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Abstract CoFe; Al,O4 (x = 0.0,0.5, 1.0, and 1.5) fer-
rite nanoparticles have been synthesized by the sol-gel
auto-combustion method. The effect of non-magnetic Al
content on their structural, morphological, optical, and mag-
netic properties was also investigated. X-ray diffraction
(XRD) diffraction analysis was applied and indicated that
the synthesized nanopowders of samples with x < 1.5
and calcined at 800 °C have single-phase spinel structure. It
has shown also by increasing Al content, the particle size,
lattice parameter, unit cell volume, coercivity, anisotropy
constant, and magnetization decrease, while the energy band
gap increases. The size of particles was measured by TEM
being in the range of 65-75 nm (for x = 0.0) and 9-10 nm
(for x = 1.0). For sample with x = 1.5, the minimum
calcination temperature for obtaining a single-phase spinel
structure was 1000 °C. By increasing the calcination tem-
perature from 1000 to 1100 °C, the mean crystallite size and
crystallinity increase, while the lattice parameter, coercivity,
anisotropy constant, and magnetization decrease. The aver-
age grain size evaluated by SEM analysis was found to be
91 and 166 nm for samples calcined at 1000 and 1100 °C,
respectively.
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1 Introduction

The spinel ferrites are commercially important materials in
industry and research because of their excellent electrical
and magnetic properties [1]. They have the chemical for-
mula (M%tAFeiJr) [M?’Fegf)\] O4 where parentheses and
square brackets denote cation sites of tetrahedral (A) and
octahedral [B] coordination, respectively. M is a divalent
metal cation, and A (degree of inversion) is defined as
the fraction of the (A) sites occupied by trivalent cations
and its value depends on the preparation method [1, 2].
Among them, bulk cobalt ferrite (CoFe;O4) possess high
coercivity and curie temperature, high chemical stability,
high electrical resistance with low eddy current, large crys-
talline anisotropy, significant mechanical hardness, as well
as moderate saturation magnetization (80 emu/g) [3-5]. The
magnetic and electrical properties of CoFe;O4 nanoparti-
cles are much different than those of the bulk form. There-
fore, their nanoparticles have been investigated for appli-
cations in magneto optical recording, high-density storage
media, magnetic sensors, actuators, magnetic catalysis, tar-
geted drug delivery, and ferrofluids [6-9]. The properties
of ferrite nanoparticles are influenced by their composition
and microstructure which are sensitive to the preparation
method [10] and the amount of substitution. In the past
years, several methods have been used for the preparation
of cobalt ferrite nanoparticles. Among them, the sol—gel
auto-combustion method offers to be significant in sav-
ing time and energy consumption relative to the traditional
methods because of its simplicity, low temperatures for
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synthesis, and obtaining more homogeneous nanoparticles
[7-13]. It is known that the magnetic superexchange inter-
action and anisotropy in the spinel ferrites can be changed
by cation substitution [14]. Therefore, substitution of non-
magnetic Al ions in cobalt ferrite can modify its magnetic
properties [7]. In fact, Al substituted cobalt ferrite is a
soft ferrite with a low magnetic coercivity, high resistiv-
ity, low dielectric constant, and negligible eddy current
which make it suitable to be used at high frequencies as
microwave absorbers and also as an excellent core material
for power transformers in electric and telecommunication
applications [4, 15]. However, there are very few detailed
studies on Al-substituted cobalt ferrite [16]. Since high
magnetic anisotropy of cobalt ferrite is mainly attributed
to Cot? ions occupying [B] sites [14], with substitution of
Al for Fe, we will expect to improve the high frequency
features of CoFe;_,Al,O4 nanopowders while keeping
high enough magnetic anisotropy. Moreover, replacement
of non-magnetic AI*3 ion in some cases causes an increase
in saturation magnetization. For example, Mozaffari et al.
[13] observed such behavior for NiFe, ,Al,O4 (x = 1.5)
nanoparticles. Similar behavior may also occur in nanofer-
rite CoFey_,Al,O4 with x = 1.5, although there is no
report on its synthesis so far.

Accordingly, in this paper, the synthesis of
CoFe;_Al:O4 (x = 0.0,0.5, 1.0, and 1.5) nanopowders
has been performed by the auto-combustion sol-gel tech-
nique and structural, morphological, optical, and magnetic
characterizations of them were investigated.

2 Experimental Details

For preparation of CoFe,_,Al,O4 nanoferrites using sol—
gel auto-combustion method, stoichiometric amounts of
Co(NO3);2.6H,0, Fe(NO3)3.9H,O, and AI(NOs3)3.9H,0
aqueous solutions were mixed with aqueous solutions of
citric acid (C¢HgO7.H;0). The molar ratio of total metal
ions to citric acid was kept as 1:3. The ammonia solution
was used to adjust pH = 7, and the solution was refluxed
for 4 h at 100 °C. Then, the resulting sol were heated at
80 °C for 4 h with magnetic stirring to remove the pres-
ence of water in the sol. The obtained gels were dried
at 220 °C for 1 h at an oven, and subsequently, the as-
prepared powders of CoFe,_Al,O4 (x = 0,0.5, and 1)
were calcined at 800 °C and those of CoFeg 5Al; 504 were
calcined at 800, 900, 1000, and 1100 °C for 2 h. Thermal
analysis was carried out using thermogravimetery (TG) and
derivative thermogravimetery (DTG) (model: 50 Shimadzu,
Japan) in air with a heating rate of 10 °C/min. X-ray diffrac-
tion (XRD) analysis of the samples was investigated with
a X’Pert PRO PANalytical system using Cu-K, radiation
(A = 1.540598 A). The morphology and microstructure of
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the nanopowders were observed both with scanning elec-
tron microscopy (SEM; model: Hitachi S9160) and trans-
mission electron microscopy (TEM; model: LEO912AB).
The optical absorption measurements of nanoferrites were
recorded using a UV-visible spectrophotometer (model:
Agilent 8453) to calculate the optical band gap. The room
temperature magnetic properties of the samples were stud-
ied by a vibrating sample magnetometer (VSM; model:
Lake Shore 7400).

3 Results and Discussion
3.1 Thermal Analysis

The structural analyses of Al-doped cobalt and nickel
ferrites show that as Al content increases, the required
calcination temperature to get a single-phase composi-
tion increases. As an example, TG and DTG curves of
CoFey;_Al:O4 (x = 1.0) gel are presented in Fig. 1. The
TG curve shows that thermal decomposition of the precur-
sor is taking place through two well-defined steps. Since in
dried gel, the hydroxyl group, carboxyl group, and nitrate
(NO3) ions exist [7], the first step at 60-125 °C accom-
panied by a weight loss of ~10 % represents the water
vaporization of O-H groups (hydroxyl group). The same
trends in weight loss and temperature are observed in other
spinel ferrites [17]. In the second step, a large weight loss
occurs at about 380 °C corresponding to a peak in DTG
curve. This may be attributed to the reaction of citric acid
and metal nitrates that indicates the decomposition of the
carboxyl, NOj3 ions, and other organic ions presented in the
gel. The total weight loss of the gel precursor was found
to be 81 %. Although almost no weight loss over 450 °C
indicates the completion of thermal decomposition of the
gel, the formation and crystallization of the spinel phase
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Fig. 1 TG-DTG curves of CoFeAlO4gel
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Fig. 2 XRD patterns of CoFe;_Al;O4 (x = 0,0.5 and 1.0)
nanopowders

may occur at higher temperatures [18]. Therefore, we have
chosen 800 °C as the final calcination temperature for the
samples.

3.2 Structural Characterization

Figure 2 shows the XRD patterns of CoFe,_,Al,O4 (x =
0.0, 0.5, and 1.0) nanoparticles calcined at 800 °C. The
phase identifications were performed by comparing the
peak positions and intensities with those listed in the JCPDS
file by using X Pert High Score Plus program. Accordingly,
all the samples are found to be a homogeneous single phase
corresponding to cubic spinel structure (space group: Fd-
3m, JCPDS 001-1121). The formation of spinel phase, with
no extra secondary phase, indicates that the Al ions have
been incorporated into the spinel lattice of these nanoparti-
cles. However, as the Al content increases, the peak width
increases which may be due to decrease in the particle size
and presence of lattice strain. Moreover, with increasing
Al content, the position of diffraction peaks shifts slightly
towards the higher 26 position

XRD profiles of CoFeps5Al; 504 samples calcined at
800, 900, 1000, and 1100 °C (Fig. 3) indicate the presence
of Co7Fes phase (space group: Im-3m, JCPDS 050-0795)
in calcined samples at 800 and 900 °C. However, the sam-
ples calcined at 1000 and 1100 °C are homogenous single
phase, and all the peaks were assigned to the cubic spinel-
structure. This means that the higher calcination tempera-
tures are needed for the formation of the spinel phase in
CoFep 5Al; 504 system, as also reported for NiFep s Al; 504
[13]. Increasing the calcination temperature from 1000 to
1100 °C leads to a sharpening of the major peaks due to the
growth of crystallite size of CoFeg sAl; 504 spinel powders
and improved crystallization.

For a quantitative analysis of XRD test results, the aver-
age crystallite size (D) was estimated by using Scherrer

and Williamson—Hall methods. According to the Scherrer
formula [19]:

Dscher = 0.91/(B cos ) (D

where A is the X-ray wavelength, 6 is the angle of Bragg
diffraction, § is the full-width at half maximum (FWHM)
of the peaks, and D is the crystallite size. In this formula,
the average crystallite size has been taken as average to all
the peaks presented in Table 1. In these calculations, the
contribution of peak broadening arising from the instrument
was considered by using XRD profile of a pure Si sam-
ple. However, Scherrer’s formula, unlike Williamson—Hall
method, does not include the beak broadening arising from
micro-strain [20]. The broadening effects caused by crystal-
lite size (Dw-p) and micro-strain (¢) can be separated by
using Williamson—Hall (W-H) and least square method [20,
21]:

Bcos® =09A/Dy_p + 4esind 2)

From the slope and the ordinate intercept of W—H plot,
i.e., Bcosf /A versus 4 sin 8/X, the values of the micro-strain
and average crystallite size were determined and presented
in Table 1. It can be seen that the average crystallite size of
the CoFe;_ Al O4 (x = 0, 0.5, and 1.0) samples decreases
with the Al concentration. It may be due to the smaller ionic
radius of AI*3 (0.51 A) compared to that of Fet? (0.67 A).
Moreover, the crystal size is found to depend on the superex-
change interaction strength [22]; therefore the decrease in
crystallite size may also be due to weakening of superex-
change interaction strength as a result of the substitution
of non-magnetic Al ion. For CoFeg5Al; 504 sample, the
average crystallite size increases with the increase of calci-
nation temperature from 1000 to 1100 °C possibly due to
the growth of the crystal at high temperature [23]. For all
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Fig. 3 XRD patterns of CoFep5Al; 504 nanopowders calcinated at
800, 900, 1000, and 1100 °C. The black circle symbol denotes the
typical diffraction peak of Co;Fe3; phase
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Table 1 The average crystallite size (D), micro-strain (¢), lattice parameter (a), unit cell volume (V), and X-ray density (dyx) of CoFe;_,Al,O4

samples
Samples Dscher Dw_n €% a \% dy
(nm) (nm) A) A% (g/em®)

CoFey04 (800 °C) 28.91 52.12 0.00164 8.3379 579.66 5.3770
CoFe; 5Aly 504 (800 °C) 23.52 4621 0.00193 8.2930 570.34 5.1285
CoFeAlO;4 (800 °C) 11.80 14.78 0.00177 8.2719 566.00 4.8291
CoFeq 5Al; 504 (1000 °C) 25.69 27.84 0.00027 8.1432 539.99 4.7067
CoFeg sAl; 504 (1100 °C) 26.12 32.47 0.00069 8.1303 537.43 47292

the samples, the average crystallite sizes calculated by W—
H method are found to be larger than those obtained by
Scherrer formula. This can be due to the strain correction
factor taken into account in case of the W—H method [23].
The lattice constant “a” was calculated using the relation
[24]:

a=dpyvh?+k2+1? (3)

where djxis the spacing between the (hkl) planes. The val-
ues of lattice constant “a,” and unit cell volume “V” for
each composition are calculated and tabulated in Table 1.
The results show thatfor CoFe,_,Al,O4 (x = 0.0, 0.5, and
1.0) samples, the lattice parameter decreases with increas-
ing x which may be due to the substitution of smaller AI’*
ions for larger Fe* ions.

Furthermore, the lattice constant and hence unit cell
size of newly developed CoFep5Al; 504 (x = 1.5) ferrite
powders decreases with the increase of calcination tem-
perature from 1000 to 1100 °C. Similar behavior was also
reported for CoAlg,Fe; 304 ferrite powders [15]. This can
be attributed to the cation redistribution and migration of
some Al*3 jons from tetrahedral (A) to octahedral [B] sites,
as a result of increasing calcination temperature. Therefore,
some Co** ions migrate from [B] to (A) sites. But the ionic
radius of Al is smaller than that of Co®*, and hence, a
smaller cation—anion bond for AI** in [B] sites compared to
Co? in the same sites can lead to a decrease in the lattice
parameter.

The X-ray density (dx) or theoretical density of the
samples (Table 1) is estimated by using the relation [24]:

8sM
dx = )
N,a3

where N, is the Avogadro’s number, M is the molecular
weight, and a is the lattice constant of sample. As seen,
dy decreases with AlT3 content due to the decreases in
the molecular weight which could not be compensated by
the decreases in the unit cell volume. For CoFg5Al; 504
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samples, dx increases with calcination temperature because
of a decrease in the unit cell volume.

3.3 Microstructural Characterization

TEM images of the CoFe;_,Al,O4 (with x = 0.0 and
1.0) single-phase nanopowders are shown in Fig 4a, b. The
particles of both samples are approximately spherical in
shape, and their size distribution is uniform with the par-
ticle size in nanoscale. The particles size of the CoFe;Oq4
sample is mostly in the size range of 65-75 nm, larger than
average crystallite size estimated from XRD measurements.
The reason for this discrepancy is that at CoFe,O4 sam-
ple each particle consists of more than one crystallite [25].
The particle size of the CoFeAlO4 sample is in the size
range of 9-10 nm in good agreement with the average crys-
tallite size determined from the XRD analysis. This means
that at CoFeAlO4 sample, most of the particles are single
crystallite.

Figure 5a—d shows the SEM images of the CoFe;O4
nanoparticles calcined at 800 °C, CoFeq 5Al; 504 nanopar-
ticles calcined at 1000 and 1100 °C and the histogram of
their grain size distribution, respectively. As seen, CoFe;O4
nanoparticles are nearly spherical in shape. The grain size
distribution histograms from sampling of about 130 parti-
cles from SEM micrographs are presented in Fig. 5d. The
grain size values are distributed in a range of 25-165 nm
and the average grain sizes estimated by statistical method
is ~77 nm in good agreement with TEM measurement.
The grain sizes distribution histograms of CoFepsAl; 504
samples calcinated at 1000 (1100) °C reveal that the grain
sizes of samples are distributed in a range of 60-180 (115—
265) nm. For these samples, with increasing calcination tem-
perature, the average grain size dramatically increases. The
average grain size is evaluated to be about 91 and 166 nm
for samples calcined at 1000 and 1100 °C, respectively.

3.3.1 UV=Visible Spectroscopic Studies

UV-visible spectroscopic data has been analyzed to obtain
the absorption coefficient («) and optical band gap (Eg)
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a |

Fig.4 TEM bright field image of a CoFe;O4 and b CoFeAlO4 ferrite
powders

of the CoFe,_,Al,O4 (x = 0.0, 0.5,and 1.0) nanoferrites.
The absorption coefficient of the nanoparticles has been
calculated using the fundamental relationships [26]:

A
=2.303— 5
o ) &)

where A is the absorbance, and D is the average crystallites
size of the sample [26]. In these calculations, the average
crystallite sizes calculated by Scherrer’s method were used.

For a direct band gap material, the absorption coefficient is
also given by [27]:

(othv)2 =c(hv — Ey) (6)

where c is constant and Av is energy of photon. The direct
energy band gap (E) values were obtained by extrapolating
the linear part of the (¢hv)? curve vs. photon energy (hv)
as shown in Fig. 6

The estimated values of E are found to be about 5.1,
5.2, and 5.8 eV for sample with x = 0,0.5, and 1.0,
respectively. As seen, it increases with AlI>*concentration
(x) which may be due to a decrease in the particle size. This
can be explained on the basis of Bras effective mass model
[26] where E,, can be expressed as a function of particle size
as:

1 1 1.8¢2
—_—t ) — 7
( + ) dmeDego @

H2r?

E — Eblllk
& £ +2eD2 me  mp

where E'g3ulk is the bulk energy gap, D is the particle size,
me (my) is the effective mass of electrons (holes), ¢ is the
relative permittivity, g is the permittivity of free space, f is
the Planck’s constant divided by 27, and e is the charge on
electron.

3.4 Magnetic Properties

The room temperature magnetization hysteresis loops
M (H) of CoFey_,Al,O4 (x = 0.0, 0.5, 1.0, and 1.5) sam-
ples calcined at 800 °C and of CoFeg 5Al; 504 calcined at
800, 900, 1000, and 1100 °C are shown in Fig. 7a, b. The
results including the saturation magnetization (M), coer-
civity (H.), and anisotropy constant (K) are summarized in
Table 2.

As seen, M, H., and K decrease with increasing AlT3
content. The substitution of non-magnetic Al*> jons for
Fe™3 ions, on the octahedral sites, decreases superexchange
interaction between the tetrahedral (A) and octahedral [B]
sites in spinel structure. It also decreases the magnetic
moment of [B] site and hence magnetization because the net
magnetic moment of the lattice is given by difference of the
magnetic moments of sublattices A (Mp) and B (Mp),
Mg — My [7, 13, 28]. These are why the M; decreases
with increase of Al concentration. On the other hand, the
crystallite size and surface effects may be the other reasons
for decrease in magnetization [28, 29]. The measured mag-
netization M; for CoFe,O4 nanopowders was found to be
61 emu/g, which is lower than that of the bulk cobalt fer-
rite (80 emu/g [30]). This may be due to the fact that for
smaller particles, the surface to volume ratio is higher as the
spin disorder effects and canting of surface spin caused by
broken exchange bonds on the surface lead to a decrease in
magnetization [13]. The saturation magnetization of sample
x = 0.5 is approximately equal to that of x = 0. Since AT
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Fig. 5 SEM images of a CoFe;04, b CoFegsAl; 504 sample calcinated at 1000 °C, ¢ CoFeg 5Al; 504 sample calcinated at 1100 °C, and d

histogram of their grain size distribution obtained by statistical method

ions do not have any strong preference for (A) or [B] sites in
the cobalt ferrite [31], initially they substitute into both (A)
and [B] sites in approximately equal numbers as Fet3 ions
are distributed in both (A) and [B] sites. Thus, the magnetic
moments of M and Mp are reduced approximately in equal
amounts as the saturation magnetization is remained almost
unchanged. By further substitution of Al for Fe (x > 0.5),
the saturation magnetization decreases because more non-
magnetic ions are substituted at the expense of magnetic
Fe ions. Moreover, because of its non-magnetic nature,
there would be no superexchange interaction between Co/Fe
and Al ions. Thus, with increasing Al content, the num-
ber of superexchange interactions and hence magnetization
decrease.

It can be seen from Table 2 that the saturation magneti-
zation, coercivity, and anisotropy constant values decrease
with increase in calcination temperature. Reduction in the
saturation magnetization with increasing calcination tem-
perature from 800 to 900 °C can be attributed to decrease
of crystallinity of CojFes; phase. Decrease in saturation
magnetization with increasing calcination temperature from
1000 to 1100 °C may be due to the redistribution of
cations between (A) and [B] sites, as explained before in
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Section 3.2. With substitution of A1+3, which has strong
preference for occupying the [B] sites [13], some of Cot?
ions migrate from [B] to (A) sites and hence decrease
the concentration of cobalt ions in [B] sites. This reduces
the magnetic moment of [B] site and also decreases net
magnetic moments. The coercivity is related to saturation

0.18 |-
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(azhu)2

0.06

0.00 0.0

ho (eV)

Fig. 6 Plots of (echv)? versus hv for CoFey_, Al Oy (x = 0, 0.5, and
1) nanoferrites calcinated at 800 °C
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Table 2 Parameters obtained from magnetic measurement of CoFe;_,Al,O4 (x = 0, 0.5, 1.0, and 1.5) calcined at 800-1100 °C
X Tealcination (°C) M (emU/gm) H. (Oe) K (erg/gm)
0 800 61.25 1102 7.031 x 10*
0.5 800 60.48 583 3.675 x 10*
1 800 55.50 578 3.079 x 10*
1.5 800 42.75 498 2.218 x 10*
900 41.06 450 1.923 x 10*
1000 3.99 265 1.10 x 103
1100 1.52 79 1.25 x 102

magnetization and anisotropy constant by using the follow-
ing relation [32]:

0.96K
H, = ®)
M;
a
0 0.0
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Fig. 7 Magnetic hysteresis loops at 27°C for a samples

CoFey_Al,O4 (x = 0.0,0.5, 1.0, and 1.5) calcinated at 800 °C and
b CoFeq 5Al; 504 powders calcinated at 800, 900, 1000, and 1100 °C.
Inset shows the low field behavior for each case

As seen from Table 2, coercivity reduces with increasing
Al concentration as well as increasing calcination tem-
perature. This can be attributed to decrease in anisotropy
constant K because of migration of Co ions from [B] sites
reducing the spin—orbit coupling [23]. In fact, the strong and
positive anisotropy of cobalt ferrite is primarily due to the
presence of Co™? ions on the [B] sites [23, 33]. So the crys-
tal field is not capable of removing the orbital degeneracy of
Co™? at the [B] sites as the orbital magnetic moment is not
quenched, and there is a strong spin—orbit coupling produc-
ing a large magnetocrystalline anisotropy energy in cobalt
ferrite.

4 Conclusion

In this study, CoFe,_,Al,O4 nanoparticles, where x is
from O to 1.5 with a step of 0.5, have been prepared by
sol-gel auto-combustion method, and subsequently, their
structural, morphological, optical, and magnetic properties
were investigated. XRD results show that CoFe,_,Al,O4
(x = 0,0.5, and 1) samples calcined at 800 °C and sam-
ple CoFeps5Al; 504 calcined at 1000 and 1100 °C have
single-phase spinel structure. The values of lattice parame-
ter, particle size, and unit cell volume decrease with increase
of Al concentration, while the energy band gap increases
possibly due to a decrease in particle size. For sample with
x = 1.5, with increasing calcination temperature from 1000
to 1100 °C, the particle size, and crystallinity increase, the
lattice parameter decreases. The room temperature magnetic
measurements show the saturation magnetization, coerciv-
ity, and anisotropy constants decrease with Al concentration
arising from the non-magnetic nature of APY as well
as decrease in the number of superexchange interactions.
A decrease in coercivity and magnetization, with increas-
ing calcination temperature from 1000 to 1100 °C, was also
observed. This can be attributed to the cation redistribution
between the tetrahedral and octahedral sites.
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