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ABSTRACT

The phase pure Ca2?-doped ZnFe2O4, spinel ferrite, synthesized by solvother-

mal method were analyzed using X-ray diffraction data. The structure factor

corresponding to miller lattice planes and parameters like cell constants, anion

positional parameter (O2-), etc., are calculated using Rietveld refinement

strategy, considering cubic spinel structure. The cation distribution study

reveals mixed spinel structure with both Ca2? and Fe3? ions occupying both

tetrahedral A site and octahedral B site and Zn2? occupying only at tetrahedral

A site. The quantitative and visual electron bonding study reveals covalent

bonding between A site ions and O2- ions and ionic bonding between B site ions

and O2- ions for all the compositions and both are dominating for the com-

position Ca0.2Zn0.8Fe2O4. Also, the maximum entropy method-based electron

density studies reveals that A–B interaction is maximum compared to A–A and

B–B interactions and A–A interaction is the weakest one. The surface mor-

phology using SEM shows spherical particle nature and energy dispersive X-ray

analysis shows its stoichiometric compositions without any impurity elements.

The magnetic properties are analyzed using vibrating sample magnetometer,

which reveals the prepared sample with composition Ca0.2Zn0.8Fe2O4 show

good ferromagnetic properties at room temperature. The observed saturation

magnetization, remanent magnetization, coercivity and squareness ratio (Mr/

Ms) for the composition Ca0.2Zn0.8Fe2O4 are 32.588 emu/g, 9.4265 emu/g,

407.98 gauss, and 28.95%, respectively. The present work reveals that Ca0.2-
Zn0.8Fe2O4 may be one of the best alternative low-cost and environment friendly

semi-hard ferrite, useful in high-frequency device applications.
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1 Introduction

ferrites are ceramic-like ferromagnetic materials

normally containing magnetic ions Fe3?, which are

classified by the formula MeFe2O4 with Me, a diva-

lent and Fe, a trivalent cation [1]. Based on the

magnetic properties, it can be classified as soft and

hard ferrites. Though the saturation magnetization of

ferrites is lesser than ferromagnetic alloys, both soft

and hard ferrites have their industrial applications in

large scale (both high and low frequency), because of

its low price, high heat resistance and greater corro-

sion resistance [2]. Mn–Zn ferrites and Ni–Zn ferrites

are examples of soft ferrites useful in high-frequency

device applications above 1 MHz [3]. Cobalt ferrite is

semi-hard ferrite mainly used for magnetostriction

applications such as sensors and actuators [4, 5].

Strontium ferrites and Barium ferrites are hard ferrite

type with high coercivity and remanence, useful for

magnetic recording device applications as well as

bio-diagnostics, bio-sensors, and bio-markers [6].

The spinel ferrites can be properly doped to get a

particular magnetic property by the nature of the

dopants and its concentration, cation distribution in

both tetrahedral A site and octahedral B site and

particle size reduction from micrometer to nanometer

scale. The ionic radii of cations, chemical composition

and mode of preparation of the sample mainly

defines the cation distribution [7]. The electron den-

sity distribution analysis and the interaction between

tetrahedral A site and octahedral B site is better

explained based on the MEM electron density studies

of some of the ferrites [8, 9]. Zinc ferrite is reported as

normal ferrite with Zn2? ions occupying tetrahedral

A site with antiferromagnetic nature below Neel

temperature 10.5 K and superparamagnetic nature at

room temperature [10]. It is reported that compared

to bulk ZnFe2O4 spinel ferrite, the nanoferrites have a

significant proportion of Zn2? distributed in the

octahedral B site and also significant difference in

lattice parameter with different cation distribution

[11, 12].

The dependence of particle size on the magnetic

behavior, i.e., ferromagnetic to super paramagnetic

behavior by microwave-assisted hydrothermal syn-

thesized ZnFe2O4 is reported by Anukorn Phuruan-

grat et al. [13]. The micro- to nanometric scale

ferromagnetism in ZnFe2O4 is also reported to have

mixed spinel state (Zn1-xFex)
A[Fe2-xZnx]

B, where

Zn2? and Fe3? cations are distributed both in the

tetrahedral (A) and octahedral (B) sites [14]. The

variation of optical bandgap from 1.88 to 2.35 eV in

Mn1-xZnxFe2O4 is reported by Hema et al. [15]. There

are so many reports on (Ni, Mg, Cu, Co)-doped

ZnFe2O4, their cation distribution analysis, optical,

photocatalytic, and magnetic properties [16–19].

There are only few reports on (Ca and Al) and the

role of non-magnetic dopants (Ca and Mg) in

GdFe2O4 and its different synthetic methods of

preparation and structural, morphological, and

magnetic properties [20, 21]. Zinc substituted CaFe2-
O4 powder prepared by hydrothermal method and a

partially inverse spinel structure with Zn2? occupy-

ing A site and the distribution of B site by Ca2? and

Fe3? is reported by Abbas Kheradmand et al. [22].

There are hardly very few reports relevant to cal-

cium-doped ZnFe2O4 available in the literature. It is

found from the literature that none of the articles

reveals the complete structural parameters, electronic

charge density distribution and magnetic properties

of Ca2?-doped ZnFe2O4 spinel ferrites.

Thus, in the present work, CaxZn1-xFe2O4 with

x = 0.0, 0.2, 0.4, 0.6 was synthesized using

solvothermal method. The average structural infor-

mation was extracted from X-ray diffraction data

using Rietveld refinements. The cation distribution

analysis was carried out to understand the site

occupancies in both tetragonal A site and octahedral

B site, ionic radii of both A and B site, and the

interaction between them. The electron density dis-

tribution and bonding nature of the samples were

analyzed using the maximum entropy method

(MEM). The surface morphology and elemental

composition of the sample were identified using

SEM/EDX. The optical bandgap and magnetic hys-

teresis properties were analyzed using UV–Vis

spectrometer and vibrating sample magnetometer

(VSM), respectively.

2 Experimental details

2.1 Sample preparation

A simple low-cost and low-temperature solvothermal

technique was used for the synthesis of Ca2?-doped

ZnFe2O4, because this method has its own advan-

tages like precise control of the size, shape distribu-

tion and crystallinity of the product by adjusting
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reaction temperature and type of solvents and sur-

factants, etc. [23]. The powder samples of CaxZn1-x-

Fe2O4 with x = 0.0, 0.2, 0.4, 0.6 were prepared using

the stoichiometric ratio of AQanalar grade starting

materials Fe(NO3)3�9H2O, Ca(NO3)2�4H2O,

Zn(NO3)2�6H2O, ethylene glycol, sodium hydroxide

and hydrochloric acid, purchased from Sigma-

Aldrich, India, using the methodology followed by

Abbas Kheradmand et al. [22].

2.2 Characterization techniques

Precise powder X-ray diffraction data were collected

at room temperature with scanning angle 2h from 10�
to 120� in steps of nearly 0.02� using Bruker AXS D8

advance XRD instrument, with Cu-Ka X-ray radiation

of wavelength k = 1.5406 Å. The surface morphology

and elemental composition of the samples ZnFe2O4

and Ca0.2Zn0.8Fe2O4 were analyzed using SEM/EDX

instrument Jeol 6390LA/OXFORD XMX N with the

accelerating voltage of 0.5 to 30 kV and the remaining

samples, Ca0.4Zn0.6Fe2O4 and Ca0.6Zn0.4Fe2O4 were

analyzed using TESCAN VEGA3 SPH. The magnetic

hysteresis analysis (M versus H), at room tempera-

ture was carried out using VSM, Lakeshore, USA,

Model 7407, with maximum magnetic field 2.5 T and

dynamic moment range from 10–6 to 103 emu. The

UV–Vis spectroscopy based optical band gap of the

samples were analyzed using JASCO V-630 UV–

Visible spectrophotometer.

The average lattice parameters of the samples were

analyzed using unit cell refinement by the software

Unitcell [24]. The cation distribution analysis was

done using Bertaut method [25]. The average struc-

tural parameters like cell parameter, Oxygen posi-

tional parameter and structure factor for various

lattice planes were analyzed by Rietveld refinement

strategy [26] using the software JANA 2006 [27]. The

electron density distribution and nature of bonding

were analyzed using the versatile mathematical tool

called MEM, introduced by Gull [28]. The experi-

mental charge density of various application-oriented

materials has been successfully explained by Sara-

vanan et al. [29] using the software package Dysno-

mia [30]. 3D and 2D visualization and numerical

bond length versus charge density calculations were

plotted using the software VESTA [31].

3 Results and discussion

3.1 X-ray diffraction analysis

Powder X-ray diffraction data of the samples Cax-
Zn1-xFe2O4 with x = 0.0, 0.2, 0.4, 0.6, collected at

room temperature have been indexed by comparing

the diffraction angle values of the standard bulk

cubic spinel ZnFe2O4 (JCPDS file no. 22-1012) [32].

Small amount of e-Fe2O3 (JCPDS file no. 16-0653) as

an additional phase is found in the sample ZnFe2O4.

The peaks present in the sample (202), (311), (222),

(400), (422), (511) and (440) confirms the cubic spinel

formation with space group Fd-3m. Figure 1 presents

peak shift analysis based on X-ray diffraction inten-

sity data for all the compositions of the prepared

samples.

There is a small shift in 2h value for all the peaks

toward the higher angles for the composition ZnFe2-
O4 to Ca0.4Zn0.6Fe2O4. This is due to the doping of

higher ionic radius dopant (ionic radius of Ca2?

= 0.99 Å) in lesser radii host atoms (ionic radius of

Zn2? = 0.74 Å). The sample with Ca0.6Zn0.4Fe2O4 has

a small shift in 2h toward the lower 2h angle com-

pared to Ca0.4Zn0.6Fe2O4, which may be due to a

slight lattice disorder by the effect of doping [33].

The cell parameters of the samples were studied

using unit cell refinement methodology considering

the cubic spinel ferrite structure using the software

Unitcell [24]. The observed and calculated Bragg

angles (2h) and inter planar distances (d) perfectly

match each other. Williamson and Hall plot method

with the following formula is used for the calculation

of average crystallite size and lattice microstrain [34]

b cos h ¼ 4g sin hþ Kk=D; ð1Þ

where b is the full width at half maximum (FWHM),

h is the diffraction angle, k is the wavelength of X-ray,

D is the average crystallite size and g is a lattice

strain. The plot of 4sinh versus bcosh is a straight-line

giving slope g and y intercept Kk/D, which is shown

in Fig. 2. The estimated lattice parameter, average

crystallite size and lattice micro-strain are given in

Table 1. It is found that the lattice parameter slightly

increases linearly as the doping concentration

increases. The minimum and maximum crystallite

size is found to be nearly, 13 nm and 66 nm for the

composition Ca0.4Zn0.6Fe2O4 and Ca0.6Zn0.4Fe2O4,

respectively. The minimum and maximum lattice

distortion will be 2.18 9 10–3 and 5.37 9 10–3 for the
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composition Ca0.6Zn0.4Fe2O4 and Ca0.4Zn0.6Fe2O4,

respectively.

The distribution of the cations in the cubic spinel

structure was carried out with the following

assumption:

aCa
2þ
b Zn2þ

1�a�bFe
3þ

h iA
x�aCa

2þ
1�x�bZn

2þ
1þaþbFe

3þ
h iB

O2�
4 ;

ð2Þ

where a and b represents the occupancy of Ca2? and

Zn2? in A site, respectively, with the conditions that

the maximum occupancy in A site and B site is 1 and

2, respectively. The distributed cations in tetrahedral

A and octahedral B site was calculated based on the

intensity calculations [35]

Ihkl ¼ Fhklj j2PhklLp; ð3Þ

where Ihkl is the relative integrated intensity of the

particular lattice plane (hkl), Fhkl is the structure fac-

tor, Phkl is the multiplicity factor and Lp is Lorentz

polarization factor. The presence of cations at tetra-

hedral A site and octahedral B site is reported to be

highly sensitive to the intensity of planes (220), (440),

and (400), (422) [35]. The X-ray intensity ratios I220/

I400, I220/I422, I400/I440, and I400/I422 were calculated for

various cation combinations which closely match

with observed intensity ratio. Table 2 gives the

parameters and results of cation distribution analysis

Fig. 1 Peak shift analysis (2h
versus X-ray intensity)

Fig. 2 Williamson–Hall plot

Table 1 Parameters refined

using unit cell and

Williamson–Hall plot

Sample name Lattice parameter (Å) Crystallite size (nm) Lattice strain (10–3)

ZnFe2O4 8.4396 (3) 38 2.83

Ca0.2Zn0.8Fe2O4 8.4436 (1) 32 3.03

Ca0.4Zn0.6Fe2O4 8.4471 (6) 13 5.37

Ca0.6Zn0.4Fe2O4 8.4507 (1) 66 2.18
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for all compositions of CaxZn1-xFe2O4 with x = 0.0,

0.2, 0.4, 0.6. The cation distribution results showed

that Zn2? always occupies in the tetrahedral A site

and Ca2? and Fe3? shares both A and B sites, forming

a mixed ferrite.

The Oxygen occupational parameter, hopping

lengths and site radius of both tetrahedral A site and

octahedral B site, bond length and bond angles were

calculated [36, 37] and tabulated in Table 3.

The hopping length LA and LB increases as the Ca
2?

content increases and LA is greater than LB as repor-

ted earlier [38]. The distance between the magnetic

ions increases as the doping of Ca2? content increa-

ses. This is because of the difference in ionic radii of

the ions, Ca2? (0.99 Å) and Zn2? (0.74 Å). Hence, the

distance between the magnetic ions increases as the

Ca2? content increases. Also, it is seen from the

Table 3 that the radius of the tetrahedral sites are

Table 2 Results of cation distribution analysis

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

I400/I440 I220/I422

Cal Obs Cal Obs

ZnFe2O4 0.634 0.617 3.563 4.975 (Zn1.0)
A (Fe2.0)

B Normal ferrite

Ca0.2Zn0.8Fe2O4 0.639 0.635 3.599 3.6323 (Zn0.8Ca0.046Fe0.154)
A (Ca0.154Fe1.846)

B Mixed ferrite

Ca0.4Zn0.6Fe2O4 0.694 0.631 3.532 2.873 (Zn0.6Ca0.145Fe0.255)
A (Ca0.255Fe1.745)

B Mixed ferrite

Ca0.6Zn0.4Fe2O4 0.703 0.706 3.579 1.547 (Zn0.4Ca0.44Fe0.16)
A (Ca0.16Fe1.84)

B Mixed ferrite

Table 3 Parameters refined using Rietveld refinement and cation distribution analysis

Parameters ZnFe2O4 Ca0.2Zn0.8Fe2O4 Ca0.4Zn0.6Fe2O4 Ca0.6Zn0.4Fe2O4

Lattice parameter (a) (Å) 8.4412 (2) 8.4438 (1) 8.4466 (5) 8.4502 (3)

X-ray density (g/cm3) 5.3242 5.2077 5.0901 4.9729

Unit cell electrons, F(000) 912.00 896.00 880 864

wRp (%) 2.64 2.92 6.79 7.69

Hopping length (LA) (Å) 3.6551 3.6562 3.6575 3.6590

Hopping length (LB) (Å) 2.9844 2.9853 2.9863 2.9876

U43m 0.38117 0.38106 0.37874 0.37836

U3m 0.2562 0.25611 0.22380 0.2534

RA(exp) (Å) 0.57779 0.57673 0.54345 0.5387

RB(exp) (Å) 0.71820 0.71979 0.74006 0.74415

Inter-ionic distances (Me–Me) (Å) b = 2.9844 2.98533 2.98632 2.98760

c = 3.4995 3.50061 3.50178 3.50327

d = 3.6551 3.65627 3.65749 3.65904

e = 5.4827 5.48441 5.48623 5.48857

f = 5.1692 5.17075 5.17247 5.17467

Inter-ionic distances (Me–O) (Å) p = 2.0577 2.05935 2.07989 2.08402

q = 1.9186 1.91752 1.88375 1.87895

r = 3.6738 3.67177 3.60710 3.59791

s = 3.6854 3.68607 3.67582 3.67552

Bond angles (�) h1 = 123.267 123.322 124.054 124.176

h2 = 144.627 144.864 148.266 148.867

h3 = 92.9656 92.8822 91.7632 91.5799

h4 = 125.942 125.924 125.672 125.630

h5 = 74.2854 74.4306 76.4565 76.8028
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greater than octahedral sites and the tetrahedral A

site radius gradually decreases and octahedral B site

radius increases, as the Ca2? doping concentration is

increased for the compositions of CaxZn1-xFe2O4

from x = (0.0 to 0.6) and the numerical results are

consistent with reported one for ZnFe2O4 [38]. There

is an increase in trend of Me–Me and Me–O inter-

ionic distances except q, r, s, which indeed decreases

with increase in doping concentration. The bond

angles h1, h2, h5 increases where as h3 and h4 decrea-
ses with respect to increase in dopant concentration.

3.2 Rietveld analysis

Precisely collected powder X-ray diffraction data of

all the samples of CaxZn1-xFe2O4 are refined using

the JANA2006 software [27] adopting Rietveld

refinement technique [26]. The structural refinement

process include cell refinement, Pseudo-voigt as peak

shape function, Berar–Baldinozzi as asymmetry cor-

rection, March Dollase as preferred orientation and

Legendre polynomials as background function along

with anion (oxygen) occupational positions. The ini-

tial fractional coordinators were fixed as (0 0 0),

(0.625, 0.625, 0.625) and (0.375, 0.375, 0.375) for

tetrahedral A site, octahedral B site and oxygen

occupancy, respectively. Figure 3a–d represents the

refined JANA profile along with Bragg positions and

the difference between observed and calculated

intensities for all the samples. All JANA fitted profile

show the perfect fitting of all cubic spinel peaks

corresponding to the space group Fd-3m, with very

little error and without any impurity phase, except

for the sample ZnFe2O4.

The refined structural parameters based on Riet-

veld refinement are also reported in Table 3. A

decrease in F(000), number of electrons present in the

unit cell, with respect to increase in doping concen-

tration is yet another confirmation of doping of lesser

charged (atomic number) Ca2? in higher charged

(atomic number) Zn2? in CaxZn1-xFe2O4. The

weighted profile R factor wRp is very small, which

explains how well the data are fitted with the model

and also the quality of the experimental XRD data.

Figure 4 presents the variation of cell parameter

and X-ray density with respect to doping concentra-

tion. It is found that cell parameter increases and

X-ray density decreases linearly with doping con-

centration. The linear increase in cell parameter with

doping concentration, showing little expansion of the

unit cell may be due to replacement of smaller Zn2?

ions 0.74 Å by larger Ca2? ions 0.99 Å. This linear

change in cell parameter with doping concentration is

usual in solid solutions of soft ferrites [39].

3.3 Electron density analysis by MEM

The precise charge density distribution inside the

unit cell for the prepared samples is calculated from

the structure factor, extracted using the X-ray

diffraction data by Rietveld refinement method. The

electronic charge density is calculated using the

entropy calculations by a mathematical tool, MEM,

initially fixing the prior uniform charge density (F000/

a3) inside the entire unit cell. The unit cell is divided

into (108 9 108 9 108) pixels along three axis a, b, c

(lattice parameters) and the entropy calculations are

carried out in each pixel using the software package

Dysnomia [30]. The visual presentation of the elec-

tron density in 3D, 2D and 1D is plotted by the

software package VESTA [31]. Three-dimensional

electron density of CaxZn1-xFe2O4 with x = 0.0, 0.2,

0.4, 0.6, with unit cell boundary 0.5 to 1.0 along the c

axis in the isosurface level 1.0 e/Å3 is shown in

Fig. 5a–d.

The alternative tetrahedral A site and octahedral B

site is clearly visible, which confirms the cubic spinel

ferrite formation. The covalent bond domination can

be visualized in A site with elongated A–O bonding

and is maximum for the composition x = 0.2 and

ionic bond domination can be visualized in the B site

with more spherical localized electron cloud around

B site and is maximum for the composition Ca0.2-
Zn0.8Fe2O4. It is found that the B–B interaction for the

composition Ca0.2Zn0.8Fe2O4 seems to be purely ionic

with maximum localization of spherical charges and

gradual increase in elongation all other cases which is

maximum for the composition Ca0.6Zn0.4Fe2O4.

The two-dimensional electronic charge density

distribution on the miller plane (110) of all the sam-

ples in the electron density range of 0.02 e/Å3 to 2.0

e/Å3 with contour interval level of 0.15 e/Å3 is given

in Fig. 6a–d. Localized and spherical nature of the

electronic charge density distribution around B site

shows pure ionic nature with O site and is maximum

(minimum bond density) for the composition Ca0.2-
Zn0.8Fe2O4. Non-spherical and stretching type charge

density distribution of A site and O site shows pure

Covalent nature in 2D and is maximum for the

composition Ca0.2Zn0.8Fe2O4.
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Fig. 3 a Rietveld refined

X-ray profile of ZnFe2O4

using JANA2006. b Rietveld

refined X-ray profile of

Ca0.2Zn0.8Fe2O4 using

JANA2006. c Rietveld refined

X-ray profile of

Ca0.4Zn0.6Fe2O4 using

JANA2006. d Rietveld refined

X-ray profile of

Ca0.6Zn0.4Fe2O4 using

JANA2006

J Mater Sci: Mater Electron



The 1D charge density interactions between tetra-

hedral A, octahedral B and Oxygen ions for all the

compositions are given in Fig. 7a–e and the numeri-

cal mid bond electron density with bond length dis-

tribution is given in Table 4. Normally in ferrites,

among the three interactions, A–B interaction is the

strongest and A–A interaction is the weakest [36].

The same nature is also revealed in MEM 1D results,

as reported.

Though A–B interaction is strongest among the

three interactions, the numerical value of the electron

density (0.4728 e/Å3) is small leading to non-colli-

near spin order between A and B site. It is found from

both Fig. 7 and Table 4 that A–A mid bond electron

density gradually increases to a maximum at Ca0.2-
Zn0.8Fe2O4, which is 0.0841 e/Å3, then decreases and

bond length gradually decreases up to the composi-

tion Ca0.4Zn0.6Fe2O4, then slightly increases. B–B mid

bond electron density shows ionic bonding nature

and minimum mid bond density for the composition

Ca0.2Zn0.8Fe2O4, which is 0.1339 e/Å3 and its bond

length is also maximum. A–B mid bond electron

density shows increasing trend up to the composition

Ca0.2Zn0.8Fe2O4, which has a maximum value 0.4728

e/Å3 and then decreases and shows ionic bonding

nature. Also, its bond length increases up to Ca0.4-
Zn0.6Fe2O4 and then decreases. A–O mid bond elec-

tron density increases to a maximum at

Ca0.2Zn0.8Fe2O4, which is 1.4452 e/Å3 and then

decreases, shows strong covalent bonding nature and

its bond length shows a decreasing trend showing the

shrinkage of tetrahedral site (which is also evident

from tetrahedral radius which decreases with

increase of doping). B–O mid bond electron density

decreases up to the composition Ca0.2Zn0.8Fe2O4,

which is 0.49 e/Å3 with slight random increase

thereafter and also show pure ionic character. B–O

bond length shows an increasing trend showing the

expansion of octahedral site (which is also evident

from octahedral radius RB which increases with

increase of doping). It is also found from 1D dia-

grams that A–A, A–B, A–O mid bond electron den-

sity values are maximum for the composition x = 0.2

and B–B, B–O mid bond electron density values are

minimum for the composition Ca0.2Zn0.8Fe2O4.

3.4 Magnetic hysteresis analysis

Figure 8 presents the M–H curve using vibration

sample magnetometer (VSM) for all the grown sam-

ples at room temperature, with inset showing (a) co-

ercivity (Hci) and remanence (Mr) for ZnFe2O4 and

Ca0.2Zn0.8Fe2O4, (b) coercivity (Hci) and remanence

(Mr) for Ca0.4Zn0.6Fe2O4, and Ca0.6Zn0.4Fe2O4, and

(c) saturation magnetization (Ms) for all the samples.

Table 5 gives the VSM analyzed magnetic param-

eters, which reveals that all compositions are ferro-

magnetic in nature and comes under the category of

semi-hard ferrites. The saturation magnetization (Ms)

is almost same for all the compositions ranging from

31.103 to 36.355 emu/g. But the remanent magneti-

zation (Mr) and coercivity (Hci) have the maximum

values 9.4265 emu/g, 10.372 emu/g and 407.98 G,

404.27 G for the samples Ca0.2Zn0.8Fe2O4 and Ca0.4-
Zn0.6Fe2O4, respectively.

The variation of Ms and Mr versus crystallite size

shown in Fig. 9 shows an optimumMs andMr values

at crystallite size nearly 33 nm.

The variation of Hci and squareness ratio (Mr/Ms)

shown in Fig. 10 also shows optimum and maximum

values for the crystallite size nearly 33 nm, corre-

sponding to the composition of the sample Ca0.2-
Zn0.8Fe2O4. The Bohr magnetron (lHB ), i.e., magnetic

moment per formula unit is calculated from satura-

tion magnetization Ms value, using Eq. (4) [40].

lHB ¼ Molecular weight

5585

� �
�Ms ð4Þ

The value of Bohr magnetron calculated based on

cation distribution and Neel’s two sublattice model of

ferromagnetism, using the relation lNB ¼ MB–MA

(where MB and MA are sublattice magnetization) is

Fig. 4 Variation of lattice parameter and X-ray density with

doping concentration
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given in Table 5. There is a difference in lHB and lNB ,
due to the non-collinear spin ordering in the samples.

This non-collinear spin ordering is due to the pres-

ence of Yafet–Kittel (YK) angle (ayk), which is calcu-

lated using the relation (5) is given in Table 5.

lHB ¼ MBcosayk�MA: ð5Þ

3.5 SEM/EDX analysis

Scanning electron microscopy (SEM) and Energy

dispersive spectrum (EDX) analysis is carried out to

study the surface morphology and elemental com-

position of all the prepared samples. The SEM images

Fig. 5 a 3D MEM electron density distribution of ZnFe2O4 (unit

cell boundary 0.5 to 1.0 along c axis, isosurface level 1.0 e/Å3). b

3D MEM electron density distribution of Ca0.2Zn0.8Fe2O4 (unit

cell boundary 0.5 to 1.0 along c axis, isosurface level 1.0 e/Å3).

c 3D MEM electron density distribution of Ca0.4Zn0.6Fe2O4 (unit

cell boundary 0.5 to 1.0 along c axis, isosurface level 1.0 e/Å3).

d 3D MEM electron density distribution of Ca0.6Zn0.4Fe2O4 (unit

cell boundary 0.5 to 1.0 along c axis, isosurface level 1.0 e/Å3)
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of the prepared samples with different magnification

from 7.5 to 69 K with accelerating potential of 20 kV

were observed. Figure 11a–d presents the EDX ele-

mental composition along with the inset, the SEM

image, for all the compositions of the prepared

samples. Spherical particle nature and homogeneous

distribution of particle with well-defined grain

boundary are revealed in all the prepared samples

with average particle size ranging from 500 to

900 nm. A very small percentage of agglomeration is

also found in all the prepared samples. The EDX

image of all the prepared compositions show the

trace of the constituent elemental compositions like

Ca, Zn, Fe and O. There is no trace of other elements

found in the sample, shows the purity of the pre-

pared samples. The gradual decrease in concentra-

tion of Zn2? composition with the increase in doping

of Ca2? is clearly visible in the EDX graph, showing

the expected doping, qualitatively. It is found from

the inset of Fig. 11a that there is a rod-like structure

only in the sample ZnFe2O4 which may be due the

presence of e-Fe2O3 [41]. Perfect spherical nature of

the nanosized particles is found in all the samples

except Ca0.6Zn0.4Fe2O4.

3.6 UV–Visible spectrophotometry

The UV–Vis spectrophotometry is a quantitative

determination of optical bandgap from the discrete

absorption or transmission of UV and visible light

wavelength by the sample constituents inside the

solution in comparison with the reference solvent.

The ultraviolet part of the spectrum is obtained by a

deuterium lamp and visible part by Tungsten

Fig. 6 a 2D MEM electron density of ZnFe2O4 on the miller plane

(110). (Contour range 0.02 e/Å3 to 2.0 e/Å3 with interval 0.15 e/

Å3). b 2D MEM electron density of Ca0.2Zn0.8Fe2O4 on the miller

plane (110) (Contour range 0.02 e/Å3 to 2.0 e/Å3 with interval 0.15

e/Å3). c 2D MEM electron density of Ca0.4Zn0.6Fe2O4 on the

miller plane (110) (Contour range 0.02 e/Å3 to 2.0 e/Å3 with

interval 0.15 e/Å3). d 2D MEM electron density of

Ca0.6Zn0.4Fe2O4 on the miller plane (110) (Contour range 0.02

e/Å3 to 2.0 e/Å3 with interval 0.15 e/Å3)
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filament lamp. The absorption data were taken from

200 to 800 nm in steps of 0.2 nm. The switching

between two different light sources in a single mea-

surement occurs at 340 nm. Figure 12 presents the

optical bandgap of the samples, calculated by Tauc

plot with energy in (eV) versus (ahm)2 in (eV cm-1)2.

All the prepared compositions of the sample show

direct bandgap nature with bandgap energy from

2.622 to 2.923 eV. As the Ca2? doping concentration

increases the bandgap energy also gradually increa-

ses, which may be attributed due the increase in

porosity as shown from SEM images [42] and local-

ized nature of density of states as mentioned in two-

dimensional MEM images.

4 Conclusion

All the compositions of Ca2?-doped ZnFe2O4 samples

show mixed spinel structure, except ZnFe2O4, which

is normal spinel ferrite structure and mixed bonding

nature, both covalent and ionic bonding. Tetrahedral

A site is dominated with covalent bonding and

bFig. 7 a 1D MEM electron density mapping (tetrahedral A–

tetrahedral A interactions). b 1D MEM electron density mapping

(tetrahedral A–octahedral B interactions). c 1D MEM electron

density mapping (octahedral B–octahedral B interactions). d 1D

MEM electron density mapping (tetrahedral A–O2- interactions).

e 1D MEM electron density mapping (octahedral B–O2-

interactions)

Table 4 Results of MEM refined 1D electron density distribution

Sample

name

ZnFe2O4 Ca0.2Zn0.8Fe2O4 Ca0.4Zn0.6Fe2O4 Ca0.6Zn0.4Fe2O4

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 1.8267 0.0658 1.8213 0.0841 1.7854 0.0505 1.8037 0.0211

B–B 1.4915 0.1535 1.4926 0.1339 1.4578 0.3227 1.4727 0.3917

A–B 1.4516 0.3344 1.5868 0.4728 1.7949 0.4472 1.6060 0.3942

A–O 0.9590 1.0109 0.9288 1.4452 0.9195 1.0166 0.9193 0.9723

B–O 1.0498 0.5505 1.0567 0.4900 1.1070 0.6261 1.1200 0.5976

Fig. 8 VSM—-magnetic

hysteresis with insets (a–

c) showing its enlarged view
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octahedral B site is dominated with ionic bonding

nature. The electron density analysis using MEM

reveal that the A–B interaction is stronger than A–A

and B–B interactions and A–A interaction is the

weakest like other reported spinel ferrites. Experi-

mental charge density studies reveal that the A–O

site bonding has maximum bond density and cova-

lent in nature and B–O site bonding is optimum with

ionic nature for the composition Ca0.2Zn0.8Fe2O4. The

SEM image of all the samples show perfect spherical

particle nature. The EDX shows the presence of the

elements Ca, Zn, Fe and O, without any impurity

elements. The magnetic hysteresis shows optimum

ferromagnetism for the composition Ca0.2Zn0.8Fe2O4.

A non-collinear spin ordering between tetrahedral A

site and octahedral B site is existing, which is

explained by Yafet–Kittel angle. In conclusion, the

magnetic studies along with the experimental charge

density analysis, for the composition Ca0.2Zn0.8Fe2O4

show optimum magnetic properties, which may be

used as an alternative low-cost semi-hard ferrite with

further physical investigations.

5 Data transparency

The authors declare that all data supporting the

findings of this study are available within the article

and its supplementary information files.

Table 5 Magnetic parameters

obtained from VSM analysis Parameters ZnFe2O4 Ca0.2Zn0.8Fe2O4 Ca0.4Zn0.6Fe2O4 Ca0.6Zn0.4Fe2O4

Ms (emu/g) 36.355 32.558 31.103 35.527

Mr (emu/g) 1.2871 9.4265 10.372 1.7567

Mr/Ms 0.0354 0.2895 0.3335 0.0494

Hci (G) 44.306 407.98 404.27 51.396

lHB 1.5693 1.3759 1.2862 1.4369

lNB 10 8.46 7.6 8.4

Yafet–Kittel angle (�) 80.97 76.55 73.95 75.92

Fig. 9 Variation of Ms and Mr with crystallite size

Fig. 10 Variation of Hci and squareness ratio with crystallite size
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Fig. 11 a EDX composition

with inset the SEM

micrograph for ZnFe2O4.

b EDX composition with inset

the SEM micrograph for

Ca0.2Zn0.8Fe2O4. c EDX

composition with inset the

SEM micrograph for

Ca0.4Zn0.6Fe2O4. d EDX

composition with inset the

SEM micrograph for

Ca0.6Zn0.4Fe2O4
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