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Abstract

The NiFe,_,Cr,04 (0.05x2 1.0 in the step of x=0.2) thin films hav
al, morphological, optical and magnetic properties of these thin films

technique. The effects of Cr* content on the structur

have been investigated. The X-ray diffraction patterns confirmed single pha
Fd-3m. The lattice constant decreases with increases Cr** concentration o
substitution NiFe,0, thin films were formed two major transmission bands, high-fr
is due to intrinsic vibrations of (A) site and the low frequenc
Surface morphology was investigated in terms of root mean sq

surface skewness of Ni-Cr ferrite (

e been synthesized using chemical spray deposition

se cubic spinel structure with space group of
beying Vegard's law. The functional studied of et
equency band (¢;) around at 665 em™!

y band (v2) around 428 cm™ is due 10 [B] site, respectively.
uare roughness, average roughness (Ry), surface kurtosis and
hin films. The energy band gap for allowed direct electronic transition found to be in the

range of 2.75-3.02 eV with cr** content. According 1o VSM results show that, the saturation magnetizations of the thin

film samples were found to be in the range of 234.12

_46.65 emu/cc. The CP* concentration increases with a reduction in

hysteresis losses as well as slight reduction in the saturation magnetization.

1 Introduction

The spinel ferrites are interesting materials for both funda-
mental and applied research. They have generated consider-
able interest among researchers and scientists all across the
world due to their versatile properties and applications [1-7].
The spinel ferrites have been intensively advances due to their
intrinsic properties and usually tailored by changing composi-
tions for suitable substitutions or unique combination of desir-
able properties [8]. They have potential applications such as
electrical components, transformer core, electronic microwave,
ferrofiuid technology, biomedical drug delivery, computer
memory chip and magnetic recording media [9—12]. The spi-
nel ferrites have higher resistivity of a great interest for large
permeability at high-frequency for inductive components. In
the past few years, the semiconducting diluted magnetic mate-
rials have attracted considerable attention which is due to their
promising application for the spintronic devices [13].
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Nickel ferrite (NiFe;0y) is a soft magnetic material
having high saturation, low coercivity and high clectri-
cal resistivity which are suitable for the magneto-optical
and magnetic applications. Also, it has low eddy current
loss, excellent catalytic behavior and chemical stability.
The NiFe,0y is ferrimagnetic in nature for their existing
antiparalle] spins between Fe'* occupying (A) site and Ni**
occupying [B] site. 1t is represented by the chemical for-
mula (Fe**), [NiZ*Fe* 15 0,7 [14, 15]. Generally, NiFe;0y
is used for the transformer cores, microwave devices and
inductors. To adapt the magneto mechanical properties cet
substitution in nickel ferrite is preferred. The properties of
spinel ferrites effectively depend on chemical compositions,
micro structure and synthesis technigue [16]. According to
literature survey, Singh et al. [17] have prepared Cr** substi-
tution nickel ferrite thin films and studied physicochemical
and electro catalytic properties. The Cr’* ion substitution
from 0.2 to 1.0 mol in the nickel ferrite shows the basic
oxide electro catalytic-activity increases. For the reaction in
{ M KOH at 25 °C and electro catalytic-activity of the oxide
0.8-1.0 mol C** significantly reported. They observed that
values of electro catalytic-activity found to be greater than
carlier reports for 0.8 and 1.0 M. The transition metals
cations are incorporated in the chromium lattice indicate
subsequent changes in their structural, electrical, optical
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and magnetic properties. It depends on the preparalion
technique, annealing temperature, pH value, mlchSlIrUC(Ufe
as well as the grain boundaries [18]. Several investigators
have investigated the electrical and magnetic properties for
Cr* substitution in the ferrite materials. Lin et al. [19] have
prepared Cr** substituted nickel ferrite using sol-gel auto-
combustion technique. The Mossbauer spectra revealed a
pair of normal Zeeman split sextets which confirm ferri-
magnetic behavior which is due to decreases in magnetic
hyperfine field at the tetrahedral site (A) with increasing
Cr’** concentration from 0.0 to 1.0. Further the decrease in
Ms is observed whereas coercivity varies randomly. The
conductivity decreases with increases Cr'* concentration in
the nickel ferrite has been reported [20]. Panwar et al. [21]
have studied the structural, magnetic and electric properties
of Ni,_,Cr,Fe,0, (0.02 <x £0.05) thin film prepared using
PLD technique. The structures of prepared thin films are
confirmed to be cubic with higher grain size for Si (111)
than Si (100) substrate. The observed modifications in mag-
netic properties are due to occupancy of Ni** and Fe’* ions
at both tetrahedral and octahedral sites. The lattice distor-
tion and strain produced affected the Ms value to decrease
rapidly with Cr** content. In our recent studies, the effect
of Cr** substitution in Co-Cd ferrites nanoparticle has been
reported [22]. It was observed that, the saturation magnetiza-
tion decreases with increase in Cr’* content which is due to
lower magnetic moment of Cr'* as compared to Fe** jons.
Furthermore the DC resistivity increases with increase in
Cr** ions. This may be attributed due to the existence of
Cr** ions in only one stable oxidation state so that resistivity
of the thin film increases for Fe** and Fe* ions.

Nowadays, thin films can be prepared by various tech-
niques in the laboratory. The most versatile films can be pre-
pared by chemical spray deposition technique for the various
applications such as solid oxide, fuel cells sensors, solar
cells, etc. [23, 24]. The properties of thin film are affected
by various parameters such as substrate temperature, droplet
size, carrier gas, spray rate, and cooling rate after deposition.
Other parameters such as the solution concentration, sub-
strate temperature, quantity of spray solution and distance
between spray nozzles to substrate affects thin film param-
eters [25]. Among them substrate to nozzle distance highly
affects the thickness of the thin film. The main advantages
of chemical spray deposition technique is larger area of thin
films for the simple substituting, easily coating to number of
layers, low energy and by changing the parameters thickness
of films can be controlled [26-30]. Although there are some
reports on the Cr'* substituted nickel ferrite thin films, but
to the best of our knowledge, no reports are available in the
literature on the spray pyrolysis deposited Cr’* substituted
nickel ferrite thin films.

In the present work, the Cr'* substituted NiFe,0, thin
films were prepared using chemical spray deposition method.
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physical properties of pure and substituted

es in : :
The chang and magnetic properties

ied. The optical
samples were studie . gne! ‘
show significant changes with Cr* substitution. We have

investigated structural, microstructural, optical‘ﬂnd magnetic
properties of Cr'* substituted nickel ferrite thin films.

2 Experimental work

The C3* substitutions in nickel ferrite films were depos-
ited on to glass substrate using chemical spray deposition
technique. The glass substrates are dipped in Chl‘OlelC acid
(0.1 M) for 2 h. After glass substrates are washed in _ultra
sonication with distilled water. The initial ingredients
nitrates of nickel (Ni(NO,),-6H,0), ferric (Fe(NO3);-9H,0)
and chromium (Cr(NO,);9H,0) were used as sources of
starting chemicals for Ni?*, Cr** and Fe’* ions, respectively.
The spray solution was mixed in double distilled water with
0.08 M for Ni**, CP’* and Fe?* ions. Initially glass substrates
were kept at deposition temperature of 380 °C (% 10 °C)
with interval of 30 °C for the deposition process and then the
solution was sprayed for the deposition. The experimental
parameters were well settled before solution was deposited
such as the nozzle to substrate distance was kept at 28.5 cm
and the spray rate at 3 mlI/min. To atomize the spray the gas
of compressor was used as a gas carrier. Lastly for formation
of crystallinity, the thin films were annealed at 550 °C for
3 hin standard muflle furnace.

The classifications of crystalline phase, lattice constant
as well as strain of the films were investigated using X-ray
diffraction (BRUKER D8 Advance). The equipment used
for FTIR analysis is Perkin-Elmer infrared spectrometer
with the model no 78. Surface morphology was achieved by
applying the FE-SEM set up (BRUCKER S-4800, Japan).
The optical absorption for present films was measured using
Perkin-Elmer Lambda in the range of 300-1100 nm. The
magnetic properties measured using set up Lakeshore VSM
7410 at room temperature,

3 Results and discussion
3.1 Structural and microstructural studies

The structural investigation of Cr** substituted nickel ferrite
thin films were analyzed by X-ray diffraction as shown in
Fig. 1. The X-ray diffraction peaks corresponding to the plane
(111),(220), (311), (222), (400), (422), (511), (440) and (533)
which confirms cubic spinel structure with space group of
Fd-3m. It can be seen from the diffraction peaks, the obtained
films are quite similar to the result to Sathyaseelam et al. [31].
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Fig.1 X-ray diffraction pauterns of Cr** substitution in NiFe;0,
(0.0<x<1.0, x=2 step)

The crystallite size calculated using Debye—-Scherrer’s equa-
tion [32] and micro-strain using Williamson—Hall plots.

o 0.94 q
XRD ™ feosf’ ()

where 1 is the X-ray wavelength, 0.9 is the symmetry con-
stant, @is the angle of Bragg diffraction and g is the FWHM
of the most intensive peak, in degrees. The average crystal-
lite size is obtained 1024 nm and tabulated in Table 1. The
average crystallite size slightly increases with increase in
Cr ions content. Similar results are reported by Jadoun
et al. [33]. As the Crt substitution increases the crystal-
linity rises with the enlargement in peaks and predicts the
increase in crystallite size [34]. The average crystallite sizes
calculated by Debye-Scherrer’s formula and W-H plot are
presented in Table 1. The micro-strain of the thin films was
calculated using the W-H plot relation [35].

feosf = (ki/D)+ 4e sind, (2)
where D is the crystallite size, k is the Debye-Scherrer con-
stant, and £ is the micro-strain. The strains of the films were

estimated using Williamson—Hall plots as shown in Fig. 2.
The Williamson—Hall plots of x=0.4 and x=0.6 shows
negative slope and compressive strain in the films. The lat-
tice parameters were estimated using following relation [36].

L _Fwsesn)” @
4in’ 0
The lattice constants are obtained from 8.335 to 8.277 A
in the present thin films. The lattice constant decreases
with increasing Cr* concentration (x) which is due to the
ionic radii of Cr'* replaced by Fe**, the similar results are
reported by Lakshmi [37]. The X-ray density (p,) have been
estimated from the volume of the unit cell and molecular
weight of each composition using following equation for

the thin films [38].

nM
d =——, 4
=g @
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Fig.2 Williamson-Hall plots ((fcos®)/A versus (sin@)/4) for the
Ni,_,Cu,Fe;0, (0.0<x<1.0)

Table 1 Lamice constant (a), T i B )
Xeray demsity (d,) and crysallite Composition X a (A) (£0.10) ?‘_.‘ E;,'i;.lm) D(nm) (£2.0)  «(W-H) (z0010) D (W-H)
s1ze (L) and strain £ (W-H) of +0.01) (nm) (£2.0)
NiFe,_Cr,0, (00<x <1, 5
ﬂﬁ:ﬁlm: s *<10) 0.0 8.335 5.377 10 0.0507 25

0.2 8.324 4,094 13 0.1013 28

0.4 8.314 4.091 17 —-0.0272 31

0.6 8.302 4,091 22 00145 34

0.8 H.2R7 4,005 19 0.1031 i3

1.0 8.277 4.091 24 00851 44
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where M is the molecular weight of the each composition,
N is the Avogadro’s number, and a is latrice.constam !'ur
respective films. The decrease in X-ray density (p,) Wﬂ_h
increase in Cr'* concentration is due to the lower atomic
mass of Cr't as compared to Fe'* [39].

FTIR spectra of Cr'* substituted nickel ferrite thin films
in the wavenumber range of 4004000 cm™' at room temper-
alure against transmittance were recorded. Figure 3 shows
that, the Jower wave number band represents the trivalent

700
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Fig.3 FTIR spectra of ¢

substitution in NiFe,0, (00 <x <10,
x=2step) i

Fig.4 3-D images AFM of

Cr** substitution in NiFe,0, (n)
(0.0Sx<1.0,x=2 step) i *=00
; 61[;11 '
ALl
L
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metal oxygen at octahedral [B] sttes and the vibration

Fe}*—0?" in the sublattice at tetrahedral (A) site :.s due g,
the higher wave number band [40]. In the prc.\t_znl thin film,
the FTIR spectra exhibiting a strong ﬂbﬂﬂ!’pllmj bﬁ':'d (L))
around 442 cm™" attributed to Fe-O stretching vibration for
unit cell in the tetrahedral (A) site. Other b;md» observed
metal-oxygen vibrations in the octahedfal [.B] site urouryd
(v,) at 655 cm™" is due to the slight oxidation of the thin
films surfaces [41]. The highly sensitivity of the absorption
bands changes interaction between cations and oxygen in
the films. The Fe’* ions are replaced with the Cr'* ions at
octahedral sites so that the shift in absorption band (¢,) is
observed. It is due to lower atomic mass and smaller ionic
radius of Cr'* ions. The band at 447 to 457 cm™! is slightly
shifted for Cr'* substitution which due to stretching vibra-
tion of the Cr=O contribution. The peak at 1519 cm™" is the
demonstration of the vibration of Fe-O as shown in Fig. 3.
The observed bands at 3556 and 1630 cm™" are attributed
to the stretching vibration between H-O-H ions interpreting
the presence of free water [42, 43]. These are due to pres-
ence of ~OH chains that retained during the preparation of
spray pyrolysis technique,

From Fig. 4a-d the AFM image shows that, the valley
like structure of the surface and hills with the agglomerated
grains, AFM images reveal a dense film with well crystal-
linity that is formed having the spherical grains and films
grown on glass surface [44). All the roughness parameters
are tabulated in Table 2. During scanning of AFM images,
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Table 2 Average roughness _-— = 01 T @10) _E. V) (z00D)
(R,), foot mean square xR (um) (00D f-:né [()s-;rjn) R (£001) Ry, (x001) (= 5
roughness (R ), skewness SR
(Sy,) and Kurtosis (Ry,,) for 00 3083 39.08 0.050 2.865 277 2.98
AFM, and_ energy ban!j gap (E;) 02 - - B R 265 -
for UV—visible and thickness q 270
(7) for the NiFe,_,Cr,0, 04  36.15 43.14 —0.426 2.561 256 2
(0.0<x<1.0) thin films 06 - = _ - 206 2.60
08 60.10 46.59 -0.331 3.066 283 2.45
1.0 39.20 29.18 —0.086 3.877 238 2.37
400
3504
3004
g N 250
é B .
1 S 2004
S 2
g~ ~_ 150+
[~} = <
= =
= z

» L] b L) o L) L] e L v o L) .
300 400 S00 600 700 800 900 1000 1100
Wavelength (nm)

Fig.5 UV-visible absorbance spectra of NiFe, ,Cr,0, (0.0<x< 1.0)
thin films

the fine droplets predict the good quality growth of ot
substitution.

3.2 Optical properties

The optical measurements of Cr’* substituted NiFe,O, thin
films were studied using UV—visible spectra in the range
300~1100 nm as shown in Fig. 5. The absorption spectra o
provide a useful too] for the investigation of induced transi-
tion and insight in the optical band gaps are controlled which
is due to the lattice constant order—disorder in structure
[45). A common way to extract the direct band gap energy
(E,) from optical absorption spectra is the Tauc relation as
given below [46, 47]
A(hv = E )"/

=

(5)

?

hv

where « is the linear absorption coelficient, & is the Planck’s
constant (6.6260x 107 J ), E, is the optical band gap
energy, v is the photon energy, A is the proportionality
constant and n is any values among of 1/2, 2, 3/2, and 3

! L ad L) L] Ll 3 L] b L] -
200 225 250 275 3.00 325 3.50 375 4.00

hv (eV)

Fig.6 Variation of (ahv)® with photon energy () of Cr'* substitu-
tion in NiFe;0, (0.0<x< 1.0, x=12 step)

corresponding to the direct, indirect, forbidden direct and
forbidden indirect transitions, respectively. To determine
the band gap energy plot of straight line portion (ahv)®
against photon energy (hv) were plotted as shown in Fig. 6.
The direct electronic transition of electrons located in
high energy states in the valency band replaces the lower
energy states in the conduction band as that of the behav-
ior in Brillouin zone [48]. Generally the energy band gap
is affected by several factors such as crystallite size, thick-
ness of thin films, lattice strain and impurity phase [49].
The valence bands and conduction bands splits into discrete
electronic levels the density. Hence the energy band gap
decreases with increasing crystallite size due to the spacing
between these levels. “The decrease in band gap in the pre-
sent case may be attributed to the increase in the crystalliza-
tion of the films which establishes the quantum confinement
effect” [50]. It causes decrease in energy band gap due to
increase in localized states inside the energy band gap. The
optical band gap value of Cr'* substituted nickel ferrite thin
films are found to vary from 2.37 to 2.98 ¢V presented in
Table 2. The thickness of the Cr** substituted NiFe, O, thin
films were measured by a surface profiler. [t is observed that,

@ Springer

CE Scanned with OKEN Scanner



472 Page6of9

A.R. Chavanetal.

the films thickness was in the order of nanometer dimension
(206-283) in the tabulated Table 2.

3.3 Magnetic properties

The magnetic measurements of all films under investigation
were done using VSM at room temperature in the range — 15
kOe to 15 kOe as shown in Fig. 7. The magnetic measure-
ments such as coercivity (H,), saturation magnetization (M,),
retentivity (M) and remanence ration (M/M) were obtained
from hysteresis loops and presented in Table 3. The satu-
ration magnetization for pure nickel ferrite film is obtain
to be 234.12 emu/cc at room temperature and after Cr'*
substitution, the saturation magnetization decreases from
163.46 t0 44.26 emu/ce with increasing Cr** concentration
accordingly. The decrease in saturation magnetization val-
ues can be explained on the basis of fact that, the Cr'* ions
have strong tendency to occupy the tetrahedral [B] site and
its non-magnetic nature. Thus, reduction in saturation mag-
netization is due to replacing of Fe* (5u) by non-magnetic
Cr’* (3up) at octahedral site [B] site and Ni2* (2ug) at tetra-
hedral (A) site [51]. From Table 3, it is clear that the satura-
tion magnetization, coercivity and remanence ratio decreases

with increases Cr** concentration in NiFe,O, thin films. The
coercivity depends on the surface of film, micro-strain, inter-
particle interaction. The coercivity decreased from 276.14to
85.21 Oe with increases in ¢t concentration may be due to
the decrease in anisotropy field which in turn decreases 1.]1{:
domain wall energy. The value of coercivity decrease w1Fh
increases Cr** content is relative to the soft ferromz.tgnt?tlc
behavior for their high-frequency transformers z'lpphcatzon
[52]. The composition of cations at tetrahedral sm? (A) and
octahedral site [B] strongly influences the saturation mag-
netization in spinel cubic structure. When Cr’* content is
increased the paramagnetic Cr’* ions tend to be occupied at
octahedral site [B]. It means that decrease in magnetic ions
in octahedral site [B] reduces the magnetic moment of that
site. The Neel’s sub lattice model introduces the B-B, A-A

and A-B interactions. Out of them the A-B interaction is

responsible for ferromagnetic ordering. The theoretical mag-

netic moment was calculated using the Neel’s formula [53].

Moty = [Ma — Mal, (6)
where M and M, are the magnetic moment of the octa-
hedral [B] and the tetrahedral (A) site, respectively. The
observed Bohr magnetons were calculated using the fol-
lowing relation [54].

M, X M,

v

300 = ——
"B (obs) Yo X, (M
200+ where M, is the saturation magnetization, M,, is molecular
weight of the each compesition, N, is Avogadro’s number
5 100+ and pup is Bohr magneton. The magnetic moments per for-
3 4 mula unit in Bohr magneton (ug) are presented in Table 3.
i 04 The magnetic moment decreases with increase in Cr** con-
z tent which is attributed to greater occupancy of Cr* at [B]
-100+ sites. However, as the Cr'* substitution increases the reduc-
| tion in the hysteresis loop is observed as shown in Fig. 8.
0. The anisotropy is related to the coercivity through Brown’s

o AT formula [55]. ‘
T S— ... ; g 2K

-15000 -10000 -5000 0 5000 10000 15000 c = g M, J (8)

Field H (Oe)

Fig.7 Room temperalure magnetization curve of NiFe,_.Cr,0,
(0.0<x<1.0) thin films

where up is Bohr magneton and K is the anisotropy energy
constant. The reduction of magneto crystalline anisotropy

Table3 Saturation

magncq‘;.ation o Composition x M, (emu/ec) M, (emu/cc) H (Oe) R g Urg) (Obs) 1y (1) (Cal) K (ergfec)
E::I;ﬂ;;ﬂf:ﬂfuiﬁfmw 0.0 234,12 26.98 267.14  0.1152 9.825 8.745 307,241
Bohe's magneion mmbﬂ'{m 0.2 163.46 13.75 244,12 01841 5.202 1.561 103:729
iﬂf—f”"’é”"&”’ constant () of 04 111.53 1242 23354 01113 3.534 1.265 . 46,024
mméi_éur‘ L (0.0<x <]y 0.6 78.02 9,46 216,18  0.1215 2.461 0.548 20,754

08 65.12 7.44 206046  0.1142 2045 0.742 13,747

1.0 46.65 721 8521 0.1545 1.459 0.456 :;:-399
9| Springer
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Fig.8 M-H.curves of Cr'* substitution in NiFe,0, (0.0<x<1.0)

energy is related to the decrease in coercivity [56]. The ani-
sotropy constant decreases with the increasing of Cr’* con-
tent, which leads to decrease in coercivity. The anisotropy
constant of NiFe,QOy is due to a strong (s)-orbital (L) cou-
pling in Ni?* ions in the octahedral site. The Cr** ions is the
zero angular momentum (1 =0) which does not affected ani-
sotropy constant. When Cr** ions were replaced with Fe?*
ions, the spin-orbital coupling weakened and anisotropy
decreased [57, 58]. The change in anisotropy constant can
be determined using the single ion anisotropy model which
is due to positive value for the Fe** ions attributed to tet-
rahedral site (A) whereas negative value is attributed to the

octahedral site [B].

4 Conclusion

The Cr* substituted NiFe,0, thin films were successfully
synthesized using spray pyrolysis technique. The XRD
results shows that, the formation of single phase cubic struc-
ture of the thin film samples and the obeyed lattice constant
were found to be 8.335-8.277 A. FTIR spectra show two
transmission bands around 442 and 655 cm™' approving
cubic structure. The optical absorption edges and band gap
energy increases with increase in Cr’* content. The crt
substitution results in reduced saturation magnetization and
also coercivity decreases, which is advantageous in high-fre-
quency transformer application of thin films, The low anisot-
ropy of the prepared thin films could not prevent a complete
approach to saturation in these cases, From the results, the
Cr** ions substitution in NiFe,0y thin films were signili-
cantly changes in structural, optical and magnetic properties.
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