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Abstract
Single-phase, nanocrystalline  Zn2+ substituted cubic spinel  CaFe2O4 with the composition  ZnxCa1-x  Fe2O4 (x = 0.0, 0.05, 0.1, 
0.15) was prepared by solvothermal method. The magnetic properties of the prepared samples were analysed by vibration 
sample magnetometer (VSM), which reveals a switching from soft ferromagnetic behaviour to super-paramagnetic for an 
increase in  Zn2+ doping concentration. The maximum coercivity of 405.54 G and squareness ratio of 35.8% is obtained for 
pure  CaFe2O4, and the doping of nonmagnetic  Zn2+ ions gradually loses the ferromagnetism. Neel’s two sublattices’ collinear 
model well explains the overall magnetic property. The surface morphology and elemental composition were analysed using 
scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analysis. An optical bandgap analysis was carried 
out using UV–Visible spectroscopy, revealing a random variation of the optical energy gap with composition. X-ray peak 
analysis reveals the single-phase cubic spinel structure with Fd-3 m space group. The estimated crystallite sizes range from 22 
to 39 nm, and lattice parameter varies in random fashion with the increase of  Zn2+ doping concentration. Mixed cubic spinel 
structure is revealed from cation distribution analysis. Rietveld refinement technique is utilised for structural refinements. 
The maximum entropy method (MEM) is used for the experimental electron density analysis and hence bonding. The 3D, 2D 
and 1D MEM analyses reveal the weakest tetrahedral A–tetrahedral A bonding and the alteration in tetrahedral A–octahedral 
B and octahedral B–octahedral B bond strength with doping. Moderate A–O and B–O covalent bonding favours maximum 
saturation magnetism of 83.59 emu/g for the composition  Zn0.05Ca0.95Fe2O4.

Keywords Solvothermal method · Cation distribution · X-ray diffraction · Rietveld · Magnetism · Maximum entropy 
method

1 Introduction

The search for new magnetic materials with remarkable 
magnetic properties is of everlasting interest because of its 
industrial and scientific applications such as sensing, record-
ing, biomedical and imaging applications [1–3]. A wide 

range of magnetic materials is devised by modifying the syn-
thesis method, cation distribution, sintering temperature and 
nature and concentration of dopants [4–7]. The challenges 
in understanding spinel ferrites include the microstructural 
distribution of electrons, bonding nature and super exchange 
interaction between (tetrahedral) A and (octahedral) B sites 
[8, 9].

Calcium ferrite is one of the least reported cubic spinel 
ferrites because of its high ionic radius [10]. Calcium fer-
rite prepared by chemical precipitation method using NaOH 
precipitating agent was reported to have a magnetic moment 
of 1.74 emu/g and magnetic coercivity of 35.08 G for super-
paramagnetic applications [11]. Zinc ferrite is an extensively 
studied material because of its magnetic properties and uses 
[12]. The nanoparticles (5 to 20 nm) of  CaFe2O4 prepared 
by the auto-combustion method was reported to have mag-
netic saturation (Ms), 31.1 emu/g [13]. Lavanya Khanna and 
N. K. Verma reported the magnetic properties with the size 
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effect at different calcination temperatures (nano-capsule 
along (0 4 0) direction at 900 °C and nanosphere at 500 °C) 
[14]. The magnetic hyperthermia applications of nanometric 
size (12–14 nm),  Zn0.5Ca0.5Fe2O4 for cancer treatment, were 
reported by Rosario Argentina Jasso-Teran [15]. Normally, 
 ZnFe2O4 is a normal ferrite, whereas  CaFe2O4 is an inverse 
ferrite with divalent  Zn2+ occupying tetrahedral A site and 
divalent  Ca2+ occupying both tetrahedral A and octahedral B 
site [16, 17]. The proper incorporation of divalent nonmag-
netic  Zn2+ in  CaFe2O4 can tune the magnetic saturation and 
coercivity [18], which two theoretical models can explain, 
Neel’s two sublattice model [19] and noncollinear magnetic 
spin canting model [20].

Though calcium ferrite is a vital metal oxide that is 
environmentally safe, chemically stable, low cost and enor-
mously abundant, the overall literature survey confirms that 
 CaFe2O4 is one of the least studied cubic spinel ferrites. 
Further, most of the research articles emphasise the synthe-
sis, physical, optical and magnetic properties. No reported 
work revealed an experimental microstructural analysis of 
the Zn-doped  CaFe2O4 spinel ferrites like structure factor, 
charge density distribution and inter-bonding behaviour. The 
success of MEM methodology adopted for the electron den-
sity distribution analysis for different application-oriented 
materials like bulk ceramics, piezoelectric ceramics, ferrites 
and dilute magnetic semiconductors was reported by various 
researchers [21–24].

Hence, in the first phase of the work, the synthesis of 
 Zn2+ doping on  CaFe2O4  (ZnxCa1-xFe2O4, x = 0.0, 0.05, 0.1, 
0.15) by solvothermal method and their analysis of magnet-
ism, optical bandgap, surface morphology and elemental 
composition using vibration sample magnetometer (VSM), 
UV–Visible spectrometer, SEM and EDX, respectively were 
given importance. In the second phase, computational struc-
tural analysis using the Rietveld refinement technique [25] 
and charge density distribution using the maximum entropy 
method (MEM) [26] were performed using the precise 
experimental X-ray diffraction data.

2  Experimental Details

2.1  Material Synthesis

The spinel ferrite nanoparticles of all compositions, 
 ZnxCa1-xFe2O4 (x = 0.0,0.05,0.1,0.15), were synthesised 
using a cost-effective low-temperature solvothermal method, 
methodology followed by Abbas Kheradmand et al. [27]. 
This synthesis method has advantages like high purity, 
chemical homogeneity, small and uniform particle size 
and controlled particle size [28, 29]. The starting materials 
used for the synthesis are Zn(NO3)2.6H2O, Fe(NO3)3.9H2O, 

Ca(NO3)2.4H2O, ethylene glycol, NaOH and HCl acid, pur-
chased from Sigma Aldrich, India.

2.2  Experimental Techniques

The prepared compositions of the samples were ground well, 
using mortar and pestle and sieved using 400 nylon mesh 
for powder X-ray diffraction analysis at temperature, 25 °C. 
X-ray diffraction data were collected using Bruker AXS D8 
advance X-ray diffractometer. This instrument is designed 
with TWIN/TWIN switching between four different instru-
ment geometries for the analysis of powder diffraction to 
amorphous and thin film analysis. The primary TWIN optic 
implements a motorised divergence slit for Bragg–Brentano 
geometry and a Gobel mirror for parallel beam geometry, 
whereas the secondary TWIN optic features motorised anti-
scatter slit for Bragg–Brentano and an equatorial Soller slit 
for parallel beam geometry. The anode material used for 
powder diffraction is copper (Cu) with  Kα1 and  Kα2 radia-
tion of wavelengths λ1 = 1.5406 Å and λ2 = 1.54443 Å  (Kα1/ 
 Kα2 = 0.5) powered by the generator with 15 mA of cur-
rent and 40 kV potential. The size of the divergent slit was 
0.9167°, and the goniometer radius was fixed as 145 mm. 
The scanning angle 2θ was set from 10° to 120° with step 
size nearly 0.02°. The surface morphology (SEM) and ele-
mental composition (EDX) were analysed using TESCAN 
VEGA3 SPH. The optical parameter (optical bandgap) was 
analysed using a UV–Visible spectrometer, model-JASCO 
V-630, with wavelength ranges from 2000 Å to 8000 Å. 
The room temperature magnetic hysteresis property of the 
samples was analysed using a vibration sample magnetom-
eter (Lakeshore) with a maximum applied magnetic field 
of 1.5 T.

2.3  Computational Techniques

The essential structural parameters of the crystalline 
unit cell-like lattice parameters and oxygen occupational 
parameters were elucidated using the powder profile fitting 
methodology by Rietveld method [25] using the software 
JANA2006 [30]. The bond length between cations and cati-
ons (Me-Me) and cations and anions (Me-O), bond angles, 
tetrahedral and octahedral radius, shared and unshared edge 
length and hopping length were calculated using cation dis-
tribution analysis by Bertaut method [31, 32].

The Rietveld refined structure factor of various (h k l) 
planes was utilised for the electron density distribution anal-
ysis using the maximum entropy method. The entire unit cell 
is divided into (128 × 128 × 128) pixels along three lattice 
axes (a = b = c), and a uniform initial electron density in each 
pixel is fixed as F000/a3; F000 is the number of electrons in 
the unit cell and a lattice parameter. The Lagrangian multi-
plier is suitably fixed for convergence with a lesser number 
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of iterations. The MEM-based electron density distribution 
is visualised using VESTA [33]. 3D and 2D images of the 
electron density distribution with structure in different iso-
surface levels and numerical 1D profile between different 
bonding ions were analysed using VESTA.

3  Results and Discussion

3.1  Experimental Analysis

3.1.1  X‑ray Diffraction Analysis

X-ray diffraction intensity data of all the prepared sam-
ples of  ZnxCa1-x  Fe2O4 (x = 0.0, 0.05, 0.1, 0.15) shows the 
prominent peaks (202), (311), (222), (400), (422), (511) 
and (440) corresponding to cubic spinel ferrites (space 

group Fd-3 m), confirming the formation of spinel structure. 
No additional peaks were detected showing single-phase 
formation except the peaks emerging from Cu-Kα doublet 
Kα1 and Kα2 X-ray radiation of wavelengths λ1 = 1.5406 Å 
and λ2 = 1.54443 Å, which dominate the compositions 
x = 0.1 and x = 0.15. All composition of the samples has 
high-intensity peaks showing good crystallinity of the pre-
pared samples.

Figure 1 shows a shift in the X-ray intensity peaks for 
the prominent peaks (113), (004), (115) and (404), which 
shows a small shift in 2θ towards the lower angles as the 
 Zn2+ doping increases up to x = 0.1. This may be due to 
the doping of lower ionic radii dopant  (Zn2+  = 0.74 Å) 
in higher ionic radii host atoms  (Ca2+  = 0.99 Å) [34]. 
The sample with x = 0.15 composition has a small shift 
in 2θ towards the higher angle, which is due to a slight 
lattice disorder.

Fig. 1  X-ray intensity, peak shift
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The precise cell parameters of all the compositions of 
the samples were determined using Nelson–Riley plot 
(Fig. 2) which is a graph drawn between f(θ) and lattice 
parameter, where f(θ) =  (cos2θ/sinθ) +  (cos2θ/θ) [35, 36]. 
Williamson–Hall plot was used for the crystallite size and 
lattice strain estimation. The crystallite size (D) and lat-
tice strain (η) are estimated by the following formula [37]:

(1)�cos� = 4�sin� + K�∕D

Here,  β  represents the full width at half maximum 
(FWHM), θ the diffraction angle and λ the wavelength of 
X-ray. Figure 3 shows the plot of 4sinθ versus βcosθ, which 
is a straight-line giving slope η, lattice strain and inter-
cept Kλ/D (D-crystallite size).

The calculated lattice parameter, estimated average crys-
tallite size and lattice strain by various methods are reported 
in Table 1. The increasing trend of lattice parameters with 
 Zn2+ doping is confirmed by unit cell refinement and the 

Fig. 2  Nelson–Riley plot, lattice 
parameter
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Fig. 3  Williamson–Hall plot-
crystallite size and lattice strain

Table 1  Average structural 
parameters refined from raw 
XRD data

ZnxCa1-xFe2 O4 Lattice parameter (Å) Average crystallite size (nm) Lattice strain (10−4)

Nelson–Riley plot Debye–Scherrer 
formula

Williamson–
Hall plot

Williamson–Hall plot

x = 0.0 8.4365 22 28 3.96
x = 0.05 8.4197 24 34 4.08
x = 0.1 8.4297 39 43 4.24
x = 0.15 8.4259 31 44 5.91



 Journal of Superconductivity and Novel Magnetism

1 3

Nelson–Riley method. The estimated average crystallite 
size varies from 22 to 44 nm by Debye and Williamson 
approaches. The micro lattice strain has minimum and max-
imum values of 3.96 ×  10–4 and 5.91 ×  10–4 for the composi-
tion  CaFe2O4 and  Zn0.15Ca0.85Fe2O4, respectively. It is found 
that the lattice strain increases with  Zn2+ doping.

3.1.2  Cation Distribution Analysis

X-ray intensity analysis is one of the best methods to locate 
the distribution of cations in both tetrahedral A site and octa-
hedral B site, with the assumption [38–40]

where α and β are the distribution of  Zn2+ and  Ca2+ in A 
site, respectively. Comparing both observed and theoreti-
cal model-based intensities for various cation active lattice 
planes gives the cation distribution. The theoretical intensity 
in tetrahedral A and octahedral B sites was computed using 
the following equation [41]:

with  Ihkl  is the calculated intensity of the lattice plane 
(hkl), Fhkl the structure factor, Lp the Lorentz polarisation fac-
tor and Phkl the multiplicity factor. The ratios of the observed 
X-ray intensity and theoretical intensity I220/I400, I220/I440, 
I400/I440 and I400/I422 for the highly sensitive (hkl) planes 
(220), (440) and (400), (422) [41] were compared. The 
closely matched observed and calculated intensity ratios 
confirmed the occupation of tetrahedral A and octahedral 
B sites. Table 2 gives the cation distribution analysis based 
on the X-ray intensity data. It is found from Table 2 that 
 Fe3+ and  Ca2+ are partially distributed at both the tetrahedral 
A and octahedral B sites. As  Zn2+ doping concentration is 
increased, there is a tendency of  Zn2+ to move from tetrahe-
dral A to octahedral B site. Complete inclusion of  Zn2+ ions 
at octahedral B site is found for the composition x = 0.15. 
This result contradicts the earlier reports stating that  Zn2+ 
always prefer to be in tetrahedral A site [42].

(2)
(
Zn2+

a
Ca2+

�
Fe

1−a�3+

)A [
Znx−a2+Ca1−x−�2+Fe1−a�3+

]B
O2−

4

(3)Ihkl =
||Fhkl

||
2
Lp Phkl

The refined structural parameters like distances between 
cations (Me-Me) and between cations and anions (Me-O) 
and interatomic angles based on cation distribution analysis 
of  ZnxCa1-xFe2O4 among the tetrahedral A and octahedral 
B sites are given in Table 3. The tetrahedral A site radius 
has the maximum value, 0.82655 nm, and octahedral B site 
radius has the minimum value, 0.6021 nm, for the com-
position, x = 0.1. The hopping length of the tetrahedral A 
site (LA) and octahedral B site (LB) has random variation 
with doping concentration. It is also found that LA is greater 
than LB, for all compositions as per the earlier reports [43]. 
All the above variations may be attributed to the random 
distribution of different ionic radii of dopant ion  Zn2+ 
(0.74 Å) and host ion  Ca2+ (0.99 Å) in tetrahedral A and 
octahedral B sites and the variation in occupational oxygen 
parameters.

3.1.3  Optical Bandgap Analysis

UV–Visible spectroscopy is the absorption of the ultravio-
let and visible part of the electromagnetic radiation by the 
sample’s ions or atoms or molecules due to the transition 
between two energy states. This absorption of UV and vis-
ible light analysis can help calculate the crystalline mate-
rials’ optical bandgap. The deuterium lamp is a source of 
the ultraviolet light, and the tungsten lamp acts as a source 
of the visible light. The wavelength ranging from 2000 to 
8000 Å with step size 2 Å was utilised for the analysis. Tauc 
plot method was used for the calculation of optical bandgap 
by plotting energy (eV) in the x-axis and (αhν)2 and (eV 
 cm−1)2 in the y-axis [44]. Figure 4 gives the graph for calcu-
lating the optical bandgap, and the inset presents the original 
absorption curve. The minimum and maximum observed 
bandgap energy is 2.8681 eV for the composition x = 0.0 and 
2.9768 eV for the composition x = 0.10. The bandgap gradu-
ally increases as  Zn2+ doping concentration is increased up 
to x = 0.10, reaches a maximum and then decreases beyond 
this (x = 0.15). The above trend may be due to the localised 
nature of the electron density distribution, which is also 
revealed by 3D and 2D MEM results.

Table 2  Estimated cation distribution among tetrahedral A and octahedral B site using X-ray intensity data

Sample name Cation active intensity ratios Tetrahedral A site occupancy Octahedral B site occupancy

I220/I400 I400/I440 I220/I440

Cal Obs Cal Obs Cal Obs

CaFe2O4 1.379 1.375 0.914 0.905 1.261 1.246 (Ca0.59Fe0.41)A (Ca0.41Fe1.59)B

Zn0.05Ca0.95Fe2O4 1.716 1.774 0.804 1.041 1.379 1.847 (Zn0.04Ca0.285Fe0.675)A (Zn0.01Ca0.665Fe1.325)B

Zn0.10Ca0.90Fe2O4 1.696 1.702 0.805 0.891 1.366 1.517 (Zn0.01Ca0.245Fe0.745)A (Zn0.09Ca0.655Fe1.255)B

Zn0.15Ca0.85Fe2O4 1.741 1.536 0.795 0.875 1.385 1.344 (Zn0.00Ca0.165Fe0.835)A (Zn0.15Ca0.685Fe1.165)B
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Table 3  Interatomic distances 
between cations (Me-Me), 
between anions and cations 
(Me-O) and interatomic angles 
of  ZnxCa1-xFe2O4, x = 0.0, 0.05, 
0.1, 0.15

Calculated parameters x = 0.00 x = 0.05 x = 0.10 x = 0.15

Tetrahedral A site (Å) Radii rA 0.6527 0.5467 0.8265 0.6649
Shared edge length dAE 3.2215 3.0484 3.5052 3.2413
Hopping length (Å) 3.6532 3.6460 3.6505 3.6487

Octahedral B site (Å) Radii rB 0.7048 0.7597 0.6021 0.6939
Shared edge length dBE 2.7442 2.9055 2.4560 2.7170
Unshared edge length dBEU 2.9876 2.9773 3.0036 2.9849
Hopping length (Å) 2.9828 2.9769 2.9806 2.9791

Interatomic distances and angles
Me-Me (Å) b 2.9828 2.9769 2.9806 2.9791

c 3.4977 3.4907 3.4951 3.4934
d 3.6532 3.6460 3.6505 3.6487
e 5.4799 5.4690 5.4758 5.4731
f 5.1665 5.1562 5.1626 5.1601

Me-O (Å) p 2.0235 2.0796 1.9145 2.0123
q 1.9750 1.8669 2.1596 1.9876
r 3.7819 3.5749 4.1354 3.8061
s 3.7025 3.6606 3.7620 3.7031

Angles (°) θ1 122°01’ 124°17’ 118°01’ 121°41’
θ2 139°27’ 149°26’ 125°35’ 138°11’
θ3 94°57’ 91°24’ 102°13’ 95°30’
θ4 126°22’ 125°35’ 127°49’ 126°29’
θ5 71°01’ 77°08’ 61°48’ 70°12’

Fig. 4  UV–Visible spectrum, 
bandgap
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3.1.4  SEM/EDX Analysis

All the compositions of the prepared samples were analysed 
for surface morphology and elemental composition using 
scanning electron microscopy (SEM) and energy-dispersive 
X-ray (EDX) analysis. The maximum magnification of 70 kX  

with a potential of 30 kV was used for the SEM analysis. 
Figure 5a, b, c and d shows the EDX graph with an inset 
showing their corresponding SEM image. SEM image shows 
the spherical nature of the particles in all compositions of the 
samples, with the exception that the composition x = 0.15 has 
some agglomerate. The relative proportions of the elemental 

Fig. 5  EDX analysis of  ZnxCa1-xFe2O4 with inset in the SEM image for the composition (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, and (d) x = 
0.15

Fig. 6  VSM graph of 
 ZnxCa1-xFe2O4 with the inset its 
enlarged version (x = 0.0, 0.05, 
0.10, 0.15)
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composition of Zn, Ca, Fe and O are seen in all the composi-
tions  (ZnxCa1-xFe2O4, x = 0.0, 0.05, 0.10, 0.15) of the pre-
pared samples, along with an additional peak corresponding 
to chlorine atoms, which arises due to the addition of con-
centrated HCl acid at filtration process of sample preparation. 
EDX reveals the perfect doping of  Zn2+ in the host  Ca2+.

3.1.5  Magnetic Hysteresis Analysis

Magnetic properties like saturation magnetic moment (Ms), 
remanent magnetic moment (Mr), coercivity (Hci) and 
squareness ratio (Mr/Ms) of the prepared samples were ana-
lysed at room temperature using the hysteresis curve analy-
sis by VSM. Figure 6 shows the hysteresis curve with the 
inset and its expanded view, and Table 4 gives the observed 
magnetic parameters for all compositions of  ZnxCa1-xFe2O4 
(x = 0.0, 0.05, 0.1, 0.15). It is found that the composition 
x = 0.0 has minimum saturation magnetisation and maximum 

coercivity. The Ms value increases with doping, reaches a 
maximum for the composition x = 0.05 and decreases with 
further doping. All the compositions behave like soft ferri-
tes with moderate saturation magnetisation and coercivity. 
The maximum squareness ratio is 35.8% for the composi-
tion x = 0.0 [20]. It is also observed from the table (VSM) 
that there is a slow switching behaviour from soft ferromag-
netism to super paramagnetism as the  Zn2+ concentration 
increases. The above switching may be due to the shifting 
of magnetic  Fe3+ ions from octahedral B site to tetrahedral 
A site and the distribution of nonmagnetic  Zn2+ ions in the 
B site according to the table (cation). Experimental Bohr 
magnetron ( �H

B
 ) values based on VSM analysis were calcu-

lated using the following formula [45]:

(4)�H
B
=

Molecular Weight

5585
×Ms

Table 4  Experimental magnetic 
parameters from VSM

Sample ZnxCa1-x 
Fe2 O4

Magnetisation 
(Ms) (emu/g)

Coercivity 
(Hci) (G)

Retentivity 
(Mr)(emu/g)

Squareness 
ratio (Mr/Ms)

μBH μBN

x = 0.0 16.99 450.54 6.0909 0.358 0.656 0.650
x = 0.05 83.59 85.537 7.338 0.090 3.248 3.250
x = 0.10 64.65 43.280 3.3757 0.052 2.527 2.550
x = 0.15 41.27 33.127 1.1754 0.028 1.622 1.650

Table 5  Various structural 
refinement parameters of 
 ZnxCa1-xFe2O4, x = 0.0, 0.05, 
0.1, 0.15

Parameters Values x = 0.00 x = 0.05 x = 0.10 x = 0.15

Refined structural parameters
Lattice parameters (Å) a 8.4369(2) 8.4201(4) 8.4306(2) 8.4264(5)
Volume of the unit cell (Å3) a3 600.55 596.9 599.21 598.31
X-ray density (g/cm3) Dx 4.7726 4.8293 4.8394 4.8747
Oxygen positional parameter U

43m 0.385(8) 0.378(7) 0.397(1) 0.386(3)

Rietveld reliability indices
Reliability index Robs (%) 5.07 6.46 5.80 7.10
Weighted reliability index wRobs (%) 2.84 10.9 5.69 5.11
Rall (%) 6.59 8.64 11.8 8.14
wRall (%) 2.98 10.9 6.18 5.21
Profile reliability index Rp (%) 2.29 3.34 2.81 2.52
Weighted profile reliability index wRp (%) 2.92 4.49 3.76 3.26
Goodness of fit GOF 1.02 1.08 1.08 1.02
No. of electrons/unit cell F000 832 836 840 844
MEM parameters and reliability indices
No. of cycles 1677 2155 3334 1672
No. of pixels/unit cell 2097152 2097152 2097152 2097152
Prior density (e/Å3) F000/a3 1.3852 1.4003 1.4018 1.4106
Lagrange parameter λ 0.0106 0.0177 0.0559 0.0106
Reliability index RMEM(%) 6.83 10.02 8.80 6.90
Weighted reliability index wRMEM(%) 3.07 4.00 2.99 3.32
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The theoretical value of model-based Bohr magnetron 
was calculated from cation distribution analysis and Neel’s 
two sublattices’ model using the relation μBN = MB –MA, 
where MB is the B site magnetisation and MA is the A site 
magnetisation. Both experimental and theoretical Bohr mag-
netron values are well-matched, obeying Neel’s two sublat-
tices’ collinear model.

3.2  Computational Analysis

3.2.1  Structural Analysis

All compositions of the prepared samples were analysed 
using the powder profile fitting method called Rietveld 
refinement technique using the JANA 2006 [25, 30]. The 
refined Rietveld parameters and reliability indices are shown 
in Table 5. The minimum reliability indices and goodness of 
fit show the perfectness of structural refinements and con-
firmation of the spinel ferrite structure. There is a random 
variation of both lattice parameter and volume of the unit 
cell by all methods of calculation. This may be because of 
the random distribution of lower ionic  Zn2+ and higher ionic 
 Ca2+ in tetrahedral A site and octahedral B site as reported 
in Table 2. Though there is a random variation in lattice 
parameter with doping concentration, the density linearly 
increases with doping. The occupational position of the 
oxygen ions also has the random variation and has the clos-
est ideal value 0.378 for the composition x = 0.1. [32]. The 
number of charges inside a unit cell is given by F000, which 

has a linear increase from a minimum of 832 to a maximum 
of 844 with  Zn2+ doping, which directly reveal the proper 
doping of high charge Zn atoms in low charge Ca atoms.

The weighted reliability indices are very small, and the 
goodness of fit (GOF) is nearly unity for all the composi-
tions showing the perfectness of refinement. Figures 7, 8, 
9 and 10 present the JANA2006 based Rietveld refinement 
profile fitting of observed (Io) and calculated X-ray inten-
sity (Ic), along with intensity difference (Io − Ic) for all the 
compositions. The vertical lines coinciding the peaks repre-
sents the Bragg planes (h k l). The perfectness of refinement 
and validity of the proposed model (cubic spinel ferrite) are 
reflected in the profile diagrams. The expanded form of the 
profile fitting is given in the inset of each figure showing the 
significant peaks (113) and (222).

3.2.2  Electron Density Analysis

The experimental electron density distribution inside the 
unit cell is analysed using the mathematical tool, maximum 
entropy method. The XRD data based on structural param-
eters obtained from Rietveld refinements is utilised for the 
MEM electron density calculations using the software Dys-
nomia [46]. The resultant electron density on each pixel of 
the unit cell will be the outcome of the MEM calculations.

The obtained MEM parameters and reliability indices are 
given in Table 5. The 2D and 3D visual imaging of elec-
tron density was done using visualisation for electronic and 
structural analysis (VESTA) [33]. The 3D plot of charge 
density distribution with isosurfaces level = 0.7 e/Å3, for the 

Fig. 7  JANA refined profile of  ZnxCa1-xFe2O4, x = 0.0, with inset its enlarged peaks
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Fig. 8  JANA refined profile of  ZnxCa1-xFe2O4, x = 0.05, with inset its enlarged peaks

Fig. 9  JANA refined profile of  ZnxCa1-xFe2O4, x = 0.10, with inset its enlarged peaks
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Fig. 10  JANA refined profile of  ZnxCa1-xFe2O4, x = 0.15, with inset its enlarged peaks

Fig. 11  3D MEM electron  
density distribution of 
 ZnxCa1-xFe2O4, x = 0.05  
(isosurfaces level 0.7e/Å3)
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Fig. 12  3D MEM electron density 
distribution of  ZnxCa1-xFe2O4  for 
the compositions x = 0.0, 0.05, 
0.10, 0.15 showing, (a-d) tetrahe-
dral A sites and (e - h) octahedral 
B sites (isosurface level 0.7 e/Å3)
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composition x = 0.05 is shown in Fig. 11 which shows the 
perfect spinel structure, with alternate tetrahedral A site and 
octahedral B site electron distribution.

Figure 12 shows the individual electron density distribu-
tion around the tetrahedral A and octahedral B sites and also 
the bonding between A–O and B–O for all the compositions 
of the sample,  ZnxCa1-x  Fe2  O4 (x = 0.0, 0.05, 0.1, 0.15). 
A comparative study of the tetrahedral interaction from 
Fig. 12a, b, c and d shows maximum bonding for the com-
position x = 0.05, which is highly covalent in nature. There 
is highly localised electron density around A and O for the 
composition x = 0.1 showing minimum A–O interaction, but 
there is a dominating A–A interaction. B–O interaction is 
the strongest for the composition x = 0.15, which is visually 
seen from Fig. 12h. Maximum A–B and B–B interaction is 
seen from Fig. 12g for the composition x = 0.10.

2D MEM electron density distribution of  ZnxCa1-xFe2O4 
(x = 0.0, 0.05, 0.10, 0.15), along (110) plane with isosurface 
level 0.7 e/Å3, contour interval (0.17 to 1.49) e/Å3 and step 
size 0.1 e/Å3 is shown in Fig. 13a, b, c and d. There is a bond 
stretching between A and O which is clearly seen through 
contour lines in Fig. 13b for the composition x = 0.05. There 
is a favourable A–A and B–B interaction and very little A–O 
and B–O interaction also seen from Fig. 12c for the compo-
sition x = 0.10.

The numerical 1D MEM electron density distribution and 
1D MEM bonding profile between A–A, A–B, A–O, B–B, 
B–O and O–O are given in Table 6 and Fig. 14a, b, c, d, 
e and f, respectively. The numerical 1D results show that 
A–O interaction is covalent and most vital for x = 0.05. No 
A–O bonding is seen in 2D, 3D and 1D for the composition 
x = 0.10 (localised ionic bonding). B–O bonding has a cova-
lent nature for x = 0.15, and all others have ionic nature. The 
strongest A–A bonding and maximum A–O mid-bond length 
for the composition x = 0.10 can be seen from 1D numerical 
and profile results.

Fig. 13  2D MEM electron density distribution of  ZnxCa1-xFe2O4  for the 
compositions, (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15 along 
(110) plane with isosurface level 0.7 e/Å3, contour interval (0.17 to 1.49) e/
Å3 and step size 0.1 e/Å3

◂

Table 6  Numerical MEM 1D bond density of  ZnxCa1-xFe2O4, x = 0.0, 0.05, 0.10, 0.15

Sample name x = 0.00 x = 0.05 x = 0.10 x = 0.15

Parameters Distance 
(Å)

Mid-bond  
density (e/Å3)

Distance 
(Å)

Mid-bond 
density (e/Å3)

Distance 
(Å)

Mid-bond 
density (e/Å3)

Distance 
(Å)

Mid-bond  
density (e/Å3)

A–A 1.82666 0.10894 1.53133 0.08791 1.8252 0.46867 1.82437 0.08472
A–B 2.18262 0.25772 2.24808 0.19287 1.80342 0.17391 1.97028 0.31258
A–O 0.97068 0.78832 0.90867 1.31453 1.14291 0.23985 0.94704 0.97648
B–B 1.49146 0.12659 1.48849 0.09321 1.49027 0.15653 1.48959 0.18003
B–O 0.98981 0.581 1.05365 0.50208 1.00054 0.46334 0.99174 0.74431
O–O 1.37202 0.1412 1.44407 0.09074 1.22643 0.40576 1.35469 0.20536
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Fig. 14  1D MEM bond density distribution of  ZnxCa1-xFe2O4 for the compositions, x = 0.00, 0.05, 0.10, 0.15, showing (a) A–A, (b) A–B, (c) 
A–O, (d) B–B, (e) B–O and (f) O–O interaction profiles
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4  Conclusion

Zn2+-doped  CaFe2O4 cubic spinel ferrites were prepared for the 
compositions  ZnxCa1-x  Fe2O4 (x = 0.0, 0.05, 0.10, 0.15) using 
low-temperature solvothermal method, and XRD peak analy-
sis confirms the formation of single-phase spinel ferrite. Cation 
distribution analysis using both XRD methods and VSM (mag-
netic studies) shows mixed spinel formation with the occupation 
of host  Ca2+ ions in the A and B site. The tendency of B site 
occupancy of all doped  Zn2+ ions increases as the  Zn2+ doping 
concentration increases. The optical bandgap varies in a random 
fashion with  Zn2+ doping from 2.8681 to 2.9766 eV. The maxi-
mum coercivity and squareness ratio obtained for the composi-
tion  CaFe2O4 is 405.54 G and 35.8%, respectively, which has 
the minimum average estimated crystallite size of 22 nm. The 
relation between maximum coercivity and minimum crystallite 
size may be due to the lowering of magnetic domains. The non-
magnetic  Zn2+ doping decreases the overall magnetism. There 
is a slow switching behaviour from soft ferromagnetism to super 
paramagnetism observed as  Zn2+ concentration increases, and 
the overall magnetism is well explained based on Neel’s two 
sublattices’ collinear model. The electron density distribution 
and bonding nature of the material are well established using 
MEM. The 3D, 2D and 1D MEM analysis reveals the weakest 
A–A bonding and also the alteration in A–B and B–B bond 
strength with doping. Moderate A–O and B–O covalent bonding 
favours maximum saturation magnetism of 83.59 emu/g for the 
composition  Zn0.05Ca0.95Fe2O4.
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