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Abstract
Cu-doped  CoFe2O4 spinel ferrites with composition  CuxCo1-xFe2O4: x = 0.05, 0.1, 0.15, 0.2 have been synthesized by sol–
gel self-combustion method. Cation distribution using XRD data by intensity ratio and Rietveld method revealed perfect 
inverse spinel structure, further confirmed with Vibration Sample Magnetometer (VSM) results explaining two sub-lattice 
collinear models. The room temperature VSM analysis reveals ferromagnetism in all compositions of the samples with a 
maximum saturation value of 73.587 emu/g at 1.5 T for the composition x = 0.15 and maximum coercivity 1754.67 G and 
squareness ratio 51% for the composition x = 0.2. The above result may be the highest value of coercivity and squareness 
ratio reported at room temperature for Cu- doped  CoFe2O4 spinel ferrites. The electron density distribution using XRD data 
utilizing Maximum Entropy Method (MEM) visualizes the electronic structure. All compositions show strong tetrahedral 
A–O covalent bonding with Oxygen ions. Moderate covalent octahedral B–O ionic bonding for the compositions x = 0.05, 0.1 
and 0.15 and ionic bonding for the composition x = 0.2 are observed. The composition  Cu0.2Co0.8Fe2O4 with the maximum 
tetrahedral covalent and octahedral ionic bonding has the highest observed magnetic parameters.
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1 Introduction

Cubic spinel ferrites are magnetic materials with an exten-
sive range of magnetic properties like saturation magneti-
zation, remanent magnetization, and coercivity for various 
industrial, medical, biological and scientific applications 
[1–4]. Generally, spinel ferrites' physical and chemical prop-
erties can be tuned to desired applications based on the type 
of metal cations, their composition, and the distribution in 
the crystal structure [5]. Cobalt ferrite is a hard material with 
high coercivity, high anisotropy, high saturation magnetiza-
tion, and its physical hardness and chemical stability [6], 
makes Cobalt ferrite a useful material for various applica-
tions like magnetic recording, microwave and radar devices, 
ferrofluids and magnetic cooling [7]. Cobalt spinel ferrite 
has an inverse spinel structure with the occupation of  Co2+ 
ions in the octahedral B site, and  Fe3+ in both tetrahedral A 
and octahedral B sites [8]. Cobalt ferrite was successfully 
synthesized by different methods such as chemical co-pre-
cipitation method, sol–gel, solvothermal, reverse micelles, 
sonication, green synthesis and auto-combustion method. 
Though there are many methods to synthesize Cobalt ferrite, 
one-step self-combustion method is a cost-effective, simple 
and high yield method for synthesizing bulk cobalt spinel 
ferrites [9–15]. Some of the works reported in the literature 
on both undoped and Cu-doped  CoFe2O4 are available.

Hydrothermal synthesis of  CoFe2O4 with and without ball 
milling was reported to have a maximum coercivity of 1.9 
kOe and 4.1 kOe and magnetic saturation 69.5 emu/g and 
71.4 emu/g [8]. One of the reports on hydrothermal syn-
thesis of  CoFe2O4 have a reasonable coercivity of 1389.5 
G, and the other has coercivity ranges from 1301 to 1410 
G before calcination and 1488 to 1799 G after calcination 
[16]. Cu-doped  CoFe2O4 prepared by chemical precipita-
tion method showed coercivity ranging from 787.29 G to 
34.679 G with Cu doping from 0 to 100% [17]. Cu-doped 
 CoFe2O4 by double-sintering ceramic technique reported a 
maximum coercivity of 284.07 G [7]. The room temperature 
(300 K) and low temperature (20 K) The study of magnetic 
properties of nanocrystalline  Cu0.4Co0.6Fe2O4 prepared by 
sol–gel auto-combustion method was reported to be 1184.45 
Oe and 5689.76 Oe [18]. The literature review found that 
the reported magnetic coercivity and squareness ratio of 
Cu-doped  CoFe2O4 at room temperature is comparably 
less, and none of the reports gives the complete structural 
information, including electron density distribution analysis 
[19]. Hence in the present work, Cu-doped  CoFe2O4 with 
composition  CuxCo1-xFe2O4: x = 0.05, 0.1, 0.15, 0.2 was 
synthesized by self-combustion method and some physical 

properties, including magnetic properties, were analyzed in 
one phase. In the next phase the complete structural infor-
mation and electron density distribution, hence bonding was 
extracted using precise XRD data.

2  Materials and methods

In the present study, one-step auto-combustion synthesis 
of Cu-doped  CoFe2O4  (CuxCo1-xFe2O4: x = 0.05 0.10, 0.15, 
0.20) was adopted. The starting materials used were Cop-
per (II) nitrate hexa hydrate (Cu(NO3)2.6H2O), Cobalt (II) 
nitrate hexa hydrate (Co(NO3)2.6H2O), Iron (III) nitrate 
nonahydrate (Fe(NO3)3.9H2O) and amino acetic acid, Gly-
cine  (CH2NH2COOH), without further purification pur-
chased from Alfa Aesar, India. Glycine was used as fuel 
for the combustion process with fuel–nitrate molar ratio of 
2.2 [20].

2.1  Synthesis

In a typical sample synthesis with x = 0.05 composition, 
0.1875 g of Cu(NO3)2.6H2O and 5.529 g of Co(NO3)2.6H2O 
were dissolved in 15 ml of deionized water. Then, 16.16 g 
of Fe(NO3)3.9H2O was dissolved in another 15 ml of deion-
ized water. The two solutions were mixed slowly and stirred 
well using a magnetic stirrer. After proper mixing, at 80 °C, 
10 g of glycine was added and stirred well till a gel was 
formed. Auto-combustion occurs once the gel reaches the 
combustion temperature, resulting in a fluffy powder releas-
ing a massive volume of gases. As synthesized powder was 
ground well using a mortar and pestle and then calcinated to 
800 °C for two hours in the air. A video clipping of the final 
stage of the auto-combustion process of sample preparation 
of the composition x = 0.05 is given in the following link 
https:// bit. ly/ 3HJz6 8r.

2.2  Experimental methods

The experimental analysis of the calcinated samples of all 
the compositions was done after grinding using mortar and 
pestle. The well ground samples were sieved using 400 mesh 
(nylon) for powder XRD analysis, scanning electron micros-
copy (SEM) and energy dispersive X-ray analysis (EDX), 
UV–Visible spectroscopy and vibration sample magnetom-
eter (VSM) analysis. Rigaku 600D powder X-ray diffrac-
tion instrument was used for recording the XRD data with 
scan range 2θ from 10° to 100°, scan speed 8° per minute 
and step width 0.02° using Copper target of wavelength 

https://bit.ly/3HJz68r
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λkα = 1.54056 Å. The sample's surface morphology and 
composition were analyzed and identified using SEM and 
EDX instrument QUANTA 200F and TESCAN VEGA3 
SPH, respectively. The sample constituents' absorption of 
UV and visible light, thereby the optical band gap, was ana-
lyzed by UV–Visible spectrophotometer, instrument-JASCO 
V-630, with a wavelength range from 2000 Å to 8000 Å. 
VSM instrument, Lakeshore 7410S was used for the analy-
sis of the magnetization inside the sample with a maximum 
applied magnetic field of 1.5 T.

2.3  Computational techniques

2.3.1  Rietveld refinement method

The powder XRD profile fitting was done using least square 
refinement (Rietveld) [21] utilizing JANA2006 software 
[22]. The initially assumed structure is cubic spinel struc-
ture with space group Fd-3 m. The occupation of the ions in 
various sites is represented as tetrahedral A site in (0, 0, 0) 
and octahedral B site in (0.625, 0.625, 0.625) and oxygen 
ion position (0.375, 0.375, 0.375) position with cell param-
eter (a = b = c = 8.40 Å). The Rietveld analysis using least 
square approach is adopted for a perfect fit of theoretical line 
profile with the experimental data profile. The parameters 
were suitably refined manually until the difference between 
theoretical model and experimental XRD data reduces to a 
minimum possible weighted profile reliability index value. 
Some of the major parameters used for the present refine-
ment are background using Legendre polynomials, unit cell 
dimensions (a, b, c, α, β, γ), peak width parameters (u, v, w), 
multiple peak shape parameters (Pseudo-Voight), asymmetry 
by Berar Baldinozzi, scale factors, preferred orientation by 
March Dollase, roughness by Bragg–Brentano geometry, 
atomic positional parameters and their site occupancy (ai), 
atomic displacement parameters (ADP), etc. The average 
structural information and structure factor corresponding to 
each Bragg peaks were calculated.

2.3.2  Charge density analysis

One of the best mathematical tools for calculating elec-
tronic structure is the Maximum Entropy Method. The real 
and imaginary parts of the structural information obtained 
from Rietveld refinements were used for MEM calcula-
tions. Initially, the unit cell of the crystal is partitioned 
into (128 × 128 × 128) voxels. The entropy maximization 
calculation in each voxel was calculated, which can then 
be converted into the charge on each voxel. The software 
Dysnomia [23] was used for MEM computations employing 
entropy maximization with suitable Lagrangian parameter 
λ and a minimum number of iterations for the convergence 
factor C = 1. The three-dimensional and two-dimensional 

electron density visualization graph in each voxel of the unit 
cell was plotted using the graphical program VESTA [24]. 
The numerical one-dimensional electron density between 
bonding ions was calculated and correlated with the results 
obtained from 3 and 2D visualization.

3  Results and discussion

3.1  Experimental results

3.1.1  X‑ray diffraction methods

Figure 1 is a plot of raw X-ray intensity profile for all the 
prepared compositions of the sample with 2θ scan range 
from 10° to 100° with step size 0.02° along with JCPDS 
data for  CoFe2O4. All the observed significant peaks cor-
responding to (h k l) planes confirm the formation of the 
single-phase cubic spinel ferrite with space group Fd-3 m, 
without any impurity [25, 26]. The enlarged diagram of the 
raw XRD peaks of the (h k l) planes (113), (400) and (440), 
is given in inset of Fig. 1, which shows a slight 2θ left shift 
as the concentration of  Cu2+ doping is increased. The lattice 
parameter and cell volume based on unit cell [27] refinement 
from Table. 1 has a slight increase in value from 8.3986(2) 
Å to 8.4098(2) Å and 592.418 Å3 to 594.781 Å3 as the dop-
ing concentration increases from x = 0.05 to x = 0.20. The 
above result arises due to the difference in the ionic radius 
of dopant ion (ionic radius of  Cu2+  = 0.73 Å) and host ions, 
both  Co2+ and  Fe3+ (ionic radius of  Co2+ and  Fe3+  = 0.72, 
0.63 Å) occupying octahedral B site as per the XRD data-
based cation distribution analysis.

Fig. 1  Raw X-ray intensity profile with inset showing peak shift
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Williamson Hall (W–H) [28] and modified Williamson 
Hall plot [29] are shown in Fig. 2, which yields crystal-
lite size and micro strain. The graph is drawn between 
4sin θ in x-axis and βcos θ and βcos2θ in the y-axis for 
the Williamson Hall and modified Williamson Hall plots, 
respectively. The numerical results of grain size and lattice 
strain by both W–H and modified W–H methods are given 
in Table 1. All the sample compositions show a negative 
and minimal value of strain, which may be due to the 
minor compressive strain in the lattice due to dopants [30]. 
The maximum and minimum grain sizes 40 ± 0.1 nm and 
32 ± 0.4 nm is observed for the composition x = 0.1 and 
0.15, respectively, based on the modified W–H method, 
which was reported as a reliable one [29]. It is also found 
that there is no linear relation of crystallite size with dop-
ing concentration.

3.1.2  Cation distribution methods

The distribution of  Cu2+,  Co2+ and  Fe3+ cations among 
the tetrahedral A and octahedral B sites will be vital in 
fine-tuning magnetic properties [31]. The cation distri-
bution can also be analyzed using X-ray intensity ratio 
method, Mossbauer, Rietveld and magnetic analysis [32]. 
In this study, the Bertaut method [33] using XRD data 
and Rietveld-based refinement methods were adopted to 
understand the distribution of cations in different sites for 
all doping concentrations of the prepared samples. Ber-
taut method adopts the comparative intensity ratio I220/
I400,  I220/I440, I400/I440,  and  I400/I422  calculations of the 
theoretical and experimental cation active Bragg planes 
(220), (440), and (400), (422) [34]. The possible cation 
distribution is given below in the following expression (1) 
based on the theoretical intensity calculation using Eq. (2) 
[35].

where α and β are the distribution of  Cu2+ and  Co2+ in A site 
with the assumption that the total occupancy of the A site 
is one and B site is two, respectively, and Ical

hkl, Fcal
hkl, Pcal-

hkl and Lp are the intensity of the lattice plane (h k l), its 
structure factor, multiplicity factor, and Lorentz polariza-
tion factor. Table 2 gives the cation occupancy in A and B 
sites, which shows the complete occupation of  Fe3+ ions in 
the tetrahedral A site. Both  Cu2+ and  Co2+ ions occupied 
in the octahedral B site completely in all compositions of 
the prepared samples. The exact occupation of cation in A 
and B site were given by Rietveld refinement method by 
refining the occupancy (ai) of each cation in different sites. 
Preference of  Co2+ ions occupation in octahedral B site was 
already reported earlier [36]. Table 4 gives the parameters 
refined using cation distribution among A and B sites. It 
is found that radius of tetrahedral A site increases from 
0.5514 Å to 0.577 Å for the composition x = 0.05–0.15 and 
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Table 1  Observed grain size, strain and lattice parameter

Sample 
 CuxCo1-xFe2O4

Williamson Hall method Modified Williamson Hall method Debye Scherrer method Unit cell refinement

Strain  (10–4) Grain size (nm) Strain  (10–4) Grain size (nm) Grain size (nm) Lattice parameter (Å)

x = 0.05 – 1.282 41 ± 0.5 – 4.861 38 ± 0.2 46 ± 0.8 8.398(6)
x = 0.10 – 1.803 43 ± 0.9 – 5.313 40 ± 0.1 46 ± 0.1 8.399(5)
x = 0.15 – 5.286 35 ± 0.2 – 9.004 32 ± 0.4 47 ± 0.8 8.408(4)
x = 0.20 – 2.696 42 ± 0.1 – 6.436 38 ± 0.1 53 ± 0.1 8.409(8)

Fig. 2  Williamson Hall and modified Williamson Hall plot: Grain 
size and strain analysis
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then suddenly decreases to 0.4787 Å for the composition 
x = 0.2. Similarly, Octahedral B site decreases from 0.7477 Å 
to 0.7369 Å for the composition x = 0.05–0.15 and then sud-
denly increases to 0.7941 Å for the composition x = 0.2. The 
hopping length of both tetrahedral A site and octahedral B 
site increases with increase in doping concentration and A 
site has greater hopping length than B site as reported [37]. 
The other parameters like inter atomic distances (Me–Me) 
and (Me–O) and angles are also given in Table 3.

3.1.3  Magnetic hysteresis results

The magnetic properties of all compositions of the doped 
system were analyzed using VSM measurements, which is 
shown in Fig. 3. The insets (a) and (b) of Fig. 3 represent 
the expanded view of the hysteresis for a better under-
standing of the coercivity and retentivity and the relation 
of coercivity and squareness ratio (Mr/Ms) with doping 
concentration, respectively. The maximum observed 
coercivity and squareness ratio is 1754.67 G and 0.51 for 

Table 2  Cation active XRD intensity ratios and cation distribution

Sample composition Cation distribution

CuxCo1-xFe2O4 I220/I400 I400/I440 XRD intensity method Rietveld method

Occupancy in 
tetrahedral A and 
octahedral B site

Occupancy in 
tetrahedral A and 
octahedral B site

Cal Obs Cal Obs A site B site A site B site

x = 0.05 1.475 1.090 0.801 0.944 (Fe1.0)A (Cu0.05Co0.95Fe1.0)B (Fe0.998)A (Cu0.054Co0.949Fe1

.006)B

x = 0.10 1.469 1.129 0.802 0.914 (Fe1.0)A (Cu0.10Co0.90Fe1.0)B (Fe0.997)A (Cu0.104Co0.900Fe1

.001)B

x = 0.15 1.470 1.042 0.808 0.898 (Fe1.0)A (Cu0.15Co0.85Fe1.0)B (Fe0.994)A (Cu0.138Co0.85Fe1.012)B

x = 0.20 1.463 1.106 0.807 0.819 (Fe1.0)A (Cu0.20Co0.80Fe1.0)B (Fe0.989)A (Cu0.216Co0.805Fe1

.007)B

Table 3  Refined structural 
parameters based on cation 
distribution analysis

Calculated parameters x = 0.05 x = 0.10 x = 0.15 x = 0.20

Tetrahedral A site (Å) Radii rA 0.5514 0.5634 0.5770 0.4787

Shared edge length dAE 3.0560 3.0756 3.0979 2.9364
Hopping length LA 3.6352 3.6359 3.6398 3.6400

Octahedral B site (Å) Radii rB 0.7477 0.7414 0.7369 0.7941
Shared edge length dBE 2.8803 2.8618 2.8459 3.0077
Unshared edge length dBEU 2.9688 2.9697 2.9732 2.9721
Hopping length LB 2.9681 2.9687 2.9719 2.9720

Interatomic distances and angles
Me–Me (Å) b 2.9681 2.9687 2.9719 2.9720

c 3.4805 3.4811 3.4849 3.4851
d 3.6352 3.6359 3.6398 3.6400
e 5.4529 5.4539 5.4597 5.4600
f 5.1410 5.1420 5.1475 5.1470

Me–O (Å) p 2.0676 2.0612 2.0561 2.1140
q 1.8717 1.8838 1.8976 1.7980
r 3.5840 3.6073 3.6337 3.4430
s 3.6533 3.6579 3.6657 3.6321

Angles (°) θ1 124°04’ 123°48’ 123°49’ 125°45’
θ2 148°21’ 147°08’ 147°08’ 157°51’
θ3 91°44’ 92°07’ 92°07’ 89°19’
θ4 125°39’ 125°45’ 125°45’ 125°06’
θ5 76°30’ 75°47’ 75°47’ 81°27’
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the composition x = 0.2 of  CuxCo1-xFe2O4. The square-
ness ratio of all the prepared samples is in the range from 
0.467 to 0.51 indicating a single domain magnetic struc-
ture [38, 39]. The magnetic saturation (Ms) and remanent 
magnetization (Mr) range from 60.48 to 73.58 emu/g and 
29.73 to 36.70 emu/g, in which the maximum value for 
both parameters are reported for the composition x = 0.15. 
The literature survey reveals so many works reported on 
the synthesis by various methods and their magnetic hys-
teresis study of Cu-doped  CoFe2O4 at room temperature 
and low temperatures [40]. The maximum coercivity of 
1185. 45 Oe and 5689.56 Oe at 300 K and 20 K were 
reported in the article “Dielectric and Magnetic Behavior 

of Nanocrystalline  Cu0.4Co0.6Fe2O4 Ferrite” by sol–gel 
auto-combustion method [18]. Most authors reported 
fewer coercivity values even at room temperature and low 
temperatures [16, 41–43]. This may be the first research 
article for the Cu-doped  CoFe2O4 series, reporting a 
maximum coercivity value of 1754.67 G and a square-
ness ratio of 51% at room temperature  (Cu0.2Co0.8Fe2O4) 
by sol–gel auto-combustion method. Inset (b) of Fig. 3 
reveals almost a linear response. The experimental mag-
netic parameters and theoretical Bohr magnetron values 
are given in Table 4. The experimental Bohr magnetron 
(�H

B
 ) was calculated from the magnetization value at 1.5 T 

using the following relation [44]

Fig. 3  VSM magnetic hysteresis 
with inset a enlarged version 
and b coercivity and squareness 
ratio graph

Table 4  Experimental and theoretical magnetic hysteresis parameters using VSM

Parameters Composition

x = 0.05 x = 0.10 x = 0.15 x = 0.20

Saturation magnetization Ms (emu/g) 63.6448 66.7714 73.5873 60.4813
Remnant magnetization Mr (emu/g) 29.735 32.761 36.704 30.847
Coercivity Hci (G) 1529.86 1686.36 1695.39 1754.67
Squareness ratio 0.467 0.490 0.498 0.51
Observed Bohr magneton �H

B
2.953 2.800 3.083 2.532

Calculated Bohr magneton �N
B

 (Neel’s) 2.941 2.824 2.778 2.721
Cation distribution based on �H

B
(Co0.013Fe0.987)A

(Cu0.05Co0.937Fe1.013)B
(Fe1.0)A

(Cu0.10Co0.90Fe1.0)B
(Co0.095Fe0.905)A

(Cu0.15Co0.755Fe1.095)B
(Fe1.0)A

(Cu0.20Co0.80Fe1.0)B
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The cation distribution in A and B sites was calculated 
and reported in Table 4 using the experimental Bohr mag-
netron value calculated using the Eq. (3). The distribution of 
cations has a perfect correlation with the values calculated 
using X-ray intensity methods for the compositions x = 0.1 
and 0.2. A small contribution of  Co2+ in tetrahedral A site 
for the compositions x = 0.05 and 0.15 is estimated, which 
contributes a reduction of saturation value. However, the 
most probable final cation distribution was calculated using 
the fine Rietveld refinement of the atomic occupancy of A 
and B site ions and also the anion. The Neel’s Bohr mag-
netron (�N

B
) is a theoretical value calculated based on the 

concept of the antiparallel alignment of the down spin and 
up spin magnetic moment of electrons in tetrahedral A and 
octahedral B sites, respectively, and the final Rietveld-based 
cation distribution analysis using the relation �N

B
= MB –MA, 

in which MB and MA are the B site and A site magnetization. 
The collinearity between experimental and theoretical Bohr 
magnetron values shows that the grown system almost obeys 
Neel’s two sublattices, the collinear model.

3.1.4  Energy band gap analysis

The energy bandgap of the prepared compositions of the 
Cu-doped  CoFe2O4 spinel ferrites was analyzed using the 
UV–Visible spectrophotometry analysis, utilizing deuterium 
source for UV part and tungsten source for visible part. The 
measured range of wavelength of the absorption was from 
2000 Å to 8000 Å with a step size of 2 Å. The energy band 
gap is calculated by plotting energy in eV in the x-axis vs 
(αhν)2 in  eV2/cm−2. The tangent of the linear part of the 
curve touching the x-axis by extrapolation gives the energy 
bandgap values, which is shown in Fig. 4. It is observed that 
all samples show direct bandgap character with a numeri-
cal value ranging from 2.801 eV to 2.950 eV. Typically, the 
violet color region varies from 380 to 450 nm. The absorp-
tion range of all the prepared samples in this work is from 
420 to 442 nm. This shows that these samples may be used 
for selective violet color absorption of very high-frequency 
applications as well as photocatalytic applications [45].

3.1.5  Surface morphology and composition analysis

Most of the physical properties depend on the size and shape 
of the particle, mainly in the nano range. Scanning electron 
microscopy (SEM) is one of the best experimental tools to 
study the visual morphology of the surface. In the present 
study, SEM micrograph was taken with scale factor 1 μm, 
magnifications 45.2, 48.7, 30.8 and 18.2 kX and potential 

(3)�H
B
=

(Molecular weight of the sample)

5585
×Ms.

30 kV for the compositions x = 0.05–0.20, respectively, 
given in the inset (a) of Fig. 5. No perfect spherical nature 
is seen in any of the inset (a) of Fig. 5. The inset (b) of 
Fig. 5 shows the histogram diagram and Gaussian distribu-
tion graph for all compositions of  CuxCo1-xFe2O4. A highly 
agglomerated and porous nature is seen from all the SEM 
images, with the maximum for the composition x = 0.20. 
The average particle size using SEM analysis is found to 
be 90.63 nm, 151.40 nm, 73.81 nm and 348.51 nm, respec-
tively, for the compositions x = 0.05, 0.1, 0.15, 0.2. As the 
average particle size of all samples is high above an opti-
mum value, it leads to high magnetic coercivity, specially 
for the composition x = 0.4. Also, the particle size is directly 
related to the scattering efficiency. Energy-dispersive X-ray 
analysis (EDX) reveals the precise elemental composition 
of the sample under investigation. Figure 5 gives the EDX-
based elemental composition of the all samples. All the EDX 
images show the elements Cu, Co, Fe, and O without any 
other impurities.

3.2  Computational results

3.2.1  XRD powder profile analysis

The unit cell's structural information and structure factor 
corresponding to each Bragg plane was computed adopt-
ing the Rietveld methodology using JANA2006. The refined 
structural information and reliability indices are given in 
Table 5. It is found from Table 5 that there is an expansion of 
the unit cell, which is confirmed by the slight increase in lat-
tice parameter and cell volume in correlation with the shift 
in X-ray intensity peaks towards the lower 2θ angles. There 
is a slight deviation in the oxygen displacement parameter 
from the ideal position of 0.375. The deviation is maximum 

Fig. 4  Energy band gap using UV–Visible absorption spectrum



 M. Thavarani et al.

1 3

  659  Page 8 of 15

Fig. 5  EDX analysis with inset a the SEM image and inset b the particle size histogram for  CuxCo1-xFe2O4: a x = 0.05, b x = 0.1, c x = 0.15, d x = 0.2
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for the composition x = 0.15 [46]. All the Rietveld reliability 
factors are minimal for all compositions with a slight accept-
able error, showing the perfectness of the refinement process 
based on the crystallographic model of cubic spinel ferrite 
with space group Fd-3 m.

The JANA2006 fitted profile and experimental XRD 
intensity data in arbitrary units are shown in Fig. 6 for refer-
ence for the composition x = 0.05. The JANA2006 profile 

for the other compositions is given in the supplementary 
file, named "Supplementary Fig. 1. Figure 6 perfectly visual-
izes the refinement of all the experimentally observed Bragg 
planes with the model-based profile with the inset show-
ing the expanded form of Bragg peaks (113) and (404) in 
which the perfect matching of experimental and observed 
data points are seen. The supplementary table named “Sup-
plementary Table 1” presents the observed and calculated 

Table 5  Refined structural 
parameters and reliability 
indices of computational 
techniques

Parameters Values x = 0.05 x = 0.10 x = 0.15 x = 0.20

Refined structural parameters
Lattice parameters (Å) a 8.3953(1) 8.3969(4) 8.4059(1) 8.4063(8)
Unit cell volume (Å3) a3 591.709 592.048 593.953 594.038
Oxygen displacement parameter U43m 0.3787(9) 0.3795(0) 0.3803(1) 0.3735(2)

Rietveld parameters
Reliability index (%) Robs 4.57 3.16 2.03 3.18
Weighted reliability index (%) wRobs 3.08 1.72 1.40 2.48
Profile reliability index (%) Rp 1.01 0.91 0.88 1.10
Weighted profile reliability index (%) wRp 1.27 1.14 1.10 1.40
No. of electrons/Unit cell F000 888.8 889.6 890.4 891.2
MEM parameters
No. of cycles 2401 2219 2250 2781
Initial density (e/Å3) F000/a3 1.5020 1.5025 1.4991 1.5002
Lagrange parameter λ 0.022 0.0183 0.0189 0.0321
Reliability index (%) RMEM 6.85 6.62 7.60 7.77
Weighted reliability index (%) wRMEM 3.92 3.76 3.62 3.86

Fig. 6  Fitted JANA2006 profile for the composition x = 0.05 with inset its expanded form showing fine fitting of observed and calculated inten-
sity
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structure factor for various principal Bragg planes for all 
compositions of the prepared samples, in which the differ-
ence between the two is minimal.

3.2.2  Electron charge analysis

The success of electron density analysis based on MEM has 
been proved by the successful explanation of the electronic 
structure of different application-oriented materials by many 
researchers [41, 47–49]. The accurate electron density dis-
tribution without error due to series termination is possible 
with the minimum number of structure factors. In this work, 
the real and imaginary parts of the structure factor for all 
lattice planes from the diffraction angle 10° to 100° were 
calculated and used as the input for the MEM calculations. 
The initial electron density per voxel is fixed as F000/a3. The 
electron density at each voxel was calculated by entropy 
maximization by fixing the proper Lagrangian parameter λ 
for the minimum number of iterations. 3D visual mapping 
using VESTA for the prepared composition x = 0.2 with iso-
surface level 0.45 e/Å3 for half of the unit cell (for better 
clarity) is given in Fig. 7. The presence of tetrahedral A and 
octahedral B sites in alternating octants confirms the forma-
tion of cubic spinel structure with the electron cloud around 
each ion, giving the complete visualization of the shape, 
distribution of electrons, type and strength of bonding. A 
solid covalent bonding in tetrahedral A site and moderate 
ionic bonding in octahedral B site was revealed from Fig. 7. 
A moderately localized spherical charge distribution is seen 
in the octahedral B site.

The visual three-dimensional electron density variation 
in the half unit cell with boundary x = 0.5–1and y, z = 0–1 
is given in Fig. 8 (a–h) in the same iso-surface level (0.45 e/
Å3) for comparison for all the compositions. As revealed by 
Fig. 8(a–d), tetrahedral A site bonding in all compositions 
was highly covalent with maximum sharing of electrons 
between A and O ions in all compositions and maximum 
for the composition x = 0.05 and minimum for the composi-
tion x = 0.15. In the octahedral B site, mild B–O covalent 
bonding and complete ionic bonding are seen in Fig. 8 (e–h) 
for the compositions x = 0.05–0.15 and x = 0.2.

The electron density distribution along the plane (110) 
with contour level (0–1 e/Å3) with interval 0.08 e/Å3 is plot-
ted in Fig. 9 for the compositions x = 0.05–0.2. The numer-
ical value of the mid bond density at the A–O and B–O 
bonding regions is also given in Fig. 9(a–d). Among the 
super exchange interactions, A–A, A–B and B–B, A–B is 
the strongest, A–A is the weakest, and B–B is moderate for 
all compositions as reported earlier for spinel ferrites [34]. 
There is one exception in A–A bonding for the composition 
x = 0.05, which has higher A–A interaction may be due to 
the charge enhancement by the neighboring ions. Overall, 
A–O interaction is strong covalent and B–O interaction mild 
covalent/ionic in all compositions x = 0.05–0.2. It is empiri-
cally found that the spinel ferrite material with maximum 
A–O covalent and B–O ionic bonding behave as a ferromag-
netic material with maximum coercivity.

One-dimensional electron density profile between vari-
ous interacting sites and the numerical mid bond distance 
and electron density as inset table are shown in Fig. 10 
(a–f). Figure 10a gives the A–A super exchange electron 
interaction for all compositions showing the increasing 
mid bond distance with doping concentration and mini-
mum mid bond density except for the sample x = 0.05, 
which has the numerical bond value 0.371e/Å3. Figure 10b 
gives the A–B super exchange charge interaction for all 
compositions showing the increasing mid bond distance 
from 2.1718 Å to 2.2443 Å with doping concentration with 
almost constant numerical mid bond density nearly 0.2 e/
Å3. Figure 10c gives the B–B super exchange charge inter-
action for all compositions showing the increasing mid 
bond distance from 1.4841 Å to 1.4860 Å with increasing 
doping concentration with an almost constant numerical 
mid bond density of nearly 0.12 e/Å3. The mid bond den-
sity A–B is maximum, A–A is minimum, and B–B is mod-
erate, except for the sample x = 0.05, in which A–A has 
the maximum bonding. Figure 10d gives the A–O charge 
interaction for all compositions showing the decreasing 
mid bond distance from 0.9589 Å to 0.9131 Å with ran-
dom variation in mid bond density and minimum for the 
composition x = 0.15. Figure 10e gives the B–O charge 
interaction for all compositions showing almost a constant 
mid bond distance with the minimum, mid bond density 

Fig. 7  3D MEM electron density in half unit cell of the composition 
x = 0.20 with iso-surface level 0.45 e/Å3
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Fig. 8  a–h 3D electron density 
with iso-surface 0.45 e/Å3 
showing Tetrahedral A and 
Octahedral B sites
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for the composition x = 0.20, which may be a requirement 
for better coercivity. O–O mid bond interaction density 

is almost a constant in all compositions (Fig. 10f), nearly 
0.12 e/Å3 and minimum for the composition x = 0.20.

Fig. 9  2D electron density along (1 1 0) lattice plane with contour level (0–1 e/Å3) and interval 0.08 e/Å3
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4  Conclusion

Phase pure cubic spinel structure of  Cu2+-doped  CoFe2O4 
 (CuxCo1–xFe2O4: x = 0.05, 0.1, 0.15, 0.2) was success-
fully synthesized by a single step simple self-combustion 
method using glycine as fuel under atmospheric conditions. 

Powder X-ray diffraction intensity-based peak shift and lat-
tice parameter show a minor expansion of the unit cell with 
increased doping of  Cu2+ in  CoFe2O4. Cation distribution 
analysis confirms inverse spinel ferrite structure. All samples 
show minimal compressive lattice strain and average crys-
tallite size ranges from 32 ± 0.4 nm and 40 ± 0.1 nm for the 

Fig.10  One-dimensional electron density profile with a A–A, b A–B, c B–B, d A–O, e B–O and f O–O interaction
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composition x = 0.15 and x = 0.10, respectively, based on the 
modified Williamson Hall method. The magnetic hysteresis 
analysis show variation of coercivity (Hci) and squareness 
ratio (Mr/Ms) from 1529.86 G to 1754.67 G and 0.46–0.51, 
respectively, almost following a linear increase with doping. 
The observed maximum coercivity and squareness ratios are 
1754.67 G and 0.51 for the sample  Cu0.2Co0.8Fe2O4. The 
above result may be the maximum coercivity and squareness 
ratio reported at room temperature for Cu-doped  CoFe2O4 
spinel systems to the best of our knowledge. The experimen-
tal and theoretical Bohr magnetron values almost coincide, 
showing that the grown system perfectly obeys Neel’s two 
sublattices, the collinear model. MEM electron density dis-
tribution reveals complete electronic structure and bonding. 
It can be empirically confirmed that the composition of spi-
nel ferrite material with maximum A–O covalent and B–O 
ionic bonding behave as a ferromagnetic material with maxi-
mum coercivity. The prepared composition  Cu0.2Co0.8Fe2O4 
may be a better alternative for semi hard ferrite applications. 
High optical absorption in the violet region of the visible 
spectrum can make the sample a good photocatalytic mate-
rial. Further through investigation of the sample may lead 
the material, a magnetic recording and/or magnetic drug 
delivery applications.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00339- 022- 05808-2.
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