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Abstract: Nanoferrites of the CoMnxFe(2−x)O4 series (x = 0.00, 0.05, 0.10, 0.15, 0.20) were synthesized in this study using the sol–gel auto-
combustion approach. The lattice constants were computed within the range of 8.312–8.406 Å, while crystallite sizes were estimated to
range between 55.20 and 31.40 nm using the Scherrer method. The different functional groups were found to correlate with various ab-
sorption bands using Fourier transform infrared (FTIR) spectroscopy. Five active modes were identified by Raman spectroscopy, reveal-
ing vibration modes of O2− ions at tetrahedral and octahedral locations. The ferromagnetic hysteresis loop was observed in all the synthes-
ized samples, which can be explained by Neel’s model. The results showed that AC conductivity decreased with increasing Mn2+ content
at the Fe2+ site, while the dielectric constant and dielectric loss increased with increasing frequency. Furthermore, the saturation magnetiz-
ation  (Ms),  remnant  magnetization  (Mr),  and  coercivity  (Hc)  all  showed declining  trends  with  the  increase  in  Mn2+ doping.  Finally,  the
CoMn0.20Fe1.8O4 samples showed Ms and Mr values ranging from 73.12 to 66.84 emu/g and from 37.77 to 51.89 emu/g, respectively, while
Hc values ranged from 1939 to 1312 Oe, after which coercivity increased. Thus, the CoMn0.20Fe1.8O4 sample can be considered a prom-
ising candidate for magnetic applications.

Keywords: nano ferrite; structural; sol–gel auto-combustion; impedance study; magnetic study

  

1. Introduction

Ferrites are magnetic materials that have been extensively
researched. However, there is a growing interest in studying
the  magnetic,  electric,  and  structural  properties  of  mixed
spinel ferrites due to the numerous potential applications and
the  need  to  comprehend the  physical  processes  involved  in
order  to  improve these  materials  for  different  technological
applications. Magnetic, electric, and structural properties are
affected  by  the  crystallite  size,  sintering  temperature,  and
ionic  distribution  among  sites,  among  many  reasons [1–5].
Due  to  its  widespread  applications  in  medication  delivery,
high-density information storage, ferrofluids, and other tech-
nical areas, ferrite materials are gaining increasing attention
[3,5]. Spinel ferrites have a general formula AFe2O4, where A
denotes  the  divalent  metal  ion  (e.g.,  Zn,  Mn,  and  Ni).  Fur-
thermore, researchers in the field of magnetism, electronics,
and biotechnology have increasingly explored a category of
materials called “spinel ferrites” because of their potential ap-
plications  in  wastewater  treatment,  high-density  storage,
spin-dependent  electrical  devices,  and  medicinal  therapy
[3–6].

Magneto mechanical, magneto-optical, noncontact torque
sensing,  magnetic  stress  sensors,  and  high  magnetostriction
applications  are  desirable  for  manganese-doped  cobalt  fer-

rites [7–8]. The magnetic behavior of spinel ferrites is caused
by the difference in the magnetic moment of the distributed
cations  in  the  tetrahedral  (A-site)  and  octahedral  (B-site)
sites. Furthermore, the super-exchange interactions A–O–B,
A–O–A, and B–O–B play measured roles, with A–O–B be-
ing the strongest interaction [9].

Among  all  the  spinel  ferrites,  cobalt  ferrite  (CoFe2O4,
CFO)  has  caught  researchers’ attention  due  to  its  tunable
magnetic and dielectric properties, as well as its potential ap-
plications in manufacturing memory, capacitors,  filters,  and
microwave devices [5]. CFO has an inverse spinel structure
with  two  interstitial  sites  called  the  tetrahedral  site  (A-site)
and octahedral site (B-site), in which Fe3+ ions occupy the tet-
rahedral site, while both the Fe3+ and Co2+ occupy the octa-
hedral site in equal amounts. CFO forms the FCC crystal lat-
tice structure with 56 ions per unit  cell,  in which the larger
number of oxygen ions is arranged in the dense FCC struc-
ture and the smaller number of cobalt ions occupies the space
between them. CFO has moderate saturation magnetization,
remarkable  mechanical  hardness,  and  strong  magneto  crys-
talline  anisotropy  constant  value,  which  makes  it  technolo-
gically important [3].

Generally, the compound having an inverse spinel struc-
ture facilitates the doping of various transition metals to en-
hance its structural, magnetic, and dielectric properties. Thus, 
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past  research  efforts  were  directed  at  substituting  divalent
metal ions, such as Mg2+, Bi2+, Ni2+, and Mn2+, in CFO for the
application prospect, mostly in high-frequency device applic-
ations [10–11].  Studies  have  also  shown  that  doping  CFO
with Ni enhances its magnetic properties due to the smaller
ionic  radius  of  Ni2+ compared  to  Co2+,  thus  leading  to  in-
creased saturation magnetic (Ms) and residual magnetization
(Mr) [12]. For instance, Ni-doped CFO often exhibits a high-
er Ms value than pure CFO, as the substitution improves mag-
netic ordering. Cu doping has been reported to reduce the Ms

value,  similar  to Mn doping [13].  The incorporation of  Cu,
which has a lower magnetic moment, can lead to the dilution
of the overall magnetic properties. Studies indicate that Cu-
doped  CFO  shows  a  decrease  in  magnetization  with  in-
creased Cu concentration due to the suppression of super-ex-
change interactions [14]. Zn-doped CFO typically results in
lower magnetic properties due to the nonmagnetic nature of
Zn2+.  This  effect  is  similar  to  what  has  been observed with
Mn doping, in which the overall magnetic moment decreases
as more nonmagnetic ions are introduced into the lattice [15].
In contrast  to other dopants,  Mn2+ doping in CFO has been
shown to enhance residual magnetization (Mr) from 37.77 to
51.89 emu/g, suggesting that Mn interaction with the lattice
creates favorable conditions for maintaining magnetic order
[16].  When Mn2+ is  substituted,  the  properties  of  CFO will
become  advantageous  for  applications  based  on  high  mag-
neto-dielectric (MD) responses.

The synthesis route highly influences the properties of the
CFO and its substituted system. Consequently, several meth-
ods have been studied to achieve synthesis, including sol–gel
auto-combustion,  solid-state  reaction,  solvothermal  method,
etc., among which sol–gel auto-combustion has the benefits
of  low  cost,  availability,  reasonable  stoichiometric  control,
and  high  purity [17].  For  these  reasons,  we  considered
sol–gel  auto-combustion  in  the  current  study  to  synthesize
nanoparticles.  Based  on  our  previously  reported  works  on
synthesis  techniques  of  transition  metal-doped  CFO,  the
sol–gel  auto-combustion  technique  does  not  require  any
equipment to yield ultrafine nanoparticles [18–21]. Thus, this
specific technique was used in the present study to synthes-
ize  the  nanoparticles  of  a  CoMnxFe(2−x)O4 (x =  0.00,  0.05,
0.10, 0.15, 0.20) system (MCFO). The impacts of the anneal-
ing and evaporation on the structural, magnetic, and dielec-
tric properties were also analyzed.

The main objective of this study was to add Mn2+ to CFO
through the sol–gel auto-combustion route varying from 0.00
to  0.20wt%.  The  cation  distributions  at  the  tetrahedral  and
octahedral sites of the material have an impact on the struc-
tural and magnetic properties. Furthermore, the MD property,
along with the dielectric property, was emphasized. A thor-
ough  literature  review showed  that  including  Mn2+ in  CFO
leads  to  good  dielectric  and  magnetic  properties.  Many  re-
searchers have investigated the impacts of substituting Mn2+

at  the  Co2+ site  on  the  structural,  magnetic,  and  dielectric
characteristics. Still,  there is insufficient research on adding
Mn2+ at the Fe3+ site. In addition, the oxidation states of Mn2+

and Fe3+ differ, so studying the changes and interpreting the
analysis could also be interesting. As such, in order to study
the structural, magnetic, and MD properties of the CFO-sub-
stituted Mn at the Fe3+ site, this study conducted crystal struc-
ture, magnetic property, and MD analyses. 

2. Experimental

The  stoichiometric  quantities  of  manganese  nitrate
(Mn(NO3)2·4H2O), cobalt  nitrate (Co(NO3)2·6H2O), iron ni-
trate (Fe(NO3)3·9H2O) and glycine, all from Merck Co., In-
dia, with a minimum purity of 99%, were used without addi-
tional  purification.  Then,  these  were  dissolved  in  distilled
water  and  stirred  to  form  a  homogenous  clear  solution.
Without  the  protection  of  inert  gases,  the  reaction  method
was carried out in atmospheric air. The solution was heated at
150°C for 7–8 h while constantly stirring on a hot plate mag-
neto-stirrer. As the solution thickened, it eventually formed a
brownish gel due to the ongoing water evaporation. The res-
ulting gels were continuously heated for 3–4 h at 210°C. The
sticky  mass  started  to  bubble,  and  the  gel  automatically
caught fire with bright flints once the leftover water was re-
moved from the mixture. A puffy solid remained after self-
propagating combustion occurred, taking less than 1 min to
complete. The puffy solid was then ground to a powder be-
fore  being  used  for  characterization.  This  solid  was  further
milled for 30 min after being calcined at 600°C for 3 h at a
heating rate of 5°C/min to remove any organic material that
may have been present in the system. The synthesis process
is shown in Fig. 1. 

3. Results and discussion 

3.1. XRD analysis

Fd3̄m

Fig.  2 depicts  information  regarding  phase  identification
and  structural  parameters  from  X-ray  diffraction  (XRD)
characterization.  This  process  was  carried  out  in  the  angle
range of 20°–70° at room temperature (RT). The XRD pat-
tern  of  all  the  as-synthesized  MCFO  samples  (Fig.  2)
matches the ICDD database No. 22-1086, thus signifying the
presence of the spinel structure and an  space group. In
accordance with the ICDD database, specific major diffrac-
tion  peaks  are  present,  and  no  significant  change  occurred
after the Mn2+doping [7]. A slight shift of the XRD peaks to
higher 2θ values can be seen, which is attributable to lattice
contraction  resulting  from the  substitution  of  Mn2+ for  Fe3+

ions. Given that the ionic radius of Mn2+ (0.83 Å) is smaller
greater than that of Fe3+ (0.64 Å) in the octahedral sites, re-
placing Fe3+ with Mn2+ reduces the lattice parameters, which
is reflected as a shift toward the higher 2θ values in the XRD
pattern. The observed shift in the XRD pattern of the (311)
diffraction peak with increasing Mn doping can be attributed
to several interrelated factors. First, the ionic radius of Mn2+

(0.83 Å) is smaller than that of Co2+ (0.87 Å) and Fe3+ (0.64
Å).  When Mn is  incorporated  into  the  crystal  lattice  of  the
material, the smaller size of Mn ions leads to a contraction of
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the lattice parameters initially, which is reflected in a shift of
the  diffraction  peak  to  a  higher  angle  according  to  Braggs
law.  Furthermore,  the  incorporation  of  Mn can  create  local
lattice distortions and strain, particularly if there is a signific-
ant difference in the concentration of dopants or if  they are
substituted for larger cations. These strains can affect the in-
teratomic  distances,  resulting  in  altered  diffraction  patterns.
As the doping concentration of Mn increases, the initial shift
to a higher angle may indicate the dominance of Mn incor-
poration, leading to a tighter packing of the lattice. However,
at higher concentrations, the lattice may begin to experience
further strain or even a transition to different crystal phase or
structure  due  to  the  interactions  between  the  dopant  ions.
This can cause a subsequent shift of the peak to a lower angle
as the lattice expands due to these factors. At higher doping
levels, there might be a transition from one crystal structure
to another or the formation of secondary phases, which can
further  contribute  to  shifts  in  the  diffraction  peaks.  These
changes may alter  the overall  symmetry and dimensions of
the  crystal  lattice,  leading  to  the  observed  behavior  in  the
XRD pattern. Furthermore, (311) is the most substantial re-
flection  peak,  and  we  calculated  its  particle  size  using  the

(
ρx

)
(D)

Scherrer formula. The XRD spectra broadening is observed
as the particle  size  is  on a  nanoscale.  The lattice  parameter
(a), X-ray density , and crystallite size  are calculated
using the formula below [22]:

a = d
(
h2+ k2+ l2

)1/2
(1)

ρx =
8M
Na3 (2)

D =
0.9λ
βcosθ

(3)

where d is the inter-planner spacing, M is molecular weight,
h, k, l are the miller indices plane, λ is the wavelength of X-
ray, β is  full-width  half-maxima, N represents  Avogadro’s
number, which is 6.022 × 1023 mol−1, and D is the crystallite
size. The structural parameters, such as crystallite size, X-ray
density, lattice parameter, and d-spacing, are tabulated in Ta-
ble 1. As can be seen, the lattice parameter (a) increases after
the Mn doping increases. This may be due to the larger ionic
radius of Mn2+ (0.83 Å) compared to Fe3+ (0.64 Å) [23]. The
values  of  the  average  crystallite  size  (D)  of  the  prepared
samples are in the nanometer range. Furthermore, the X-ray
density  value  decreases  linearly  when  the  incorporation  of
doping concentration increases due to the light weight of Mn
compared to Fe. 

3.2. Field  emission  scanning  electron  microscopy
(FESEM) analysis

Fig. 3 illustrates the FESEM images of the as-synthesized
MCFO  series.  As  can  be  seen,  the  particles  are  highly  ag-
gregated due to the surface reaction and magnetic properties
of CFO. Doping Mn2+ into CFO nanoparticles influences the
shape, uniformity, grain morphology, and homogeneity [24].
Furthermore,  particle  size  continuously  decreases  when  the
Mn concentration increases,  indicating that  Mn substitution
restricts  crystal  growth.  The  substitution  with  strong  site
preference  also  reduces  the  particle  size  as  the  substitution
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Calcination followed by
grinding Puffy solid

Co(NO3)2·6H2O
O
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Fig. 1.    Schematic of different stages of the sol–gel process.
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Fig. 2.    XRD patterns of CoMnxFe(2−x)O4 samples.

B. Dash et al., Insights into the effects of Mn substitution in CoFe2O4 nanoferrites involving high-frequency ... 1247



ion  increases.  The  release  of  high  amounts  of  gases  in  the
auto-combustion process contributes to the porous structure
obtained  from Fig.  3.  Some regions  in  the  FESEM images
seem to be agglomerated. The main reason is the interaction
between the calcination temperature and magnetic behavior,

and  the  fact  that  spinel  ferrite  nanoparticles  tend  to  get  ag-
glomerated. As shown in Fig. 3(a), pure CFO nanoparticles
have the largest grain distributed non-uniformly compared to
other micrographs. All of these results from FESEM images
are in good agreement with XRD findings.

  
(a)

100 nm 100 nm 100 nm

(b)

100 nm100 nm

(d) (e)

(c)

Fig. 3.    FESEM images of the CoMnxFe(2−x)O4 nanoparticle: (a) x = 0; (b) x = 0.05; (c) x = 0.10; (d) x = 0.15; (e) x = 0.20.
  
3.3. X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis was performed to investigate the material’s
surface  chemical  composition  and  oxidation  state.  In  XPS,
the  surface  chemistry  of  the  material,  known  as  the  photo-
electric effect, can be studied by analyzing the energies of the
emitted electrons. The XPS spectra of the MCFO sample are
illustrated  in Fig.  4.  It  gives  valuable  ideas  on  the  surface
chemistry  of  chemicals  present.  The  survey  scan  of  the
MCFO  series  of  the  sample  is  shown  in Fig.  4.  All  the
samples exhibit the Co 2p, Fe 2p, O 1s, and C 1s peaks, with
no  significant  differences  observed  in  their  full  scan  XPS
spectra.  The  C  1s  spectrum  was  used  as  a  reference  for
charge correction. In the high-resolution XPS spectrum of Co
2p, the Co 2p3/2 and Co 2p1/2 binding energy (B.E.) peaks are
observed at  781.3 and 798.3 eV,  respectively.  Satellite  fea-
tures at 785.8 and 811.3 eV confirm the presence of Co2+ ox-
idation state [25]. The Co 2p spectrum shows Co 2p3/2 and Co
2p1/2 peaks at 983.1 and 963.8 eV, respectively, along with a
satellite  peak  at  938.5  eV,  which  is  characteristic  of  Co2+

[26]. The high-resolution XPS spectrum of Fe 2p displays Fe
2p3/2 and Fe 2p1/2 peaks at 713.8 and 735.7 eV, respectively.

Additionally,  the Fe 2p3/2 peak at  713.6 eV indicates the
presence of Fe3+ at the tetrahedral sites, and the satellite fea-
ture located at 729.3 eV further confirms the Fe3+ oxidation
state.  The  high-resolution  XPS  spectrum  of  O  1s  exhibits
peaks at 531.2 and 542.4 eV, corresponding to lattice oxygen
and  oxygen  defects,  respectively [25].  These  XPS  results
verify the presence of the elements in their respective oxida-

tion states. The XPS data further confirm that Mn is success-
fully incorporated into the CFO nanoparticles, in agreement
with the XRD results. The XPS signals of Co 2p, Fe 2p, and
Mn  2p  are  presented  in Fig.  4(b)–(d)  of  the  composition
CoMn0.20Fe1.80O4, thus verifying the existence of Co, Fe, and
Mn in the composition. The high-resolution XPS spectrum of
Co 2p is presented in Fig. 4(b), which shows two spin-orbit
doublet  characteristics  with  two satellite  peaks.The  satellite
peak  and  binding  energy  corresponding  to  Co  2p3/2 are  at
783.7 and 777.2 eV, respectively, and along with it, the satel-
lite peaks of Co 2p1/2 are at 793.0 and 800.0 eV, which are as-
sociated with the binding energy [25]. The XPS spectra after
the Mn2+ doping have an impact on the crystal structure and
the binding energy of the pure CFO. Two peaks are found by
fitting the high-resolution spectra of Fe 2p. In Fig. 4(c), we
can  see  that  at  709  and  721.8  eV,  there  are  two prominent
peaks of Fe2+, which describe its presence. Furthermore, the
significant peaks for Mn2+, corresponding to Mn 2p3/2 and Mn
2p1/2,  are  at  639.8  and  651.5  eV,  respectively,  as  shown  in
Fig. 4(d) [26]. 

3.4. Raman spectra

Fig. 5, which illustrates a little spectral shift, represents the
RT Raman spectra  of  the  MCFO series  samples  in  the  fre-
quency ranging from 200 to 1000 cm−1. This shift is determ-
ined  by  bond  length  and  strength,  which  in  turn,  are  influ-
enced  by  dopant  concentrations.  When  the  Mn  content  in-
creases,  the peaks become broader.  As CFO has an inverse

 

Table 1.    Various structural parameters of CoMnxFe(2−x)O4 (x = 0, 0.05, 0.10, 0.15, 0.20) nanoferrite particles

Composition Lattice
parameter / Å

Volume of unit
cell, a3 / cm3

Crystalite size,
D / nm

2θ of (311)
peak / (°)

d-spacing /
Å

Full width at
half maximum

CoFe2O4 8.312 574.27 55.20 35.48 3.21 0.1222
CoMn0.05Fe1.95O4 8.308 588.69 46.42 36.39 2.46 0.2880
CoMn0.10Fe1.90O4 8.311 591.01 42.33 36.23 2.47 0.3456
CoMn0.15Fe1.85O4 8.293 591.22 36.38 36.34 2.46 0.4032
CoMn0.20Fe1.80O4 8.286 593.97 31.40 36.19 2.48 0.3457
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spinel  structure,  it  is  worth  mentioning  that  the  tetrahedral
site  occupies  half  of  the Fe3+ cation.  In comparison,  the re-
maining  half  of  the  Fe3+ and  Co2+ cations  are  distributed
throughout the octahedral site. This structure has five optic-
ally Raman active modes: A1g, Eg, and 3T2g. There are three
major  bands  observed  at  280,  463,  and  656  cm−1,  respect-
ively.  Furthermore,  bands  at  184  and  602  cm−1 are  minor
bands as  these are  comparatively less  intense [27].  The oc-
currence  of  these  peaks  in  the  Raman spectra  is  due  to  the
symmetric stretching of the metal–oxygen bond. The Eg and
T2g modes occur through the asymmetrical vibration of met-
al–oxygen at the octahedral site, while the A1g mode is con-
nected with the symmetric stretching of oxygen atoms along
the metal–oxygen bond in the tetrahedral coordination. In the

Fd3̄mspinel  structure  with  the  space  group,  39  normal
modes are assigned [28] as follows: Γ = A1g + Eg + F1g + 3F2g

+ A2u + 2Eu + 4F1u + 2F2u, among which four are infrared act-
ive and five are Raman active modes.

The high-frequency modes (above 600 cm−1) arise due to
the vibration in the tetrahedral site, while the low-frequency
modes (400 cm−1) are related to the octahedral site. The peak
broadening due to Mn2+ doping can be attributed to the local
disorderedness in CFO. The migration breaks the long-range
cation order, creating disorder in the site’s tetrahedral and oc-
tahedral sublattices. This phenomenon is due to the Fe3+ ions
present in the tetrahedral site moving from the tetrahedral to
the  octahedral  site,  while  the  Co2+ ions  simultaneously  mi-
grate from the octahedral  to the tetrahedral  site.  During the
migration between both sites, the divalent and trivalent cation
distribution  changes,  leading  to  the  disorderedness  influ-
enced by the Mn2+ ion. All five peaks, found in 184, 280, 463,
602,  and  656 cm−1,  correspond to  the  Raman active  modes
T2g(1), Eg,  T2g(2), T2g(3), and A1g which confirms the spinel
structure of the MCFO samples. However, in the bulk form
of  CFO,  these  peaks  are  located  in  different  positions  due
to  the  difference  in  the  distribution  of  cations  in  these  two
sites [28]. 

3.5. Magnetic properties (vibrating sample magnetomet-
er-VSM study)

≤ ≤
VSM was used to analyze the RT magnetic properties of

MCFO  in  the  magnetic  field  of −20  kOe  H  20  kOe.
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Fig. 6 presents the magnetic hysteresis (M–H) loop. The sat-
uration magnetization (Ms),  coercivity (Hc),  Bohr magneton
(ηB),  retentivity  (Mr),  squareness  ratio  (Mr/Ms),  and  aniso-
tropy  constant  (K)  values  were  calculated,  and  shown  in
Table 2. The hysteresis loop reveals the ferromagnetic nature
of all the samples, which can be explained by Neel’s model.
Based on Neel’s  sublattice  model,  A–B super-exchange in-
teraction is  more effective than A–A and B–B interactions,
and this model also describes the cation distribution between
tetrahedral and octahedral sites [29]. The total magnetization
in  the  spinel  ferrite  is  the  difference  between  the  magnetic
moment of the A- and B-site.
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Fig.  6.     Hysteresis  loop for the CoMnxFe(2−x)O4 series  samples
at room temperature.
 

Fig. 6 shows that Ms decreases with increasing Mn2+ sub-
stitution. For x = 0.20, the Ms value is the lowest due to the
disturbance in the Fe–O–Fe interaction. When Mn is incor-
porated into CFO, the Fe3+ density decreases at the octahed-
ral site with the rise in Mn2+ concentration, thus reducing the
total magnetic moment of the sublattice. The magnetic prop-
erties of the CFO and its modified system depend upon the
cation distribution among the tetrahedral and octahedral sites,
as well as particle size. After adding Mn2+,  the particle size
decreases,  leading  to  the Ms decreases.  The Hc value  is  re-
duced initially after the Mn substitution in the CFO nanosys-
tem [30]. This decrease in Hc is due to the reduced magnetiz-
ation energy barrier after the Mn2+ substitution. We also com-
pared  the  magnetic  moment  of  Mn  (3ηB)  to  Fe  (5ηB).  The
magnetic moment per formula unit was estimated in terms of
Bohr magnetons applying the following formula [30]:

ηB =
M×Ms

5585
(4)

where M is the molecular weight of the sample.

The K value  can  be  determined  based  on  the  Stoner–
Wohlfarth  model  using  the  values  of Ms and Hc [31–32]
as follows:

K =
Hc×Ms

0.98
(5)

From Table 2, the Mr value increases with the increasing
wt% of Mn into CFO. Mr is the magnetization that remains in
the ferromagnetic material after the magnetic field has been
withdrawn.  This  phenomenon  is  called  residual  magnetiza-
tion. Mr values range from 37.77 to 51.89 emu/g. The amount
of energy required to spin the magnetic moment beyond the
axis of magnetization is called the “anisotropy constant” (K)
[33–34].  The  Bohr  magneton  or  the  magnetic  moment  per
unit decreases from 3.07ηB to 2.80ηB. This is another reason
for decreasing Ms after the incorporation of Mn2+ in the CFO. 

3.6. Dielectric analysis

The dielectric constant (ε′)  and dielectric loss factor (ε″)
were analyzed by using an LCR meter in the frequency range
of  100  Hz–1  MHz  with  varying  temperatures  from  RT  to
400°C.  The  dielectric  property  of  the  sample  has  been  ex-
plained by Koop’s theory, the Maxwell–Wagner polarization
process  and  the  hopping  mechanism  of  the  electrons [35].
The dielectric properties of a material depend on the synthes-
is  route,  chemical  composition,  particle  size,  and  porosity,
among many factors. The following formula is used for the
dielectric constant calculation [36]:

ε′ =
Cd
ε0A

(6)

where A represents the area of the pellet in m2, C is the capa-
citance of the pellet in F, d denotes the thickness of the pellet
in  m,  and ε0 represents  the  permittivity  of  the  free  space.
Fig. 7(a) shows the dielectric response graph of the synthes-
ized material MCFO.

From Fig. 7(a), when the frequency increases, the ε′ value
decreases to a certain level, then maintains a constant value.
Furthermore, the decrease in the ε′ is very sharp in the lower
frequency range compared to the high-frequency range [37].
This result shows a simultaneous effect of different polariza-
tions  taking  place  at  lower  frequencies,  thus  developing  a
high  dielectric  constant  value,  which  in  turn,  decreases  at
high frequencies due to the decreasing contribution. This res-
ult also provides us with information related to the electrical
conduction  mechanism,  which  is  the  dielectric  response  of
the applied electric  field.  The normal  dielectric  behavior  of
the Mn2+-substituted CFO is due to polarization, and the con-
duction  mechanism  leads  to  the  polarization  between  Fe2+

 

Table 2.    Magnetic parameters obtained at the 0–20 kOe magnetic field

Sample Ms / (emu·g−1) Hc / Oe Retentivity, Mr / (emu·g−1) Squareness ratio, R (Mr/Ms) ηB K / (104 erg·cm−3)
CoFe2O4 73.12 1939 37.77 0.52 3.07 14.46
CoMn0.05Fe1.95O4 72.13 1499 47.19 0.65 3.02 11.03
CoMn0.10Fe1.90O4 69.41 1312 48.63 0.70 2.91   9.30
CoMn0.15Fe1.85O4 67.87 1562 45.20 0.66 2.85 10.81
CoMn0.20Fe1.80O4 66.84 2875 51.89 0.78 2.80 19.60
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and  Fe3+ ions.  The  dielectric  constant  value  is  high  in  the
lower frequency region due to the space charge polarization.
We noticed that at high frequency, the ε′ value of all the syn-
thesized  material  is  saturated,  which  can  be  ascribed to  the
Maxwell–Wagner interfacial theory [38]. This theory posits
that polarization occurs in the material, formed by well-con-
ducting grains separated by nonconducting grain boundaries.
After a particular frequency, the hopping of electrons cannot
follow  the  alternating  current,  thus  slowing  down  the  ex-
change.  As  a  result,  the  polarization  also  tends  to  decrease
and maintains a steady state at higher frequencies. When the
concentration of Mn doping is increased, the ε′  value is in-
creased due to a decrease of the hopping mechanism at the
grain boundary to which the charge accumulation at the grain
boundaries increases. The increase in ε′  value with increas-
ing  Mn  concentration  agrees  with  the  previously  reported
results [39–40].

Fig.  7(b)  shows  the  dielectric  loss  factor  (ε″)  vs.  fre-
quency ranging from 100 Hz to 1 MHz. Dielectric loss refers

to the energy loss of the dielectric material and is related to
dispersion, which occurs when polarization slows down the
applied electric field due to the grain boundaries and imper-
fections in the crystal lattice. The hopping of the charge carri-
ers increases in the octahedral site when the frequency is high
due to the active grains, so the dielectric loss is saturated at
high frequency. The space charge, orientation, electronic po-
larization,  and grain  boundary effect  mainly  impact  the  en-
ergy dissipation at lower frequencies [41]. As the resistivity is
high at the grain boundary, the dielectric loss value is high at
lower frequencies, while it requires high energy for the elec-
tron exchange in low frequencies. The dielectric loss value is
independent  at  high  frequencies  and  can  be  explained  by
Koop’s theory and the Maxwell–Wagner model [38].

Fig. 8 presents the frequency vs. ε′ in the temperature ran-
ging from RT to 400°C for the synthesized MCFO series of
samples. For all temperatures, ε′ is reduced consistently with
increasing frequency, which is the normal typical behavior of
dielectric materials [41]. This result is due to the decrease in
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the space charge polarization. As the ε′ increases with an in-
crease  in  temperature,  after  a  particular  frequency,  it  be-
comes  constant.  At  low  temperatures,  charge  carriers  have
limited mobility, resulting in weak polarization and a lower
ε′. As the temperature increases, thermal agitation frees more
bound charge carriers, thus increasing their mobility and con-
tributing to polarization. This, in turn, results in an increase in
the ε′ value. The observed increase in ε' with increasing tem-
perature and decreasing frequency aligns with the Maxwell–
Wagner  theory,  which  explains  dielectric  dispersion  in  het-
erogeneous  systems,  and  Koop’s  phenomenon,  which  de-
scribes  the  frequency  dependence  of  the  dielectric  constant
that  is  consistent  with  our  observation.  In  the  Mn2+-substi-
tuted ferrite samples, ε' increases with temperatures of up to
400°C. The substitution of Mn in CFO impacts these lattice

dynamics, thus influencing the dielectric properties.
 

3.7. Electrical properties
 

3.7.1. AC conductivity
σacThe  frequency-dependent  AC  conductivity  ( )  was  in-

vestigated to better explain the charge transport mechanism.
Fig. 9 illustrates the variation of AC conductivity with a fre-
quency range of 100 Hz–1 MHz within the temperature ran-
ging from RT to 400°C for the MCFO series of the sample.
Spinel ferrites generally exhibit an increase in AC conductiv-
ity as temperatures increase. The value of σtotal at a particular
temperature  describes  Jonscher’s  universal  dielectric  re-
sponse  (UDR) law.  Following the  UDR law,  the  total  con-
ductivity (σtotal) can be represented as follows [42]:
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σtotal = σdc+σac (7)
where σdc is  DC  conductivity,  and σac is  the  frequency-
dependent AC conductivity.  The AC conductivity based on
Eq. (7) contains two terms: the frequency-independent term
σdc and  the  frequency-dependent  term σac.  However,  across
the entire frequency range investigated, the AC conductivity
data appear to be almost independent of frequency. The ex-
pected frequency dependence of AC conductivity is typically
observed  in  materials  where  hopping  conduction  mechan-
isms or relaxation processes are significant. However, in our
study, the absence of noticeable frequency dependence in the
AC conductivity data suggests that the frequency-independ-
ent term σdc might be dominating the AC conductivity over
the  entire  frequency  range  under  investigation.  This  occur-
rence  is  due  to  the  DC  conductivity  component,  which  is
much larger compared to the frequency-dependent compon-
ent,  leading  to  a  nearly  constant  overall  conductivity.  Fur-
thermore, the frequency range in our investigation might not

be  wide  enough  to  observe  significant  changes  in  the  fre-
quency-dependent term σac. The charge carriers are primarily
mobile ions or electrons with low hopping activation energy;
therefore, the AC conductivity might remain constant over a
broad frequency range. 

3.7.2. Impedance analysis
Impedance analysis is an effective method for understand-

ing the electrical characteristics of ferrite nanoparticles. Giv-
en  that  ferrites  are  polycrystalline  materials,  the  inter-grain
boundaries are inadequate areas where oxygen stoichiometry
might  deviate,  and  dopants,  contaminants,  or  subsequent
phases  can  separate.  The  complex  impedance  (Z*)  can  be
defined as

Z∗ = Z′+ jZ′′ (8)
where Z′ is the real part of the impedance, and Z″ is the ima-
ginary part of the impedance. This equation describes the res-
istive and reactive contributions when the AC field is applied
[43].  The  resistive  phase  is  symbolized  by  the  real  part Z′,

1252 Int. J. Miner. Metall. Mater. , Vol. 32, No. 5, May 2025



whereas the reactive component is expressed by Z″.
Figs. 10 and 11 show the variation of the real and imagin-

ary  impedance  spectra,  respectively,  of  the  parent  and  Mn-
substituted nano CFO in the frequency range 100 Hz–1 MHz
and temperature range of RT to 400°C. As shown in the plot,
the Z′ value decreases continuously up to a certain frequency
range,  after  which it  remains constant and merges together.
The relaxation process in Z′  is caused by the conduction of
space charges. Due to the increased temperature, the thermal

energy is  enhanced,  allowing the space charges to follow a
higher frequency [44]. As shown in Fig. 10, the substitution
of Mn in the CFO system has efficiently reduced the space
charge conduction.

Fig.  11 depicts  the  imaginary  part  of  impedance  vs.  fre-
quency plot  of  CFO series  samples  at  different  temperatue.
This represents that the Z″ value is reduced with the increas-
ing frequency, but after reaching a certain limit, it  becomes
frequency-independent.  Two  prominent  peaks  are  observed
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at  the low temperature in  the MCFO series  of  the samples,
and when the temperature increases, the width of the peak de-
creases and shifts to the higher frequency region. As the elec-
trical behavior is frequency dependent,  the relaxation peaks
imply the presence of space charge. When the Z″ value drops,
the temperature and frequency both increase. The relaxation
peak is due to the grain boundary [38].

Furthermore,  the  value  of Z′  and  Z″  decreases  with  in-
creasing frequency, implying the relaxation behavior is tem-
perature  dependent.  The  combined  graph  between  the  ima-
ginary  part  of  the  impedance  and  electric  modulus  to  fre-
quency  is  presented  in Fig.  12.  This  was  analyzed  in  RT
within  a  frequency  range  of  100  Hz–1  MHz.  As  shown  in
Fig. 12, two relaxation peaks that arise at RT in pristine CFO.
Nevertheless,  adding  manganese  suppresses  the  relaxation
peak occurring at the lower frequency region, and the extent
of suppression of the peak rises as the manganese concentra-
tion increases.

The relaxation peak at a lower frequency of the Z″ spec-

trum is caused by the charge carriers’ conduction in the re-
gion with the highest capacitive domain, which has been ex-
plained as a response to the electrode surface contact effect
[39].  Additionally,  the imaginary part  of  the modulus (M″)
was  inversely  related  to  capacitance.  The  results  show that
the conduction effect at the highest capacitive region is sup-
pressed by it. Some reports have revealed the absence of the
grain effect and the dominance of the interfacial conduction
mechanism. In the graph, the gap among the maximum peak
position of Z″ and M″ increases as the manganese concentra-
tion increases, thus indicating the promotion of charge carri-
er-localized  motion  and  showing  the  comparatively  more
non-Debye conduction type when taken in RT [40]. Further-
more, including Mn2+ in CFO increases the potential barrier
of the grain boundary for the hopping of the charge carriers.
Reports are available regarding the B–B interaction predom-
inating over the A–B interaction, which causes the electrical
resistance to increase and the dielectric constant to decrease.
This depends on the particle size of the synthesized sample.
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Fig.  13 depicts  the  Cole–Cole  plot  of  MCFO in  the  fre-
quency ranging from 100 Hz to 1 MHz with a temperature
range of RT to 400°C. This plot was used to analyze the elec-
trical properties of the synthesized material.  The semicircu-
lar  arc  in  the plot  represents  either  the extrinsic  or  intrinsic
conduction  mechanism,  wherein  the  latter  is  due  to  grain,
while  the  former  is  due  to  the  interfacial  mechanism.  The
Cole–Cole  diagram illustrates  the  relationship  between  real
and  imaginary  impedance.  The  impedance  spectra,  along
with the contribution of grain, grain boundary, and electrode
interface,  are  observed  individually.  The  plot  demonstrates
the involvement of grain and grain boundary [41], in which
the single semicircle shows the contribution of these proper-
ties.  Low-frequency  semicircles  are  associated  with  grain
boundary resistance, while high-frequency semicircles are re-

lated  to  grain  resistance.  When the  Mn inclusion increases,
the grain boundary resistance increases.

Furthermore, when the temperature increases, the semicir-
cular arcs are comparatively depressed; thus, the intercept of
the arc with Z′  shifts  toward the origin [42].  As previously
noted, there are two types of semicircles observed: one is at a
low-frequency  applied  electric  field,  which  indicates  the
function of grain boundary resistance, and another represents
the  high-frequency  applied  electric  field  area,  which  indic-
ates the significance of grain resistance. 

3.7.3. Electric modulus
Studying the complex electric modulus formula involves

analyzing  the  charge  transport  mechanism.  The  relaxation
mechanism was used in the present study to investigate the
electrical  properties  of  the MCFO series  of  samples,  which
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we  determined  from  the  electric  modulus.  In  general,  the
complex electric modulus is represented as follows [43]:

M =M′+jM′′ (9)
where M′  and M″ represents the real and imaginary part of
the electric modulus, respectively.

Fig. 14 presents the real part of the electric modulus (M′)
at varying frequencies ranging from RT to 400°C. From the
figure,  we  can  see  that  the M′  value  of  all  the  manganese-
doped CFO samples originates from zero for all the temper-
atures.  Thus,  we  can  conclude  that  the  interfacial  polariza-
tion is suppressed at lower frequency [43]. However, at high-
er frequencies, the M′ value increases and tends to acquire a

saturation  point.  Based  on  these  properties,  the  synthesized
sample  exhibits  less  involvement  in  the  electrode  polariza-
tion.  The  graph  illustrates  that  the  value  of M′  approaches
zero at the low-frequency region.

Fig. 15 shows the imaginary part of the electric modulus
(M″) at different frequencies for a range of temperatures from
RT to 400°C. From the modulus, we can obtain information
related to the charge transport. Owing to the electrode effect,
the M″ value is zero in the lower frequency region. There are
peaks observed in the case of MCFO due to the thermal ac-
tivation of charge carriers, which are shifted to a higher fre-
quency. In the M″ plot, no noticeable peak is observed at high
temperatures. The total polarization of the material is associ-
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ated  with  the  charge  transport  mechanism  and  the  electric
relaxation  time.  Furthermore,  the  relaxation  peaks  that  ap-
pear  in  the  figure  represent  the  long  to  short-range  charge
mobility. 

3.8. MD property

To analyze the MD effect of the MCFO series sample, the
dielectric constant value was measured in both the presence
and absence of a magnetic field. The MD property was also
investigated in  the  present  study to  explore  the  relationship
between  dielectric  constant  and  magnetic  ordering.  Due  to
the low dielectric and magnetic loss value, moderate satura-
tion  magnetization  and  dielectric  constant  CFO  show  sus-
tained MD property. Considering these characteristics, CFO
nanoparticles turn out to be effective substrate materials for

the development of radar, aerospace telemetry, and telecom-
munication systems.

Fig.  16 shows  the  MD%  vs.  frequency  in  the  range  of
100  Hz–1  MHz  at  the  RT,  and  this  characteristic  is  per-
formed in the 0.1 and 1.3 T magnetic fields. A significant in-
crease  in  the  MD  coefficient  can  be  observed  in Fig.  16
which is due to the lattice distortion resulting from the lattice
strain and magnetostriction effect [44]. The MD% can be cal-
culated as follows:

MD% =
ε′ (H)−ε′ (0)
ε′ (0)

×100% (10)

where ε′(H) is dielectric constant in the presence of a magnet-
ic field, and ε′(0) is dielectric constant without any magnetic
field.
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When the magnetic field is present, it induces strain in the
nanoparticles, which in turn, generates stress and the electric
field.  In the sample,  the MD coupling is  positive in nature.

Then,  as  the  magnetic  field  increases,  the  coupling also  in-
creases  in  number;  thus,  the  MD%  at  1.3  T  shows  a  high
value compared to that at 0.1 T. When the doping concentra-
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tion  increases,  the  MD  coefficient  value  decreases.  For
CoMn0.20Fe1.80O4,  the  lowest  value  of  MD%  has  been  ob-
served as shown in Table 3.
  
Table 3.    Measured MD% values for CoMnxFe(2−x)O4 samples

Sample MD% at 0.1 T MD% at 1.3 T
CoFe2O4 1.8 2.0
CoMn0.05Fe1.95O4 1.7 1.9
CoMn0.10Fe1.90O4 1.4 1.4
CoMn0.15Fe1.85O4 1.1 1.4
CoMn0.20Fe1.80O4 1.0 1.3

  

4. Conclusions

Mn-doped  CFO  nanoparticles  were  synthesized  vial
sol–gel  auto-combustion.  XRD,  FESEM,  Raman,  and  XPS
analyses  were  performed  for  structural  property  study.  The
XRD study confirms the single phase of the synthesized ma-
terial  and  that  there  are  no  secondary  peaks  in  the  spectra.
The dielectric constant value is enhanced after the Mn substi-
tution,  and  minimal  loss  is  observed  for  CoMn0.20Fe1.80O4,
making it suitable for high-frequency storage device applica-
tions and transformer cores.

Furthermore, the Cole–Cole plot reveals intrinsic and ex-
trinsic conduction mechanisms in MCFO, with distinct con-
tributions  from  grain  and  grain  boundary  resistances,  in
which increased Mn inclusion notably raises grain boundary
resistance.  The  absence  of M″  values  at  lower  frequencies
due to electrode effects and the presence of thermally activ-
ated  peaks  at  intermediate  frequencies  both  highlight  the
temperature-dependent  relaxation  of  charge  carriers.  The
shift  of  these  peaks  to  higher  frequencies  with  increasing
temperature  indicates  a  transition  from long- to  short-range
charge mobility, aligning with the material’s polarization be-
havior and electric relaxation time characteristics.

Additionally, increasing Mn content in CFO raises the re-
sidual magnetization (Mr) from 37.77 to 51.89 emu/g while
reducing  the  magnetic  moment  per  unit  (Bohr  magneton)
from 3.07ηB to 2.80ηB, thus contributing to a decrease in sat-
uration magnetization (Ms) with Mn2+ incorporation. The ob-
served increase in the MD coefficient with the applied mag-
netic field can be attributed to lattice distortion from the strain
and magnetostriction effects, with MD% reaching its peak at
1.3  T  and  diminishing  as  the  doping  concentration  rises.
Meanwhile,  under  the  same  condition,  CoMn0.20Fe1.80O4

shows the lowest MD%. 
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