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Abstract Nano-crystalline ferrites with the chemical for-
mula MFe>;O4 (M = Zn, Ni, Cu, and Co) were synthesized
via autocombustion route with citric acid as fuel. The
ratio of citric acid to metal nitrate was taken as 1:1. The
synthesized samples were characterized by powder X-ray
diffraction and far-IR spectroscopy. The measured lattice
constants and observed characteristic IR absorption bands
of all samples were in good agreement with the reported
values and showed the formation of a cubic spinel structure.
The crystallite sizes of all samples were determined using
high-intensity peaks and a W-H plot. The crystallite sizes
of all samples were observed to be in the range of 16-26 nm
with the least crystallite size of 16.8 nm for copper ferrite.
All structural parameters were calculated using an experi-
mental lattice constant and an oxygen positional parameter
and correlated with far-IR results. Zinc and copper owing
to their large cation radii showed the expansion of the lat-
tice in view of the oxygen positional parameter. Magnetic
measurements were carried out using a vibrating sample
magnetometer at room temperature, and parameters such as
saturation magnetization, coercivity, remanence, squareness
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ratio, and Bohr magnetons were calculated. Among all
synthesized nano-ferrites, cobalt nano-ferrite showed the
highest saturation magnetization of 41 emu/g, whereas zinc
ferrite displayed a low saturation magnetization value of
12.87 emu/g.
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1 Introduction

Ferrites crystallize into a spinel structure with the general
chemical formula AB,O4. The spinel structure is deter-
mined by bonding and arrangement of the oxygen ions in
the lattice. The elementary unit cell of a spinel lattice con-
tains 8 molecules of AB>O4 in which 32 oxygen ions form
a cubic closepacked structure thereby providing 96 avail-
able interstitial sites. Among these 96 interstitial sites, 64
are tetrahedral (A) and 32 are octahedral (B) sites; A and
B sites are surrounded by 4 and 6 oxygen ions respectively.
There are 32 oxygen atoms which are in direct contact form-
ing a closepacked facecentered cubic structure and these
sites are only partially occupied by 24 metal ions. Amongst
these, 8 are divalent and 16 are trivalent cations. Accord-
ing to the distribution of cations, these are categorized into
normal, inverse and mixed spinel ferrites: In the normal
type of spinel ferrites the tetrahedral sites are occupied by
only the divalent ions and the octahedral sites are occupied
by the trivalent ions only. These ferrites show poor mag-
netic properties. Examples of such ferrites are zinc ferrite
ZnFe;04 and cadmium ferrite CdFe;O4. In inverse spinel
ferrites 8 out of 16 trivalent ions occupy tetrahedral sites
and the octahedral sites are occupied both by divalent ions
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and the remaining trivalent ions. Nickel ferrite NiFe,O4 fall
under this category. For mixed ferrites, both A and B sites
are occupied both by divalent and trivalent ions. Examples
are nickel-zinc, cobalt-zinc and copper-zinc ferrites.

The remarkable and fascinating properties of ferrites
made them stood in front of all materials used in electro-
magnetic applications. The spinel ferrites are very attrac-
tive among them. The simultaneous display of outstanding
magnetic and electric properties of these materials in nano-
scale made them even better than their bulk counterparts.
Among commercially available ferrites, cubic spinel ferrites
are one of most technologically important on account of
their applicability in different areas like absorbent materials
(from microwave to radio-frequencies), high-density mag-
netic recording media, magnetic-core materials, and even
in biomedicine [1]. Storage media is one of the technically
emerging, and there is continuous demand for these mate-
rials; several attempts were made on nano-ferrites to make
them suitable for the said application. The ideal charac-
teristics for data storage media are the following: a ferrite
should posses magnetization as high as possible, coercivity
high enough to 600 Oe, and a narrow particle distribu-
tion with single domain size (remanance ratio around 0.5)
[2].

The properties of spinel ferrites strongly depend on the
method of preparation because the behavior of the system
can be modified by tuning the particle dimension as well the
distribution. Especially in the nanoregime, surface effects
play a crucial role in determining the performance of the
material in electric and magnetic fields [3]. The cation distri-
bution shows remarkable change when the system changes
from bulk to nano-form. Extensive work has been reported
in the field of nanoferrites synthesized in different routes
and with different choices of cationic substitutions. Though
some of them are successful, work can still be extended on
reproducibility of the compound. The most popular methods
for synthesizing these materials are highenergy ball milling,
co-precipitation, sol-gel, combustion and forced hydroly-
sis etc. Previously, moderate research reports are available
with simple ferrites (MFe2O4) synthesized in these routes
[2, 4-7]. Among the available synthesis procedures, the
citric acid autocombustion method showed better quality
of the ferrite as it produces a singlephased material at
the end of the reaction without additional heat treatment.
Furthermore in this method there are many possibilities to
modify the reaction and optimal conditions to attain the
desired particle size and time for the completion of the
reaction [1].

The aim of this present research work is to investigate the
basic structural and magnetic properties of simple nanofer-
rites MFe,O4 with a cation (M) as diamagnetic (zinc), para-
magnetic (copper and nickel) and ferromagnetic (cobalt)
substitutions prepared via the autocombustion method with
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citric acid as fuel with less time for completion of the
reaction. The investigation of these ferrites may provide a
complete understanding of the behavior of these cations in
the tetrahedral (A-site) and octahedral (B-site) sub-lattices
of ferrite structure at full concentration of single divalent
metal cation and also facilitate the use of different com-
binations of these cations in a single ferrite system The
influence of these cations on the magnetic properties is dis-
cussed to the maximum extent possible, in view of structural
modifications resulting in the strength weakening of inter
and intramolecular interactions for potential data storage
applications

2 Experimental Procedures
2.1 Synthesis

High-purity raw materials, zinc nitrate Zn (NO3)>-6H,0,
nickel nitrate Ni (NO3);-6H>O, copper nitrate Cu
(NO3),-3H,0, cobalt nitrate Co (NO3),-6H5O, iron nitrate
Fe (NO3)3-6H,0, and citric acid (C¢HgO7-H,0), were
taken in stoichiometric proportions and dissolved each
material separately in a minimum amount of de-ionized
water. Thus formed cationic solutions are mixed intimately
and stirred for an hour to improve the homogeneity. Then,
an aqueous solution of citric acid in measured quantities
(molar ratio of metal nitrates to citric acid as 1:1) was
added slowly to the precursor. This mixture was stirred for
30 min until it turned into a clear brownish solution, and
this was heated around 65 °C under continuous stirring.
Slowly, the temperature is raised up to 100 °C and it is
continued beyond to 135 °C and kept constant. Initially,
water was slowly evaporated and as the time proceeds, vis-
cous liquid was formed leading to the gelation. The internal
temperature of the gel was slowly raised and proceeded
with burning of the gel resulted in the formation of chunks
of fluffy product by the releasing of brownish gases. The
entire reaction was completed in about 2 h time. After the
completion of the reaction, these flakes were grounded for
1 h (both wet and dry) to achieve fine powder using agate
mortar and pestle.

2.2 Characterization Techniques
2.2.1 Powder X-ray Diffraction

In order to confirm that the process adopted was the correct
one and prior to further analysis, the powder X-ray diffrac-
tion technique was performed to identify the structure of
the material. A BRUKER D8 ADVANCE POWDER X-ray
diffractometer with Cu ky (A = 1.5406 A) radiation was
used to characterize the samples.
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2.2.2 Far-IR Spectroscopy and CoF (cobalt ferrite). The X-ray diffraction patterns of

Infrared measurements were recorded using a PERKIN
ELMER-FTIR spectrometer; it has a resolution of 1 cm™!
and scan range of 700 to 50 cm ™! at room temperature using
a KBr pellet.

2.2.3 Vibrating Sample Magnetometer

Magnetic measurements were performed using a
LAKESHORE 7400 vibrating sample magnetometer up
to 15,000 Oe at room temperature. Saturation magnetiza-

tion, coercivity, remnant magnetization and other related
parameters are obtained from the recorded MH curves data.

3 Results and Discussion
3.1 Structural Studies

For simplicity, the present series of samples are named as
ZnF (zinc ferrite), NiF (nickel ferrite), CuF (copper ferrite),

all ferrite samples confirmed the single-phase spinel struc-
ture (Fig. 1). All peaks were assigned to known planes of
cubic spinel, according the standard JCPDS cards [22-1086,
34-0425]. In XRD, the pattern of copper ferrite showed
some addition peaks, which were represented with a dot
over the peaks. They are unidentified and may be due to few
amounts of copper oxide not entering the lattice.

The inter-planar spacing d of different crystal planes has
been obtained from the intensity versus 26 graph of the
X-ray diffraction pattern using Bragg’s law [8],

2d sinf = n\

Inter-planar distances calculated from the glancing angle
for all samples are presented in Table 1, and they are
slightly smaller than the reported values which accounted
for less crystallite size [1]. As per d-spacing of the CuF,
it is very much clear that it belongs to cubic spinel and
there is no deviation from ideal d-spacing values, which
demonstrates that the tetragonal phase was not present.
The plane indices (hkl) have been assigned to each peak

Table 1 Lattice constant and inter-planar spacing values of simple nanoferrites MFe;O4 (M = Zn, Ni, Cu, and Co)

Sample Lattice constant (A) Inter-planar spacing (A)—plane (hkl)

(220) (311) (400) (422) (511) (440)
ZnF 8.4237 2.957022 2.523568 2.096339 1.713373 1.616161 1.485304
NiF 8.3337 2.924235 2.498031 2.072551 1.693047 1.599079 1.46945
CuF 8.3656 2.929647 2.498031 2.075166 1.697237 1.600548 1.471863
CoF 8.393 2.943268 2.513681 2.085696 1.702297 1.607939 1.477937
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using the X-ray data of the standard spinel structure. The
lattice parameter a has been calculated from each peak
using equation a = d~/h? + k% + I [7]. The so-obtained
lattice constant values were extrapolated with Nelson-Riley
function F(9) = % (Csoiflz(f + C°;20> in a graph [8] for accu-
rate determination of lattice parameters. Lattice constants
corresponding to high-angle planes were considered for
the Nelson-Riley plot. The lattice constant and inter-planar
spacings of different crystal planes for the four samples are
shown in Table 1.

The lattice constant values were in accordance with
cationic radii and obeyed Vegard’s law. Copper being larger
in size, still CuF showed less value, which is related to the
low crystallite size of the system. The measured values are
in good agreement with the reported values [1, 9], indicating
the entering of all cations into the respective spinel lattices.

3.2 Determination of Average Crystallite Size

The crystallite size D for as-prepared samples has been cal-
culated from the experimentally observed broadening (full
width at half maximum (FWHM)) of the most intense (311)
peak of the X-ray diffraction pattern using the Scherrer
equation [10],

D =k/Bcosh

where k is the Scherrer or shape factor (The Lorentzian
and Gaussian limits for the shape factors are 0.6366 and
0.9394 respectively [10]), A is the wavelength of X-rays
(Cu-K,, radiation = 1.5406 A), 6 is the Bragg angle, and
from Warren’s formula 8 = . — B, Be is the FWHM of the
diffraction peak in radians and S, instrumental broadening.

The accurate average crystallite size for as-prepared sam-
ples was determined using the Williamson-Hall method.
Accordingly, the broadening of the X-ray diffraction peak is
believed to be due to the crystallite size of the samples and
their strain or lattice distortion; mathematically, this can be
written as [10]

B = Bsize + Bstrain
Bcosb _ k

In practice, this equation can be expressed as ~—=—=1+

4¢sinf
A

B = experimentally observed FWHM
Bsize = FWHM due to the effect of crystallite size only
Bstrain = FWHM due to the effect of micro-strain only
& = lattice strain
6 = incident angle of the X-ray
A = wavelength of the X-ray beam

By using this relation, contributions from crystallite size
and micro-strain can be separated in a straightforward
approach by fitting the experimentally observed diffraction
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peak data. In general, the peaks are either Lorentzian or
Gaussian or may be voigt shaped. In the present series of
simple ferrites, the shape of the curve fitted for the most
intense diffraction peak (311) was found to be either Gaus-
sian or Lorentzian. Separation of size and strain components
can be done by plotting 8 cosf/A versus sind/\ (Williamson-
Hall plots). If size broadening is the only significant con-
tribution to peak width, the plot gives a horizontal line. If
strain broadening is also an important contribution, the plot
is a linear function of sinf. Williamson-Hall plots for all
as-prepared ferrite compositions were drawn, and the aver-
age crystallite size was calculated from the y-intercept of
the plots by making strain component zero. The profiles of
(311) peak after curve fitting along with W-H plots of all
samples are shown in Fig. 2. The crystallite size and the
strain values are presented in Table 2.

Prior to the W-H plot, FWHM values of the most promi-
nent peaks were calculated for all samples. Using these
values, crystallite sizes were obtained and they were in the
range of well below 28 nm and confirming the formation
of nanocrystalline ferrites. These crystallite sizes of differ-
ent peaks for each ferrite showed a little variation which
would be a sign of narrow distribution of particles. The
crystallite sizes from W-H plots were slightly smaller than
those obtained from the (311) peak alone. This is a fea-
ture of the W-H plot, in which size broadening of the peak
only considered for crystallite size determination. Out of all
samples, CuF showed the least crystallite size of 16.8 nm
and CoF the highest value of 25.5 nm. All samples showed
positive lattice strain indicating a small elastic expansion
of the structure. The positive lattice strain indicates that it
was a tensile strain. ZnF and CoF showed high value of
strain attributed to large sizes of zinc and cobalt ions, which
is displayed in terms of the shifting of diffraction peaks
towards lower 20 values. Nickel and copper showed less
strain due to smaller radii and crystallite size. These changes
were reflected in the displacement of the (311) peak. In the
present series of samples, all cations “M” are divalent, but
they have different masses, radii, site preference energies,
and number of free electrons. This can be clearly under-
stood by observing the X-ray diffraction pattern, and for
clear illustration, (311) peak of X-ray diffraction peaks of
all samples is shown in Fig. 3.

The properties of a nanoferrite vary noticeably depend-
ing upon the distribution of the cations among tetrahedral
and octahedral sites of spinel lattice. The factors which can
influence the distribution of the metal ions over the A and
B sites are (1) their ionic radii and electronic configuration
of the metal cation, (2) the electrostatic energy of the spinel
lattice, and (3) particle size [8, 11].

One of the various methods that has been employed to
study the cation distribution is the calculation of intensities
of X-ray diffraction peaks. Cation distribution is proposed
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Fig.2 W-H plots for all samples (profile fits of (311) are shown as insets)

on the basis

of intensity calculations and it was verified

using the theoretical lattice constant.

In order to evaluate theoretical intensities of the diffrac-
tion peaks, the following formula was used as suggested by
Buerger [12]:

Ignkty = | Fua|> - P - Lp

where Ip; is the relative integrated intensity, Fpy; is the
structure factor, P is the multiplicity factor, and Lp is the

Lorentz polarization factor, which is expressed as Lp

[(1 4 cos20)/sin20cosb].

sensitive to cations on both sites [13]. Amongst the avail-
able diffraction intensities of different planes, (311) plane
is nearly independent of the oxygen parameter and the
cation distribution will not change significantly with such
changes. Therefore, the intensity of (311) peak was taken
as 100% [13]. All integrated intensities of the four planes
under consideration were estimated with reference to (311)
plane.

Table 2 Crystallite size and lattice strains of simple nanoferrites
MFe;04 (M = Zn, Ni, Cu, and Co)

Among all observed reflections in X-ray diffraction pat-
terns, the planes with the Miller indices (220), (400), (422),
and (440) were considered for intensity calculations, since
these are considered to be structure-sensitive planes. Out
of these four planes, (220) and (422) are sensitive to any
change of cations on the A-site while (400) and (440) are

Sample Crystallite size (nm) Strain
(311) W-H plot

ZnF 22 21 0.0024

NiF 232 21 0.000625

CuF 18.4 16.8 0.000625

CoF 27.2 25.5 0.00155
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Fig.3 (311) peak of the XRD pattern of the present series of nanoferrites

The structure factors of different crystal planes were cal-
culated by using the following equations mentioned below
[13].

Fyo = 8Fa
F311 = 2(4FA +4./2Fp)

Fio0 = (BFaA — 16Fg — 32F,)
Faao = (8Fp + 16Fp + 32F,)
Fpo = —8Fa

where Fa, Fg, and F, are structure factors of A-site and
B-site cations and oxygen atoms. The structure factor F' is
the sum of scattering factors of individual ions present in
that site. The atomic scattering factor, defined as the ratio
of amplitude of the wave scattered by all atoms to ampli-
tude scattered by free electrons for the same incident beam.
The intensities of the diffracted beams from the crystal
planes depend on the group of atoms in the unit cell and
scattering power of these atoms [13]. In these set of theo-
retical X-ray diffraction intensities, the ratios of integrated

intensities were estimated by neglecting the Debye factor
and the temperature factors [14]. Furthermore, the orienta-
tions of crystal planes of the sample will not affect the ratios
of intensities, which is allowed to consider intensity ratios
rather than individual intensities.

All theoretical intensity ratios were calculated by chang-
ing cations on either site. From these intensity ratios, the
cation distribution which was the closest match with exper-
imental values is presented in Table 2. Slight difference
was noticed in calculated and observed intensities, and it is
owing to the atomic scattering factors, which are derived
from the electron contributions of atoms at rest, i.e., at abso-
lute zero. Whereas, the X-ray diffraction patterns of all
samples are recorded at room temperature; at ordinary tem-
peratures, thermal vibrations of atoms will cause them to
occupy a large volume than they would at rest, making the
scattering still smaller. Although for all intensity ratios a
minimum difference in theoretical and experimental ones is
achieved, the intensity ratio 7(400)/1(220) showed a larger
difference. The reasons for this observation are answered
with the following considerations. The presence of cations
in different oxidation states (for example, formation of FeZt
ions as well as Cu't ions in copper ferrite due to oxy-
gen ion vacancies) has different scattering factors which are
not taken into consideration during calculations. This is an
unlikely reason in nanoferrites. Moreover, the Buerger equa-
tion is based on the assumption that it was applicable for the
specimens having random orientations in space. However,
all polycrystalline specimens will show preferential orien-
tation of the grains in more or less manner. The method
executed here was based on the assumption that the crystal is
an ideally imperfect crystal; however, in practice, during the
crystal growth and especially in nanoregime, some vacan-
cies will be created. Therefore, crystal may consist of some
or all accurate parallel planes which may be nearly perfect
and have low refracting power. This would be the cause
for observed intensity differences for the specific planes.
These can be verified by vacancy model in spinel ferrite,
which is discussed in the next section. The proposed cation
distribution is presented as shown in Table 3.

Table 3 Cation distribution and XRD plane intensity ratios of all samples MFe;O4 (M = Zn, Ni, Cu and Co)

Cation distribution Intensity ratios

Calculated Observed

400/220 400/422 440/422 440/220 400/220 400/422 440/422 440/220
(Zng 5Feq 5)[Zng sFe; 5104 0.9342 0.8964 0.8241 0.8589 1.2667 0.9355 0.7353 0.9957
(Nig.1Feg.9)[NiggFej.11]04 0.8767 0.8492 0.8125 0.8389 0.9472 0.7493 0.6597 0.8362
(Cug 3Fep.7)[Cug7Fe; 3104 0.8858 0.8565 0.8135 0.8414 1.1759 1.1341 0.9788 1.0149
(Cog.25Fen.75)[Cog.75Fe1 25104 0.8467 0.8296 0.8251 0.8421 1.1001 0.8448 0.7236 0.9423
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Structural aspects of spinel ferrites play a crucial role in
determining the magnetic properties of ferrites such as mag-
netization, remanence, etc. After arriving at a reliable cation
distribution, a detailed study was performed on structural
parameters and those were correlated with the data obtained
from the far-infrared spectrum.

The mean radius of the tetrahedral site is given by

ra = xrpya) + (I — X)ree(a)
The mean radius of the octahedral site is given by
rg = (1/2)[(1 — x)rme) + (1 + X)rEes)]

where ry(aA), "'M(B)s TFe(A), and Tre(p) are the radii of metal
cations (Zn, Ni, Cu, and Co) and iron ions at A and B
sites respectively (radii of cations at tetrahedral site—zinc
(0.6 A), nickel (0.55 A), copper (0.57 A), cobalt (0.58 A),
iron (0.49 A) and for octahedral sites—zinc (0.74 A), nickel
(0.69 A), copper (0.73 A), cobalt (0.745 A), and iron (0.645
A) ions in the octahedral site respectively [15]).

From the cation distribution, it was clearly shown that
all cations have octahedral occupancy, especially nickel,
copper, and cobalt. Thus, more iron ions were migrated to
tetrahedral sites; as such, the effective ionic radii of iron
reduced from 0.645 to 0.49 A. In view of this, r values
are much lower than rg. Expansion/contraction of lattice
depends on the movement of cations between the available
sub-lattices. Since all samples showed positive lattice strain,
the presence of tensile strain is obvious. This indicates that
there was a slight movement of anions surrounding the
cations. The movement of oxygen ions can be explained by
means of oxygen positional parameter u. The oxygen posi-
tional parameter can be calculated by assuming the origin
at A-site or at B-site. Since A-site cation belongs to 43m
symmetry group, the u parameter measured by consider-
ing origin at A-site, is denoted by u**™. Since, the B-site
cation belongs to the 3m symmetry group, the u parameter
measured by considering origin at B-site, is denoted by 1™
[14]. In the present series of samples, the oxygen positional
parameter u was measured by assuming the center of sym-
metry at (3/8, 3/8, 3/8) or origin at A-site (43m symmetry
group), also represented as u*>™. The oxygen parameter can
be calculated from known r4 and rg values. The following
formula is used to convert the center of symmetry from (1/4,
1/4, 1/4) to (3/8, 3/8, 3/8) or vice versa, u®™ = 3™+ (1/8).
The ideal values of u*™ = 0.375 and u®™ = 0.25. The
values of #**™ and u3™ and calculated lattice constants are
shown in Table 4. It is obvious from Table 4 that both u val-
ues were slightly larger than ideal values, which would be
the evidence that the structure is slowly coming to the ideal
case; oxygen ions were moving away from tetrahedral coor-
dinated cations along < 111> direction. This resulted in the
expansion of the tetrahedral site while the octahedral site
contracts. This anion dilation happens with the variation in

u, and this has no effect on the symmetry of the octahedra,
while the symmetry of the tetrahedra will be affected. This
expansion of sub-lattice(s) was attributed to the movement
of oxygen ions without changing the structure symmetry of
the unit cell as a whole. Based on the fact that cations in each
sample were entering both sites at different concentrations
along with the movement of Fe>* ions, it is thus quite pos-
sible to observe changes in structural parameters like bond
lengths; shared and unshared edges, etc. were viewed on the
basis of the oxygen positional parameter (u).

The mean inter-ionic distances (bond lengths) at tetrahe-
dral (r¢) and octahedral sites (r,) were estimated using the
following relations [14]:

re = 3a@®™ — (1/4) — R,
ro = ((5/8) —u®™a — R,

The tetrahedral edge length dag, the shared octahedral
length dgg, the unshared octahedral edge dpgy, and the
inter-ionic distances (bond lengths) at tetrahedral (dar)
and octahedral sites (dpy,) of the present nanoferrites have

been calculated using the following equations, and they are
represented in Table 4.

dag = a/2Qu*™™ —0.5)

dpg = a/2(1 — 2u™™)

dpy = ay/(A@®™™)? — 3u®™ + (11/16)
daL = a/3(8+ (1/8))

dpr = a/(38* — (8/2) + (1/16)

where § represents the deviation from the oxygen parameter,
§ = udm— 0.375.

Based on the proposed cation distribution, the theoretical
lattice constant [13] is calculated by using the relation

am = [8/B/I][(ra + Ro) + /3(r + Ro)]

Here, R, is the radius of the oxygen ion (1.38 A).

The theoretical and experimental lattice constants are in
agreement except copper showing slight variation. The low
values of ay, are due to few concentrations of CuO not enter-
ing the lattice or the possible formation of Fe?T ions in
the samples, and the estimation is based on Fe37 ions. The
change of sub-lattice symmetries is reflected in bond angles.
Since the strength/magnitude of super-exchange interac-
tions are directly proportional to bond angles and inversely
proportional to bond lengths, it is considered necessary to
mention the variations in these parameters with composi-
tion. The changes in lattice constant and oxygen parameter
can be expressed in terms of cation-cation and cation-anion
bond lengths and bond angles. The cation-cation (M-M) and
cation-anion (M-O) bond distances and the angles between
these inter-ionic distances (bond angles) were estimated
using the simplest trigonometric formulae [14].
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From Table 4, it is clear that all samples displayed
the standard bond angles [1, 14] observed in ferrites. ZnF
showed slightly larger values compared to remaining sys-
tems, showing the weakening of exchange interactions. The
CuF system showed similar angles with the rest of the sam-
ples, and no major changes were observed in all structural
characteristics indicating the cubic spinel nature and tetrag-
onal nature at higher concentrations of copper were not
observed in this case. Among all cation-cation bond dis-
tances, b values are comparatively small, because there are

deviations observed in all angles from the ideal bond angles.
But the zinc substitution produced more pronounced variations
in the bond angles, showing that there was a possibility of
slight alteration in the alignment of the cations present in the
lattice sites (spin canting). In order to investigate the struc-
tural deviations in detail, vacancy model calculations [19]
were carried out to know the occupancy of ions in the lattice.

Ionic packing coefficients at tetrahedral and octahedral

sites are Pa = :—; and Pg = :—;

no intervening anions to obstruct neighboring cations. From . . 327 (ra+2r3+4R3)
. . . Fulfillment coefficient o = ,
Table 4, it is clear that there are commonly occurring slight 3v
Table 4 Values of structural parameters of all samples MFe,O4 (M = Zn, Ni, Cu, and Co)
Parameter Sample Ref.
ZnF NiF CuF CoF
Mean ionic radius at tetrahedral site 74 (A) 0.545 0.496 0.514 0.5125
Mean ionic radius at octahedral site rg(A) 0.6688 0.6653 0.6748 0.6825 [17]
Experimental lattice parameter a (A) 8.4237 8.3337 8.3656 8.393 [1,9, 16, 17]
Theoretical lattice parameter a, A 8.4271 8.3423 8.3953 8.4137
Oxygen parameter 1>™ 0.382 0.3798 0.3802 0.3797
Oxygen parameter y*>™ 0.257 0.2548 0.2552 0.2547
Shared tetrahedral edge dag A 3.1461 3.0606 3.0815 3.0710
Shared octahedral edge dgg (A) 2.8104 2.8322 2.8339 2.8505 [1, 18]
Unshared octahedral edge dggy (A) 2.9806 2.9475 2.9590 2.9618
Tetrahedral bond length dap (A) 1.9266 1.8743 1.8870 1.8806
Octahedral bond length dpy (A) 2.0483 2.0538 2.0486 2.0553 [17,18]
Cation-cation (M-M) bond distances (A)
b 2.9782 2.9464 2.9577 2.9608 [14]
c 3.4923 3.4550 3.4682 3.4718
d 3.6476 3.6086 3.6224 3.6262
e 54714 5.4129 5.4336 5.4393
f 5.1584 5.1033 5.1229 5.1282
Cation-anion (M-O) bond distances (A)
P 2.0562 2.0418 2.0379 2.0475
q 1.8982 1.8846 1.9058 1.8921
r 3.6348 3.6087 3.6493 3.6231
s 3.6538 3.6484 3.6569 3.6513
Bond angles (in degrees)
01 123.9936 123.2214 123.1135 123.5387 [14]
6> 146.7201 145.2479 144.135 145.7612
03 92.8029 92.3631 93.0496 92.6079
04 126.9416 125.0899 125.7959 125.9303
Os 75.262 74.8594 74.0261 74.9596
Vacancy model parameters
Packing coefficient—tetrahedral (A) site 1.0029 0.9644 0.9864 1.0093
Packing coefficient—octahedral (B) site 0.9967 0.9715 0.9895 1.014
Fulfillment factor 0.6316 0.6529 0.6443 0.6401
Vacancy parameter 0.1210 0.3089 1.0576 0.7363

@ Springer



J Supercond Nov Magn (2017) 30:3523-3535

3531

Fig. 4 Far IR spectrum
of simple ferrites MFe,Oy4
(M = Zn, Ni, Cu, and Co)

Transmittance (%)

where r¢ and r, are the interstitial radii and rp and rg are
the average values of the ionic radii at the tetrahedral and
octahedral sites, respectively.

(a?h 7a2xp)
Vacancy parameter § = T*IOO%

The values of Pa and Pg Werﬂé nearly equal to 1, demon-
strating that there were very few possible cation/anion
vacancies present in the samples. The same was displayed
in the vacancy parameter also. Vacancy model calculations
indicate that all samples displayed characteristic values of
nanoferrites, except CuF had moderate vacancies of ions
may be attributed to the few amounts of CuO not entered the
lattice interstitial sites leading to some vacancies, the same
is demonstrated in theoretical lattice constant which is larger
than experimental value as well as displayed additional peak
in X-ray diffraction pattern.

3.3 Infrared Studies

The infrared vibrational spectrum of a molecule is consid-
ered to be a fingerprint for a molecule, and it is a unique
physical characteristic of the molecule. As such, using this
characterization tool for identification of the structure by

vvvvvvvvv LI B B

T T T T
300 350 400 450 500 550 600

Wavenumber (cm™)

comparing the spectrum of “unknown” molecule with previ-
ously recorded reference spectra. Spinel ferrites crystallize
in cubic form with a space group Fd3m-O}71. According to
Waldron [20], ferrites are considered to be continuously
bonded crystals. As far as spinel ferrites are concerned, the
active absorption region is observed to be 100-800 cm™'.
The position of absorption bands in this region changes
with the composition of the ferrite. The infrared spectrum
of spinel ferrites in the nano-regime depends on the method
of preparation, size of the particles/grains, cation radii, and
atomic mass. Group theory based calculations along with
space group and point symmetry considerations suggest that
any (normal and inverse) cubic spinel ferrite should exhibit
four infrared active absorption bands designated as vy, v2,
v3, and vy. The first three bands are observed due to tetra-
hedral and octahedral metal complexes while the fourth one
is due to some type of lattice vibrations [21]. These char-
acteristic bands are lattice vibrations which strongly depend
on any structural changes brought about by a substituent or
incorporated metal cation. Based on symmetry considera-
tions, these four fundamental absorption bands are due to
T, and E vibrations of symmetry [21]. Absorption bands
vy and v are assigned to the intrinsic lattice vibrations of

Table 5 Characteristic absorption peaks and force constants of bonds in tetrahedral and octahedral metal complexes of the present series of

ferrites MFe,O4 (M = Zn, Ni, Cu, and Co)

Sample Position of the absorption band (cm™!) Force constants

U4 U3 323 Uy K (dynes/cm) K, (dynes/cm)
ZnF 292 - 403 560 1.16 x 10° 1 x 103
NiF 284 369 444 555 1.32 x 10° 1.2 x 10°
CuF 299(weak) 339 364 (weak) 430 554 (weak) 490 1.36 x 10° 1.15 x 10°
CoF 297 359 441 558 1.34 x 10° 1.18 x 10°
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E-type symmetry, while the rest of the bands (v3 and vs)
also are assigned to lattice vibrations having T-type sym-
metry. These types of atomic displacements T and E are
due to bond bending and bond stretching so that in gen-
eral v(Ty) < v(E). Moreover, most of the ferrites show a
mixed nature, so there are two types of metals in major-
ity of the tetrahedral and octahedral sites (M>* and Fe3*)
in each sample. Therefore, four types of phonon modes
E°, E', T°, and T! can be observed, where the superscripts
o and t indicate the atomic displacements around octahe-
dral and tetrahedral sites involving metal ions and oxygen
ions in a normal ferrite corresponding to the E and T sym-
metry. The order of the absorption bands is given by the
following expression for any ferrite system whether it is
normal, mixed, or inverse is vs (TY) < v3 (TY°) < vy
(E®) < wv; (EY. Out of these four, the vy band fre-
quency depends on the mass of the tetrahedral cation and
is assigned to some type of vibrations involving tetrahe-
dral metal ions. However, the site symmetry of the metal
complex and site preference of the divalent metal cation
influences the band v3 in a mixed or inverse ferrite; as
such, vj3 is considered to be from the octahedral metal com-
plex [22]. The far-IR spectrum of all samples shown in
Fig. 4.

In the present, infrared spectra of all four ferrites showed
the characteristic ferrite absorption bands, confirming the
formation of the cubic spinel structure. Among the four
ferrite systems, nickel and cobalt ferrites displayed simi-
lar absorption bands, which are correlated to their common
preference towards octahedral sites and very close atomic
masses (Ni 58.693, Co 58.933). In these two systems, out of
four characteristic absorption bands, v; and v, are having
high intensity since the motions involved are predominantly
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those of the oxygen ion, indicating the strength of Fe’—
O?~ bonds at tetrahedral and octahedral sites (evident from
force constants) as well as the concentrations of iron ions in
the system. The positions of the absorption bands are well in
agreement with the reported values [23, 24]. Copper ferrite
and zinc ferrite samples showed four characteristic absorp-
tion bands. Amongst v is not very sharp; instead, it is very
broad indicating a reasonable amount of tetrahedral occu-
pancy of divalent metal cations. Both these ferrites showed
mixed ferrite nature. Especially, in ZnF, zinc ions do not
have free electrons and these are equally distributed between
the two sites resulted in the lowering of the mean ionic
charge thereby decreasing force constants. Due to this fact,
the mean tetrahedral bond length would increase [25]. The
same is observed in structural characteristics discussed in
the previous section. ZnF showed three characteristic bands,
which are in very close agreement with the reported values
[26]. The force constants of Me-O bonds at octahedral and
tetrahedral sites of all samples were calculated using rela-
tions [19] and they displayed the same order, but the zinc
ferrite sample showed slightly lower values (Table 5). This
was reflected in the bond distances, and the effects are also
shown in saturation magnetization, which is discussed in the
next section.

3.4 Magnetic Studies

The magnetization response of all ferrites at 15,000 Oe and
at room temperature is shown in Fig. 5. Since at a maxi-
mum field of 15,000 Oe the magnetization has not reached a
saturated value, therefore, the law of approach to saturation
[27] is applied to obtain saturated values of all samples and
a graph showing M versus 1/H for CoF is shown in Fig. 5.
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Fig. 5 Variation of magnetization of all samples MFe;O4 (M = Zn, Ni, Cu, and Co) with applied field and law of approach to saturation graph

for cobalt ferrite
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In general, the magnetization of bulk ferrites is due
to cationic arrangement on both sites (sub-lattices) of the
spinel lattice and super exchange interactions and it can
be explained by Neel’s two-sub-lattice model [JMMM],
according to which a magnetic ferrite crystal has a domain
structure similar to that of ferromagnetic metals. Accord-
ingly, the magnetization of each domain is associated with
the magnetic moments of the constituent ions. In view of
the contribution to the magnetic moment from the individ-
ual ions present in the ferrite, the oxygen ions have no
magnetic moment, since the free oxygen atom has a par-
tially unfilled 2p-sub-shell which gets filled on acquisition
of two electrons and becomes O~ negative ion. When the
free oxygen converts to O>~ negative ion, this makes no
direct contribution to the magnetic moment of the domain.
The magnetic moments of the remaining ions arise from the
parallel uncompensated electron spins in the unfilled outer
sub-shells of the cations only. As in ferromagnetic met-
als and in paramagnetic solids, internal fields quench the
moments due to the orbital motion of the electrons. Among
the available cations, iron ions have a major role in the mag-
netization of ferrites since they are the largest in number
of the ferrite system. In ferrites, it is possible for the iron
ions to present in both +2 and +3 states. In case of diva-
lent iron ion, there are four uncompensated spins in the 3d
sub-shell, so that the iron atom, assuming quenched orbits,
has a magnetic moment of 4 up (up being the Bohr mag-
neton) due to spin. The divalent iron ion having it by losing
two electrons from the 4s shell has a moment of 4 ug.
On becoming the trivalent ion, it loses an additional elec-
tron from the 3d sub-shell increasing the uncompensated

electron spins to 5 and the resultant moment becomes 5 up.
Between the spinning electrons in the neighboring metal
ions, strong quantum mechanical forces of interaction occur.
Based on this assumption, Neel developed a theory, accord-
ing to which there exist three kinds of exchange interactions
in ferrites: the interaction between the various magnetic ions
located at A-site (AA interaction), the interactions between
the various magnetic ions located at B-site (BB interaction),
and the interaction of magnetic ions at A-site with those at
B-site (AB interaction); out of these, AB interactions are
the strongest and in which the alignment of all the magnetic
spins at A-site in one direction and those at B-site in the
opposite direction. The net magnetic moment of the lattice
is therefore the difference between the magnetic moments
of B and A sub-lattices, i.e., M = Mg— Mj.

However, in the case of nanoferrites, the saturation mag-
netization of the system can be explained not only by Neel’s
theory but also on the (1) method of preparation, (2) crys-
tallite size or particle size, (3) coercivity, (4) anisotropy,
(5) alignment of sub-lattices (spin canting effects), and (6)
thermal treatment [8, 28].

M-H curves of all samples were recorded at room tem-
perature and at 1.5 kOe are presented in Fig. 6. In ZnF, the
presence of a more diamagnetic ion concentration on either
side of the sub-lattices decreases the strength of interaction
between A and B, thereby decreasing the magnetization.
As evident from the structural properties like bong lengths,
angles, etc., the equal occupancy of larger zinc ions on
either site leads to magnetic dilution and structural defor-
mation, thus producing a strong effect on the magnetic
properties. The poor magnetic properties of zinc ferrite are

Fig. 6 M-H curves of all 40
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Table 6 Saturation magnetization, coercivity, remanence, squareness ratio, and experimental and theoretical Bohr magnetons of all samples

MFe;04 (M = Zn, Ni, Cu, and Co)

Sample Magnetization (emu/g) Bohr magnetons (uB) Coercivity (Oe) Remanence (emu/g) Squareness ratio or remanence ratio
Experimental = Theoretical

CoF 41.64 1.75 3.5 1597.1 16 0.38

NiF 29.28 1.23 2.6 487.38 9.7 0.33

ZnF 12.87 0.56 5 352.12 3.37 0.26

CuF 24 1.03 34 497.72 9.21 0.38

also attributed to the spin canting effect introduced by the
zinc ions present at the octahedral site. In this sample, half
of the zinc ions occupied the octahedral site which changes
with heat treatment and particle size. It is very much famil-
iar in nanozinc ferrites [1]. Though copper is having only 1
up of magnetic moment, the CuF sample showed nearly the
same magnetic characteristics as NiF except in magnetiza-
tion, which is due to the ability of copper to diffuse through
the spinel lattice. On the other hand, NiF has a slightly high
Mg value, since nickel has a magnetic moment of 2 ug.
As it is evident from the literature, CuF also has a slight
structural deformation due to its large radius and at higher
concentrations leading to spin canting effects. The low val-
ues of magnetization of NiF and CuF compared to CoF were
attributed to less number of free electrons as well as reduc-
tion in particle size. Among the four simple nanoferrites
of the series, CoF showed the highest magnetization, coer-
civity, and remanence. The strong ferromagnetic nature of
the cobalt ion with 3 up is responsible for this high value.
The coercivity is very high compared to the same system
synthesized in different routes, which is attributed to the
anisotropic nature of cobalt at the octahedral site which is
not able to quench the orbital magnetic moment leading to
strong L-S coupling [1]. Moreover, the crystallite size of
the as-synthesized CoF was observed to be 25.5 nm and it
is very close to the critical size of 25 nm, at which cobalt
ferrite displayed a high coercivity value reported in the lit-
erature [29]. All of the simple nanoferrites presented here
showed slightly higher saturation magnetization compared
to the reported values [1, 9, 23, 29]. All divalent cations
except zinc showed octahedral site preference, which comes
out to be the reason for higher magnetization values.

Experimental Bohr magnetons per one formula unit are
calculated from the following relation [8]:

ng = (My: - M) /5585

where My, is the molecular weight and M is the saturation
magnetization, respectively.

The experimental Bohr magneton values of CoF and NiF
are half of the theoretical values, since theoretical Bohr
magneton values were calculated at 0 K. Whereas, in CuF

@ Springer

and ZnF samples, the experimental Bohr magneton is less
than half of the theoretical ones, which is attributed to weak
exchange interactions and spin canting effects. The low
values of experimental Bohr magnetons observed for the
present as-prepared samples were also attributed to low den-
sity of the samples because of the absence of thermal treat-
ment. The values of squareness of the loop or the remanence
ratio are observed to be around 0.26—0.38 showing that these
particles are approaching a limiting value 0.5 which cor-
responds to noninteracting single domain particles [1, 29].
The values of saturation magnetization, coercivity, rema-
nence, squareness ratio, and experimental and theoretical
Bohr magnetons are shown in Table 6.

4 Conclusions

Simple nanoferrites are synthesized by the citric acid
autocombustion method. This method produced single-
phased nanocrystalline material confirmed by powder X-ray
diffraction. The lattice constants of present nanoferrites
were in good agreement with the reported values. Cation
distribution was proposed from XRD intensity rations, and
in all ferrites, divalent cations were found to be occupied in
both tetrahedral and octahedral sites. Out of these, nickel,
copper, and cobalt ions showed strong octahedral site pref-
erence. A far-IR study showed the characteristic absorption
bands, and the band positions showed that divalent cations
are distributed on both sites. The force constants of ZnF
were low in value, showing the change of bond strengths
with a nonmagnetic ion in both sites. The octahedral occu-
pancy of zinc ions showed its strong influence on structural
properties of ZnF. The M-H loops of all ferrites showed
that the samples were not saturated even at a high field of
15,000 Oe. Among the four systems, NiF and CuF showed
similar structural and magnetic properties. CoF displayed
its strong ferromagnetic nature with a high coercivity and
remanence. Among the four nanoferrites, NiF and CuF dis-
played ideal characteristics for data storage media, as they
displayed moderate magnetization, coercivity high enough
to 600 Oe (which is around 500 Oe), and squareness ratio
near 0.5.
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