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a b s t r a c t

Nanoparticles of Co1−xZnxFe2−xCrxO4 (x = 0.0–0.5) ferrites were prepared by chemical co-precipitation
technique using metal sulphates. The structural and magnetic properties were investigated by means of
X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM),
vibrating sample magnetometer (VSM), and AC susceptibility measurements. X-ray diffraction patterns
indicate that the samples possess single phase cubic spinel structure. The lattice constant initially
increases for x ≤ 0.3 and thereafter for x > 0.3 it decreases with increasing x. The saturation magneti-
zation (Ms), magneton number (nB) and coercivity (Hc) decreases with increasing Cr–Zn content x. Curie
temperature deduced from AC susceptibility data decreases with increasing x.
3.63.Bd
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. Introduction

Ferrites are technologically very important material having
otential applications and interesting physics. They have been
xtensively investigated and being the subject of great interest
ecause of their importance in many technological applications
1–3]. The important structural, electrical and magnetic proper-
ies of ferrite are responsible for their applications in various fields
4]. Over the past decade, magnetic nanoparticles have attracted

uch attention due to their properties from both application and
heoretical points of view. The nanoparticles have many special

agnetic and electrical properties that are significantly different
rom bulk particles [5]. The physical properties of the nanomate-
ials are predominantly controlled by the grain boundaries than
y the grains [6]. The nanoparticles of ferrite can be prepared by
arious techniques such as citrate–nitrate combustion method [7],

ol–gel route [8], pulsed laser ablation [9], and solvothermal pro-
ess [10]. Ferrites, by virtue of their structure can accommodate
variety of cations at different sites enabling of wide variation in

he electrical and magnetic properties. The interesting physical and

∗ Corresponding author. Tel.: +91 2402240950; fax: +91 2402361270.
E-mail address: shirsathsagar@hotmail.com (S.E. Shirsath).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.006
chemical properties arise from their ability to distribute the cations
among the tetrahedral (A) and octahedral [B] sites. Among the sev-
eral spinel ferrites, cobalt ferrite (CoFe2O4) containing anisotropy
ion is the most important ferrite to be used in several applica-
tions. It possesses the inverse spinel structure and its degree of
inversion depends upon the heat treatment [11]. Many workers
have studied the structural, electrical and magnetic properties of
cobalt and cobalt-substituted ferrite [12,13]. It has been reported
that the substitution of tetravalent ions in cobalt ferrite influences
the structural, electrical and magnetic properties [14,15]. ZnFe2O4
is normal spinel while CoFe2O4 is an inverse spinel ferrite. Cobalt
chromate is a normal spinel and Cr3+ has strong preference to octa-
hedral B-site [16]. The substitution of trivalent ions like Cr3+ is likely
to increase the resistivity and decrease the saturation magnetiza-
tion [17]. It is also reported that the saturation magnetization (Ms),
remanent magnetization (Mr), and coercive force (Hc) decreases
monotonously whereas markedly improved the complex perme-
ability and loss tangent when an appropriate amount of Cr3+ is
substituted for Fe3+ ions [18]. The co-substitutional effect of mag-

netic Cr3+ and non-magnetic Al3+ at Fe site in cobalt ferrite is
reported in the literature [19]. The method of preparation and heat
treatment influences the electrical and magnetic properties. In the
literature, studies on magnetic properties of Co1−xAlxFe2−xCrxO4
[20,21] and CoCrxFe2−2xO4 [22] prepared by ceramic method have

dx.doi.org/10.1016/j.jallcom.2011.02.006
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shirsathsagar@hotmail.com
dx.doi.org/10.1016/j.jallcom.2011.02.006
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Fig. 1. XRD patterns of x = 0.0–0.5 of Co1−xZnxFe2−xCrxO4.

een reported. To our knowledge, no reports are available in the
iterature for co-substitutional effect of magnetic Cr and non-

agnetic Zn at octahedral and tetrahedral site respectively in cobalt
errite. The literature survey revealed that the substitution of non

agnetic ions in the spinel ferrite causes canting effect [23–25]. The
onic radius of Co2+ (0.74 Å) and Zn2+ (0.83 Å) are comparable and
herefore Co2+ ions can easily replaced by Zn2+ ions. Cr3+ ions are

agnetic having the magnetic moment of 3 �B. The ionic radius of
r3+ is (0.63 Å) comparable with Fe3+ (0.67 Å). In the present paper,
e report our results on structural and magnetic properties of non
agnetic Zn2+ and magnetic Cr3+ substituted CoFe2O4 prepared by
et chemical co-precipitation method.

. Experimental details

The spinel ferrite system with a chemical formula Co1−xZnxFe2−xCrxO4 with vari-
ble composition (x = 0.0–0.5) is prepared by wet chemical co-precipitation method.
he starting solutions were prepared by mixing of 50 ml of aqueous solution of
eSO4·7H2O, CoSO4·7H2O, ZnSO4·7H2O and Cr2(SO4)3·6H2O in stoichiometric pro-
ortion. A 2 M solution of NaOH was prepared as a precipitant. It has been suggested
hat the solubility product constant (Ksp) of all the constituents always exceed when
he starting solution is added into the precipitant. Therefore, in order to achieve the
imultaneous precipitation of all the hydroxide, the starting solution (pH ≈ 3) was
dded in to the solution of NaOH. Suspension (pH = 11) containing dark interme-
iate precipitation was formed. Then the suspension was heated and kept at 60 ◦C
emperature, while oxygen gas was bubbled uniformly into the suspension to stir it
nd to promote the oxidation reaction until all the intermediate precipitant changed
nto the dark brownish precipitate of the spinel ferrite. The samples were filtered
nd washed several times by distilled water. The samples were annealed at 600 ◦C
or 12 h for removing water and hydroxyl ions.

The X-ray powder diffraction patterns were recorded by using Cu K� radiation
n Philips X-ray difractometer (Model PW 3710) at room temperature. Particle size
f the sintered powder samples was calculated using transmission electron micro-
cope (TEM) (Model CM 200, Philips make). The microstructure and morphology
f the ferrite powder were characterized by scanning electron microscopy (SEM)
Model JEOL-JSM 840). The magnetic data for these samples were obtained with
he help of high field hysteresis loop technique [26]. The low field AC susceptibil-
ty measurements on powder samples were carried out in the temperature range
00–800 K using double coil setup [27] operating at a frequency of 263 Hz.

. Results and discussion

.1. Structural properties
The formation of single-phase cubic spinel structure was con-
rmed by X-ray diffraction patterns (XRD). All the peaks of the XRD
attern were indexed using Bragg’s law. The XRD patterns of all
he samples are shown in Fig. 1. XRD data was used to determine
Composition x

Fig. 2. Variation of lattice constant and X-ray density with composition.

structural parameters of all the samples. The lattice constant ‘a’ was
determined using the following relation

a = d
√

h2 + k2 + l2 (1)

where (h k l) are the Miller indices, d is the inter-planar spacing. The
variation of lattice constant with composition x is shown in Fig. 2. It
is clear from Fig. 2 that the lattice constant increases with increas-
ing x up to x = 0.3. For x > 0.3 lattice constant decreases. Generally, in
a solid solution series linear increase or decrease of lattice constant
within the miscibility range with composition is observed [28]. This
may results into initial rise in lattice constant up to x = 0.3 beyond
which it decreases. This nonlinear behavior of lattice constant sug-
gests that the ferrite system is not completely normal or inverse. In
the present series, Co1−xZnxFe2−xCrxO4, larger Fe3+ (0.67 Å) ions are
replaced by smaller Cr3+ (0.63 Å) and smaller Co2+ ions are replaced
by larger Zn2+ ions. However the replacement of Co2+ ions by Zn2+

ions is dominant up to x = 0.3. Hence we observed increase in lattice
parameter beyond x = 0.3 replacements of Cr3+ ions are dominant.
Hence we observed decrease in lattice parameter for x > 0.3. This
may be due to cross substitution of ions. The X-ray density (dx) was
calculated according to the following relation

dx = 8M

Na3
(2)

where M is molecular weight, N is Avogadro’s number, and a is lat-
tice constant. The variation of X-ray density with the composition
x is shown in Fig. 2. The variation of X-ray density with x exhibits
exactly reverse behavior as compared to the variation of lattice con-
stant with x. This is because; X-ray density is inversely proportional
to the lattice constant ‘a3’. The average particle size was calculated
using the Scherrer equation [29]

t = 0.9�

ˇ cos �
(3)

where t particle size, � is wavelength of the X-ray radiation, � is
Bragg’s angle, and ˇ is measure of broadening of diffraction due
to size effect. The average particle sizes calculated using Eq. (3) are
listed in Table 1, and it is observed that the particle size is decreases
from 30 nm to 17 nm as Cr–Zn content increases. The bulk den-
sity (dB) of the specimens has been determined by the hydro-static
method. The values of the bulk density are shown in Fig. 3. This is
evidence of decrease in particle size with increase in Cr–Zn con-

tent which led to increase in porosity. The percentage porosity ‘P’
of the sample was calculated using the values of X-ray density and
bulk density, and using the relation, porosity (P) = (dx − dB)/dx [30].
Fig. 3 gives the variation of porosity as a function of Cr–Zn con-
tent x. It is clear from Fig. 3 that density of the samples decreases
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Table 1
Particle size (t), the bond length of tetrahedral (A) site ‘dAX’ and octahedral [B] site
‘dBX’, tetrahedral edge ‘dAXE’, shared octahedral edge ‘dBXE’ and unshared octahedral
edge ‘dBXEU’.

Comp. x t (nm) dAX dBX dAXE dBXE dBXEU

XRD TEM

0.0 30 26 1.901 2.048 3.104 2.819 2.970
0.1 27 23 1.903 2.050 3.107 2.822 2.973
0.2 24 21 1.904 2.051 3.109 2.825 2.975
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0.3 22 18 1.905 2.052 3.110 2.825 2.975
0.4 20 16 1.904 2.051 3.108 2.824 2.974
0.5 17 15 1.902 2.049 3.106 2.822 2.972

nd the porosity increases with increase in Cr–Zn composition x.
he bond length of tetrahedral (A) site ‘dAX’ and octahedral [B]
ite ‘dBX’, tetrahedral edge ‘dAXE’, shared octahedral edge ‘dBXE’ and
nshared octahedral edge ‘dBXEU’ can be calculated by putting the
xperimental values of lattice parameter ‘a’ and oxygen positional
arameter ‘u’ of each sample in the equations discussed elsewhere
31]. The values of dAX, dBX, dAXE, dBXE and dBXEU are listed in Table 1
hich indicates that the dAX and dAXE increases up x = 0.3 and then
ecreased after x > 0.3 with Cr–Zn content ‘x’, this may be due to
n2+ replaces Co2+ of tetrahedral A site. Octahedral bond length

dBX’, unshared octahedral edge ‘dBXEU’ and shared octahedral edge
dBXE’ increases up x = 0.3 and then decreased after x > 0.3 with
r–Zn content ‘x’. This could be related to the smaller radius of
r3+ ions as compared to Fe3+ ions and the fact that Cr3+ occupies
trongly tetrahedral B-site.

Fig. 4 shows TEM image of typical sample (x = 0.3), this image
as used to study the particle size. The value of particle size is

iven in Table 1. The particle size is decreases from 26 nm to 15 nm
ith increasing Cr–Zn content x. As seen from Table 1, the particle

ize measured from XRD and TEM are in good agreement with each
ther. It can be considered that Zn2+ and Cr3+ ions may diffuse to
he grain boundaries during the sintering process and inhibit grain
rowth by limiting grain mobility. Similar results were obtained for
r substituted Co0.5Zn0.5Fe2O4 [32] and Zn2+-doped TiO2 nanopar-
icles [33]. Scanning electron micrographs (SEM) of the surfaces
f the three compositions (x = 0.1, 0.3 and 0.5) are shown in Fig. 5.
ach composition is characterized by a typical porous structure and
mall rounded grains. It is evident that the structure is affected by
he Cr–Zn substitutions. It can be observed that the decrease in the
rain size and an increase in porosity with increasing Cr and Zn

ubstitutions. The Cr and Zn substituted ferrite exhibits the finest
nd uniform granulation (Fig. 5). The observed changes in grain size
uggest that the incorporation of Cr–Zn in solid solution occurs dur-
ng precipitation preparation which enables a better homogeneity
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Fig. 4. TEM image of the typical samples x = 0.2.

in the powders and, hence, a more controlled microstructure is
obtained. It can be observed from the SEM images that the pre-
pared samples are amorphous and porous in nature. The particles
were well distributed and slightly agglomerated. The agglomera-
tion is the indication of high reactivity of the prepared sample with
the heat treatment and it may also be come from the magnetostatic
interaction between particles [34–37]. The Cr and Zn incorporation
lead to radical changes in microstructure (Fig. 5) which consist in
the followings:

(i) A significant decrease in the particle size, from 26 nm to about
15 nm;

(ii) The formation of grain bridges around the large pores and
interconnected pores in the form of capillary tubes between
the grain chains;

(iii) It is possible that the presence of the foreign phase inhibits the
grain growth and agglomeration process.

3.2. Magnetic properties

The substitution of Zn and Cr ions, which is having a preferential
A- and B-site occupancy respectively, results in the reduction of the
exchange interaction between A- and B-sites. Hence, by varying
the degree of Zn and Cr substitution the magnetic properties of
the fine particles can be varied. Fig. 6 shows the room temperature
(300 K) hysteresis loop for the typical samples (x = 0.0, 0.3 and 0.5).
The values of saturation magnetization (Ms) coercivity (Hc) and

magneton number (nB) (saturation magnetization per formula unit
‘�B’) obtained from hysteresis loop technique are summarized in
Table 2. The observed magneton number (nB Obs.) was calculated

Table 2
Saturation magnetization (Ms), coercivity (Hc), observed and calculated mag-
neton number (nB), Yafet–Kittel angle (�YK) and Curie temperature (TC) for
Co1−xZnxFe2−xCrxO4.

Comp. x Ms (emu/g) Hc (Oe) nB (�B) �YK (0◦) TC (K)

Obs. Cal.

0.0 46.62 1453 1.959 3.00 – 776
0.1 59.57 1052 2.568 3.50 – 720
0.2 82.88 641 3.489 4.00 – 652
0.3 85.47 382 3.603 4.50 27.39 574
0.4 49.86 213 2.104 5.00 50.36 519
0.5 17.61 135 0.744 5.50 82.81 459
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sing the formula:

B = Molecular weight (Mw) × saturation magnetization (Ms)
5585
(4)

t is observed from Table 2 that saturation magnetization and
bserved magneton number increases up to x = 0.3 and then
ecreases as Zn2+ and Cr3+ ions increases. In the present system
Applied field (kOe)

Fig. 6. Magnetization curve for (a) x = 0.0, (b) x = 0.3 and (c) x = 0.5.

zinc ions of magnetic moment (0 �B) occupies tetrahedral A-site
and push the Fe3+ ions of magnetic moment (5 �B) to octahedral
B-site. This migration of Fe3+ ions from A-site to B-site increases
the net magnetic moment of B-site, resulting overall increase in
saturation magnetization up to x = 0.3. The decreasing trend for
x > 0.3 is due to the fact that after a certain amount of zinc con-
centration, there start fluctuations in the number of ratio of zinc
and ferric ions on the tetrahedral sites surrounding the various
octahedral sites i.e. fluctuations in the tetrahedral-octahedral inter-
actions [10]. Also in the present case Co2+ (3 �B) are replaced by
Zn2+ (0 �B) and Fe3+ (5 �B) are replaced by Cr3+ (3 �B) ions, i.e. mag-
netic ions are replaced by comparatively non magnetic ions. This
results in the weakening of A–B interaction whereas B–B interac-
tion changes from ferromagnetic to antiferromagnetic state. The
variation of nB with Zn–Cr content x can be understood by consid-
ering the cation distribution and the anti-parallel spin alignments,
the two sub-lattice sites following from the Neel’s molecular model
of ferrimagnetisms. According to Neel’s two sub-lattice model of
ferrimagnetisms [38], Neel’s calculated magnetic moment in �B,
nN

B is expressed as,

nN
B = MB − MA (5)

where MB and MA are the magnetic moments of B and A sub-lattice
respectively. nN

B values for x = 0.0–0.5 were calculated using above
equation and also taking the ionic magnetic moment of Fe3+ (5 �B),
Zn2+ (0 �B), Cr3+ (3 �B) and Co3+ (3 �B). The values of calculated
magnetic moment nN

B for x = 0.0–0.3 are in good agreement with the
observed magnetic moment confirming the collinear spin ordering,
while for x = 0.3–0.5 values of observed and calculated magnetic
moment are different from each other. Fig. 7 indicates that signif-
icant canting exists on B site suggesting magnetic structure to be
non-collinear. Thus, the change of spin ordering from collinear to
non-collinear display a strong influence on the variation of mag-
netic moment per formula unit as observed by magnetization with
Cr–Zn content. The initial increase in observed magnetic moment
with Cr–Zn content x is explained on the basis of Neel’s theory,
but decrease in observed magnetic moment after x > 0.3 indicates
a possibility of non-collinear spin structure in the system which

can be explained on the basis of three sub-lattice model suggested
by Yafet–Kittel [39]. Yafet–Kittel (Y–K) angles have been calculated
using the following formula

nB = MB cos �YK − MA (6)
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he value of Y–K angles for samples with x = 0.0–0.2 is not observed
Table 2) which indicates that magnetization of this composition
an be explained with Neel’s two lattice theory. The increase in Y–K
ngles with further increase in Cr–Zn content suggest that magne-
ization in these ferrites can be explained on the basis of canted
pin model. The increase of Y–K angles with Zn content indicates
he fact that triangular spin arrangement is suitable on the B-site
eading to the reduction in A–B interaction.

Coercivity in Co–Zn–Fe–Cr ferrites is given in Table 2. It
ecreases with the increase in Cr–Zn concentration. This is due to
he fact that Hc decreases with the decrease in magnetocrystalline
nisotropy. The magnetocrystalline anisotropy constant (K1) is neg-
tive for both Cr and Zn ferrites. The absolute value of K1 is larger
or Co ferrites than that of Cr and Zn ferrites. The total anisotropy is
qual to the sum of their individual anisotropies. So K1 and hence
oercivity decreases with the increase in Cr–Zn concentration.

The plots of AC susceptibility �ac(T)/�ac(RT) against tempera-

ure T for the samples x = 0.0–0.5 are shown in Fig. 8. For x ≤ 0.3
he plots of �ac(T) data display two peaks, one sharp peak near
he Curie temperature (TC) and another broad peak at much lower
emperature. For x ≥ 0.4–0.5 only a broad maximum is observed.
ubov et al. [40] have studied the temperature dependence of AC
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susceptibility for pure cobalt ferrite and they have observed two
peaks one near Curie temperature (TC = 776 K) and second peak at
533 K. This second peak is referred to as the isotropic peak [41],
which could be seen clearly for a magnetic material in a multi-
domain state only if the material has the temperature at which the
magneto-crystalline anisotropy is zero [42]. Beyond the tempera-
ture at which the isotropic peak occurs, the shape anisotropy will
be dominant and as a result the coercive force arises. The addition of
Zn and Cr to pure CoFe2O4 reduces the coercive force, which results
in decrease in the peak value of susceptibility. Further addition of
Zn and Cr shows broad maxima near TC and the suppression of the
isotropic peak. Therefore, it can be concluded that the samples of
these system contain multi-domain spin cluster. The value of Curie
temperature is given in Table 2. The Curie temperature obtained
from �T/�RT plots decreases with increasing Zn–Cr concentration x
which suggest decrease in A–B interaction.

4. Conclusions

Analysis of XRD patterns confirms that all the samples
possess single phase cubic spinel structure. The wet-chemical co-
precipitation method yields fine particles of the order of few
nanometers which are confirmed by TEM analysis. Lattice constant
increases up to x = 0.3 and thereafter it decreases, this behavior sug-
gests that the ferrite system is not completely normal or inverse.
Magnetizations and observed magneton number increases up to
x ≤ 0.3 and then decreases with increasing Cr–Zn content. Neel’s
model is applicable up to x = 0.3, above which Yafet–Kittel model
can be applied and it decreases with increasing Cr–Zn content.
Thermal variation of AC susceptibility shows a normal ferrimag-
netic behavior which reduces with increasing Cr–Zn content. Curie
temperature determined from AC susceptibility plots decreases
with increasing Cr–Zn content. The decrease in Curie temperature
reflects the weakening in A–B interaction of the respective ions.
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