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ABSTRACT

Tetravalent titanium (Ti4?)-substituted nickel ferrite nanoparticles with varying

composition were prepared by standard sol–gel auto-combustion method. The

phase identification and nanocrystalline nature were studied through X-ray

diffraction (XRD) technique. The room temperature X-ray diffraction pattern

show only those planes which belong to cubic spinel structure. No extra peak

other than cubic spinel structure appeared in the XRD pattern suggesting that

the prepared nanoparticles possess single-phase cubic spinel structure except

x = 0.4, 0.5 and 0.6. The plane (311) observed in the XRD pattern showed

maximum intensity and is used to calculate the crystallite size (t). The Debye–

Scherrer’s formula was used to calculate the crystallite size which was found to

vary between 19 and 23 nm for varying Ti composition x. The lattice constant

(a) and other structural parameters were obtained from XRD data. The lattice

constant is found to be decreasesing with increase in Ti substitution. The FE-

SEM images of typical samples confirmed the spherical shape morphology. The

magnetic properties were studied by means of vibrating sample magnetometer

and Mossbauer spectroscopy technique. All the samples exhibit a good mag-

netic property which decreases with Ti substitution. The saturation magneti-

zation goes on decreasing from 43.14 (for x = 0.0) to 12.86 (for x = 0.5) which

may be attributed to the decreasing A–B interaction. The Mossbauer spectrum of

typical samples show sextet pattern. The Moosabauer parameters like isomer

shift, quadrupole splitting, Line width etc. were obtained. The dielectric

parameters such as dielectric constant, dielectric loss and dielectric loss tangent

etc. were recorded using vector network analyzer.
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1 Introduction

Nanoscale metal oxides are of great interest due to

their usability in various basic science as well as

applied research areas [1–3]. The metallic elements

are capable to form a diverse type of oxide com-

pounds [4–7]. These materials may appear as differ-

ent structures with an electronic structure which can

possess metallic, semiconducting or insulating beha-

viour. In nanotechnological application, nanoscale

metal oxides are mainly employed in the design and

development of micro-electronic circuit, sensors,

piezoelectric devices, fuel cells and coatings etc.

[8–14]. Nanoscale metal oxide may possess excep-

tional physicochemical gesture because of their con-

trolled size and high density [15–17]. The

polycrystalline ferrites composed of metal oxide and

iron oxide show excellent combined electrical and

magnetic properties [18–20]. They also display low

eddy current and dielectric losses along with high

electrical resistivity and high saturation magnetiza-

tion. These excellent properties of ferrites are useful

in information storage, transformer core, antenna rod

and high-frequency device applications [21–23].

According to the crystal structure, ferrites are of three

types viz. spinel ferrite, rare earth garnets and

hexagonal ferrites. Spinel ferrite being a soft magnetic

material is largely studied by many researchers

compared to other types of the ferrites. Spinel ferrites

are characterized by the formula AB2O4 where A

belongs to divalent metal ion like cobalt, nickel, zinc

etc., while B belongs to iron ions (Fe3?). The crystal

structure for spinel ferrite is f.c.c. cubic and belongs

to Fd3m spacegroup. The crystal structure of spinel

ferrite possesses two interstitial sites, namely, tetra-

hedral denoted by (A) and octahedral denoted by

[B] sites in which cations are varying valence and

types can accommodate according to their site pref-

erence energy [24–26]. Usually, cations of larger radii

occupy tetrahedral A-site, whereas cations of smaller

radii occupy octahedral B-sites. Many researchers

from different laboratories are working on spinel

ferrite for different applications since last eight dec-

ades [27–32].

In the last some decades, spinel ferrites were syn-

thesized by various methods and their structural,

electrical, dielectric and magnetic properties were

investigated as a function of dopant, temperature and

frequency [33–35]. It was reported in the literature

that the properties of spinel ferrite are modified when

substituted with divalent and trivalent cations. It was

also reported that for spinel ferrite the electrical and

magnetic properties are improved by substituting

tetravalent ions [36–38]. With the development of

nanoscience and nanotechnology in the recent years,

the spinel ferrites in nanocrystalline form have

gained much importance due to their excellent

properties which differ from properties of bulk spinel

ferrites. The nanocrystalline ferrites exhibit greater

chemical stability, have large surface to volume ratio

and can easily be prepared with low cost and low

temperature [39, 40]. On account of these remarkable

properties, nanocrystalline ferrites are found useful

in several applications such as sensors, catalysts,

targeted drug delivery, hyperthermia, water purifi-

cation etc. Due to their multifunctional properties,

they are attracted by many researchers [28, 41–49].

The important electrical and magnetic properties of

these nanocrystalline ferrites are dependent on a

number of factors. Among these factors, the synthesis

method is dominant in obtaining high-quality

nanoparticles of spinel ferrite. The annealing tem-

perature, annealing time, nature of chelating agent,

pH etc. and parameters of synthesis methods also

play a significant role in enhancing the properties of

spinel ferrite nanoparticles [50–52]. In general, the

synthesis of spinel ferrite nanoparticles can be carried

out by wet chemical methods. The sol–gel auto-

combustion method is one of the best wet chemical

method for the synthesis of spinel ferrite nanoparti-

cles [53]. The method is simple, cost effective and

requires low temperature [36]. Also, the method

produces homogeneous particles of nanosize

dimensions. Many researchers follow this method to

obtain nanocrystalline spinel ferrite particles [54–56].

Nickel ferrite is one of the best magnetic material

that belongs to spinel ferrite family. Nickel ferrite has

important characteristics such as they possesses

inverse spinel structure, high electrical resistivity,

low eddy current and good magnetic properties. The

inverse spinel nature of nickel ferrite can be changed

to normal spinel structure when we prepare nickel

ferrite in nanocrystalline form. The synthesis meth-

ods and synthesis conditions strongly affect the

structure of nickel ferrite. Literature survey revealed

that nickel ferrite nanoparticles in pure and substi-

tuted from have been synthesized in nanocrytsalline

form and studied for its structural, morphological,

electrical and magnetic properties by several

researchers [57–60]. The Mossbauer properties were
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not much reported in the literature. Therefore, in the

present work, attempt is made to investigate sys-

tematically the structural, magnetic, Mossbauer and

dielectric properties of titanium-substituted nickel

ferrite nanoparticles using X-ray diffraction, vibrating

sample magnetometer, Mossbauer spectroscopy and

vector network analyzer (VNA) technique.

2 Experimental

Sol–gel auto-combustion route was employed to

synthesize nanocrytsalline Ti4?-substituted nickel

ferrite NP’s having generic formula Ni1?xTixFe2-2xO4

(where, x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50 and 0.60).

The nickel nitrate, ferric nitrate and tetrabutyl titanate

were used as oxidant materials. Citric acid was used

as chelating agent/fuel. Required amount of nitrates

and fuel were dissolved separately in distilled water

and tetrabutyl titanate in ethanol. To dissolve tetra-

butyl titanate in ethanol completely, ammonia solu-

tion was added dropwise till the pH of solution

becomes 8. Further, all the solutions were mixed

together and the pH was adjusted at 7 using ammo-

nia solution. The sol–gel auto-combustion synthesis

at 7 pH was considered because of the neutral con-

centration and that can offer better synthesis condi-

tions for auto-combustion reaction which ultimately

decides the quality of the end product. Thus, pH

value in the range of * 7 was considered in the

present case. The neutralized solution (sol) is further

stirred continually on a hotplate at 80 �C until it

converted into viscous gel. Further, the heat was

increased to 120 �C, then by sudden combustion we

get porous ash of the samples. The obtained ash was

then ground in a pestle using mortar, to get fine

powder. The powder is annealed in a muffle furnace

at 750 �C, to improve the purity of the samples.

The Rigaku (Miniflex-2) X-ray diffractometer was

used to obtain XRD patterns in 2h range from 20� to

80�. The magnetic hysteresis loops were recorded

using vibrating sample magnetometer (VSM) at room

temperature by applying a magnetic field of the order

of ± 1.5 T. The Mossbauer measurements were

recorded on Mossbauer spectrometer at room tem-

perature. The velocity calibration of the spectrometer

was done by natural iron foil. The fitting was carried

out by software MossWin. The different dielectric

parameters such as dielectric constant, dielectric loss

and dielectric loss tangent etc. were recorded by

VNA.

3 Results and discussion

3.1 X-ray diffraction

The prepared nickel ferrite nanoparticles in powder

form was used to study the structural properties

using X-ray diffractometer (XRD). X-ray diffraction

patterns of all the compositions are shown in Fig. 1. A

careful observation on the XRD pattern show the

Bragg’s reflections (220), (311), (222), (400), (421),

(422), (511), (440), (620) and (533). These reflections

are found in F.C.C. cubic structure. The samples with

composition x = 0.4, x = 0.5 and x = 0.6 show addi-

tional peak near 33�, 41� and 67�. These impurity

phases belong to Pbca and P63/mmc space group

which may be due to the formation of Fe2O3 and TiO2

[61, 62]. The impurity phases may be oriented due to

the insolubility of the titanium ions in NF at higher

concentration. The increase in number of impurity

peaks as well as their quantity with increasing Ti4?

concentration might be occurring due to the strain

induced in crystal lattice on substituting larger Ti4?

ions in place of smaller Fe3? ions (0.645 Å) at the

[B] site [63, 64]. Thus, the solubility limit of Ti4? in

nickel ferrite is up to x = 0.3 and these XRD patterns

well matche with the JCPDS card (#22-1086). All the

peaks in the XRD pattern are intense and slightly

broader indicating the nanocrystalline nature.

Fig. 1 X-ray diffraction pattern for Ni1?xTixFe2-2xO4

nanoparticles
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3.2 Crytsallite size

The average crystallite size for each sample has been

calculated using Scherrer’s formula given by

t ¼ 0:9k
bcosh

: ð1Þ

The average values of crystallite size are presented

in Table 1. It is observed from Table 1 that crystallite

size vary in the range from 19 nm to 23 nm.

3.3 Lattice constant

The lattice constant of all the samples was calculated

by the following standard relation

a ¼ d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2;

q

ð2Þ

where symbols have their usual meanings. The

obtained values of lattice constant are given in

Table 1. Figure 2 depicts the variation of lattice con-

stant as a function of Ti composition x. It is seen from

Fig. 2 that, as the composition x increases up to

x = 0.4, the lattice constant goes on increasing.

Beyond x = 0.4, the lattice constant is found to

decrease. The observed non-linear behaviour of lat-

tice constant may be due to the change in the solu-

bility limit. The initial increase in lattice constant may

be due to the difference in ionic radii of Co2?–Ti4?

and Fe3?. In the present case, 2 Fe3? ions are replaced

by Co2? and Ti4? ions. The ionic radii of Co and Ti is

greater than Fe ions, an increase in lattice constant is

observed [65].

3.4 Unit cell volume and X-ray density

The unit cell volume and X-ray density values

obtained from the standard relations are given in

Table 1. The X-ray density almost decreases with Ti

composition x, whereas unit cell volume increases up

to x = 0.4 and then decreases. The variation in the

unit cell volume and X-ray density can be related to

lattice constant values. It is well known that the X-ray

density is indirectly dependent on the lattice constant

of the materials. Thus, in the present case, the ran-

dom nature of X-ray densities is attributed to the

random change in the lattice constant values. Further,

the values of the X-ray density are well matched with

the values reported in the literature [66–69].

Table 1 Values of lattice parameter (a), X-ray density (dx), bulk density (dB), porosity (P %), volume (V), average crystallite size (t) and

micro strain (e) of Ni1?xTixFe2O4

Composition ‘x’ a

(Å)

dx
(g/cm3)

dB
(g/cm3)

P

%

V

(Å3)

t

(nm)

d (lines/m2) 9 1014 e
9 10–4

0.00 8.3315 5.3838 3.638 32.4299 578.3 21 22.67 - 4.58

0.10 8.3363 5.2421 3.617 30.9979 579.3 20 25.02 - 3.67

0.20 8.3415 5.1001 3.587 29.6768 580.4 23 18.90 - 2.42

0.30 8.3487 4.9552 3.537 28.6244 581.9 21 22.67 - 1.26

0.40 8.3522 4.8173 3.488 27.5878 582.6 20 25.12 1.54

0.50 8.3478 4.6932 3.441 26.6770 581.7 20 25.30 2.58

0.60 8.3415 4.7038 3.441 26.8419 580.4 19 27.70 3.24

Fig. 2 Variation of lattice parameter with Ti concentration x for

Ni1?xTixFe2-2xO4 nanoparticles
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3.5 Bulk density

The bulk density was measured using Archimedes

principle. The values of bulk density are also men-

tioned in Table 1 which clearly show decreasing

trend. The bulk density of the nanoparticles depend

on the synthesis method and associated parameters

like type of fuel, fuel to oxidizer ratio, synthesis

temperature, sintering temperature etc. The calcu-

lated values of the bulk density are matched well

with that of reported in the literature [61, 70, 71].

Further, the values of X-ray density are less as com-

pared to X-ray density.

3.6 Porosity

The percentage porosity P was also calculated using

the values of X-ray density and bulk density. Table 1

gives the values of porosity in percentage. It is

observed that, the percentage porosity decreases with

increase in Ti4? composition x. It is well known that

the porosity of the nanoparticles is mainly dependent

on the synthesis method and associated parameters

such as type of fuel, fuel to oxidizer ration, reaction

temperature, pH, sintering temperature etc. Thus, in

the present case, the high values of porosity are

related to the synthesis conditions. The reason for

high porosity may be attributed to low temperature

synthesis around 80–100 �C and due to agglomera-

tion of the particles.

3.7 Dislocation density (d)

The dislocation density (d) was calculated with the

help of values of crystallite size using the relation

d = 1/t2. It is well know that dislocation density

indirectly depends on the crystallite size. Thus, in the

present case, dislocation density showed random

nature like the crystallite size values.

3.8 Micro strain (e)

The values of the micro strain (e) were determined by

the Williamson–Hall (W–H) plot analysis as reported

in the literature. The values of the micro strain (e) are

tabulated in the Table 1. It is observed from the

table that up to x = 0.30 concentration it shows neg-

ative values of strain and for the further concentra-

tion it shows positive values of strain. It is well

known that particles with smaller size displays - ve

slope indicating the presence of compressive strain in

the material, while a ? ve slope indicates tensile

strain. The - ve slope of the pristine nickel ferrite

shows the presence of compressive strain. It is

interesting to note that the substitution of Ti4? ions

changes the slope values from - ve to ? ve. This

indicates that the substitution of Ti4? ions expands

the crystal lattice by altering the strain from com-

pressive to tensile.

3.9 Hopping lengths and bond lengths

The other structural parameters like hopping lengths,

interstitial radii and bond lengths were calculated

using standard relations.

The hopping lengths LA and LB were calculated

according to the following relations,

LA ¼ a
ffiffiffiffiffiffiffiffi

3=4
p

; ð3Þ

LB ¼ a
ffiffiffiffiffiffiffiffi

2=4
p

; ð4Þ

The tetrahedral bond length (dAX), octahedral bond

length (dBX), tetra edge (dAXE) and octa edge (dBXE)

were also determined for all the samples by using

standard relations given below and their values are

listed in Table 2.

dAX ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 u� 1

4

� �

;

s

ð5Þ

dBX ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3u2 � 11

4
uþ 43

64

r

; ð6Þ

dAXE ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 2u� 1

2

� �

;

s

ð7Þ

dBXE ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 1 � 2uð Þ;
p

ð8Þ

dBEU ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4u2 � 3uþ 11

16
:

r

ð9Þ

It is observed from Table 2 that other structural

parameters such a hopping length (LA, LB), tetrahe-

dral bond (dAX), octahedral bond (dBX), tetra edge

(dAXE) and octa edge (dBXE) of Ni1?xTixFe2O4

nanoparticles show random nature as all these values

are mainly dependent on the values of lattice con-

stant. All the values of these structural parameters

are in good agreement with that reported in the lit-

erature for other spinel ferrites.

4560 J Mater Sci: Mater Electron (2021) 32:4556–4567



3.10 Morphological analysis

Figure 3 shows the FE-SEM images typical samples

of Ni1?xTixFe2O4 (x = 0.00 and 0.40). It is observed

from the FE-SEM images that the grains are spherical

in morphology and agglomerated with each other to

some extent. The agglomeration observed in FE-SEM

images is attributed to the interaction between mag-

netic nanoparticles. Also, the successful formation of

nanocrystalline nature of prepared samples is con-

firmed through FE-SEM images. The grain size cal-

culated from FE-SEM images is found to be 32 nm

and 41 nm for x = 0.00 and x = 0.40, respectively.

3.11 Magnetic properties

Magnetic properties of all the Ti composition x were

characterized by vibrating sample magnetometer

(VSM) at room temperature. The magnetization

(M) Vs applied field (H) plot for all the composition

x is shown in Fig. 4.

All the samples exhibit symmetric hysteresis curve

representing the superparamagnetic nature of the

samples. Using these M–H plots, saturation magne-

tization (MS), remanence magnetization (Mr) and

coercivity (HC) were calculated and their values are

summarized in Table 3.

Table 2 Hopping length (LA,

LB), tetrahedral bond (dAX),

octahedral bond (dBX), tetra

edge (dAXE) and octa edge

(dBXE) of Ni1?xTixFe2O4

Composition ‘x’ LA
(Å)

LB
(Å)

dAX
(Å)

dBX
(Å)

dAXE
(Å)

dBXE
(Å) (Å)

Shared Unshared

0.00 3.6077 2.9456 1.8904 2.0341 3.0870 2.8042 2.9473

0.10 2.5171 2.4376 1.8915 2.0353 3.0888 2.8059 2.9490

0.20 2.5184 2.4389 1.8927 2.0366 3.0907 2.8076 2.9509

0.30 2.5202 2.4407 1.8943 2.0383 3.0934 2.8100 2.9534

0.40 2.5211 2.4416 1.8951 2.0392 3.0947 2.8112 2.9547

0.50 2.5200 2.4405 1.8941 2.0381 3.0931 2.8097 2.9531

0.60 2.5184 2.4389 1.8927 2.0366 3.0907 2.8076 2.9509

Fig. 3 FE-SEM images of typical samples of Ni1?xTixFe2O4 (x = 0.00 and 0.40)

Fig. 4 M–H hysteresis loop of Ni1?xTixFe2-2xO4 nanoparticles
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All these magnetic parameters decrease with

increase in Ti composition x. The saturation magne-

tization of pristine i.e. nickel ferrite (x = 0.0) is in

good agreement to the reported value. With substi-

tution of non-magnetic Ti4? ions, saturation magne-

tization decreases. In ferrite, the spin magnetic

moments of both tetrahedral (A) and octahedral

[B] sites are equal in magnitude, but opposite in

direction, as a result they cancel each other. Within

tetrahedral (A) and octahedral [B] sub-lattice, the

atomic spins are parallel to each other. The resultant

magnetization comes from the B-site spin moments,

as B-site possesses larger magnetic moment than that

of the A-site. The decrease in saturation magnetiza-

tion may be attributed to lower volume fraction of

ferrite phase due to decrease in super exchange

interaction [72, 73]. Ti ions occupy preferentially

octahedral B-site, thereby decreasing Fe3? ions at

octahedral B-site, which results in decrease of A–B

magnetic interaction. The total number of unpaired

electrons is increased at octahedral (B) site which is

responsible for the enhancement of remanence.

The coercivity values are found to decrease with

increase in Ti composition. Normally, the coercivity

values depend on the nature of magnetic nanoparti-

cles [74]. Single-domain nature was observed for

particles with smaller size, whereas multi-domain

nature was observed for particles of larger diameter

[75]. For the present study, the coercivity values of all

the samples are quite low representing the single-

domain nature. This also suggests that, samples

exhibit superparamagnetic behaviour. The rema-

nence magnetization (Mr) also decreases with

increase in Ti substitution x (Table 3). The ratio of the

Mr to Ms (Mr/Ms) is the chief parameter to conclude

the domain nature of the spinel ferrite materials [76].

Thus, the values of the remanence ratio (Mr/Ms) were

determined from hysteresis plots. It is reported that,

if Mr/Ms C 0.5, then the materials consist of the sin-

gle domain structure; however if Mr/Ms\ 0.5, then

the materials consist of the multi-domain structure.

In the present case, the values of Mr/Ms vary in

between 0.19 to 0.29, which is considerably less than

0.5 denoting the multi-domain structure formation in

the prepared nanoparticles.

The magneton number (nB) was also calculated

using the following relation:

nB ¼ MS �MW

5585
: ð10Þ

The values of magneton number are summarized

in Table 2. It is observed that, magneton number

decreases with increase in Ti composition x. The

magneton number varies in accordance with the

saturation magnetization. In the present study, the

saturation magnetization decreases with Ti compo-

sition x and as a result magneton number also gets

decreased.

The effective anisotropy constant (Keff) of the

samples was calculated using following equation and

is listed in Table 3.

Keff ¼
HC

0:96MS

; ð11Þ

where Hc is the coercivity and Ms is the saturation

magnetization. The anisotropy constant is propor-

tional to the coercivity; therefore, with a substitution,

it decreases. The anisotropy of the synthesized sam-

ple mainly depends on cation distribution at [B] sites.

In present investigations, non-magnetic tetravalent

Ti4? ions are responsible for the decrease in aniso-

tropy with substitution.

3.12 Mossbauer properties

The Mossbauer spectra show a well-defined Zeeman

pattern ¨ comprising two overlapping sextets. A

Table 3 Saturation

magnetization (Ms),

remanence magnetization

(Mr), coercivity (Hc),

remanence ratio (Mr/Ms) and

magneton number (nB) of

Ni1?xTixFe2O4

Composition ‘x’ Ms

(emu/g)

Mr

(emu/g)

Hc

(Oe)

Mr/MS nB Keff

9 10–4

0.00 43.142 12.569 0.013 0.29134 1.81 3.14

0.10 35.268 7.415 0.01 0.210247 1.4435 2.95

0.20 28.851 6.889 0.009 0.238779 1.1511 3.25

0.30 24.233 5.941 0.008 0.245162 0.9418 3.44

0.40 21.772 4.143 0.005 0.19029 0.8236 2.39

0.50 17.823 4.476 0.009 0.251136 0.6558 5.26

0.60 12.868 2.72 0.011 0.211377 0.4735 8.90

4562 J Mater Sci: Mater Electron (2021) 32:4556–4567



representative room temperature Mossbauer spec-

trum of for x = 0.00, 0.20 and 0.50 is shown in Fig. 5.

The Mössbauer spectrum of the typical samples

(Fig. 5) was fit with two Zeeman splitting patterns

and one doublet. One sextet corresponding to the

A-site and other sextets corresponding to the B-site

Fe-atoms. The variation of line width (C), isomer shift

(d), quadrupole splitting (D), and hyperfine field (Hf)

as a function of Ti4? concentration is listed in Table 4.

The values of line width for octahedral sites are larger

than tetrahedral sites. The distribution of Ni2?, Ti4?

and Fe3? ions at (A) and [B] site is responsible for the

broadening of the line width. The smaller values of

isomer shift for tetrahedral sites than that of octahe-

dral sites may be attributed to the large bond sepa-

ration of Fe3?–O2- at octahedral sites [77, 78].

The larger isomer shift at octahedral B-sites is

expected owing to the overlapping of Fe3? orbital

ions that is small at [B] site. Moreover, the change in

isomer shift with substitution was also witnessed

from Table 4. The values of quadrupole splitting

(Table 4) are very small, which can be attributed to

the maintained cubic symmetry of Fe3? and its

environment. It is well known that the non-cubic

symmetry arises from Fe2? ions and impurity phases

for 0.60 titanium concentration, which cause the large

values of quadrupole splitting, while the quadrupole

interaction of 57Fe nuclei with electric field gradient

at octahedral B-sites causes the doublet. The hyper-

fine magnetic field is proportional to the spontaneous

magnetization of the particular sub-lattice. The

hyperfine field (Table 4) consists of three components

i.e. hyperfine field, field caused by polarization of s

electrons by magnetic moments of d electrons and is

the dipolar field produced by surrounding magnetic

ions and Hshift is the super transferred hyperfine field

originates from magnetic moments of nearest cations.

It was observed that the hyperfine magnetic field

enhanced with substitution of Ti4? ions in NF.

3.13 Dielectric properties

The variation of dielectric constant, dielectric loss and

dielectric loss tangent etc. recorded using VNA is

shown in Fig. 6a–c.

It is found that the dielectric properties were

enhanced with the titanium concentration in nickel

ferrite. The dielectric measurements such as real and

imaginary permittivity versus frequency of titanium-

substituted nickel ferrite shows that the initial per-

mittivity increases with the increase of frequency. In

X-band frequency range, all materials showed grad-

ual increase and decrease in permittivity. Fe2? ions

play an important role in high-frequency permittivity

of ferrite materials. The reason is that these ions have

larger polarization as compared to Fe3? ions. Hund’s

rule explained that Fe3? ions have stable d-shell

configuration with a spherical symmetry of charge

cloud, whereas Fe2? ions have an extra electron as

compared to that of Fe3? ions, which is distributed by

the symmetry of electron cloud. Hence ferrites with a

large number of Fe?2 ions are likely to show higher

permittivity with increasing frequency. These varia-

tions were consistent with Maxwell-Wegner model

and Koop’s theory. The dielectric structure generally

contains conducting grains, separated by a layer of

grain boundaries (which formed during sintering

process), which play vital role for conduction process

[79, 80]. The electrons approach on these grain

boundaries is due to the hopping phenomena. It is

speculated that if the resistance of grain boundary is

high, then the charge carriers are aligned on grain

boundaries and hence polarization of dielectric

materials occurs, which increases the real permittiv-

ity of materials. The dispersion process can be

explained by the hopping of electrons between Fe3?

and Fe2? ions. The exchanging of the electrons among

the Fe ions i.e. Fe2? $ Fe3? through oxygen is

accountable for the dislodgment of electron as oper-

ated by the electric field which gives rise to polar-

ization phenomenon in spinel ferrites [61, 81]. The

small values of the grains generate larger numbers ofFig. 5 Mossbauer spectra of Ni1?xTixFe2-2xO4 nanoparticles
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the insulator grains boundary and thus more electron

stack with the grain boundaries which raises the

polarization and increases dielectric constant [82].

Charges are displaced along the direction of electric

field due to electric configuration, which is respon-

sible for polarization. This causes disorders in

polarization in the material and decreases the real

permittivity with the increase of frequency.

4 Conclusion

The nanoparticles of titanium-substituted nickel fer-

rite are successfully synthesized using sol–gel auto-

combustion technique. The structural parameters are

found to compatible with standard JCPDS data. All

these properties are strongly affected by the impurity

phases present at higher concentration of Ti in nickel

ferrite; hence, it is better to bound ourselves for the

substitution limit x = 0.30 in present system. FE-SEM

images revealed the nanoscale formation and spher-

ical shape grain morphology of the prepared

nanoparticles. The saturation magnetization, coer-

civity and other magnetic parameters decreases with

Ti4? substitution. The obtained values of magnetic

parameters suggest the superparamgnetic behaviour.

It is also seen from Mossbauer that the magnetization

decreases rapidly after this limit. All the dielectric

properties were enhanced with the titanium concen-

tration in nickel ferrite. The structural, magnetic and

dielectric properties of present investigated samples

are useful for many technological and industrial

applications.
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Table 4 Line width (C), isomer shift (d), quadrupole splitting (D) and hyperfine field (Hf) of Li0.5?0.5xZrxFe2.5–1.5xO4 nanoparticles

Composition ‘x’ Sub spectrum Line width (mm/s) IS ‘d’ (mm/s) Q. Splitting Hyperfine field ‘Hf’ (T) Area %

0.00 S1 0.36 0.31 0.03 52.11 34.38

S2 0.55 0.19 0.01 48.04 65.62

0.20 S1 0.41 0.32 0.03 52.68 50.67

S2 0.40 0.20 0.04 49.26 49.33

0.50 S1 0.62 0.27 0.02 49.57 42.24

S2 0.80 0.16 0.06 44.28 57.76

Fig. 6 Variation of a dielectric constant, b dielectric loss and c dielectric loss tangent for Ti-substituted nickel ferrite nanoparticles
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