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a b s t r a c t

Substitution of cobalt (Co2+) ions in cobalt ferrite (CoFe2O4) with copper (Cu2+) and aluminum (Al3+) ions
allows variations in their electric and magnetic properties which can be optimized for specific applica-
tions. In this article, synthesis of inverse-spinel Co1�xCuxFe2�xAlxO4 (0.0 � x � 0.8) nanoparticles by sub-
stituting Cu2+ and Al3+ ions in CoFe2O4 via co-precipitation method is reported. By controlling copper and
aluminum (Cu-Al) substituent ratio, the magnetic moment and coercivity of synthesized cobalt ferrite
nanoparticles is optimized. The role of substituents on the structure, particle size, morphology, and mag-
netic properties of nano-crystalline ferrite is investigated. The Co1�xCuxFe2�xAlxO4 (0.0 � x� 0.8)
nanoparticles with crystallite size in the range of 23.1–26.5 nm are observed, 26.5 nm for x = 0.0–23.1
nm for x = 0.8. The inverse-spinel structure of synthesized Co1�xCuxFe2�xAlxO4 (0.0 � x � 0.8) nano-
particles is confirmed by characteristic vibrational bands at tetrahedral and octahedral sites using
Fourier transform infrared spectroscopy. A decreases in coercive field and magnetic moment is observed
as Cu-Al contents are increased (x = 0.0–0.8). The positive anisotropy of synthesized particles
Co1�xCuxFe2�xAlxO4 (0.0 � x � 0.8) is obtained in the range 1.96 � 105 J/m3 for x = 0.0 to 0.29 � 105 J/
m3 for x = 0.8.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cobalt ferrite nanocrystals are promising materials for numer-
ous applications as high-density magnetic recording, ferro fluids
technology, biomedical, and magneto-optical devices due to high
coercivity and permeability, excellent chemical stability and
mechanical hardness [1]. The magnetic properties of these ferrite
nano-particles are crucially dependent on the size, shape and pur-
ity [2,3]. The spinel – type ferrite with general formula MFe2O4 (M
= Ni2+, Co2+, Cu2+, etc.) have great potential in different technolog-
ical application due to their outstanding optical, electrical, and
magnetic characteristics. Ferrites with spinel–type structure
involves two sublattice tetrahedral site and octahedral site occu-
pied by the trivalent Fe3+ ions [4]. Therefore, by substituting these
type of divalent cations, it is possible to optimize the basic mag-
netic characteristics of spinel type ferrites by controlling the size
and shape of nanoparticles [4]. Karimi et al. investigated the effect
of Dysprosium (Dy) doping in CoFe2O4 and an increase in the coer-
cive field and a decrease in saturation magnetization (Ms) has
reported as a result of Dy doping up to x = 0.05 [5]. Monaji et al.
studied the structural, morphological and magnetic properties of
Zr-doped Co spinel ferrite. An increase in Ms of Co1+xZrxFe2�2xO4,
was observed with increase in Zr content [6]. Samad et al. studied
the effect of Zn-Al substitution on the structural and magnetic
properties of Coblat ferrite in an attempt to make it more suitable
for high-density recording media applications [7]. In another study,
Sontu et al. observed a decrease in Ms and coercivity (Hc) with
increasing Ni2+ substitution in Co1�xNixFe2O4 nanoparticles [8].
Several routes such as sol–gel, auto-combustion [9,10], high-
energy ball milling, micro-emulsion technique, co-precipitation
method, hydrothermal, combustion method, and spray pyrolysis,
have been used to fabricate nanoparticles. The co-precipitation
synthesis route has advantages over others synthetic techniques,
[11,12] due to low cost and easy preparation. In present study fer-
rites nano-particles are synthesized by substituting Cu2+ and Al3+

ions into the CoFe2O4 lattice in different ratios in order to under-
stand the role of the substituents towards the physical properties
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Fig. 1. X-ray diffraction patterns of Co1�xCuxFe2�x AlxO4 nano-particles.

Fig. 2. Variation of lattice constant ‘‘a” and crystallite size ‘‘Dxrd” with respect to
increase in Cu2+-Al3+ content.
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of basic ferrites and the mechanism behind in order to optimize the
electric and magnetic response for targeted applications. The role
of thermal process and substituents (Cu2+ and Al3+) on structural
phase transformation and hysteresis behavior on inverse-spinel
ferrite nanoparticles is investigated in detail.
Experimental

Co1�xCuxFe2�xAlxO4 ferrites nano-particles with different sub-
stitution ratios as (x = 0.0, 0.2, 0.4, 0.6 and 0.8) are tailored using
co-precipitation method. Analytical grade cobalt (III) acetate (Co
(CH3COO)2�4H2O(99%)), copper (II) nitrate (Cu(NO3)2�6H2O
(98.5%)),iron (III) nitrate (Fe(NO3)3�9H2O(98.5%)) and aluminum
nitrate (Al(NO3)3�9H2O(98.5%)) are used as starting materials to
produce Fe3+, Co2+, Al3+, Cu2+ ions in solution. The weighted
amount of parent materials are dissolved in de-ionized water with
calculated stoichiometric ratio. The solution is heated to 80 �C with
continuous stirring and the NaOH solution is added drop-wise into
reactant solution in order to maintain the pH of the solution
between 11.5 and 12.0. Precipitates are washed for several times
and dried in oven at 100 �C for 10 h. Phase identification of the pre-
pared nanopowders is performed by X-ray diffraction (XRD). Four-
ier transform infrared (FTIR) spectra are captured using Perkin
Elmer 5DX FTIR and the static magnetic measurements are
recorded using Lake Shore 7303–9309 vibrating sample magne-
tometer (VSM) at room temperature.
Results

Fig. 1 shows X-ray diffraction (XRD) spectrographs of synthe-
sized Co1�xCuxFe2�xAlxO4 (0.0 � x � 0.8) nano ferrite particles.
The spectral peaks located over 2h range 20–70� associated to
Table 1
A comparison of standard and experimental interplanar spacing, d and 2h values with the

2h
Standard value [13]

2h
Experimental value

d
Standard valu

30.28 30.215 2.94
35.68 35.583 2.51
43.34 43.22 2.08
53.77 53.58 1.70
57.15 57.11 1.60
62.89 62.72 1.47
the crystalline planes (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1
1), and (4 4 0) are observed in XRD spectra which infers the pres-
ence of cubic spinel ferrite structure. A comparison between the
X-ray diffraction peaks positions obtained from synthesized cobalt
ferrite with standard cobalt ferrite structure is presented in Table 1.
It is observed that all the experimental observed peaks are well
matched with standard cobalt ferrite which confirms the formation
of cobalt ferrite [13].

A spectral peak labeled by ‘H’ as shown inset in Fig. 1 associated
to hematite a-Fe2O3 is observed for Co0.2Cu0.8Fe0.2Al0.8O4 nanopar-
ticles with ratio x = 0.8. High concentration of Al ions causes
incomplete conversion of Fe2O3 into ferrite due to higher melting
point of Al which leads to formation of second phase a-Fe2O3. By
using Scherrer’s formula, the average particle sizes of the ferrite
particle is determined using (3 1 1) crystallographic plane. The
crystallite size varies in the range of 23.1–26.5 nm with Cu-Al sub-
stitution for (x = 0.0, 0.2, 0.4, 0.6 and 0.8) as shown in Fig. 2, which
ae much smaller in size as compared to reported by other
researcher (36.6–69.4 nm and 67 nm) [14,15]. The reduction in
the size of magnetic materials gives novel characteristics (Super-
paramagnetism) as compared to the bulk materials, due to small
volume or high surface/volume ratio (spin canting.

Table 2 represents the estimated values of lattice constant (a),
cell volume (V) jump length (L) and X-ray density (dx) of synthe-
sized spinel ferrite nanoparticles.

The shift in diffraction peaks is observed which due to metal
ions substitution. The lattice parameter ‘a’ as listed in Table 2 sug-
gested an increase in lattice constant with increase in Cu-Al con-
tents up to x = 0.4 due to smaller ionic radius of Co2+ (0.67 Å) as
compared to the ionic radius of Cu2+ (0.87 Å). A decrease in ‘a’ with
increase in Cu-Al contents for x = 0.6 and 0.8 is due to the prefer-
ential occupation of Al3+(0.51 Å) ions at tetrahedral and octahedral
sites by replacing Fe3+(0.67 Å) ions and due to partial oxidation of
Cu2+ to Cu3+ of larger ionic radius and loss of Cu contents, which
ir respective diffraction (hkl) planes.

e [13]
d
Experimental value

Diffraction planes (hkl)

2.955 220
2.52 311
2.09 400
1.708 422
1.61 511
1.48 440



Table 2
Structural parameters of the synthesized Co1�xcuxfe2�x alxo4 (0.0 � x � 0.8) at 900 �C temperature.

Composition mt (cm�1) mo (cm�1) DXRD (nm) Lattice const. (a) Å Cell vol. (V) (Å 3) X-ray density (qx-ray) (g/cm�3) Jump length (L) Å

CoFe2O4 609.07 368.38 26.57 8.34 580.92 5.36 2.945
Co0.8Cu0.2Fe1.8Al0.2O4 603.06 380.70 26.48 8.36 585.74 6.54 2.953
Co0.6Cu0.4Fe1.6Al0.4O4 598.25 386.11 26.14 8.37 588.26 6.04 2.957
Co0.4Cu0.6Fe1.4Al0.6O4 589.24 387.92 25.51 8.36 584.48 6.33 2.951
Co0.2Cu0.8Fe1.2Al0.8O4 587.48 381.91 23.14 8.25 562.94 6.46 2.914
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leads to contraction of lattice [16]. Similar lattice contraction has
reported by Tirupanyam et. al. in Mn–Ni ferrite due to presence
of a-Fe2O3 [16]. In Fig. 3, variation in jump length� as a function
of copper-aluminum contents (x) in Co1�xCuxFe2�xAlxO4 are pre-
sented. A decrease in jump length is observed with increase in
Cu-Al doping [17]. The interaction between Fe2+ and Fe3+ ions at
octahedral sites reduces the iron ion concentration with increase
in Cu-Al concentration, which may attribute to the replacement
of Cu2+ and Al3+ ions in the tetrahedral and octahedral sites of crys-
tal structure.

The presence of characteristic vibrational bands of the tetrahe-
dral and octahedral sites in FTIR spectra as shown in Fig. 4, con-
firms the formation inverse-spinel Co1�xCuxFe2�xAlxO4 (0.0 � x �
0.8) structure of ferrites [1]. Four characteristics bands in FTIR fer-
rites spectra are observed in the range of 200–700 cm�1 which are
categorized into two groups as two high-frequency bands and one
low-frequency bands [4]. The higher frequency absorption band, mo
around 400 cm�1 is associated to octahedral complexes assigned to
the vibrational bond between the oxygen ion and the octahedral
metal ion O–Mocta and the band mt around 600 cm�1 is attributed
to the intrinsic vibrations of tetrahedral complexes between the
oxygen ion and the tetrahedral metal ion O–Mtetra [18,19] .The
band around 200 cm�1 is assigned to the divalent tetrahedral
vibrations and the low-frequency band around 350 cm�1 is related
to the divalent octahedral metal-oxygen ion complex [19–21]. In
ferrites, metal cations are positioned according to the geometric
configuration of the oxygen ion nearest neighbors in two different
sub-lattices, tetrahedral and octahedral sites. The change in bond
length of Fe3+–O2� at tetrahedral (0.189 nm) and octahedral
(0.199 nm) sites cause a difference in band positions in different
ratio. The strong frequency bands; mt = 609.07 cm�1 and mo
387.92 cm�1 in FTIR spectra of all samples are associated to the
characteristics bands for the inverse-spinel structure [7]. The
increase in substituents contents affect the grain size and density,
Fig. 3. Variation of jump length (L) with Cu2+-Al3+ content x.
which is attributed to the preparation conditions. Higher atomic
mass of substituents contents show a shift towards lower fre-
quency region in the characteristic of metal–oxygen stretching
bands.

The cubic octahedral shape Co1�xCuxFe2�xAlxO4 (0.0 � x � 0.8)
nanoparticles with diameter in range of 21 to 26.5 nm are observed
in Transmission electron microscope (TEM) micrographs as pre-
sented in Fig. 5, which are in good agreement with the XRD analy-
sis as listed in Table 2. The ferrite nanoparticles are uniform in both
morphology and crystalline size but agglomerated to some extent
which suggests the presence of high magnetic dipole interaction
among the ferrite nanoparticles. It is expected that the average
grain size decreases with increase in dopant Cu-Al substitution.
When the Fe3+ ions in ferrite lattices are substituted by Al3+ ions,
the lattice parameters are modified and variation of lattice param-
eter leads to lattice strains and cause internal stress [4,22]. The
presence of a-Fe2O3 phase at the boundary of grain raises pressure
on the grain and hinder the growth [4] .

Fig. 6 shows the hysteresis curves obtained at a field of 15 kOe
of the synthesized nanoparticles for different Cu-Al substitution
ratios at room temperature. The narrow loops indicate the soft nat-
ure of the ferrite nanomaterials.

With increase in Cu-Al contents, the value of Ms decreases from
80 to 25 emu/g and the coercive field increases from 148 to 608 Oe.
The bulk value saturation magnetization for the single crystalline
cobalt ferrite is 93.3 emu/g whereas the saturation magnetization
80 emu/g measured for synthesized cobalt ferrite nano-powder is
much lower as compared to bulk value [4]. A comparison in varia-
tions of magnetic properties (Ms and Hc) of cobalt ferrite powders
synthesized by different methods is summarized in Table 3, which
depends on different factors [4,23].

With increase in Cu-Al concentration, a linear decrease in the
saturation magnetization is observed as the tetrahedral and octa-
Fig. 4. Infrared spectra of Co1�xcuxfe2�x alxo4 nano-particles.



Fig. 6. Variation of magnetization (Ms) with applied field (H) of Co1�xCuxFe2�x

AlxO4 nano-particles.

Fig. 5. Transmission electron microscope (TEM) images of Co1�xCuxFe2�x AlxO4 nano-particles.
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hedral sites interaction is strongest and dominating over the
octahedral-octahedral and tetrahedral-tetrahedral sites interac-
tions. With increase in the Cu2+ and Al3+ contents, the crystallite
size is decreased whereas, spin canting is increased due to increase
in the substitution of of Fe3+ and Co2+ at tetrahedral and octahedral
sites (redistribution of cations between 16 the tetrahedral and
octahedral sites). As Cu2+- Al3+ ions occupy both tetrahedral and
octahedral sites, it expels Fe3+ from the octahedral sites, due to
the charge compensation mechanism, thus leading to a slight over-
all decrease in Ms. In addition, the preferential occupancy of Cu2+

ions in the octahedral sites of the ferrite spinel, results a decrease
in the concentration of Co2+ and Fe3+ ions at these sites. The mea-
sured magnetic moment of Co2+ and Fe3+ cations is 8 lb, which is
greater than that of Cu2+ and Al3+ ions magnetic moment 1 lb

[30]. The net result is a decrease in magnetic moment on both
sub-lattices because of magnetic spin of neighboring tetrahedral
and octahedral sites, which are anti-ferromagnetically coupled
due to super exchange interaction in ferrite lattice. [18]. Thus, with
increase in Cu-Al concentration, the net magnetic moment of the
spinel ferrite decreases. The FTIR spectra of Co1�xCuxFe2�x AlxO4

for x = 0.8 indicates the presence of Fe ions in its divalent state
(Fe2+) instead of the trivalent state (Fe3+), therefore, a decrease in
the value of the magnetization is due to existence of Fe2+ ions at
octahedral sites [19].

In synthesized Cu-Al substituted cobalt ferrite nano-particles,
the Co2+ ions migrates from octahedral to tetrahedral site. The
magnetic moment (nbobs) formula is calculated from Neel’s two
sublattice model using the relation. in the Bohr magneton (mb)
using molecular weight and saturation magnetization of each com-
position. The magnetic moment decreases with increase in Cu-Al
ions ratio in each sub lattice and the calculated magnetic moment
and observed values of the magneton number are in good agree-
ment as illustrated in Fig. 7.



Table 3
Comparison of Ms and Hc of pure cobalt ferrite particles prepared by different synthesis methods and co-precipitation method.

Ms(emu/g) Hc(Oe) T �C Synthesis Rout Refs.

80 1374 850 Complex metric synthesis [24]
79 1092 800 Mechanical milling [25]
73 1005 800 Sol–gel auto-combustion [26]
85 300 1000 Sol–gel [27]
38 1597 80 Co-precipitation [28]
52 1592 400 Auto combustion [29]
80 608 900 Co-precipitation Current work

Fig. 7. Variation of observed (Obs.) And calculated (Cal.) Magneton number with
Cu2+-Al3+ content x.
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All the prepared Co1�xCuxFe2�xAlxO4 (0.0 � x � 0.8) nano-
particles present soft magnetic characteristics with coercivity of
a few hundred oersteds [31] due to substitution of Co and Fe by
Cu-Al [19]. The decrease in coercive field leads to the reduction
of the magnetocrystalline anisotropy of cobalt ferrite which is
attributed to the decrease in the concentration of cobalt-iron con-
tents and possesses highest magnetocrystalline anisotropy. The
observed values of anisotropy-ranges from 1.96 � 105 J/m3 for x
= 0.0–0.29 � 105 J/m3 for x = 0.8. The crystallite size decreases from
26 for x = 0.0 to 23 nm for x = 0.8 and coercivity decreases from 608
Oe for x = 0.0–244 Oe for x = 0.8. The coercive field has a large dis-
tribution due to its sensitivity to the particle agglomeration,
whereas the squareness fluctuates in a narrower range depends
on specific heat treatment temperature. As, the high-density data
storage devices require saturation magnetization as high as possi-
ble and coercivity around 600 Oe, therefore, the small values of
coercive field (Hc) of synthesized nano-ferrite makes these parti-
cles suitable for high density data storage devices.

Conclusion

Copper-Aluminum (Cu-Al) substituted Cobalt Ferrite nano-
powders, Co1�xCuxFe2�x AlxO4 (0.0 � x � 0.8), with optimized mag-
netic properties are synthesized using co-precipitation method.
Cu-Al substitution has strong effect on the structural parameters
of ferrite nano-particles. The lattice parameters such as lattice con-
stant, cell volume and crystallite size are appreciably enhanced by
increasing Cu-Al contents in cobalt ferrites. The saturation magne-
tization (Ms) and coercivity (Hc) of the Co1�xCuxFe2�x AlxO4 (0.0 �
x � 0.8) has been observed in the range of 25–80 emu/g and 184–
608 Oe, respectively, associated with soft ferrite regime which are
suitable for high density data storage application. The lattice con-
stant is increased from 8.344 Å (x = 0.0) to 8.379 Å (x = 0.4) as the
Cu-Al contents are increased. A decrease in magnetic moment on
both sub-lattices (tetrahedral and octahedral) is due to magnetic
spin of neighboring sites, which are anti-ferromagnetically coupled
due to super exchange interaction in ferrite lattice.
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