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In the present study, Nanocrystalline Nigs.xZnyCopsFezyAlyOq (0<x<0.5 and 0<y<1.0) powders were
fabricated via the sol-gel auto-combustion route. X-ray diffraction study revealed that the formation of single-
phase Al-Zn substituted Ni-Co ferrites which have a cubic spinel structure. The lattice parameter shows a
decreasing trend from 8.344 to 8.289 A with the composition of AI**-Zn®*, The range of crystallite size calcu-
lated from the Scherer formula is 46-6.9 nm. Cation distribution indicates that Zn®* strongly occupies tetrahe-
dral A-site and AI** ions occupied both tetrahedral A-site and octahedral B-site for all composition. Using the

vibrating sample magnetometer, it is observed that the Coercive field (Hc), saturation magnetization (Ms),
rotational permeability (p), anisotropy field (Ha) and anisotropy constant (K;) decreases with increasing the
composition of AI**-Zn?*. Fabricated samples show normal dielectric behavior and dielectric constant is
increased with an increase of Al-Zn concentration.

1. Introduction

Spinel ferrites having the general formula MFe;O4 have more
attracted because of their wide range of promising technological appli-
cations such as memory storage devices, catalysis, gas sensors, magnetic
drug delivery, medical diagnostics, microwave devices, magnetic
recording, and electronic industries [1]. The characteristics of ferrites
samples depend on the method of synthesis, composition, cation dis-
tribution, and microstructure of the samples [2,3]. There are several
different synthesis methods used to prepare the ferrites as noted in the
previous novels containing citrate gel auto-combustion method,
mechano-chemical co-precipitation, and hydrothermal [4,5]. The mag-
netic parameters of a spinel system are collectively responsive to the
synthesis method, types of cation and their occupancy in different sites.
The distribution of cation depends on the types of bonding and the ionic
radii of the cations. A. DZunuzovi¢ et al. [6] fabricated Zn-substituted
Ni-ferrites and studied their structural and morphological properties.
The results show that Zn-substituted Ni-ferrites are of cubic spinel
structure and grain size of samples increases with Zn composition.
Charalampos Stergiou [7] reported dielectric and magnetic properties of
rare-earth (Y and La) substituted Ni-Co-Zn spinel ferrites. It is observed
that dielectric constant is increased with the rare-earth substitution due
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to the improvement of the dielectric orientation polarization. D.R.S.
Gangaswamy et al. [8] fabricated Co-substituted Ni-Zn-Mg ferrite and
investigated the magnetic properties. It is found that saturation
magnetization is decreased and soft magnetic nature increases with Co
substitution. S.J. Haralkar et al. [9] prepared Cr-substituted Mg-Zn
ferrite and studied the cation distribution. It is observed that the fraction
of Fe ions in octahedral sites decreases and the fraction Cr ions in
octahedral sites increase with the substitution of Cr. Yu Gao et al. [10]
synthesized Li-substituted Ni-Zn ferrite and investigated elastic, struc-
tural and magnetic properties. They observed that the characteristic
band of ferrite shift towards lower frequency with Li.

Different ions substituted ferrites have been reported in literature
very few of them are given above but Ni-Zn—Co-Al is still not fabricated
and studied. In this research, we have reported the synthesis of Ni-Co
ferrites by the sol-gel method by doping a portion of nonmagnetic Al-Zn
content and studied the effect of concentration of contents on the
structure, cation distribution, and electrical properties. The cosub-
stitution of Al-Zn has a strong effect on the structural and magnetic
properties of Ni-Co ferrites as compared to their individual substitution.
Our main objective is to synthesize hard magnetic material and reduce
magnetization by doping non-magnetic Al-Zn jons because materials
whose magnetization is low, applicable for the optoelectronic-
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Fig. 1. XRD patterns of Nip 5xZn,Cog sFez.yAly04.
communication industries.

2. Experimental procedure

Nanocrystalline Al-Zn doped Ni-Co ferrites were fabricated by the
sol-gel auto-combustion route with different composition of x and y
(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and y=0.0, 0.2, 0.4, 0.6, 0.8, 1.0).
Analytical grade nitrates and citric acid were used as starting materials
to fabricate the Nig 5.4ZnxCog.sFe.yAlyO4 ferrites. The metal nitrates [Fe
(NO3)3-9H50], [Ni(NO3)2-6H20], [Co(NO3)3-6Hz0], [Zn(NO3)2-6H,0],
[Al(NO3)3-9H,0]1, and citric acid (CgHgOQ7-H20) were weighed in proper
stoichiometric molar ratio and dissolved in minimum amount of distilled
water. This mixture was mixed thoroughly by stirred on a magnetic hot
plate. The pH value was adjusted by using dilute ammonia solution and
it is maintained at 7 for all the samples. This mixture was slowly heated
and stirred until it turns into a dark viscous gel. The viscous gel solution
was dried for self-ignition of gel and conversion into loose powder. All
the samples were annealed at 800 °C for 4 h.

Phase analysis and crystallographic properties of prepared samples
were studied by XRD analysis and data collected from Philips X-ray
diffractometer (PANLYTICAL, Almelo, The Netherlands) with CuKa ra-
diation source (A=1.5405A). The vibrating sample magnetometry
(VSM) was used to record the M—H loop and study the magnetic
properties. The IR spectra within the range of 4000-400 em™! were
recorded by Bruker Equinox FTIR spectrophotometer and LCR-Q meter
was used to study the dielectric properties.

3. Results and discussions
3.1. Structural analysis

The XRD patterns of simultaneous Al-Zn-substituted Ni—-Co ferrites
nanoparticles annealed at 800°C are shown in Fig. 1. The samples are
coded as VA1, VA2, VA3, VA4, VA5 and VA6 for the composition of
x=0.0; y=0.0, x=0.1; y=0.2, x=0.2; y=0.4, x=0.3; y=0.6,
x=0.4;y = 0.8 and x = 0.5; y = 1.0 respectively. All the planes observed
in fabricated samples are a good agreement with planes of Ni-Zn—Co

Table 1
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reported earlier [11]. The absence of any other peak exhibits the evo-
lution of single-phase Al-Zn substituted Ni-Co ferrite which has a cubic
spinel structure. The lattice constant ‘a’ was measured using the relation

[4].
PR ey m

It is observed that ‘a’ decreases from 8.344 A to 8.289 A as the AI>*-
Zn** ions substitution increases. The Zn?* and AI** are preferentially
occupying on A and B sites by replacing Ni%* and Fe®" jons. It is found
that Zn®* ions are preferred the tetrahedral sites, whereas AP* jons are
preferred to occupy the tetrahedral and octahedral sites [12]. This can
be related to the fact that the ionic radius of AI** ions (0.51 f\) is smaller
as compared to that of Fe** jons (0.67 A). The lattice constant does not
substantially depend on the substitution of Zn®" ions due to the small
difference between the ionic radii of Zn®* ions (0.74 A) and Ni*" ions
(0.72 A). Also, the composition of AI** ions is larger than Zn®* ions.
When the larger Fe®* ions were replaced by the smaller AI** ions, the
unit cell shrinking while preserving the overall cubic symmetry. The
most intense peak (311) was used to calculate the crystallite size for all
the compositions using Scherer Formula [13]:

0.91

“ B Cosb )

The values of crystallite size (D) are estimated within the range of
46-6nm (Table 1) and it decreases with increasing AI**-Zn?" ions
substitution.

The strain (g) induced in the nanocrystals were computed with the
help of relation:

__ B
= ane )

The dislocation density (8) was calculated using the relation [14]:

1
b= 37} (4
The packing factor (P) was calculated to enlighten the difference in
the strain and dislocation density [15]:

P== (5)

where d is interplanar spacing. The values of strain induced in a crystal
are increases up to the x=0.3, y=0.6 after that it shows slow
decreasing trend with the increase of Al-Zn substitution in Ni-Co ferrite.
This is due to the difference in ionic radii and the simultaneous substi-
tution of Al and Zn. Values of strain and dislocation density are
increased with increasing Al-Zn concentration (Table 1), which in-
dicates the concentration of lattice imperfections, is increasing. This is
due to the enhancement of grain boundaries because of the decrease in
the crystallite size of ferrite samples. The density of material is more
influenced by the molecular weight of that material. It is observed that
the molecular weights of the samples are increased with Al-Zn compo-
sition. Also, dislocation density is inversely proportional to the crystal-
lite size. The packing factor decreases (able 1) with increasing Al-Zn
substitution in place of iron and nickel is due to the increasing density of
the samples.

Lattice constant (a), Particle size (D),Strain (¢), Dislocation density (5), Packing factor (p) of Nig 5.,Zn,Cog sFea.,Al,04.

Sr. No. Code Sample a(A) D(nm) strain (¢) x 1073 dislocation density (5) (g/m%) Packing factor (p)
1 VAl x=0,y=0 8.344 46.72 157.3 6.055 18.53
2 VA2 x=0.1,y=0.2 8.332 30.56 157.9 9.305 12.14
3 VA3 x=0.2,y=04 8.327 23.53 158.7 12.15 9.375
4 VA4 x=03,y=0.6 8.318 19.85 158.9 14.44 7.914
5 VAS x=04,y=08 8.309 7.315 158.8 39.19 2.915
6 VA6 x=0.5,vy=1.0 8.289 6.9 157.0 41.20 2.734
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Sample wWMﬁ' Eutio#// Intensity ratios Agreement Factor
<y
A;?Pe\\'—/ B-site (220/400) (422/400) (220/400) (422/400)
Obs. Cal. Obs. Cal.
VAl Nig.1Feg.o Nig.4COo sFe; 1.310 1.352 0.801 0.738 -0.042 0.063
vAZ Nio.o5 Zng.1 Alg; Feg s Nig.35 COosAlo.1 Feq o5 1.262 1.351 0.812 0.782 -0.089 0.030
VA3 Nig,02 Zng.2 Alg 5 Feg ss Nig .28 COo.5 Alg.2 Fey.02 1.217 1.367 0.824 0.855 -0.150 -0.031
VA4 Nio.o1 Zng.s Alo.s Fep.as Nig.10 COq 5Alg 3 Tey o1 1.179 1.387 0.828 0.862 -0.208 —0.034
VA5 Zng.4 Alg Fega Nig.1COq.5 Alg 4 Fe; 1.126 1.262 0.838 0.883 —-0.136 ~0.045
VA6 Zngs Alps COg s Algs Fey 1.080 1.262 0.846 0.883 -0.182 -0.037
Table 3 Table 4
Values of Oxygen parameter ‘u’ theoretical lattice constant ‘ag,’ ionic radii (ra Variation of site bond lengths and site edges for Nig 5.4xZnyCoq sFes.yAlyO4.
andryp) radii of tetrahedral-A and octahedral-B site for Nig 5.<ZnyCog sFes.,Al, Oy, Sr. Mo Sample daA) dux(A) daxe(A) TS dxeu(R)
seno. sample  u@d)  aw® 0 nd) R Rh 1 VAL 5207 2012 6116 5.677 2.954
1 VAL 0.3843 8.346 0.681 0.709 0.681 0.748 2 VA2 5.285 2,010 6.103 5.673 2.950
2 VA2 0.3841 8.331 0.675 0.698 0.675 0.747 3 VA3 5.279 2.010 6.096 5.673 2.948
3 VA3 0.3840 8328 0672 0.686 0672  0.747 4 VA4 5.275 2.007 6.091 5.666 2.945
4 VA4 0.3840 8.317 0.671 0.673 0.671 0.744 5 VA5 5.270 2.005 6.086 5.658 2.942
5 VA5 0.3841 8310  0.67 0.661  0.670  0.741 6 VA6 5.264 1.997 6.078 5.636 2935
6 VA6 0.3844 8290  0.67 0.647  0.670  0.734
3.2. Cation distribution
. RC SAIF PU, Chandigarh
The cation distribution in the present system was determined from \\/,——w———“w—*"”"ﬁ\/ “vat
the analysis of XRD intensities of most sensitive planes (220), (400) and T i i i
(440) are considered and calculated value tabulated in Table 2, by using e\ i
the formula suggested by Buerger [16]: | @ VA3
i |V P
Lya = [Flyy, P. Lp (6) - e bicicw
W N yas
W/ / 4

where, I- is the relative integrated intensity for (hkl) planes, F-structure
factor, P-Multiplicity factor, Lp-Lorenz polarization factor. Multiplicity
factors (P) are the number of different planes having the same spacing.
Lorenz polarization factor is determined by using the formula [17]:

2
o 1 —.+-2Coa 20 @
sin*Ocost)

The atomic scattering factor for various ions was taken from the
literature [17]. The value of the cation distribution parameter for which
experimental and theoretical intensity ratio agrees closely with each
other. The estimated cation distributions are shown in Table 2. It is
observed that Zn?* strongly occupies tetrahedral A-site and Co?* oc-
cupies octahedral B-site. Ni** ions occupy both tetrahedral A-site and
octahedral B-site but at the higher substitution of AI**-Zn*" ions, it
occupies in octahedral B-site only. Whereas, Fe®* ions show no prefer-
ence to any site and distributed among the tetrahedral and octahedral
sites. Zn?t strongly occupies tetrahedral A-site and AI** ions occupied
both tetrahedral A-site and octahedral B-site for all composition. The
theoretical lattice parameter (ay,) was determined by equation [18]:

an = (5%) (I +Rol+ V3 ra + Ro) ) ®)

where, rp and rp are the radii of the (A) and [B] sites, respectively and ro
is the oxygen parameter (1.38 A). The obvious agreement between the
experimental lattice parameter (aeyp) and the theoretically calculated
one (a,) suggests a proper estimated cation distribution of the system. It
is observed that values of theoretical lattice constant (Table 3) are also
decreasing with an increase of AI**-Zn?* substitution. Using the values
of theoretical lattice constant, the radius of oxygen ion Ro = 1.32 A and
the ionic radius of tetrahedral A-site in the following expression, the
oxygen positional parameter (u) can be given by the equation [18]:
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Fig. 2. FT-IR patterns of Nig s..Zn,Cog sFez.,Al,Oa.
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It is detected that u (Table 3) is increased withAI**-Zn®*substitution
Ni-Co ferrites which ascribed the increase of ‘u’ is a direct consequence
of increasing the distortion of the A-site oxygen coordination and A1**
ions occupancy by octahedral sites. The bond length of (A) site(dax), [B]
site(dpy), (A) site edge(daxe) [B] site shared edge(dsxg) and [B] site
unshared edge(dpyy) were determined with help of values ‘u’ and ‘a” and
equations reported by Jadhav et al. [19]. All the values are presented in
Table 4. It is observed that the values of day, dpy, daxg, dpxeu and daxe
are decreased with the increasing AI**-Zn?* substitution. This is because
of the difference in ionic radii; the ionic radius of AI** ions is lower as
compared to Fe*" jons.

3.3. Infrared spectroscopy (IR)

Infrared spectra as shown in Fig. 2 were recorded in the frequency
range 400-4000 em™'at room temperature. It is observed from Table 5,
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1 VAl 575.19 301.24 1414927 55107.78 273.95
2 VA2 573.83 338.51 135624.2 67744.66 235.32
3 VA3 568.04 380.94 127945.5 83414.12 187.1
4 VA4 569.01 456.17 123550.9 116141.1 112.84
5 VAS 572.86 441.73 120331 105648.6 131.13
6 VA6 577.69 437.84 117460.7 100568.1 139.85
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Fig. 3. VSM curve of Nig 5.xZn,Cog sFe;.,Al,04.

each spectrum exhibit two main absorption bands below 1000 em™?
range which reveals the formation of a single phase of spinel ferrites
[2¢]. The occurrence of the higher frequency band in the range of
583-637 cm™ ! has been related to the intrinsic vibrations of the tetra-
hedral complexes, whereas that lower frequency band in the range of
419-485cm ™! is ascribed to the intrinsic vibrations of the octahedral
complexes. It explains that the octahedral cluster is lower than the
tetrahedral cluster in a normal mode of vibration. It should be ascribed
to the longer bond length of the octahedral cluster and shorter bond
length of the tetrahedral cluster. It has been seen in the spectrum that the
band positions v1 and v, change slightly towards higher frequency side
with increasing AI** ions (ionic radius 0.5 A) which are replacing Fe*"
ions (ionic radius of 0.67 A) at [B] site. Therefore site radius decreases
and consequently fundamental frequency increases and hence the cen-
tral frequency should shift towards the higher frequency side. The
displacement of Fe** ions by smaller AI** ions decreases the M — O bond
length and consequently will increase the wavenumber of v3 band. The
bands presenting in the range of 3421-3325 and at 1635 cm ™ lare
related H-O-H bending vibration of water molecules.

The force constants related to the (A) and [B] sites were determined
by the equations given below [21]:

Physica B: Physics of Condensed Matter 577 (2020) 411783

}
K.=762 x M, x 8 x 10772 (10)
cm

;dyne

M,

Ko=1062 x == x 9 x 107—— (11)
where K; and K are the force constants of (A) and [B] sites, respectively,
M is molecular weight of the (A) site, M3 is molecular weight of the [B]
site, absorption peak v, corresponds to a tetrahedral site and vy corre-
sponds to an octahedral site. The cation distribution was used to
calculate M; and M, for each sample. It is observed from Table 5 that the
force constants of both (A) and [B] sites are increased with the
composition of Al-Zn because of force constants are inversely propor-
tional to the bond length. The difference between 14 and va (as vq- v2)
decreases with increasing Al**-Zn?*substitution. This indicates that the
super-exchange interaction at a and d sites may increase [22], According
to theory, the variation of the super-exchange interaction significantly
affects the magnetic properties and confirmed also by proposed cation
distribution.

3.4. Magnetic properties

Magnetic hysteresis loops were recorded for Al-Zn substituted Ni-Co
samples annealed at 800 °C are shown in Fig. 3. The values of Ms de-
creases with Al-Zn ion content because the ion moment of AI** (Opg) is
less than the ion moment of Fe** (5 pp) in the [B] site of the ferrite sub-
lattice leading to the weakening of A-B interactions. As the concentra-
tion of substitution of Al and Zn ions increases for Ni-Co ferrite, Zn is
preferred to occupy (A) sites [23], Fe is preferred to occupy both (A)and
[B] sites whereas Al and Ni are preferred to occupy [B] sites [24]. Ni
replaced by Zn at (A) site due to this Fe3*ionshifts from (A) to [B],
hence,‘ug’ of the site[B] increases as compared to (A) site. Therefore, the
overall magnetic moment should be increased but on the contrary, the
magnetization showed a decreasing trend with Al-Zn substitution. It
decreases the Fe®*(B)/Fe>"(A) ratio, resulting in a magnetic moment
overall decrease in saturation magnetization. The magnetic parameters
collectively depend upon density, porosity, crystallite size, grain size,
and A-B superexchange interaction. It is observed that crystallite size is
decreased from 46 to 6 nm with increasing Al-Zn substitution due to this
saturation magnetization decrease with Al-Zn composition. The satu-
ration magnetization and coercivity values are tabulated in Table 6. The
value of coercivity He, decreases as the Al**concentration is increased.
This may be attributed to the decrease in anisotropy field, which in turn
decreases the domain wall energy with Al-Zn concentration [25,2¢].
The magnetic moment per formula [n}] is

Y =My — M, (12)

where My and Mp are the magnetic moments at (A) and [B]. The
calculated values of n by using the cation distribution and Néel’s
equation are listed in Table 6. The anisotropy constants are determined
by using the values of He and Ms by the relation [27]:

Table 6

Saturation magnetization (Ms), Coercive field (Hc), magneton number (ng),Anisotropy constant (K;), Rotational permeability (i) and Anisotropy field (Ha) of Nig s.

+Zn,Cog sFea AL O,
Sr. no. Sample Ms (emu/g) He (Oe) Magneton number ng(jip) K; (i) Ha

Observed Neel Model

1 VAl 41.19 1014.8 1.729 20F 43541 72917 2114
2 VA2 33.11 670.96 1.360 2.6 23141 38753 1397
3 VA3 22.21 439.04 0.892 3.22 10157 17010 914.6
4 VA4 18.33 224.48 0.756 3.96 4286.1 71779 467.6
5 VAS 14.85 299.6 0.569 4.7 4634.4 77612 624.1
6 VA6 6.3 524.16 0.235 55 3439.8 57606 1092
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HeX M,
Ki==)5s

The anisotropy field (Ha) is calculated as per [28] using the relation;

(13)

(14)

The rotational permeability (up) is determined [29] using the
relation;

87M,

3H, (12

Pa =1+

where, Ms is the saturation magnetization, K; is the anisotropy constant,
The calculated values of anisotropy constant, anisotropy field (Ha) and
rotational permeability (j,y) are given in Table 6. It is observed that
these values are decreased with AI**-Zn®" ion concentration.

3.5. Electric properties

The pellets of 1 g sample powder were formed by using 5-ton hy-
draulic pressure and having a diameter of 10 mm and thickness 3 mm.
The dielectric constant (£) and loss tangent were determined using the
relations [30].

The graph of dielectric constant versus applied frequency is shown in
Fig. 4. The dielectric constant ¢’ is decreased with applied frequency and
shows dispersion with frequency. From the graph, it is observed that
Al-Zn substituted Ni-Co ferrites have normal dielectric behavior. The
dielectric constant is increased with an increase of Al-Zn concentration
at room temperature [31]. The dispersion in & at lower frequency is
according to Maxwell ~Wagner interfacial polarization [32,33]. This
polarization is as per Koop’s Phenomenon logical theory [34]. Accord-
ing to this model, the ferrite sample consists of two-layer dielectric
structures, one layer is of well high conducting grains and the other one
is poorly conducting grain boundaries. These grain boundaries could be
developed at the time of sintering [35]. The number of grain boundaries
increases which contributes towards the dielectric constant at lower
frequencies while the grains have low dielectric constants is effective at
high frequencies. The polarization decreases due to the decreasing the
probability of reaching electrons at the grain boundary. They attributed
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Fig. 6. AC Resistivity for the samples Nig 5..Zn,Cog sFez yAlyOy.
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shown in Fig. 5. The diglect sﬁ"c_p nt is decreased with applied
frequency and it is increased Wi =71 concentration in Ni-Co ferrite.

The graph of AC resistivity versus applied frequency is shown in
Fig. 6. All the Al-Zn substituted Ni~Co ferrite samples indicate that pse
decreases with an applied frequency which shows the normal behavior
of ferrites. From Fig. ¢, the resistivity exhibits dispersion at low-
frequency and becomes constant at a higher frequency is an agree-
ment with Koops theory. Similar behavior has been shown in the case of
other ferrites [37]. This type of variation can be attributed to the vari-
ation of ¢ and tand with frequency.

field [36,36]. The gra o{_’ng‘ TR
ctfic lo

4, Conclusions

Nanocrystalline Nip 5.xZnsCog.sFea.yAly04 ferrite  system  with
different composition of(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and y = 0.0, 0.2,
0.4, 0.6, 0.8, 1.0), were successfully fabricated by the sol-gel auto-
combustion route. The XRD results showed the formation of a cubic
spinel structured Al-Zn substituted Ni-Co ferrite. The structural pa-
rameters Ni-Co ferrite is increased with the increase of Al-Zn substitu-
tion. In FT-IR analysis, there are two peaks around 570cm™! and
430 cm™! which are characteristic bonds of spinel structure and hence
confirm the formation of ferrites. The force constants of the tetrahedral
site, K, decrease and the octahedral site, K, increase with an increase in
Al-Zn content. The hysteresis curves of the nanopowders exhibited that
the Ms, coercive field, and anisotropy constant decreases whereas
rotational permeability increases with the increase of Al-Zn substitu-
tion. The magnetization showed a decreasing trend with Al-Zn
composition due to reduced AB exchange interactions. The dielectric
constant and loss factor of the samples increases with composition due to
electron jumping between Fe?* to Fe®'. In this study, samples show
excellent properties that have potential uses in optoelectronic-
communication industries.
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