hall plots of Co;_,Mn,Fe,O4 (0.8 < x < 0) NF samples for different Mn?* ion concentration loadings. (b) Nelson Riley function F(6)

vs. lattice parameter plots of Co;_Mn,Fe,O4 (0.8 < x < 0) NF samples.
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Fig. 4
NFs with varying Mn®* ion concentration.

Thus, eqn (3) can be expressed as the sum of the full width at
half maximum (FWHM) of the crystal and strain, as shown in
eqn (4), which can be rewritten as eqn (5) (W-H method),*>*
as follows:

094 3)

B cos O

0.94
ﬂtolal = ﬂcryst + ﬁslrain =4etan0 + m (4)
The above equation can also be expressed as:
0.9
. = 4esi —

B cos 0 = desin 0 + Dwrcosd (5)

where S and 0 are the FWHM and Bragg angle of the (hkl)
plane, respectively, 1 is the wavelength of the X-ray source (1 =
1.5406 A), and ¢ is the induced strain.**** The strain in the
material is considered to be uniform according to eqn (5) in all
the crystallographic directions, and thus is also known as the
uniform deformation model. The average crystallite size and
strain in the materials were calculated by plotting the liner
fitted line of By cos 0 vs. 4sin 0 for the different Bragg angles
obtained for each sample. The crystallite size was obtained

This journal is © The Royal Society of Chemistry 2022

Mn(%) concentration

(a) Variation in the crystallite size (d) and lattice parameters (a). (b) Variation in X-ray (p,) and bulk densities (pp,) of Co;_,Mn,Fe,O,4 (0.8 < x < 0)

0.92
Dwy cos 0
sample corresponds to the induced strain in the samples.
It was observed that the calculated average crystallite size of the
CFO increased from 23.56 nm (x = 0) to 26.89 nm (x = 0.8) with
an increase in the Mn** ion concentration using the W-H
method, as seen in Table 1. The crystallite size values obtained
using the D-S method show an almost similar trend, as shown
in Fig. 4(a) and Table 1.°° Further, the induced strain in the
sample increased with an increase in the Mn concentration,
which is obvious as the larger atoms (Mn>") substituted the
smaller atoms (Co”"), resulting in an increase in strain (from
9.9 x 107> to 15.2 x 107°) in the samples. The positive slope of
the W-H plot indicates the tensile strain in all the sample
compositions given that the growth was restricted due to the
larger ion substitution, which resulted in outward strain.’’
Koseoglu et al. also reported a similar trend of increasing
crystallite size upon an increase in Mn>" concentration.
Further, the theoretical (p,) and experimental X-ray density
(pp) of the samples were obtained using eqn (6) and (7),>*°®
as follows:

from the y-axis intercept ( > and the slope of the

54,55

M
gem™ (6)

Pr = Npd
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__m -3
Po = nr2h gcm @)

where n is the number of atoms per unit cell (n = 8), M is the
molecular weight, N, is Avogadro’s number, and m is the mass,
r the radius, and & the thickness of the specimen.

The theoretical X-ray density of the samples decreased
consistently with an increase in the Mn?*" ion concentration
from 5.275 to 5.098 g cm >, This can be well understood as p, is
inversely proportional to the LC of the materials. Alternatively,
the experimental X-ray densities showed lower values than the
theoretical values (bulk density) and increased from 3.285 to
3.613 g cm~>. The decrease in the density of the NFs from their
bulk corresponds to the presence of pores, vacancies, and
higher-order defects in the nanoregion.””® Further, the
increase in Mn>* ion concentration resulted in an increase in
the density of the NFs due to the substitution of the larger-size
Mn*" ions in place of Co** ions. The variation in the theoretical
and experimental X-ray densities (p, and py, respectively) with
an increase in Mn>" ion concentration is shown in Fig. 4(b).
Further, the percentage porosity (P) of all the sample composi-
tions was obtained according to the empirical relationship in
eqn (8), as follows:

P= (m) x 100% 8)

X

The porosity values obtained for all the sample composi-
tions using eqn (8) are depicted in Table 1. The % porosity of
the samples decreased with an increase in Mn>" ion concen-
tration from 37.726% to 29.137%. This resulted in an increase
in the experimental X-ray density of the NF sample with an
increase in Mn?' ion concentration.?® Also, we obtained
the hopping length (which is simply the distance between the
magnetic ions from the A and B sites) corresponding to the
tetrahedral (L,) and octahedral (L) sites using eqn (9), as
follows:

1.73a
La==
and
1.41a
Ly =— ©)

The values of the hopping length obtained for all the samples
using eqn (9) are summarized in Table 1. The variation in CFO
with Mn>" ion concentration indicates that the hopping lengths
(Lx and Lg) increased with an increase in the Mn>" concen-
tration. This can be associated with the fact that the hopping
length corresponding to the A-B sites is longer compared
to that of the A-A and B-B sites. Also, this can be well under-
stood from eqn (9),>> which shows that the hopping lengths
are directly proportional to the LC of the materials. Herein, we
assume that our as-synthesized NFs have a spherical morphol-
ogy. The specific surface area (S) and dislocation density (o) of
the NF samples were obtained using eqn (10), as follows:

G A x 103

Pxxd
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1

where A’ = 6 for spherical nanoparticles.’ The specific surface
area is the area of the exposed surface of the nanoparticle per
unit mass. The specific surface area and dislocation density
values obtained for all the samples are shown in Table 1.
According to the obtained values of the specific surface area,
we observed that the “S” first increased, and then started to
decrease with an increase in Mn”" ion concentration. According
to eqn (10), the specific surface area depends on both the
theoretical density and crystallite size. The observed variation
in the NF samples can be correlated with the presence of defect
states in the samples.*® Further, the dislocation density pro-
vides information about the presence of defects and purity of
the crystal structure of the materials. It is defined as the
number/length of dislocation sites per volume in the unit cell.
The obtained values of the dislocation density using eqn (10)
indicate that.decreased with an increase in the Mn>* concen-
tration. It is also evident from eqn (10) that J;, varied inversely
to the crystallite size and with an increase in Mn®" concen-
tration, the crystallite size increased. Further, the magnitude of
the values obtained for the Co,_,Mn,Fe,0, samples is very low
compared to the other NFs reported in the literature, making
the prepared samples very useful for diverse applications in
environmental remedial and biomedical applications.?*3%*

3.2 Rietveld refinement of the diffraction data

The detailed structural investigation of the pure and Mn-
substituted CFO NFs was carried out by Rietveld refinement
using the powder XRD data and the full-proof refinement
software. The refinement of the XRD patterns was performed
by fixing the parameters such as “0 = 90°” assuming a cubic
structure, while other parameters such as the LC, site occupancy,
background, and scale factor were taken as free parameters.
The parameter associated with the instrument was kept the
same in all the refinement procedures and peak broadening
was corrected using the reference standard of silicon powder
(NIST standard reference material). The refinement was carried
out by adopting a process similar to our previous work (please
see the details in ref. 9, 18, 47 and 60). This process involves two
steps and we adopted the least squares method to minimize the
difference between the Bragg intensities of the experimental
pattern and the proposed crystallographic structural model.
The refinement was carried out by refining the global parameters
such as background and scale factors followed by the refinement
of LC, crystal orientation and asymmetries, metal ion occupan-
cies, atomic coordinates, and isothermal parameters. The refine-
ment of the XRD patterns was carried out by assuming the peak
profile as pseudo-Voigt.*® Fig. 5 shows the refined patterns of all
the sample compositions, where the black line shows the
experimental XRD curve and red circles show the refined
pattern. The vertical lines show the Bragg position and the blue
line at the bottom represents the difference between the refined
patterns and experimental patterns. The Rietveld refinement
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Fig. 5 La Bail Rietveld refinement XRD data of Co; _,Mn,Fe,04 (0.8 < x < 0)
NFs. The black circles show the experimental data and the red circles show
the refined patterns. The vertical lines show the different XRD peaks obtained
by the refinement of the pattern.

procedure shows that the fitting of the extrinsic site inversion
(¢') up to 10% maximum, which indicates the controlled synth-
esis of the Co;_,Mn,Fe,O, NFs. It is evident from Fig. 5 that all
the peaks in the experimental XRD patterns perfectly fit the
standard data. Further, the R-factor is an important quantity that
describes the extent of matching between the experimental and
refined data (based on the crystallographic model) and calcu-
lated by taking the difference between them.*® The quality of the
fitting of the refined data based on the crystallographic model
was evaluated by determining various R-factors such as the
profile (R, and Ry,), expected (Reyp), and weighted profile (R,p).
Further, we measured the goodness of fitting (%), which is the
ratio of the weighted profile to the expected R-factor, further
quantifying the quality of fitting.>**°" The value of 4 is 1 for a
perfect match and we obtained values in the range of 1.67 to
1.98, which are close and indicate very good matching with
the structural model. The values of all the R-factors and ;>
obtained for all the samples are shown in Table 2, where it
can be seen that an increase in Mn>* concentration resulted in
the distortion of the crystallographic model, increasing the ;>
value. However, after the critical value (x = 0.6), * started to
decrease given that the Mn** concentration now dominated the
orientation and dictated the structural model. Further, different
metal ions prefer different lattice sites in NFs, which influences
the cation distribution significantly by the substitution of
different metal ions in these materials. Also, the variation in
the structural parameters was not systematic, which can be
correlated with the difference in ionic radii of the metal ions

This journal is © The Royal Society of Chemistry 2022
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Table 2 Refinement (goodness of fit and R-factors) and structural para-

meter (lattice parameters and volume) of the Co;_,Mn,Fe,0,4 (0.8 < x <
0) NFs obtained by Rietveld refinement of the experimental XRD patterns

Cell
Sample Bragg RF- volume a(a=b=c)
name y° Rfactor Factor Rup, Rew Ry (V) (AP (A)

X=0 1.67 2.89 2.27 44.6 34.6 98.5 593.41 8.403
X=0.2 1.68 2.57 1.96 41.9 32.2 87.4 602.54 8.446
X=0.4 1.80 1.82 1.16 34.9 26.0 51.4 601.03 8.439
X=0.6 1.98 2.70 2.06 42.9 32.7 82.0 602.42 8.445
X=0.8 1.72 2.9 2.17 43.6 33.2 91.7 601.67 8.442

such as Co®" (0.74 A), Mn®" (0.80 A), and Fe*" (0.64 A).***
This indicates that the optimized concentration of substitution
holds the key to improving and governing the properties of
these NFs.

3.3 Distribution of cations and crystal structure

The distribution of the cations in spinel NFs plays a crucial
role in obtaining the desired properties in these materials. This
becomes even more critical in the nano regime given that the
slightest variation in metal ion concentration at the lattice sites
results in a significant variation in the properties. Herein, we
propose the cation distribution in the Mn>" substituted CFO
based on the preference of the metal ions at the octahedral and
tetrahedral lattice sites. Generally, Mn>" has a tendency to
occupy the octahedral sites, whereas the Co®" ions tend to
occupy the tetrahedral sites and Fe*" ions can occupy both the
octahedral and tetrahedral sites. Considering the tendency of
individual metal ions to occupy preferred lattice sites, the most
appropriate cation distribution is shown in Table 3.°> Fig. 7
shows the 3-D crystal structure of the CogygMn,,Fe,O, NFs
obtained using the VISTA software, where the orange color is
the iron atom, the black color shows the cobalt atom, the red
color shows the manganese atom, and the white color shows
the oxygen atom. The cation distribution of the Co,_,Mn,Fe,0,
NF samples was obtained using the Bertaut method based on
structural modeling. In this method, the cation distribution is
obtained by calculating the refined XRD peak intensities.
Further, the cation distribution proposed by the Bertaut
method was verified by the lattice parameters obtained by
fitting the crystallographic model. In the XRD patterns, some
of the diffraction planes are sensitive to the cation distribution
and their intensity ratios indicate the most appropriate metal
ion distribution. In spinel NFs, the (220), (400), and (440)
planes are considered the most suitable for the prediction of

Table 3 Purposed cation distributions of Co;_yMn,Fe,O4 (0.8 < x < 0)
NF samples

Cation distribution at lattice sites
(A and B sites)

Sample
(Mn,Co;_,Fe,0,4)

X=0 (Coy. 01, Feo 993+)A(C0() 99 Feq g )BO427

X=02 (Coo. 05, Feo 933+) (C00.752+F31.05 Mn0.202+)BO4 a
X=04 (Co. 03, Feo 973+) (Co. 57 F61 03 “Mn,, 402+)BO42_
X=0.6 (CO() 07, Feo 933+)A(C0() 33 F61 073 Mno 602+)BO427
X=0.8 (Coo. 04" 'Feg, 953+)A(C00 29" 'Feq.00° Mny, 802+)BO4 a
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the cation distribution. The intensity ratio of these planes was
calculated as Iy55/Is00, I220/1222, and Inp0/ls00 to verify the pre-
dicted cation distribution.*®**% The refinement of these lattice
plane reflections was done by minimizing the R-factor and also
calculated by distributing the intensities of the overlapping
reflections, as given by eqn (11) and (12).

Io?s Ical

hkl x hkl (1 1)
Iobs Ical

WKl HKE

Inia = |Fuia*-P-Lp
where

1 + cos? 20

Lorentz polarization factor (Lp) = ————
P (Le) sin® 20 cos 20

(12)
where 52153 and Iy, are the observed, calculated, and relative
integrated intensities for the reflection plane (%kl), respectively,
Fpy; is the structure factor, which is the sum of the individual
ions present in each site, and P is the multiplicity factor. The
estimated cation distribution of the A and B sites for the
Co, _,Mn,Fe,0, NFs is given in Table 3.

The average cation radius r, and rg of the A and B sites was
obtained using the cation distribution shown in Table 3 and
eqn (13) and (14), respectively, as follows:

ra = (Cco2+)A(rmz+) + (CF63+)A[T'F33+) + [CMn2+)A(ran+) (13)

(€ )P i)+ (o)) + (Cue ()]

(14)

g =

where C and r correspond to the ionic concentration and ionic
radii of the cations distributed at the A and B sites, respectively.
The obtained values of the average cation radius of both the A
and B sites (7, and rp, respectively) are shown in Table 4, which
indicate a systematic increase in g with an increase in the Mn**
concentration. This can be well understood as the larger ionic
radius Mn*" ions (0.80 A) replaced the Co®" ions (0.74 A) at the
octahedral sites.®* In contrast, r, varied in a non-systematic
manner with an increase in the Mn** ion concentration as it
has a strong tendency to occupy the B sites. This resulted in the
movement of some of the Fe*" ions to the A sites, which is
evident from the cation distribution shown in Table 3. The
higher concentration of Fe*" ions at A sites resulted in an
increase in the average cation radius at the tetrahedral sites,
as shown in Table 4. Further, the theoretical lattice parameter
(awn) strongly depends on the ionic radius of the metal ions and
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obtained using eqn (15).°
8
an = (5\/3> [(ra + Ro) + V3(rs + Ro)] (15)

where R, = 1.32 A (radius of 0%>7). The value of ay, is obtained by
substituting the mean ionic radius values obtained from
eqn (14)-(16) and summarized in Table 4. The value of the
theoretical LC increased consistently with an increase in Mn**
concentration, validating the experimental trend. The small
variation in the theoretical values and experimental values
originated from the consideration of an ideal unit cell in the
theoretical analysis. The oxygen positional parameter () is
defined as the distance the oxygen ions need to be moved to
incorporate the metal ions at the A-sites. The oxygen positional
parameter was obtained using eqn (16). Also, the inversion
parameter (0), which is defined by the difference between
the calculated oxygen parameter and ideal oxygen parameter
(Uigeal = 0.375),'® was calculated using eqn (17), as follows:

u= (a%h\/3) (VA + Ro) +0.25 (16)

d=u— 0375 (17)

The values of the oxygen positional parameter and inversion
parameter for different Mn** concentrations in CFO are shown
in Table 4. Both “x” and “ ” show a non-systematic variation
similar to the mean ionic radius corresponding to the A-sites.
This can be well understood as the oxygen positional parameter
is directly proportional to r, as au, showing a consistent
increasing trend. Further, the bond lengths (A-O and B-O)
and ionic radii (r,; and rg;) of the respective tetrahedral and

octahedral sites were obtained using eqn (18)-(21).%*°
A-O = (u—0.25)aV3 (18)
B-O = (0.626 — u)a (19)
rar = (u—0.25)aV3 — Ro (20)
's1 = (0.625 — u)a — Ro (21)

The values of the bond lengths and ionic radii obtained
using the above-mentioned equations are presented in Table 4.

Table 4 Lattice parameters, ionic radii, bond lengths, oxygen and inversion parameters, tetrahedral and octahedral edge, shared and unshared lengths

of as-synthesized NF samples obtained by analytical calculations

Sample name am (A) A-O (A) B-O (A) a1 (A) 81 (A) u B R R R’

X=0 8.5173 1.9900 2.0535 0.6711 0.7244 0.3849 0.0099 3.2425 2.7728 3.0149
X=02 8.5248 1.9956 2.0536 0.6755 0.7246 0.3851 0.0101 3.2575 2.7704 3.0187
X=04 8.5285 1.9941 2.0551 0.6733 0.7273 0.3850 0.0100 3.2589 2.7740 3.0201
X=0.6 8.5346 1.9985 2.0551 0.6778 0.7271 0.3852 0.0102 3.2636 2.7712 3.0222
X=0.8 8.6746 1.9937 2.1105 0.6744 0.7815 0.3827 0.0077 3.2658 2.8780 3.0693
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The bond length value corresponding to the B-site is higher
than that of the A-site. Similarly, the ionic radius of the B-site is
also greater than that of the A-sites. The bond length corres-
ponding to the B-sites showed a consistent increasing trend
with an increase in Mn?" concentration, which can be well
understood as the ionic radius of the Mn®" ions is greater than
that of the substituted Co®" ions. Alternatively, A-O and ra,
showed a similar trend, which first increased, and then
decreased with a further increase in the Mn** concentration.
The non-systematic variation in these quantities can be well
described by their dependence on multiple factors, which
counteracts these types of behaviours.>"®> The average bond
length corresponding to the tetrahedral sites (R,) and octahedral
sites (Rp) was obtained using eqn (22) and (23), respectively.

Tetrahedral bond length: R, = a,/3(d + 0.125) (22)

Octahedral bond length: Rg =a (\/ 0.0625—0.50+ 362) (23)

The values of R, and Ry were obtained by the substitution of
the inversion factor and experimental LC in the above-
mentioned equations and shown in Table 5. Both the tetrahedral
and octahedral bond lengths did not show any systematic
variation with varying Mn>" concentrations. The tetrahedral
and octahedral bond lengths are more dependent on the inver-
sion parameter compared to the lattice parameter, and thus
follow a similar variation trend with an increase in Mn”>*
concentration. The ionic packing coefficients corresponding to
the tetrahedral (P,) and octahedral (Py) sites for the spinel NFs

were calculated using eqn (24)-(27),**° as follows:

I'xt

P, = — 24

V=g (9
rXO

Py =— 25

= e (25)

' = ay/3(u — 0.25) — Ro (26)

T'vo = @(0.625 — u) — Ro (27)

where ry. and ry, are the radius of the A and B interstitial sites,
respectively. The calculated values of ionic packing coefficients
are smaller than 1, suggesting the existence of ionic vacancies
and larger overlapping between the cation and anion. The
obtained packing coefficient values (P, and Py,) using eqn (25)
and (26) are presented in Table 5. Again, the variation in the

Table 5 The radii of the interstitial sites (A and B), average bond lengths,
ionic packing fraction and total vacancy concentration of the as-
synthesized NFs obtained by analytical calculations

Sample . .
name Iy (A) Txo (A) Ra Ry P, Py o B

X=0 0.6100 0.6650 1.9900 2.5185 0.3065 0.2640 0.6566 4.3827
X=0.2 0.6148 0.6652 1.9948 2.5259 0.3082 0.2632 0.6496 3.5737
X=0.4 0.6141 0.6648 1.9941 2.5227 0.3079 0.2643 0.6504 3.7690
X=0.6 0.6185 0.6665 1.9985 2.5317 0.3094 0.2643 0.6491 3.7352
X=0.8 0.6137 0.7218 1.9937 2.4802 0.3078 0.2910 0.6559 7.8636
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value of P, and P, did not have any systematic change in
behaviour with an increase in the Mn®" ion concentration.
Further, the values of the ionic packing factor (x) and total
vacancy concentration existing in the sample (ff) were obtained
for different sample concentrations using eqn (28) and (29),
respectively, and estimated by the fulfilment coefficient of the

unit cell.®*
32n
=33 (1‘A3 + 218 + 4Ro3) (28)
exp
ath3 - aexp3
By, = 5 ) 100% (29)
th”

The values of the ionic packing factors and total vacancy
concentration are listed in Table 5. The value of « falls in the
range of 0.64-0.66, which indicates the presence of two phases,
i.e., normal and inverse spinel ferrite. Typically, a sharp change
in the value of «;, was observed at the boundary of the normal
and inverse spinel ferrites. Further, the value of 8, showed a
two-fold increase with the addition of Mn** for a higher
concentration Co;_,Mn,Fe,O, (x = 0.8). Initially, with Mn>**
substitution, it started to decrease for the Co,_,Mn,Fe,O, (x =
0.2) sample; however, it started to increase with the further
addition of Mn?" ions. The decrease in the Bp value indicates a
change in the mixed ferrite to normal ferrite and vice versa.
According to Table 5, it is evident that the values of «,, P, and Py,
are lower than 1, which indicates the presence of vacancies at
both the A and B sites. The values of the different edge lengths
such as tetrahedral shared ®, shared octahedral (R') and
unshared octahedral (R") for all the NF samples were obtained
using eqn (30)-(32), respectively,”®" as follows:

Tetrahedral shared edge length: R = av/2(2U —0.5)  (30)

Octahedral shared edge length: R = av/2(1 — 2U) (31)

Octahedral unshared edge length: R” = a\/4U? — 3U + 0.6875
(32)

The values of the R obtained using eqn (30) are listed in
Table 4, showing that the tetrahedral shared edge length
consistently increased with an increase in the Mn>" ion concen-
tration in the CFO samples. This can be correlated with the
increase in the mean radius of the tetrahedral site with Mn**
substitution. Further, the cation distribution among the tetra-
hedral and octahedral sites is mainly responsible for the
variation in R’ and R”. A sharp increase in the value of the
octahedral shared and unshared edge lengths was observed
for the sample concentration x = 0.8 Mn** ions from the x =
0.6 sample concentration. This can be correlated with the
transition of CFO towards MnFe,O, due to the excessive sub-
stitution of Mn*" ions. These lengths are a key indicator for
predicting and controlling the magnetic properties of the NFs,
as in the case of the Mn?*" ijon-substituted CoFe,O,, which
follows a mixed spinel structure, and the net magnet moment
obtained by the exchange interaction between the tetrahedral
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and octahedral sites. The increase in these lengths resulted in a
reduction in the exchange interaction; however, due to their
ferromagnetic nature, the reduction in interaction has a differ-
ent effect as the Mn>" ions have a higher magnetic moment,
which resulted in an overall increase in the net magnetic
moment of the NF samples.

The two key parameters that control the magnitude of the
magnetic exchange interactions in NFs are the bond angle and
inter-ionic distance. An increase in bond angle directly results
in an increase in exchange interaction, whereas the inter-ionic
distances are inversely proportional. The interionic lengths, i.e.,
cation-anion and cation-cation distances, were obtained using
eqn (33)-(41).*>* Different magnetic interactions, i.e., A-B,
A-A, and B-B, significantly depend on the bond lengths
between the cation-cation and cation-anion. The values of
the inter-ionic lengths obtained using eqn (33)-(41) were used
for the calculation of the bond angles between the metal ions
using eqn (42)-(46).

Cation-cation bond length

p:a(g— U) (33)

qza(U—%)ﬁ (34)
r:a<U—%)\/ﬁ (35)

s:a(1U+l)\/§ (36)

Cation-anion bond length

b= (;) V2 (37)
= (g) Vil (38)
d= (;) V3 (39)

e= (ﬁ) V3 (40)

r=(5)ve (41)
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Interionic bond angle

2, 2 2

0, = cos™! (piJr;)q < ) (42)
2,22

0, =cos™! (%) (43)

2 212

63 = cos™! <7pzqu ) (44)
2, 2 _ 42

64 = cos™! <p7+25ps S ) (45)
[T+ —d*

05 =cos ! (L L — 4 46

5 = cos < g (46)

Further, the values of the bond length and bond angle
obtained using the above-mentioned equations are listed in
Tables 6 and 7, respectively. The bond angle indicates the
strengthening and weakening of the exchange interaction.
Fig. 6 shows a schematic of the different bond lengths and
bond angles observed in the NF samples. It is evident from
Table 7 that 04, 0,, and 05 increased, while ; and 0, decreased
with an increase in Mn>* ion concentration. According to Fig. 6,
0, and 6, correspond to the A-B interaction, whereas 05
corresponds to the A-A interaction. Thus, the increase in the
values of 0,4, 0,, and 05 indicates the strengthening of the A-A
and A-B interaction with an increase in Mn®' ion concen-
tration. Further, the values of 0; and 0, decreased with an
increase in Mn®" ion concentration, indicating the weakening
of the B-B interaction. The increase in the A-B interaction can
be correlated with the creation of an anti-parallel arrangement
at the A and B sites by the substitution of the Co®" ions with
Mn?** ions. Also, the Mn?' ion substitution resulted in a
reduction in the Fe** ions in the octahedral and tetrahedral
sites. This resulted in the strengthening of the A-A interaction.
Further, the overall reduction in the magnetic moment due to
the substitution of the Co®" (3ug) ions by Mn>* (5u3) ions from
the B to A sites resulted in a decrease in the B-B interaction.”®'
Further, the crystal structure of the Cog sMn, ,Fe,O, sample is
shown in Fig. 7.

3.4 Fourier-transform infrared spectroscopy (FTIR)

FTIR is a powerful tool to investigate the vibrational and
absorption bands of the as-synthesized NFs samples. It

Table 6 The calculated inter-ionic distance values, i.e., cation—anion (p, g, r, s) and cation—cation (b, ¢, d, e, f) distances of Co;_,Mn,Fe,0,4 (0.8 < x < 0)

NF samples

Sample name p A q (&) r (&) s (A) b (A) c(A) d (A) e (A) f@A
X=0 2.0450 1.9899 3.8104 3.7364 3.0112 3.5310 3.6879 5.5319 5.2155
X=02 2.0450 1.9947 3.8197 3.7407 3.0139 3.5341 3.6912 5.5368 5.2201
X=0.4 2.0468 1.9941 3.8185 3.7418 3.0152 3.5357 3.6927 5.5392 5.2223
X=0.6 2.465 1.9985 3.8269 3.7455 3.0174 3.5382 3.6953 5.5430 5.2260
X=0.8 2.1018 2.0237 3.8178 3.7944 3.0669 3.5962 3.7560 5.6341 5.3117
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Table 7 The calculated bond angles between the cation-anion obtained
by the cation distribution of Co; ,Mn,Fe,O4 (0.8 < x < 0) NFs

Sample name 01 (°) 0, (°) 05 (°) 04 (%) 05 (°)

X=0 122.10 134.38 94.95 126.34 112.60
X=02 122.25 136.48 94.48 126.30 112.84
X=04 122.48 139.64 95.00 126.25 112.98
X=0.6 122.86 139.76 95.10 126.18 113.42
X=0.8 122.93 144.59 93.84 126.10 113.62

provides vital information of the NFs regarding the formation
of molecular bands, functional groups, and chemical residues.
The FTIR spectra of the as-synthesized Co,;_,Mn,Fe,0, (0.8 <
x < 0) samples obtained in the wavenumber range of 400-
4000 cm ™' are depicted in Fig. 8(a). The chemical properties
obtained by the absorption or emission IR spectra of the materials
indicate that these NFs have a cubic spinel structure. The IR
absorption band of the cubic spinel NFs is the signature of the
chemical bands present in the ions of their lattice. Moreover, in
the ferrites, there are two main absorption bands observed in the
FTIR spectra, corresponding to the metal-oxygen band, which
appeared in the range of 400-600 cm™*.%” According to Fig. 8(a), it
is clear that two bands are observed for all the samples, which
correspond to the tetrahedral-oxygen (“vy” - Mge~O>") and
octahedral-oxygen (“v,” - M,—O>") vibrations. In the cubic spinel
structure, the absorption bands (v; and v,) correspond to the
intrinsic lattice vibrations of the A and B sites, respectively. The
absorption band (v,) at around 400-430 cm™ ' is ascribed to
the stretching vibration of Mo — 0> in the octahedral position
and the stretching vibration of the absorption band (v4) at around
500-600cm ' is due to the stretching vibration of My, — O~ at
the tetrahedral sites in all the composition samples.®®**® The
presence of these two stretching vibrations in the FTIR spectra
gives evidence of the formation of the ferrite phase. The other
bands observed at around 1500 and 3400 cm ™" are attributed to
the -OH- stretching and bending, respectively, due to the
presence of water molecules. These absorption bands originated
from the mixing of KBr in the sample, which absorbed
water molecules during the sample preparation in the open
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Fig. 7 3-D crystal structure of CoggMng Fe,O4 nano-ferrites.

atmosphere. The absorption band at around 3000 cm™ " is due
to the carboxyl group present in the materials, which confirms the
presence of PEG-400 in all the samples. The calculated wavenum-
bers with the addition of Mn>" ions in the cobalt ferrites at both A
and B positions are shown in Table 8. Thus, it is evident from
Table 8 that the value of v; decreased, whereas v, increased with
an increase in Mn>" ion concentration. The trend in the values of
vy and v, can be well understood as the Mn** ions have a strong
tendency to occupy the B sites of the spinel ferrites. Thus, the
increase in Mn®" ions at the B site resulted in the replacement of
the Fe*" ions in the A sites, as evident from the cation distribution
shown in Table 3. Further, this change in the vibration frequency
can also be correlated with the change in bond lengths between
the oxygen molecules and metal ions. Also, the difference in
the masses of Mn>* and Co®" ions resulted in a change in the
vibration frequency along their band position.'® Moreover, the
FTIR spectra also validate the transformation of the cubic inverse

spinel to normal spinel structure.
3.5 Elastic study

The force constant (K) is the proportionality coefficient between
the force exerted by the individual atoms on each other and the

A-A Interaction

Q Oxygen atom’ A atoms . B atoms

Fig. 6 Schematic representation of the different bond lengths and bond angles of the Co;_,Mn,Fe,O4 (0.8 < x < 0) NF samples.
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Fig. 8 (a) Room-temperature FTIR spectra of Co;_yMn,Fe,O4 (0.8 < x < 0) magnetic NFs in the 400-4000 cm™! region. The two bands 4 and v
corresponding to the metal ion—oxygen vibrations are the signature of the spinel ferrite phase. The stretching vibration at around 3000 cm™* appearing
for all the samples is due to PEG-400. (b) Variation in force constant (Ko and K7) with varying Mn concentration in Co;_,Mn,Fe,0,4 (0.8 < x < 0,x=0.2)

NF samples.

Table 8 The absorption bands (11 and v»), force constant (Kt and Ko), and Debye temperatures of Co;_,Mn,Fe,O4 (0.8 < x < 0) NFs

Force constant (Ky x 10°)

Force constant (Ko x 10°)

Sample name vy (em™) vy (em™) (dyne per cm) (dyne per cm) Debye temperature (@p (K))
X=0 583 409 2.491 1.226 713.24
X=0.2 580 412 2.465 1.244 713.59
X=04 577 417 2.440 1.275 714.68
X=0.6 575 420 2.423 1.292 715.40
X=0.8 573 424 2.406 1.317 716.84

displacement from the mean position. This characterizes and
provides knowledge about the chemical bonding and structural
characteristic of molecules. The force constant (K) between
metal-oxygen ions corresponding to the tetrahedral (K;) and
octahedral (K,) sites was obtained using eqn (47), as follows:

K, = 4n*c*v,*m and K, = 4n*c*v,°m (47)

where c is the velocity of light (c =3 x 10® cm s~ ') and m is the
reduced mass of metal-oxygen ions obtained by m = mym,/m, +
m,, and its calculated value is 2.065 x 10~>* g.

The force constant values of all the Mn>" concentration
samples obtained using eqn (47) are depicted in Fig. 8(b) and
listed in Table 8. The K, value increased steadily from 1.226 x
10° dyne per cm to 1.317 x 10° dyne per cm, whereas K;
decreased from 2.491 x 10° dyne per cm to 2.406 x 10° dyne
per cm with an increase in Mn>" concentration. According to
the calculated force constant values corresponding to the
tetrahedral and octahedral sites, it can be concluded that K

is higher than K, for all the sample concentrations.®® The value
of the elastic stiffness constant for the NF system was calcu-
lated using eqn (48) and (49), as follows:

Kay

= (48)
C]]O’
Cpp = 49
s T (49)
Ko + K
where K,, is the average force constant (Kav = %), ais

the experimental lattice parameter and ¢ id Poisson’s ratio,
which depends on the porosity (P) and calculated as ¢ =
0.324(1 — 1.043-P). The values of Poisson’s ratio obtained for
the different concentration samples are depicted in Table 8 and
indicate that it increased with an increase in Mn>" concen-
tration. The Poisson’s ratio varied from 0.19 to 0.22, which
confirms the good elastic and isotropic characteristics of the
samples.®® Further, the values of the stiffness constant C;; and

Table 9 The Poisson’s ratio, stiffness constant, bulk, rigidity and young's moduli, wave velocity, longitudinal V, (m s™%) and transverse V; (m s~ of

Coy_xMn,Fe,O4 (0.8 < x < 0) NFs

Sample name ¢ C11 (GPa) C1, (GPa) B (GPa) E (GPa) G (GPa) Vi(ms™) Vi(ms™) Vm (ms™h)
X=0 0.1965 221.6 51.4 108.1 202.1 84.4 2049.6 2152.9 1927.2
X=0.2 0.2044 220.6 56.6 111.2 197.4 81.9 2059.4 2316.4 2032.0
X=04 0.2130 220.4 59.7 113.4 195.3 80.5 2063.7 2115.3 1906.5
X=0.6 0.2174 220.2 61.2 114.3 194.0 79.6 2068.3 2033.6 1852.1
X=0.8 0.2255 219.6 63.9 115.8 190.7 77.8 2076.8 1897.7 1836.8
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C;, of all the samples were obtained by putting the values of Ky,
a and ¢ in the above-mentioned equations and listed in Table 9.
The stiffness constant C,; decreased, while C,, increased system-
atically with an increase in Mn>" concentration. The stiffness
constant C;; mainly depends on two factors, i.e., force constant
and lattice parameter, whereas Cj, also depends on the porosity
of the samples. Further, various elastic modulus constants such
as Young’s modulus (E), modulus of rigidity (G), and bulk
modulus (B) were calculated using the stiffness constant and
Poisson’s ratio and eqn (50)-(52),% respectively, as follows:

B (GPa) = %(Cn +2Cn) (50)
R T (52)

The values of all the elastic moduli (Young’s modulus,
modulus of rigidity and bulk modulus) for the varying Mn>*
concentration samples obtained using the above-mentioned
equations are listed in Table 9. It is evident from this table that
the bulk modulus increased, while the Young’s modulus and
modulus of rigidity decreased with an increase in Mn®" concen-
tration. The high values of the elastic moduli refer to the strong
tendency of the material to recover from the deformation to
reach an equilibrium state. The high values of Young’s modulus
and modulus of rigidity in the Mn-substituted cobalt ferrites are
due to the strong interaction between the metal ions at their
respective cation sites A and B. Further, the smaller crystallite
size resulted in larger grain boundaries, which caused restrictive
dislocation motion, improving the strength and toughness of the
sample. Further, the wave velocities (longitudinal V; and trans-
verse V) were calculated using eqn (54) and (55), respectively, by
substituting the value of G, which show the modulus of rigidity
with zero porosity (P = 0), as follows:

G
Go:w (53)
=y
= % (54)
V= % (55)

The mean elastic wave velocity (V,,) was calculated using
eqn (56), as follows:
1
3 3
Vm - V[ Vt {W} (56)
The values of all the wave velocities were calculated and

presented in Table 9. It is evident from this table that the
longitudinal wave velocity increased systematically, whereas the

This journal is © The Royal Society of Chemistry 2022
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transverse and mean wave velocities firstly increased, and
then started to decrease after a critical concentration of Mn**
(x = 0.2). The highest value of the longitudinal wave velocity for
the samples was observed at Mn”" (x = 0.2) while the transverse
and mean wave velocity peaked at Mn>" (x = 0.2) as depicted in
Table 9. The Debye temperature is a physical quantity that
represents the temperature at which the maximum vibrations
of ions take place in the crystal lattice. It signifies the thermal
capacity of a material and calculated as the integral of the local
heat capacity. It is also helpful to determine the thermo-
dynamics properties such as entropy and specific heat of
materials. The Debye temperature (0p) of all the samples with
varying Mn concentrations was obtained using Anderson’s
formula, as shown in eqn (57).”%”*

1
_ hVim (3pgNa\3
OD o kB (4TEM (57)
After rearranging the above equation, we get
hCvyy
= = 1.437vyy
Op 2mKs 37v. (58)

where & is Planck’s constant, kg is Boltzmann’s constant, M is
the molecular weight, and ¢ is the number of atoms per unit
cell.”” The calculated Debye temperature values for each sample
composition are listed in Table 8, which increased consistently
with an increase in Mn>" concentration from 713.24 to
716.84 K. This is consistent with the specific heat theory, which
suggests that the Debye temperature of the materials increased
due to the decrease in the conduction of electrons (n-type) and
increase in the conduction of holes (p-type). This type of
increasing trend in the Debye temperature is due to the
increase in the wavenumber of the bands in the FTIR spectra
and the large interatomic bonding strength.

3.6 High-resolution transmission electron microscopy
(HRTEM) study

The morphology, size distribution, and crystallinity of the
Co;_,Mn,Fe,0, (0.8 < x < 0, x = 0.2) NF samples were
investigated via bright-field imaging, HRTEM and SAED analy-
sis. The TEM micrographs of all the as-synthesized samples are
shown in Fig. 9(a-d), which indicate the spherical and uniform
size distribution of the particles in all the samples. Also, all the
NF samples did not show aggregation due to the PEG-400
coating, which prevented the formation of particle aggregates.
The average size of the Co;_,Mn,Fe,O, NF particles was
calculated by taking an average of 100 particles of each sample
of the different probing area and the images were analysed
using the Image J software. The average particle size calculated
for the samples varied in the range of 22 nm to 27 nm and
follows a similar trend as the crystallite size obtained by the
structural modeling, i.e., XRD, as depicted in Table 1. The small
variation in the values of the TEM and crystallite size can be
correlated with the agglomeration of particles due to the strong
dipolar interactions, resulting in a higher particle size.”
Further, the particle size distribution was fitted with various
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Fig. 9 TEM images of NF samples (a) CoFe,Oy4, (b) CoggMng2Fe;O4, (c) CogeMng 4Fe;04, (d) Cog4MnggFe,O4 and (e) CogMng gFe,O4. Particle size
distribution (Gaussian distribution) of (e) Cog 4Mng gFe>0O4 and (f) Cog gMng 4Fe>04.

distribution functions and it follows a Gaussian distribution.
The particle size distribution histograms for the Co;_,Mn,-
Fe,0, x = 0.4 and x = 0.6 samples are shown in Fig. 9(e) and (f),
respectively. Also, the crystallite statistical distribution of an
average of 100 particles was estimated by using the TEM image,
which was fitted using the log-normal distribution function
given in the following relation:”*

d 2
Fld) = —exp ()
dV/2no? 202

(59)

The mean value of dean = 25 Nm =+ 1.5 nm, with a minimum
size of 22 nm and maximum size of 27 nm, and standard
deviation ¢ = 0.8 nm was obtained from the above relation. This
is also consistent with the XRD data. Further, the crystalline
nature of the samples was studied by SAED analysis for all the
sample compositions. The SAED patterns of all the samples
show multiple bright fringes, which indicate the polycrystalline
nature of the samples, where each ring corresponds to a
different crystalline plane.”””® Fig. 10(a) shows the SAED
pattern of the sample composition Co,gMn,,Fe,04, which
depicts the different planes of the spinel ferrites of (311),
(220), (111), (422), and (511) obtained by the corresponding d-
values of 0.25 nm, 0.29 nm, 0.35 nm, 0.17 nm, 0.16 nm,
respectively.”?*** The d-values from the SAED plot were deter-
mined using the Image J software for accuracy. The SAED plots
of all the samples indicate the high crystallinity of the as-
synthesized samples. Further, the high-resolution TEM images
of the samples were obtained to confirm the presence of
various planes and defects in the samples. Fig. 10(b-d) show
the HRTEM images of the Co,,MnggFe,04, CopeMng 4Fe,0,
and CoFe,0, NF samples, respectively. Fig. 10(b) shows the

12666 | J Mater. Chem. C, 2022, 10, 12652-12679

Fig. 10 (a) SAED pattern of the CoggMng,Fe,O4 sample and HRTEM
images of the (b) Cog,Mng gFe,O4, (c) CogeMng4Fe,O4 and (d) CoFe,O4
samples.

d-values of 0.29 nm and 0.25 nm, which correspond to the (220)
and (311) planes, respectively. Similarly, Fig. 10(c and d) show the
d values of 0.25 nm, 0.21 nm, and 0.24 nm, which perfectly match
the XRD planes of (311), (400), and (222), respectively.*>”**° Also,
a tilt boundary can be seen in Fig. 10(d), where the (311) planes
were confirmed from the d-values at two places; however, they are
oriented differently. According to the TEM analysis, we can
conclude that the prepared samples are spherical, have a uniform
size distribution, and are highly crystalline, which have an average
size in the range of 22 nm to 27 nm.

3.7 UV-visible spectroscopy study

The room-temperature optical characteristics of all the
Co;_,Mn,Fe,0, (0.8 < x < 0) NF samples were investigated
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by UV-Visible spectroscopy. The absorbance spectra of all the
samples in the photon wavelength of 200-900 nm are depicted
in Fig. 11(a) and the optical absorption band of each composi-
tion is listed in Table 10. According to the absorption peak
values listed in Table 10, it is evident that the optical absorp-
tion band increased from 229 to 237 nm with an increase in
Mn®>" concentration. The appearance of the absorption band in
the UV range can be attributed to the photoexcitation of the
electronic transition of the Fe**(3d)-0>(2p) electrons from the
Fe*" conduction band (CB) to the O> valence band (VB).
Interestingly, in the absorption spectra, a minor red shift in
the absorption edge was observed with an increase in the Mn>*
concentration. The absorbance of materials depends on several
factors such as their lattice parameters, particle size, band gap,
crystal structure disorder, surface roughness, purity, and
phase.®’ The absorption spectra indicate that there is no
absorption edge present in the visible range for all the samples.
Also, the absorption spectra indicate that the absorption peak
shifted to higher wavelengths with an increase in the doping
concentration of Mn**, indicating the change in optical energy
band gap due to the effect of quantum confinement. This
behavior is also due to the emergence of additional energy
levels in both the CB and VB, which may be produced because
of the decrease in the crystallite size and increase in intrinsic
crystal defects. This type of behavior has also been reported in
previous studies.***

The optical energy band gap for all the samples was
obtained from their optical absorbance spectra assuming a
direct energy band E, following the Tauc plot relation,**®
ie., ahv = A'(hv — E4)"* by plotting «hv vs. hv, as depicted in
Fig. 11(b), where A’ is a constant, o is the absorption coefficient
and Av is the incident energy of photon. Furthermore, the
absorption coefficient (o) of the MNPs was obtained using the
2303 x 4

T
thickness of the cuvette. The optical band gap, i.e., direct band gap

of all the sample compositions, was obtained by putting (x/2)* = 0
and extrapolation of the straight line segment. Thus, the obtained
values of the optical energy band gap are listed in Table 10.

relation o = , where A is the absorbance and T is the

(a)
S ~—

- (x=0.8)
3

§ S~ (x=0.4)
g SS~— (x=0.2)
S~ (x=0)

200 300 400 500 600 700 800 900
Wavelength(nm)

View Article Online

Journal of Materials Chemistry C

Table 10 The absorption, optical band gap (direct), refractive index, and
optical dielectric constant of the Co;_,Mn,Fe,O,4 (0.8 < x < 0) NF samples

Sample  Absorption  Band gap Refractive ~ Optical dielectric
name A (nm) (ev) direct  index (n) constant (&,)
X=0 229 2.71 2.40 5.76

X=02 232 2.65 2.44 5.95

X=04 234 2.68 2.42 5.85

X=0.6 236 2.67 2.43 5.90

X=0.8 237 2.66 2.42 5.85

The value of the band gap consistently decreased from 2.71 to
2.65 eV with an increase in Mn** concentration. The variation in
the band gap values is due to the variation in crystallite size, lattice
parameter, and cation distribution with a variation in the concen-
tration of Mn*" ions. Further, the variation in the band gap energies
in NF samples may be due to the coordination of cations and the
co-existence of low and high spin states. The decrease in the band
gap energy with an increase in the Mn®>" concentration confirms
the increase in the crystallite size and lattice strain in the sample.
This is due to the quantum confinement effect.’*> Also, some
micro-strain was generated by the defects, which affected the
crystal structure of the materials. In the case of the Mn>* sub-
stituted cobalt ferrite samples, the ionic radius of Mn>* (0.80 A) is
larger than that of the Fe*" (0.67 A) ion, which caused a decrease in
the optical band gap value. The decrease in the band gap with an
increase in the particle size can be well understood by Brass’
equation® given by eqn (60), as follows:

P 1 1 8e?
E =B+ ()=
2= b TR (mh + me) 4meeor (60)

where E; and EE are the energy and bulk energy gap, r is the particle
size, my, and m, are the effective mass of electrons and holes, e is
charge of an electron, ¢ is the relative permittivity, and ¢, is the
permittivity in free space, respectively. According to the above-
mentioned relation, we can conclude that the optical energy band
gap is affected by the lattice constant, shape and crystallite size.
CFO materials are widely used in optoelectronic devices; however,
detailed optical band gap studies on Mn**-substituted CFO are

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
EgleV)

Fig. 11 (a) UV-visible absorbance spectra and (b) optical energy band gap (Tauc plots) spectra of Co;_,Mn,Fe,O4 (0.8 < x < 0) NFs.
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rarely reported in the literature. In this framework, Chen et al. and
Hema et al. communicated the optical band gap values of 2.38 eV
and 2.69 eV, respectively, for pure CFO.*>®* Similarly, Monisha et al.
reported an optical band gap value of 3.84 eV for pure CFO, which
increased with 1% Mn*" doping to 4.02 eV.* Also, some other
reports published on pure CFO reported different optical band gap
values, indicating their dependence on several factors such as
particle size, crystallinity, surface functionality, doping concen-
tration, and material composition. The refractive index (1) is a
property of materials that plays an important role in optical
applications. We calculated the refractive index (n) of all the sample
compositions using eqn (61) proposed by Kumar et al.,’ as follows:

n=1/12.417/\/E, — 0.365 (61)

According to the above-mentioned relation, the calculated
values of the refractive index of all the sample compositions are
listed in Table 10. The refractive index of CoFe,0, is 2.40, which
initially increased for the x = 0.2 sample concentration, and
then further decreased with an increase in the Mn>" concen-
tration in the Co,_,Mn,Fe,O, (0.8 < x < 0) NFs. This type of
behavior is also affected the optical band gap of the materials,
which depends on the change in the electronic transition of
Fe’*-0?~ with Mn>" ions on both the tetrahedral (A) and
octahedral (B) sites. Furthermore, we calculated the high fre-
quency optical dielectric constant (¢..) with the refractive index
(n) by using the following relation: ¢, = n*> and the calculated
values are listed in Table 10. Based on the UV-Vis data, we
calculated the energy band gap, refractive index, and high-
frequency dielectric constant of the Mn>'-doped CoFe,Oy,
which are listed in Table 10.

3.8 Photoluminescence spectroscopy (PL) study

PL spectroscopy is a vital tool to probe the optical character-
istics of the as-synthesized NF samples, which gives key infor-
mation about the carrier dynamics upon exposure to a light
source. The light emission after recombination of excited-state
charge carriers and dynamics of carriers produced during
exposure to radiation from a light source was used to investi-
gate the optical characteristics of the materials. Various optical
characteristics such as electronic band gap (EBG), band structure,
recombination phenomena, luminescent behavior, surface
defects, defect states, and separation of charge carriers can be
observed in material systems.*®®' Further, for the NF samples, PL
spectroscopy gave information about their EBG relative to the
energetic position of their sub-bandgap defect states and the
effect of their size in the nanoregion based on the energies and
kinetics of the photo-generated charge carriers. The room tem-
perature PL spectra of all the as-synthesized Co, ,Mn,Fe,O, (0.8
< x < 0) NF samples using a 350 nm excitation wavelength we
recorded, as shown in Fig. 13 (left). Further, the right-hand side of
Fig. 13 shows the Gaussian-fitted spectra, which are a combi-
nation of two different emissions, ie., violet and blue band
emissions in all the sample compositions. The cation distribution
in the A and B sites of the NFs, the shallow and deep hole defects,
and the presence of O*>~ vacancies are the main cause of the PL
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response of the NF samples. The PL spectra of the spinel ferrite
samples were used to probe the site disordering, local site
occupancy, and electronic defect states present in these materials.
The PL processes in NFs are generally stimulated by the oxygen
vacancies present at the interstitial sites.'®*° The O®~ vacancies
created at the octahedral and tetrahedral sites cause shallow and
deep hole defects, which are mainly responsible for the PL
properties. The band-edge emission of the electrons in the CB
and holes in the VB is stimulated by the radioactive recombina-
tion. It is evident from Fig. 13 that all the NF samples have 2
primary bands, as follows: (i) a peak centered at 424 nm, which
can be correlated with the violet band, i.e., near band edge (NBE)
emission and (ii) a peak centred at 458 nm, which corresponds to
the blue band. This band arises due to the 3z — 3, transition
in the octahedral sites between the Co>*/Mn”" ions. The emission
in the violet region appeared due to the transfer of electrons from
the shallow donor level to the VB and the emission in the blue
region is attributed to the band edge free and bound excitons.
Also, it is produced by another transition, i.e., electronic transi-
tions occurring due to the near-conduction band-edge to the deep
level acceptors and transitions from deep donor levels to the VB.
The violet band emission appearing at around 424 nm for all the
NF samples can be attributed to the NBE emission originating
from the amalgamation of excited electrons from a localized level
below the CB with the holes in VB. Generally, CFO strongly
absorbs the impinged light in the UV range; however, it shifted
to the violet band for the CFO MNPs. With the addition of Mn>*
ions in CoFe,0y,, the intensity of its photoluminescence spectrum
increased, which indicates that the new energy levels appeared
between the VB and CB. Further, the occurrence of a direct
transition between the CB and VB further resulted in an increase
in the intensity of the PL emission.*®®” A schematic representa-
tion of the different bands and emissions describing the photo-
luminescence mechanism in the NFs is depicted in Fig. 12.
Initially, the electrons present in the conduction band relax back
to a shallower donor energy level due to the long lifetime and
recombine with the holes present in the valence band. Further,
the presence of surface and oxygen defects results in intermediate
energy bands and recombination from these energy bands results
in violet and blue emission. Further, the substitution of the Mn**
ion in CoFe,0, results in the creation of several dopants or defect
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Fig. 12 Schematic representation of the different emission bands
observed in the NF samples from their origin.
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centers on the surface of the MNPs, improving their emission
efficiency. In the literature, there are mainly three types of
emissions, i.e., violet, green and yellow band emissions, reported
for CFO and other mixed NFs, as schematically shown in Fig. 12.
Also, by adopting various surface modification techniques, the
PL emission of the CFO MNPs can be tuned from 400 nm to
500 nm.*®* Further, we also calculated the energy band gap from
the PL spectra for all the Co;_,Mn,Fe,0, (0.8 < x < 0) sample
compositions, which lies in the range of 2.90 to 2.93 eV and
increased with the Mn*" concentration. The obtained behaviour
is the same as that of the optical energy band gap from the UV-
visible data.

3.9 Time-resolved photoluminescence spectroscopy (TRPL)
investigation

The decay rate of the photons (charge carriers) inside the NFs
and the dynamic rate of the luminescence materials were
studied by TRPL. The decay lifetime of optical materials is an
important parameter, which provides key information about
the quality of material and device performance. Thus, we
calculated the decay time of all the NF samples by fitting their
TRPL spectra. Generally, for nanomaterials, the decay time
mainly depends on the concentration of defects, which trap
electrons/holes and increase their recombination process.”® It
also depends on their morphology, size distribution, surface
functionalization, and interactions with other materials. Given
that the mixed ferrites material are a special class of materials
in which a significant difference in properties was observed in the
past, it is important to investigate the effect of different doping or
substitution concentrations on their optical properties. The radio-
active recombination efficiency associated with each transition is
directly proportional to the decay time.'®®' The TRPL spectra
(decay time vs. luminescence intensity) in the range of 0-80 ns of
all the NF sample compositions are depicted in Fig. 14 (hollow
symbols). The room temperature TRPL spectra of all the
Co;_,Mn,Fe,0,4 (0.8 < x < 0) NF samples were obtained using
a 266 nm laser as the excitation source. All the TRPL spectra of
each sample composition were best fitted with the double expo-
nential decay function and characterized by two decay times, ie.,
71 and 1,, according to eqn (62),"® and the fitted graphs are shown
in Fig. 14 in solid lines.

F(t) = B+ Biexp (i) + By exp (é) (62)

where F(T) is the luminescence intensity, B is the time constant, B;
and B, are weighting constant parameters, ¢ is the measured time
and 7, and 1, are the decay time constants, which quantify the
time taken by the excited state electron to return to its original
state. These parameters were obtained by fitting the TRPL spectra
using eqn (62) and listed in Table 11. The value of the goodness of
fit (rrp.’) falls in the range of 0.83-0.97, which indicates the good
agreement between the experimental and fitted data. Two differ-
ent decay times, i.e., 7; and 7,, appeared for all the samples, which
are attributed to the presence of different defect states in their CB.
and VB. Besides, surface functionalities play a significant role in
controlling the decay time. According to Table 11, it is evident that
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the pure cobalt ferrite has a slower rate (larger decay time), which
increased (smaller decay time, i.e., fast decay) with the addition of
Mn?**. The values of 7, and 7, are 9.36 ns and 4.56 ns, which
decreased (faster decay) with the addition of Mn** ions to 1.04 and
4.56, respectively. The substitution of Mn>" in the cobalt ferrites
increased the defect concentration, which led to faster recombi-
nation, and thus a lower decay time. However, a further increase
in Mn>" concentration resulted in an increase in the decay time
(t1 = 1.25 and 7, = 6.72) for the x = 0.4 sample concentration,
which further decreased the decay time (t; = 1.03 and 7, = 4.50) for
the x = 0.6 sample concentration. This random variation in the
decay time can be correlated with the variation in crystallite size
given that they both follow the same trend. For the x = 0.4 sample,
the crystallite size decreased compared to the x = 0.2 and 0.6
sample concentrations, which increased the surface defects,
resulting in longer decay time. Further, for the x = 0.8 sample
concentration, we observed a decay time comparable to that of
the pure cobalt ferrite, which suggests that the (t; = 9.09 and 1, =
3.82 ns) mixed or substituted ferrites have a shorter decay time,
indicating a faster photoluminescence decay. Also, 7, is greater
than 1, for the pure and x = 0.8 sample concentration, which was
reverse for the other sample concentrations, proving that the
optimized substitution of Mn>" in the pure ferrites is the key for
enhancing the optical characteristics of these materials. This
result suggests that the charge carrier lifetime in the pure CFO
and Co,_,Mn,Fe,0, (x = 0.8) samples was longer in comparison
with the other Mn>*-doped samples, which confirms the
enhanced charge separation and transport performance of charge
carriers in the pure CFO and Co; ,Mn,Fe,O, (x = 0.8) samples.
However, it is difficult to predict the exact cause of the different
decay states, which are related to the recombination process,
and there is no direct evidence to correlate the defect-induced
emission energy with decay dynamics. Nevertheless, it can be
correlated with the cubic spinel crystal structure of the Co; _,Mn,.
Fe,O, NFs. All the material properties including physical,
chemical, optical, and magnetic and efficiency of the radiative
recombination are closely correlated with the decay time, espe-
cially the band-to-band and band-edge transitions." For the
double-exponential decay, the average decay time (t,,g) was deter-
mined using the following relation:

Bl‘l,'lz -+ 32T22

63
Bt + By (63)

Tavg =

The obtained average decay (tavg) of all the sample concen-
trations using eqn (63)'® is listed in Table 11. The average decay
time also followed a similar trend as of 7, which is higher for
the pure and high Mn concentration sample but lower for the
other sample compositions. For the pure CFO, 1,y = 9.12 ns,
which decreased with an increase in Mn>" concentration to x =
0.2. Also, it slightly increased with the further addition of Mn**
for the x = 0.4 sample concentration to 7,,, = 3.67; however,
immediate drops were observed after the further addition of
Mn>". At a high Mn®" concentration, the average decay time
showed a big jump, which is comparable to that of the pure
CFO samples. This increase in decay lifetime at this particular
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Fig. 13 Room temperature photoluminescence (PL) spectra (left) and fitted Gaussian fitting spectra (right) of the different Co;_,Mn,Fe,O4 (0.8 < x < 0)
NF samples. The inset of the left-hand figure shows the CIE plot of the respective sample.
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Fig. 14 Room temperature time-resolved photoluminescence spectra (hollow symbols) and double exponentially fitted spectrum (solid lines) of the

Co;_xMn,Fe,04 (0.8 < x < 0) NF samples.

Table 11 The decay lifetime (r; and t,), average decay lifetime (tayg).
goodness of fitting (XTRPLZ) and other constant parameters of Co; ,Mn,-
Fe,O,4 (0.8 < x < 0) NFs

Sample name t; (ns) 7, (NS) Tavg (NS) B B, B, ATRPL”
X=0 9.36 4.59 9.12 0.770 959.67 99.39 0.912
X=0.2 1.04 4.56 1.32 0.277 1161.06 23.46 0.828
X=04 1.25 6.72 3.67 0.724 958.58 142.45 0.913
X=0.6 1.03 4.50 1.42 0.359 1155.80 33.86 0.925
X=0.8 9.09 3.82 8.90 0.852 872.35 74.07 0.971

concentration also indicates the reduction of non-radiative
recombination centers. The reduction in the decay time of

This journal is © The Royal Society of Chemistry 2022

the Mn”**-doped CFO suggests an increase in defect density
after the addition of Mn** ions, which can trap the energy of
excitons and may have resulted in a decrease in the decay time.
The observed decay time for the pure and Mn>*-substituted
cobalt ferrite makes them ideal candidates for designing
devices for fast optical sensing and switching and applications
in the field of optoelectronic devices.*?

Further, to understand the actual color emitted by the
synthesized NF samples, it was vital to obtain their color
coordinates marked on a Commission International d’Eclairage
(CIE) diagram. The CIE plot of all the samples obtained
by following our previous article'® is depicted in the inset
of Fig. 14 together with the PL spectrum of each sample.
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The coordinates of the chromaticity plot were obtained as:
X Y .z
(X*XJr Y+2? T X+v+Z2° X+VY+Z
ter was ascribed as the standard belonging to the white light
emission (x = 0.34, y = 0.34). To determine the dominant
emission colour for the Mn*"-doped CFO NFs, the emission
spectra of the samples were converted to a CIE chromaticity
diagram. The (x, y) coordinates of the chromaticity plot and the
values of X, Y and luminescent intensity found for each sample

composition are listed in Table 12.

) and its cen-

3.10 Static magnetic measurement (VSM)

The static magnetic measurements (M-H) of all the sample
compositions of the Co; ,Mn,Fe,0, (0.8 < x < 0) NFs were
carried out at 300 K using a VSM at the maximum field of £2 T
and depicted in Fig. 15. Various magnetic parameters such as
saturation magnetization (M), coercivity (H.), remanent mag-
netization (M,), squareness ratio (R = M,/M;), magnetic moment
(us), Y-K angle, initial permeability, microwave frequency,
magneto crystalline anisotropy (MCA) and anisotropy constant
were obtained from the M-H loop of each sample and listed in
Table 13. The S shape of the M-H loops indicates the strong
ferromagnetic behavior of the prepared NFs. The Mg and H,. of
all the prepared samples were depicted in Table 13, indicating
the highest M, of 80.30 emu g ' for the x = 0.6 sample
concentration. The M; of all the NF samples varied in the range
of 55.40 to 80.30 emu g ' and did not follow any systematic
trend given that the magnetic characteristics of the NFs
strongly depend on several factors such as their synthetic route,
crystallinity, defect state concentration, particle size, and
porosity.”>*® The bulk M, of MnFe,O, and CoFe,O; is
110 emu g ' and 90 emu g ', respectively; however, in the
nano-regime, it is significantly lower due to the increase in
defect state and surface spins, and non-stoichiometric cation
distribution.*®®** The value of M, obtained for Co, ;Mn, ¢Fe,0,
is one of the highest reported to date for mixed ferrites of the
same particle size.

According to Neel’s sublattice theory of ferrimagnetism, the
resultant magnetization (M(x)) of the NFs typically arises from
the interactions of metal ions occupying the A and B lattice
sites in NFs. Typically, there are 3 types of interactions possible
in NFs, i.e., A-A, A-B, and B-B interactions. Among them, the
A-B interaction is the predominant one and is mainly respon-
sible for the ferro/ferri magnetism in NFs. In the case of
ferrimagnets, the magnetic spins at the A and B sites are

Table 12 The (x, y) coordinates of chromaticity plot, the X, Y values
and luminescent intensity of each sample composition of Co;_ Mn,Fe,O4
(0.8 <x<0)(x=0,02 04, 0.6 and 0.8) NFs

Sample name X-coordinate Y-coordinate Intensity (Lum)
X=0 0.17250 0.10803 3.360 x 10°
X=02 0.17721 0.11502 3.437 x 10°
X=0.4 0.16023 0.08060 3.333 x 10°
X=0.6 0.16039 0.07497 1.298 x 10*
X=0.8 0.15816 0.06733 2.285 x 10°
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oppositely aligned, and thus the net magnetic moment of
ferrimagnets is calculated by the difference in the magnetic
moment of the B and A site lattice structure per formula unit,
ie, Y My =) Mg — Ma. The room temperature magnetic
moments of Mn**, Co®>", and Fe*" are 5.0, 3.0, and 5.0 g,
respectively.*>*® The Fe’" ions distribute equally on the A and B
site lattice and the Co®" ions only occupy the B-site lattice. The
Mn** ions have a large ionic radius and magnetic moments
compared to the Co®" ions and they have a strong tendency to
replace the Co®" ions in the B-site lattice. This results in an
increase in the saturation magnetization and a decrease in
coercivity.** For the pure cobalt ferrite sample, the saturation
magnetization was 68.51 emu g~ ', which is lower than that of
its bulk counterpart due to the surface spin canting effects
arising from the large surface area in the nanoregion.®?

Further, the Mn”* substitution in the pure CFO resulted in a
decrease in M, as Mn>" ions occupy the A site, which resulted in
a decrease in the AB interaction. This decrease in M, with Mn>*
ions is ascribed to the higher magnetic moment of the Mn**
(5 pp) ions, which replace the Co** (3 ug) ions. However, the
further substitution of Mn** ions resulted in an increase in M
and decrease in coercivity. The M and coercivity for the sample
concentration of Co;_,Mn,Fe,0, (x = 0.6) is 80.30 emu g~ and
784.36 Oe, respectively. This is the highest M, reported for
nanomaterials in this particular size range. The highest M;
obtained for the sample concentration with the optimal Mn**
substitution suggests the importance of the optimal concen-
tration for achieving the desired properties. This increase in the
M; of the Mn**-substituted CFO samples can be correlated with
the reduced MCA due to the substitution of Co®>" ions by Mn**
and the lower surface spin disorder. The amount of surface
spin disorder in the Mn”*-substituted CFO increased with a
decrease in crystallite size.>® Further, the coercivity of the
NF samples obtained from the M-H plot indicates that the
coercivity decreased from 1071.78 to 738.37 Oe with an increase
in the Mn?" ion concentration from x = 0 to x = 0.6. However, it
further increased with an increase in Mn** concentration. As is
known, the magnetic moment of Co>* (3d”) in the CFO sample
has lower ferromagnetic order compared to the Mn** (3d°) in
manganese ferrites. Thus, there are some intrinsic parameters
such as Bohr magneton, number of cations, MCA, magnetic
domain, and SEI that are responsible for the variations in the
coercivity.***>

The remanent magnetization of the sample decreased with
an increase in Mn>" concentration; however, for the Co,_,Mn,.
Fe,04 (x = 0.6) sample, it slightly increased. Further, we
measured the squareness ratio (R) by taking the ratio of
remanent magnetization and coercivity. The squareness ratio
indicates the degree of squareness of the hysteresis loop.
According to the Stoner-Wohlfarth (S-W) model, for single-
domain nanoparticles with a random orientation, the value of
“R” should be lower than 0.5. This parameter is extremely
useful from a material point of view, while selecting an appro-
priate ferromagnetic material system. For applications such as
nanomagnetic fluids and biomedical applications, the value of
R should be as low as possible, while for memory devices, a

This journal is © The Royal Society of Chemistry 2022
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Fig. 15 Room temperature hysteresis (M—H) loops of Co;_,Mn,Fe,O4 (0.8 < x < 0) NF samples. The inset of the figure shows an enlarged view closer to
the center. The lower values of coercivity indicate the single-domain particles.

Table 13 The room temperature magnetic parameters, i.e., saturation magnetization, coercivity, magnetic moments, remanent magnetization,
squareness ratio, anisotropy constant, initial permeability, and Y-K angle of the Co;_,Mn,Fe,O4 (0.8 < x < 0) NF compositions

Sample name M, (emu g~') H, (Oe)

(ug) exp (ug) the M, (emug™') R=(M/Ms) K (ergcm°) Initial permeability (1;) Y-K angle o (°)

X=0

X=0.2
X=0.4
X=0.6
X=0.8

high value of R is desirable.”*® The squareness ratio primarily
depends on factors such as particle size, morphology, magnetic
interactions, crystallinity, and anisotropy of the particles. Thus,
for most materials, the value of R is different from 0.5 (which is
the perfect squareness).>® The obtained value of R for the pure

68.51
59.88
62.23
80.30
54.40

1071.78
787.80
803.01
738.37
784.36

2.87
2.50
2.59
3.34
2.25

2.35
2.98
2.72
2.42
2.04

This journal is © The Royal Society of Chemistry 2022

23.95
23.80
23.60
27.44
20.14

0.33
0.39
0.36
0.34
0.35

1.65 x 1
0.96x 10 ,
1.07 x 10,
1.36 x 10,
0.89 x 10

2.89
3.67
3.32
6.74
3.65

23.32
18.75
29.24
36.18
43.48

and Mn**-doped CFO falls in the range of 0.33-0.39, which
indicates the randomly oriented single-domain nature of all the
samples. Given that the anisotropy symmetry of the prepared
NFs is cubic, the M-H loop of the sample is governed by the
shape anisotropy of the nanorods. The magnetic moments of
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the NF samples were obtained in terms of the Bohr magneton
M,“ where My is the
NA X N

molecular weight of each sample composition, N, is Avogadro’s
number, and np is the Bohr magneton. To calculate the
magnetic moments, we have to consider the strong interaction
between A-B and their distribution of cations.** The obtained
magnetic moment value for all the sample concentrations is
listed in Table 13 together with the theoretical values. With the
substitution of Mn?" ions in CFO, the uy started to decrease,
which is also evident from the M values. This can be well
understood as the Mn>" incorporation in CFO results in a
decrease in the A-B interaction. However, the further substitu-

per formula unit using pg =

tion of Mn** in place of Co®" results in an increase in the A-B
interaction and a significant increase in magnetic moment is
observed. The magnetic moment values obtained by experi-
mental and theoretical calculation differ slightly given that the
NFs do not follow the ideal cation distribution assumed for the
theoretical calculations.®>®* Further, the initial permeability
(u;) of the pure and Mn**-doped CFO were obtained as fol-
2

lows:” u; = w
same trend as the saturation magnetization with Mn>*" sub-
stitution and varies in the range of 2.89 to 6.74.

The saturation magnetization (M) and magneto-crystalline
anisotropy (MCA) constant (K;) were calculated from the M-H
loop by fitting the high-field magnetization data (Fig. 16) by the
law of approach to saturation (LAS):'®

. The initial permeability also follows the

M(H) =M L S (64)
= T 105 u M2 B2 T mE
where
105h
Ki = poM; 3 (65)

where M is the magnetization, H is the externally applied
magnetic field, and yyr - is the high field susceptibility. The
constant values of 105/8 in eqn (64) and (65) are related to the
calculations for randomly oriented polycrystalline cubic
materials.”® The calculated values of M, and K; by ATS fitting
are listed in Table 13. The MCA arises because of the spin-
orbital (L-S) coupling of electrons and the strength of spin-
orbit coupling is determined by the value of MCA. The value of
K; primarily depends on the distribution of the magnetic
moments of the ions on the surface of MNPs. In the case of
cobalt ferrites, they generally have a high MCA due to the
presence of Co®" ions at the B-site in the spinel ferrite struc-
tures, which is evident from Table 13. For the pure CFO
samples, the MCA constant is 1.65 x 10° erg cm >, which
decreased with the Mn** ion concentration and the values lie in
the range of 0.96-1.36 x 10° erg cm > for the different sample
concentrations.”®®” This decrease can well be understood as in
the case of the pure CFO, where the Co®>* ions generally occupy
both the A and B lattice sites and the presence of Co>" ions at
the B-sites contributes to a higher MCA. With the addition of
Mn*" ions, they have a strong tendency to occupy the B-sites,

12674 | J Mater. Chem. C, 2022, 10, 12652-12679

View Article Online

Paper
90
sof
70}
_ 60}
m 3
S sof
a O
£ aof o x=0.2
~ 30} o x=0.4
= 20 o x=0.6
o x=0.8
108 o ATS fit
0 ' 2 A .
0 5 10 15 20

H (kOe)

Fig. 16 ATS fitting (approach to saturation) of the M—-H loop of the
Co1_xMn,Fe,04 (0.8 < x < 0) NFs.

and thus substitute the Fe*" ions from the A-site to B-site,
resulting in a decrease in the MCA and also increase in the Mg
in the Mn*"-substituted CFO samples. A similar trend in the
decrease in MCA for the Mn”>"-substituted CFO samples has
also been reported in the literature.*>** This decrease in MCA
also denotes the presence of individual interactions between
the grains of the MNPs. Further, with the reduction in the size
of the MNPs, their surface-to-volume ratio increases, which
results in a decrease in the surface spin disorder. This decrease
in surface spin disorder due to the size reduction of MNPs
results in a decrease in the MCA constant.*®

In NFs, the spin canting effect is predominant, and thus the
net magnetic moment cannot be explained using the N’eel
Brown model because of the non-zero values of the Yafet-Kittel
Y-K angles (0yx) for the NF samples. A schematic of the N’eel
Brown model, which assumes a 2D collinear arrangement of
metal ions, is shown in Fig. 17. However, due to the non-zero
Oyx angle, the model fails to predict the correct estimate of the
magnetic characteristics of the samples. The spin canting effect
in the samples results in a non-collinear arrangement of
the metal ions, which are at an angle of 0yx from each other.
This results in an increase in the AB interaction, whereas a
decrease in the AA and BB interaction. To study the spin canting
effect on the magnetic moment, the Yafet-Kittel (Y-K) model has
been proposed.®® The Y-K non-collinear theory suggests that the
Oyx of the NF samples can be calculated using eqn (66), as follows:

np + Ma

cos Oy = e (66)
B

where 7, is the experimentally calculated magnetic moments. The
calculated Oyk angles for all the NF composition samples are listed
in Table 13. According to Table 13, it can be observed the pure
CFO has a Oy of 23.32°, where with Mn>" substitution up to x =
0.2, the Oyx angle decreased to 18.75°. This also explains the
higher value of M for the pure CFO sample compared to the
Co;_ Mn,Fe,0, (x = 0.2) sample. However, a further increase in
Mn*" concentration led to an increase in the 0y angle to 43.48°

This journal is © The Royal Society of Chemistry 2022
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Fig. 17 Schematic representation of the 3-D non-collinear (Y-K angle)
(degree) of Co;_yMn,Fe,O4 (0.8 < x < 0) NFs.

for the Co;_,Mn,Fe,0, (x = 0.8) sample. The theoretically calcu-
lated bond angle based on the purposed distribution of cations
also indicates the enhanced SEI among the magnetic ions with an
increase in the concentration of Mn”>* ions.*®”* The 3-D non-
collinear (Y-K angle) model and collinear 2-D N’eel model of the
spin arraignments are shown in Fig. 17. Further, to investigate the
utility of the prepared NFs for high-frequency microwave device
applications, we calculated the operating microwave frequency
(wm) using the following relation: w,, = 8my’M,, where y =
2.8 MHz Oe ' is the gyro-magnetic factor of the NFs. The
calculated value of the operating microwave frequency lies in
the range of 12.01 to 17.73 GHz, suggesting that the NF samples
are highly suitable for high-frequency microwave applications.*>°

3.11 Microwave spin resonance investigation using FMR

Ferromagnetic resonance (FMR) spectroscopy is a unique and
highly sensitive technique to determine the properties of
material systems such as paramagnetic species, oxygen defects,
local electronic structure, spin dynamics, and oxidation state.
The room temperature FMR spectra of the Co; ,Mn,Fe,0, (0 <
x < 0.8) NFs were recorded using the X-band (9.8 GHz)
microwave frequency, as shown in Fig. 18. The interaction of
the high-frequency electromagnetic radiation with the electro-
nic spin results in a resonance, which provides key details that
can be used to study the spin dynamics of these material
system.”**® The resonance peak position and its width signify
the thermal motion and spins of the lattice. The FMR spectra of
all the Co;_,Mn,Fe,0, (0 < x < 0.8) NF samples were fitted
using a Lorentzian distribution function and different spin
dynamic parameters including resonance field (#;), peak-to-
peak line width (AH,;,), Lande g-factor, spin glass relaxation
(Ns), and spin-spin relaxation time (7,) were obtained using
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model, collinear 2-D N'eel model of the spin arraignments and Y-K angle

eqn (67)-(70)** and presented in Table 14, as follows:

hf

=7 67
$= L (67)

9AH1 /2
S —— 68
T Anlguy (68)
AH, ), = V3AHpp (69)
h (70)

=
2ngugAH) )

where h is Plank’s constant (6.626 x 10>* J s), f is the
electromagnetic radiation frequency, ug is the Bohr magneton
(9.27 x 107>* J TY), AHy;, is the half of the line width
corresponding to the absorption peak. A broad FMR spectrum
was observed for all the sample compositions, confirming their
strong ferromagnetic behavior. For NFs, when the size of the
magnetic nanoparticles is less than the critical diameter, then
only N’eel’s rotation takes place; otherwise, a bulk rotation is
observed, which is generally evident for bulk single-domain
particles. Given that the prepared NF samples are in the single-
domain range with sizes varying in the range of 20-30 nm, bulk
rotation was observed in these materials systems.>®” For the
pure CFO NF, a resonance field of 2398.7 G with a peak-to-peak
line width of 3061.9 G was observed, which is consistent with
the previously reported values.*® A distorted FMR spectrum was
observed for the CFO NF due to the large MCA (magnetic
crystalline anisotropy) of the samples. Further, the broadness
of the FMR spectra for the ferromagnetic samples is due to
the fact that the magnetic moments of larger particles will be
prolonged in the easy direction of magnetization, having a
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Fig. 18 Room temperature FMR spectra of the Co; ,Mn,Fe,O4 (0.8 <
x < 0) NF samples. The broad FMR spectrum for all the samples indicates a
high MCA, which was reduced with an increase in the Mn?* concentration
in the cobalt ferrite.

Table 14 Room temperature spin resonance parameters of the
Coy_xMn,Fe,0O4 (0.8 < x < 0) NF samples

Sample Lande N, x 102
name H, (G) AHpp (G) AHy,, (G) g-factor T, x (107'%) s (spin per g)
X=0 23987 3061.9 5303.3 240  8.92 343

X=0.2 3497.6 9259 1603.7 2.01 3.53 1.96
X=0.4 3006.9 3034.4 5255.7 2.34 9.25 5.25
X=0.6 2707.8 3061.8 5303.1 2.60 8.25 5.02

X =0.8 2854.6 3080.2 5335.0 2.82 7.56 4.65

larger relaxation time, and thus broadening the AH,,,. The two
major factors that influence the FMR spectrum are magnetic
dipole-dipole interactions and SEI among the magnetic and
oxygen ions.'® If the width of the FMR spectrum increases, it
indicates the dominance of dipolar interactions, whereas a
sharp FMR spectrum suggests that the SEI is dominant. With
the substitution of Mn?* jons in the CFO NFs, for the Co,_,Mn,.
Fe,O, (x = 0.2) sample, the sharpness of its FMR spectrum
increased, as evident from Fig. 18; however, the resonance field
shifted towards the higher magnetic field of 3497.6 G with AH,,,
of 925.9 G. This can be attributed to the increase in particle
size, which resulted in an interaction between the individual
domains separated by a domain wall.>>°® A further increase in
the Mn”>* concentration led to an increase in the broadness
of the FMR spectrum; however, the resonance field decreased
for the Co; _,Mn,Fe,O, (x = 0.4 and 0.6) samples and increased
for the Co;_,Mn,Fe,O, (x = 0.8) sample concentration. The
change in the resonance field and peak-to-peak width of the
Mn*"-substituted NFs can also be correlated with the cation
distribution and change in the crystallite size. The substation of
the Mn®" ions at the B-sites results in a reduction in the MCA,
which also contributed to the reduction in the resonance field
value. The increase in the broadness of the peaks can further be
correlated with the strong dipole-dipole interaction between
the Fe**-0°~Co*" ions.”
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The g-factor of all the NF sample compositions was calcu-
lated using eqn (67) and depicted in Table 14. According to
eqn (67), it is evident that the g-factor varies inversely to the
resonance field and varies from 2.01 (for x = 0.2) to 2.82 (for x =
0.8) in the samples, while for the pure CFO, the g-factor is 2.40.
This is due to the strengthening of the magnetic moment and
stronger dipole-dipole interaction between the magnetic ions
through the O*>~ ions, leading to an increase in the g-value with
an increase in Mn** concentration.® Further, the anisotropic
arrangement of magnetic moments also led to an increase in
the g-factor value. The spin concentration of the NF samples
with different concentrations was obtained using eqn (68)**
and listed in Table 14. The spin concentration of the pure CFO
sample is 5.43 x 10> spin per g, which sharply decreased for
the Co;_,Mn,Fe,0, (x = 0.2) sample to 1.96 x 10>* spin per g.
However, a further increase in the Mn>*' concentration
(Co;_,Mn,Fe,0, (x = 0.4)) sharply increased the spin concen-
tration, which again started to decrease for the Co,_,Mn,Fe,0,
(x=0.6 and 0.8) samples. Further, the spin-spin relaxation time
quantifies the rate of absorption or dissipation of the micro-
wave energy by the NF system and is a function of the applied
magnetic field. The spin-spin relaxation time is correlated with
the peak-to-peak line width of the resonance signal. The
relaxation time was calculated using eqn (69) and (70) and its
values are in the range of 3.53 to 9.25 Ps, which are listed in
Table 14. It was observed that initially, the relaxation time
decreased from 8.92 Ps for the pure cobalt ferrites to 3.53 Ps for
the Co; ,Mn,Fe,O, (x = 0.2) sample. However, a further
increase in Mn>" concentration resulted in an increase in the
relaxation time to 9.25 Ps for the concentration of x = 0.4 and
further decreased to 7.56 Ps at a higher Mn>* concentration (x =
0.8). The spin-spin relation time of the Mn**-substituted CFO
samples is in Ps, which makes them ideal candidates for several
applications such as magnetic switches, magneto-optical
devices, magnetic chips, and sensors.”®%3

4. Conclusion

Herein, we reported the synthesis of optically active Co-Mn
ferrites, which usually do not show intrinsic fluorescence. NFs
are widely used in many biomedical applications; however, they
are generally surfaced functionalized using external fluorescence
probes to impart fluorescence characteristics. In this work, we
observed intrinsic fluorescence in the Co-Mn NFs due to the
cation distribution and increase in the defect concentration of
the hydrothermally synthesized Co,_,Mn,Fe,O, (0.8 < x < 0)
NF single-domain particles. To understand the correlation
between the optical properties and structure of the Co-MN
NFs, detailed structural modeling was carried out by Rietveld
refinement of the XRD patterns of each sample. Moreover, the
cation distribution indicates that the Mn**-substituted CoFe,O,
samples are partially inverse spinel ferrites, where the Mn** ions
primarily occupy the B-sites. The substitution of the Mn>" ions
initially resulted in the weakening of the A-B interaction, resulting
in a decrease in the saturation magnetization initially; however,
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further substation of the Mn>" ions significantly improved the
saturation magnetization from 59.88 to 80.30 emu g~ '. Further,
the reduction in MCA and improved magnetic properties with
optimized Mn>" ion substitution indicate that the cation distribu-
tion plays a key role in controlling the properties of the NFs. The
increase in the defect concentration also serves as the major
reason for the observation of fluorescence characteristics, which
can be related to the synthetic method. The total vacancy concen-
tration increased significantly from 4.38 to 7.86 with the Mn>" ion
substitution. Further, the TRPL investigation showed two decay
times, which can be correlated with the two emission spectra
observed for all the NF samples. The intensity of the two emission
bands, i.e., blue and violet, observed for all the samples increased
significantly with the substitution of Mn" ions. The decay time of
all the samples is in the range of 2-9 ns, which makes them a
suitable candidate for optoelectronic devices. Further, the operat-
ing frequency range of the Mn”" ion-substituted CoFe,0, is in the
range of 12-17 GHz, which is ideal for high-frequency microwave
devices. The TEM images of all the samples depict the spherical
shape of all the samples and their particle size in the range of 15-
35nm, which confirm the single-domain nature of the samples.
A single broad FMR spectrum was observed for the samples,
which indicates ferromagnetic behavior, and with the incorpora-
tion of Mn*' ions, the reduction in MCA resulted in a more
symmetrical FMR spectrum. Further, we theoretically calculated
the different bond angles and lengths, which indicate the
strengthening of the A-A and A-B interaction; however, the BB
interaction decreased. All the samples showed strong ferromag-
netic characteristics and the optimized substitution of Mn** ions
resulted in an improvement in the saturation magnetization from
68.51 to 80.30 emu g~ . Further, the net magnetic moment in the
prepared samples was explained using the Yafet-Kittel model
given that the N’eel Brown model assumes a 2D collinear arrange-
ment of the metal ions. The spin canting effect is predominant in
the prepared samples and results in a non-collinear arrangement
of metal ions and N’eel Brown model fails to predict the magnetic
behavior appropriately. The detailed investigation of Co-Mn
ferrites opens a new horizon for the application of these materials
in biomedical applications and magneto-optical devices using
their magnetically controlled optical properties.
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