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A series of Zn and Co-substituted nickel ferrite nanoparticles of nominal composition Ni;_,ZnFe,_,Co,O4
(x =0, 0.1, 0.2, 0.3, 0.4, 0.5) have been synthesized by the PVA assisted sol-gel method. The reported
structural and magnetic properties of the samples were investigated by X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR) and
vibrating sample magnetometry (VSM). Also, the effect of these substitutions on vacancy distribution is
investigated with positron annihilation lifetime spectroscopy (PALS). The cation distribution is inferred
from the X-ray diffraction using the MAUD program to investigate ion occupancy, the exact coordinates
of the atoms and unit cell dimensions. XRD analysis using the Rietveld refinement technique proves the
crystalline structure and the growth of pure, single-phase and nanosize substituted nickel ferrite. These
results are confirmed by the performed FESEM and FTIR studies. Magnetic measurements revealed that
the values of the saturation magnetization (M) in the Ni;_,Zn,Fe, ,Co,O4 samples gradually increased
for doping levels up to x = 0.4, then decreasing for further content. Also, the coercivity showed an
overall decreasing trend with increasing doping. The positron lifetime spectra of the substituted nickel

ferrite were decomposed into three-lifetime components, 1y, 75, t3. First of all, 73, is depends on the
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Accepted 17th April 2017 positrons that do not get trapped by the vacancy defects. The second lifetime component, 1,, is

attributed to positrons annihilation in vacancy-type defects in ferrite nanoparticles. The final lifetime, 1z,

DOI: 10.1039/c7ra01975k is due to the annihilation of positrons across nanoparticles in the free volume of ferrite structure. Also,
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1. Introduction

In recent years, spinel ferrites have been extremely studied for
their effective application in microwave devices, information
storage systems, sensors, loading coils, magnetic fluids and
medical diagnostics.'”® Thus, much attention has been focused
on the preparation and characterization of these materials.*®
Spinel ferrites have the general chemical formula (A*>")[B,*"]
0,%~, where A*" and B,*" are divalent (i.e. Co, Ni, Mn, Zn, ...)
and trivalent (i.e. Fe, Cr, ...) cations occupying tetrahedral (A
site) and octahedral (B site) interstitial positions of the fcc
lattice formed by O*~ ions. As the cations in the two sites (A and
B) are antiferromagnetically ordered, the magnetic properties
observed in spinel ferrites are due to the unbalanced magnetic
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magnetic behaviors could be explained by positron annihilation lifetime spectroscopy.

moments of the A and B sites. It is well known that the magnetic
moment of the A and B sites depends on the cation distribution
in these sites.”” The knowledge of the cation distribution and
spin alignment is essential to develop materials and to obtain
the desired magnetic properties for the above-mentioned
applications. In this regard, the investigation of the defect
structure of nanosize ferrites is attracting a large amount of
attention,”™* because of the significant role of vacancy-type
defects in altering the electrical, magnetic and optical proper-
ties of bulk and nano-materials. Positron annihilation lifetime
spectroscopy (PALS) is a sensitive technique for the character-
ization of the electronic structure and type and density of
vacancy-type defects that can be straightforwardly and effec-
tively applied in materials science, especially in spinel ferrites.”

One of the important class of spinel ferrites that is widely
used in engineering and technology is nickel ferrite. Nickel
ferrite (NiFe,0O,) is a well-known inverse spinel ferrite in the
bulk state with Ni** ions on B sites and Fe*" ions distributed
equally among A and B sites.” However, when nickel ferrite is
synthesized at the nanoscale, it presents a mixed spinel struc-
ture with cations distributed on both A and B sites."*" In

This journal is © The Royal Society of Chemistry 2017
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addition, nickel-zinc ferrite is one of the soft magnetic mate-
rials which has large resistivity (10® Q cm), high saturation
magnetization, a high Curie temperature (570 °C), low coercivity
and low dielectric.'*"” Thus, the doping of metal ions in the
nickel spinel structure may result to tune the structural,
morphological, electrical and magnetic properties that lead to
improve these properties for technological progress. For
example, doping of nickel ferrites with zinc ions as a mixed
spinel was studied by Rahimi and co-workers." They showed
that Zn>" cations replaced Ni** in the tetrahedral sites so that
the magnetic properties are changed. Thus, the saturation
magnetization (M) initially increased for low doping levels but
decreased with higher dopant concentration. Also, they showed
that coercivity decreased by increasing Zn content due to the
decrease of magnetocrystalline anisotropy constant. Saffari
et al™ investigated the effects of Co-substitution on the
magnetic properties of NiCo,Fe, ,O, ferrites. They demon-
strated that while M, remained nearly constant with increasing
Co*", the coercivity (H,) increased significantly. Parvatheswara
et al. studied the structure and magnetic behavior of nickel zinc
cobalt ferrites. They reported that the cobalt substitution
instead of zinc enhances the saturation magnetization while
initial permeability decreases." Generally, it would be useful if
both saturation magnetization and coercivity could be held
high or low upon the substitution. Thus, in view of the above
discussions, the Zn-Co doped Ni; ,Zn,Fe, ,Co,0, could show
different magnetic behaviors that can be useful for various
applications.

The present work deals with the cation distribution and
magnetic properties of zinc-cobalt substituted nickel ferrite
Ni;_,Zn,Fe, ,Co,0,4(x =0, 0.1, 0.2, 0.3, 0.4, 0.5) synthesized by
the PVA (polyvinyl alcohol) assisted sol-gel route. PALS was
used to evaluate the vacancy type defects due to cobalt-zinc
doped nickel ferrite. We attempt to find up a consistent corre-
lation between the magnetic properties and the cation distri-
bution and the defects concentration estimated by PALS in the
prepared samples.

2. Experimental procedure

2.1. Samples preparation

Here, the polyvinyl alcohol (PVA) assisted sol-gel method was
adopted for synthesizing Zn-Co substituted nickel ferrite
samples. Iron nitrate (Fe(NO3);-9H,0), nickel nitrate
(Ni(NOs),6H,0), cobalt nitrate (Co(NOs),-6H,0), zinc nitrate
(zn(NO3),-4H,0), and PVA were taken as the raw materials and
weighted according to the stoichiometric ratio. At first, the PVA
solution was prepared by dissolving PVA powders in deionized
water (3% w/v) at a temperature of about 80 °C until the solution
became clear. At this point, and in order to avoid aggregation of
the PVA in the water, the powder was slowly sprinkled in water
under constant stirring. Then, the sols were prepared by dis-
solving all raw nitrate in deionized water. After constant stir-
ring, the sols were added drop by drop to the clear PVA solution.
This solution was then heated to 90 °C and treated in constant
stirring for 24 h till a gel was obtained. The temperature of the
gel was then increased to 140 °C for 2 h until the water

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

evaporated entirely and the gel was dried. Finally, the dried
precursor was sintered at 800 °C for 4 h with heating rate 2 °C

min .

2.2. Samples characterization

X-ray diffraction (XRD) pattern of all samples was obtained on
a Philips X'Pert Pro MPD X-ray diffractometer with Cu-Ka
radiation (A = 0.154 nm). We have employed the Material
Analysis Using Diffraction (MAUD) program, version 2.54 for
Rietveld analysis. It is designed to refine simultaneously both
cation distribution and structural properties (lattice cell
constants and atomic positions and occupancies). Positron
annihilation lifetime measurements were performed using
a slow-fast gamma-gamma coincidence spectrometer with
time resolution (full width at half maximum; FWHM) of 250 ps
for gamma rays emitted from a °°Co source at room tempera-
ture. A total of about 10° coincidence events were collected in
each lifetime spectrum. A source of strength ~15 pCi from
?2NaCl deposited on a Mylar foil with 7 um thickness was used.
The lifetime spectra were analyzed using the program Pasqual.”
The source corrections were obtained with measurements on
defect-free Al samples. The variances of all of the fitted positron
annihilation lifetime spectra lied in a range of reasonable
values, between 0.97 and 1.06. The morphology of the annealed
samples was determined by field emission scanning electron
microscopy (FESEM; model S-4160). Also, the analysis of the
samples formation was done using Fourier transform infrared
spectroscopy (FTIR; Jasco 860 plus). Finally, magnetic hysteresis
loops of the samples were recorded using a vibrating sample
magnetometer (VSM; Lake Shore 7307) with a maximum field of
+10 kOe.

3. Results and discussions

3.1. X-ray diffraction analysis

The X-ray diffraction spectra of Ni; ,Zn,Fe, ,C0,0,4 (x =0, 0.1,
0.2, 0.3, 0.4, 0.5) are shown in Fig. 1. The entire XRD patterns
show the reflections belonging to cubic spinel structure with
space group Fd3m and no extra peaks have been observed in the
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Fig. 1 XRD patterns of the Ni;_,Zn,Fe, ,Co,O4 (x = 0, 0.1, 0.2, 0.3,
0.4, 0.5) samples.
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Fig. 2 XRD pattern refinement using MAUD software for the Nigs-
ZnpsFe; sCrg 504 sample.

Table1 Variation of the lattice parameter were obtained using MAUD,
Reitveld agreement factors (Rwp — Rexp — X). mean ionic radii (ra, rg)
and theoretical lattice parameter (ay,) for Niy_,Zn,Fe,_,Co,O4 samples

X amauD (A) Ath (A) Ryp Rexp X 7 (A) s (A)

x=0 8.3752 8.3756 15.42 11.81 1.32 0.5188 0.7305
x=0.1 8.3798 8.3791 18.17 12.53 1.45 0.5313 0.7292
x=0.2 83777 8.3772 22.56 12.74 1.76 0.5313 0.7261
x=0.3 8.3801 8.3800 21.92 12.45 1.76 0.5374 0.7355
x=0.4 83776 8.3773 19.62 12.04 1.62 0.5409 0.7348
x=0.5 8.3718 8.3714 17.11 12.42 1.37 0.5410 0.7341

XRD patterns. The crystal structures were obtained using the
MAUD program. The fitting quality of the experimental data was
checked by weighted profile R-factor (R,;), the expected R-factor
R . .
(Rexp)s and the goodness of the fit (x = —Wp) 2° In this fitting
exp
process, crystal lattice constant and cation distribution were
determined. Fig. 2 shows a typical Rietveld analysis for the
Nig 5Zng sFe; 5C0q 50, sample. In Table 1 and Fig. 3 are shown
the variation of the lattice constant obtained from the MAUD
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Fig. 3 Variation of lattice parameter obtained by MAUD and theo-
retical lattice parameter of Niy_,Zn,Fe,_,Co,O4 samples.
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program. The values of the lattice parameter ‘a’ are almost
constant, but do not show a regular trend with increasing Zn-
Co content, due to the different type of cation distribution and
ionic radii in the doped-samples. The initial increase of lattice
parameter can be related to the replacement of the smaller Ni**
ions (0.55 A, 0.69 A) by the larger Zn?* ions (0.60 A, 0.74 A)' in A
and B sites. Also, the decrease of lattice parameter above x = 0.3
can be caused by the replacement of larger Fe*' ions (0.63 A,
0.78 A) by smaller Co** ions (0.58 A, 0.74 A) in A and B sites. In
addition, a fraction of the B sites is occupied by Co®" instead of
Fe*" ions. Therefore, the different ionic radii of the cations and
the type of ions occupying A and B sites can result in the
enhancement or reduction of the lattice parameters.

3.2. FESEM morphology

The morphology and microstructure of the samples were
studied by FESEM images. The FESEM images of NiFe,O, and
Nig 5Zny sFe; 5Cry 504 samples are shown in Fig. 4. The images
show that particles are in the nanometer range (with average
particle size about 60 nm), nearly spherical in shape and
a tendency for agglomerated due to crystal growth and their
magnetic interactions. Also, zinc and cobalt substituted in
nickel ferrite overall seemed to have no effect on particle size.

3.3. Cations distribution

The physical properties of ferrites are sensitive to the nature,
valence and distribution of cations over the A and B sites. Thus,
the knowledge and obtaining of suitable cation distribution can
be helpful to understand the behavior of their magnetic and
electrical properties.

To determine the mechanism of Zn-Co substitution in
Ni;_,Zn,Fe, ,Co,0,, the following three assumptions were
considered. First of all, structural refinements were looked for,
assuming that Zn>" ions occupied A and B sites. The second
assumption was that Co”>* ions went into both A and B sites
(because of the preference position of Co>").?> In the third
assumption, we considered that Co®' existed in the B sites
because of charge valence, lattice parameter and magnetic
properties. In fact, to confirm these assumptions, we calculated
the mean ionic radii of A and B sites (r, and rg) for all the
samples:*

ra = Znai,rs = % Zriai 1)

where «; is the concentration of the element i with ionic radius
r; on the respective site. The values of r, and ry are reported in
Table 1. It is observed that r, increases but rz changes non-
monotonously with increasing Zn-Co substitution. The
enhancement of r, is related to the replacement of smaller Ni**
ions by Zn®" with larger ionic radii in the A sites. The variation
of rz depends on the replacement by Zn**, Co** and Co®" in the
B sites. The theoretical lattice constant (a.,) was calculated
using:**

(ra + Ro) + V3 (rs + Ro) (2)

8
ath = ——=

3V3
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Fig. 4 FESEM images of the Ni;_,Zn,Fe, ,Co,O4 ((a) x = 0.0 and (b) x = 0.5) samples.

where R, is the radius of oxygen. Thus, we calculated a, and
compared it with the value of ‘@’ extracted from the MAUD
refinement (ayaup; Fig- 3). We can conclude that ay, and ayaup
are in good agreement with each other. Thus, we considered the
cation distribution that is shown in Table 2.

3.4. Positron annihilation lifetime spectroscopy

The positron annihilation lifetime spectra of the Ni; ,Zn,-
Fe, ,Co,0, (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ferrites were
resolved into three components 14, 7, and 73 with their relative
intensities I, I, and I3, respectively. The variation of the lifetime
components and their intensities versus x are shown in Fig. 5.
The smallest lifetime component (z,) is related to the annihi-
lation of positrons that do not get trapped by the defects within
the samples and a small contribution from the result of Bloch
state residence time of trapped positrons.* Also, the para-
positronium formation in the samples with lifetime 125 ps and
intensity of one-third of the orthopositronium intensity I; has
a negligibly small contribution in this component.

The lifetime component 1, is due to annihilation of positrons
in vacancy type defects within the grain and the grain surface of
the samples. The reported diffusion length of positrons in oxide
materials is between 10-60 nm (ref. 26-28) and also diffusion
length decrease with increasing in trapping site density.>*
Therefore, since in these nanoparticles, the trapping site density
(cationic vacancies of A and B sites) is high, the mean diffusion
length of positrons in sample nanoparticles is a few nanometers.
Consequently, we expect that more positrons annihilate in the
grains of the nanoparticles. In nanoferrites, the lifetime compo-
nent 7, is mainly due to the annihilation of positrons in vacancies
of the A and B sites.'>*"* In the spinel structure, oxygen anions

form octahedral (B) sites surrounded by six oxygen ions and
tetrahedral (A) sites occupied by metallic cations surrounded by
four oxygen ions. Therefore, the B sites have more minus charge
and are bigger than the A sites. These sites can trap positrons and
the lifetime of positrons in B sites is smaller than A sites.
Therefore, from Fig. 5 it can be deduced that, for the x = 0.0 until
x = 0.3 samples, more positrons are annihilated in the A sites,
while for the x = 0.4 and 0.5 samples, more positrons are anni-
hilated in the B sites. As it is shown in Table 1 for x = 0.0 sample,
since the radius of Ni** (0.55 A in A sites) and Fe?* (0.61 A in A
sites) are bigger than the radius of A sites (0.5188 A), some of the
cations do not occupy A sites and form monovacancies in tetra-
hedral sites. This behavior is similar for the x = 0.1, 0.2 and 0.3
samples, a number of A sites are not occupied with cations
because the cation radius is larger than the tetrahedral radius.
For the x = 0.4 and 0.5 samples, the radius of the A site increased
whereas the radius of the B site decreased (Table 1). Because of
the larger radius of the Zn®>" and Co®" ions in the A sites, they
occupy A sites by pushing the oxygen atoms along the body
diagonals of octants of the spinel structure. This causes the
shrinkage of the octahedral sites and some of the metallic cations
may leave B sites as monovacancies and do not occupy these
sites. Therefore, the cationic vacancies decreased in A sites and
increased in B sites and the cationic vacancies at the B sites
became the predominant trapping centers for positrons. Since B
site has more minus charge than the A site, the positron lifetime
decreases. Also, the small decrease in 1, for the x = 0.1 and 0.2
samples compared to the x = 0.0 and 0.3 can be due to the
increase in the number of cationic vacancies in the B sites
because of decreasing in the radius of B sites (rg).

The intensity of I, increases with increasing in x content.
This is due to the larger radius of Zn>* and Co>* compare to Ni**

Table 2 Cation distribution in A and B sites for Ni;_,Zn,Fe,_,Co,O4 samples

D¢ Tetrahedral sites (A)

Octahedral sites (B)

x=10.0 (Ni

x=0.1 (Nlo 1 o Feo 51 “Feo. 15 >*C0.05>")
x=0.2 (Nig.,* v Zn0 1 **Feo.e o 3'Fe, 1 2*C0p.05>")
x=0.3 (Nig.4* Zn02 Fe0 54 F601 COO 06)
Xx=04 (N, 09 *Zn,, 2 **Feos® Fe0 08 COO )
x=0.5 (Nlo 08 Zno 25 Feo 49 Feo 05 C00.132+)
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Nlo 76 N10 03 "Fe,, 12 “Fe, 01 COO 06 "C0p.01 +)

Ni, 67 Nlo 03" Zno 06 Feo 12 Feo 95 Coo 13 COO 02 +)
Ni,, 57, >N, 033 Zng Feo "’ Feo 05 'C09.21>"C0p.03 +)
Ni, 48 >"Ni, 03 *'Zn0.17""Feg11° Feg.01> C0g.25° 'COg.o7 +)
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Fig. 5 Variation of positron lifetime components and their intensities vs. x content for Ni; _,Zn,Fe,_,Co,O4 samples.

and Fe*" cations. This show that the number of vacancies in the
samples increases with increasing x.

The nanosecond component 73, is indicative of the
formation of orthopositronium (O-Ps) atoms in the large free
volumes in the intergranular regions of the nanoparticles.
O-Ps atoms in materials were annihilated through ‘pick-off”
process and their lifetime reduced from 140 ns in vacuum to
typically 1-5 ns. The variation of 7; and its very small intensity
(~1.3%) is due to the agglomeration of nanoparticles in
powder and does not reflect the effects of any change in the
number of vacancies within the nanoparticles due to the x
content.

The cumulative effect of all of the positron annihilations in
the samples can be studied using the mean positron lifetime,
Tm, defined as:?331-33

ul + b+ 6l

Tm=—7"""7—"7— 3
L+L+6L (3)

22324 | RSC Adv., 2017, 7, 22320-22328

Because of a large number of counted coincidence events and
the stability of the positron annihilation lifetime spectrometer,
Tm has a high statistical accuracy.*® The mean positron anni-
hilation lifetime of the samples as a function of x (Zn and Co
content) is shown in Fig. 6. As shown, the 1, for the x = 0.0-0.3
samples is larger than for the x = 0.4 and 0.5 samples, con-
firming the annihilation of most of the positrons in A sites for
the x = 0.0-0.3 samples and in the B sites for the x = 0.4 and x =
0.5 samples. Since A sites have smaller minus charge than B
sites, the mean positron lifetime in A sites is larger than in B
sites.

3.5. FTIR spectroscopy

The Fourier transform infrared spectroscopy (FTIR) spectrum
were recorded at 300 K in the wave number range of 380-7800
em~'. The spectra for the samples as a function of Zn-Co
substitution are shown in Fig. 7. Two main absorption bands

This journal is © The Royal Society of Chemistry 2017
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are observed between 399-610 cm™ . The high frequency band, v,
(590-610 cm ') is a referenced stretching vibration of the cation-
anion band in tetrahedral sites (A), while the low frequency band,
v, (400-420 cm ™) corresponds to the stretching vibration of the
cation-anion band in octahedral sites (B).** Therefore, these two
bands »; and v, confirm the formation of a spinel ferrite struc-
ture.*® The degree of covalent bonding determines the band
position for the A and B sites. Actually, the Fe-O distance at the A
sites is smaller than at the B sites. Therefore, covalent banding of
Fe-O in A sites is stronger than B sites.* It can be concluded that
vibration stretching of tetrahedral sites occurs in higher wave
number. The variation of the band position of »; and v, are
shown in Fig. 7. The slight shift in the »; and v, peak position for
the samples might be due to the distribution of Zn>*, Co®" and
Co*" which replace Ni**, Fe*" and Fe*" ions and to the distribu-
tion creation of vacancies in samples observed in the 'Positron
annihilation lifetime spectroscopy’ study. The reduction of the »,
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Fig. 7 FTIR spectra of Ni;_,Zn.Fe, ,Co,O4 samples.
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Fig. 8 The M—H loops for Niy_,Zn,Fe,_,Co,O4 samples.

and v, depth intensities for two samples of x = 0.4 and 0.5 can be
due to the increase in vacancies in these samples, as shown with
I, in Fig. 5.

3.6. Magnetic properties

Magnetic properties of Ni; ,Zn,Fe, ,Co,0, (x = 0, 0.1, 0.2, 0.3,
0.4, 0.5) ferrites were evaluated using VSM and the results of the
hysteresis curves of all samples are shown in Fig. 8. From this
figure, the values of saturation magnetization (M), remanent
magnetization (M;) and coercivity (H.) were estimated and tabu-
lated in Table 3. It can be seen that M initially increased with
increasing doping level up to x = 0.4, decreasing for further
content. This behavior can be explained by the cation distribu-
tion on the basis of the experimental data of magnetization and
lattice parameters. The observed magnetic moment per unit

formula #5® in units of Bohr magneton was obtained from:*
iy = @
5585

where, M,, is the molecular weight of the samples. In addition,
we calculated the theoretical magnetic moment = My —
M,,*” where M, and My are the A-site and B-site sub-lattice
magnetic moments estimated from the magnetic moment of
each element in terms of the Bohr magneton uy (5, 4, 0, 3, 2, 3
and 4 for Fe**, Fe**, zn**, Ni**, Ni**, Co®* and Co>" respectively)

Table 3 Saturation magnetization (M),
Niy_yxZn.Fe,_,Co,O4 samples

coercivity (Ho),

remanence magnetization (M,),

View Article Online

Paper

and the estimated cation distributions at the A and B sites.
Fig. 9 shows 7 and ng® for the Ni;_,Zn,Fe, ,C0,0, samples. A
good agreement is observed between n§® and n§! for x < 0.3.
The incompatibility of ng™ and ng™® for x = 0.4 and x = 0.5 is due
to non-magnetic Zn”>* ions occupying the A sites replacing Fe**
and the fractional Zn®" ions occupying Fe*". Thus, the net
magnetic moment increased with increasing Zn>* due to the
larger reduction in the magnetic moment of A sites compared to
those of B sites. The reduction in ng® beyond x = 0.3 is due to
the fact that the magnetization of the A sub-lattice becomes
weaker than that of the B sites and, therefore, the A-B exchange
interaction becomes weaker or comparable with the B-B
exchange interaction, which would then disturb the collinear
spin structure in the system at the B sites.****

For a more thorough explanation of the magnetic behavior of
Zn-Co substitution in Ni ferrites, we considered separately the
magnetic behavior of Ni, _,Zn,Fe,0, and NiFe, ,Co,0, samples
which have been reported previously.*** In Ni; ,Zn,Fe,0,, it
was observed that the saturation magnetization initially
increased up to x = 0.3 and decreases for further content, which
can be explained by two-Neel's sub-lattice model. Non-magnetic
Zn*" ions are occupying A sites and fractional Zn** ions are
occupying B sites replacing Ni**. So Fe*" and Fe®" migrated in
both sites. Thus, the net magnetic moment increased with

w
o

e exp
nB
cal

=90,

w
=
I

g
o
1

Magneton number (ULB)

1.8 T 1] L] L} L) )
0.0 0.1 0.2 0.3 0.4 0.5

(Zn,Co) content x

Fig. 9 Variation of calculated (n§) and experimental (n&®) magneton

number of Ni;_,Zn,Fe, ,Co,O4 samples.

anisotropy constants (Ki), n§® and ng' for

M,
X M (emu g™ ") M, (emu g ") H. (T) R= M, ng® (us) ng! (ug) K; (erg em®) x10°
X = 46 18 0.019 0.39 1.93 1.97 191.9
x=0.1 59 21 0.018 0.35 2.48 2.51 167.7
x=0.2 60 19 0.02 0.31 2.54 2.51 205.5
x=0.3 67 22 0.016 0.32 2.84 2.85 161.3
x=04 66 17 0.011 0.25 2.81 2.91 127.8
x=0.5 53 20 0.01 0.37 2.27 3.00 89.5
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increasing Zn®>" due to the larger reduction in the magnetic
moment of A sites compared to those of B sites.

In NiFe, ,C0,0,, VSM result demonstrated that M,
remained nearly constant with increasing Co®" substitution.
The observed slight changes in Mg might be due to the type of
cation distribution, which can be explained by Co®* occupying
both A and B sites. By comparing the behavior of My in the two
above systems, it can be concluded that the here observed
behavior of the saturation magnetization in Ni;_,Zn,Fe, ,Co,-
0, is between the two.

To justify the behavior of Ni, ,Zn,Fe, ,Co0,0,, one should
consider the cation distribution, PALS and Neel's two sub-lattice
model. According to the Neel's model, the magnetic ordering in
the spinel ferrites is based on the Neel's two sub-lattices (A-sites
and B-sites) and the resultant magnetization is the difference
between magnetization of octahedral site (B-site) and tetrahe-
dral site (A-site), provided that they are collinear and anti-
parallel to each other. For the x = 0.1, 0.2 and 0.3 samples,
some cations do not occupy the A sites and therefore mono-
vacancies could form. So, the magnetization of the A sites will
be smaller than that of B sites. Also, since the Zn*" ion has no
magnetic moment, the net magnetic moment is increased with
increasing Zn content due to a decrease in fraction of magnetic
moment of A site and an increase in the net magnetic moment
of B sites. By considering Neel's model, it can be concluded that
the saturation magnetization increases until x = 0.3. After that,
the net magnetic moment decreases for x = 0.4 and x = 0.5. This
may be due to the weakening of A-B exchange interactions,
decreasing the number of magnetic linkages occurring between
tetrahedral (A) and octahedral (B) cations. In addition, it can be
related to an increase in the number of cation vacancies in these
two samples that, as argued in Section 3.4, are mainly distrib-
uted in the B sites.

It is evident from Table 3, that the coercivity gradually
decreases except for x = 0.2. To describe the process of coer-
civity, we use:**

2K,
H, = 1
:uOMs

(5)

where K; is the cubic anisotropy constant given by

105h

K1 = uoM; 5 (where b is due to the crystal anisotropy), M; is

the saturation magnetization (the magnetization near M; can be
. b . .
written by M = M; (1 - ﬁ>) and pu, is the permeability of free

space.>*”
Firstly, the room temperature experimental data M vs. H were

fitted by equation (M = M; (1 - i)) and the value of b and

H?2
M, were obtained and used to calculate K;. The obtained values
of K, are reported in Table 3. It is observed that the anisotropy
constant decreased, which leads to the decrease in coercivity
except for x = 0.2, as shown in Fig. 10. This figure shows a good
agreement between the coercivity and anisotropy constant
values for the Ni; ,Zn,Fe, ,Co,0, samples.

The overall change (decrease with increase in x value) of the
coercivity and anisotropy are similar to the overall change of the

This journal is © The Royal Society of Chemistry 2017
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Nii_xZn,Fes_,Co,O4 samples.

mean positron lifetime, 7. As shown in Fig. 5 and 10, the
samples that have higher t,,, have larger anisotropy constant.
Since 1,,, is proportional to electron density of vacancy, therefore
the vacancies with less the electron density may cause larger
anisotropy constant.

4. Conclusions

In this work, Ni, ,Zn,Fe, ,Co,0,4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5)
nanoparticles ferrites were synthesized by sol-gel method using
PVA as surfactant. The FESEM images showed that the particles
were in the nanosize range. XRD and FTIR analysis confirmed
the formation of a spinel ferrite structure and Rietveld refine-
ments using the MAUD program based on XRD gave the cation
distributions in all of the samples. The investigations of defects
in the samples were carried out using positron lifetime spec-
troscopy. According to positron annihilation, the dominant of
vacancies in x = 0.0-0.3 samples are cationic vacancies in A sites
whereas for x = 0.4 and 0.5 samples, cationic vacancies in B
sites are mainly predominant. Also, the number of vacancies
increases with increasing x content. A good agreement is
observed between n§P and n§ for the prepared samples. The
obtained values of anisotropy constant decreased with
increasing dopant content except in the x = 0.2 sample,
consistent with the coercivity values. Also, the overall change of
the coercivity and anisotropy are similar to the overall change of
the mean positron lifetime.
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