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A B S T R A C T

The effect of doping of divalent Sr2+ and Zn2+ ions on the structural and magnetic properties of cobalt ferrite
was investigated. For this purpose, the samples with the composition of Co1-x-ySrxZnyFe2O4 (where x = 0.0, 0.01,
0.05, 0.3 and y = 0.0, 0.05, 0.1, 0.4, 0.5, 0.7) were synthesized by using the spontaneous gel auto-combustion
(Pechini) technique. The effect of the presence of these dopants on the average of crystallite/grain size, lattice
parameter, density, the purity of the formed phase, and morphology of the synthesized nanoparticles was de-
termined. Although formation of spinel ferrite was confirmed in the all samples, the secondary phase of
SrFeO2.86 was detected for the samples containing high values of Sr (=0.3). Also, thermal DTA-TG analysis
showed that the formation enthalpy of the doped-samples was increased. FE-SEM micrographs showed a semi-
spherical morphology, regular and well-distributed nanoparticles in the samples with high values of these do-
pant elements. According to the FTIR data, simultaneous doping of Sr2+ and Zn2+ ions caused to a slightly shift
in spectrum. The magnetic characterization of the synthesized samples revealed that the simultaneous doping of
Sr2+ and Zn2+ ions in cobalt ferrite drastically changes the magnetic parameters of cobalt ferrite. For instance,
the saturation magnetization and coercivity values were changed from 72 to 4 emu/g and from 1019 to 5 Oe,
respectively. Furthermore, the hard magnetic behavior of cobalt ferrite changed to the superparamagnetic be-
havior in the doped-samples.

1. Introduction

Among all ferrites, researchers believe that spinel ferrites are a
group of magnetic materials which have a large number of advantages
for technological and scientific applications due to their excellent
physical and chemical properties [1–5]. Spinel can be represented by
the general formula MFe2O4 (M= Co, Ni, Zn, Mn, Cu, etc), in which the
metal cations A and B are fitted at both A (tetrahedral) and B (octa-
hedral) interstitial sites in the face centered cubic (FCC) formed by
arrangement of oxygen anions [1,6–8]. Among the spinel ferrites,
CoFe2O4 (CF) is known as a well-known partially ferromagnetic ferrite
with unique properties such as the strong magneto-crystalline aniso-
tropy, suitable chemical and thermal stability, high coercivity (Hc),
high Curie temperature and moderate saturation magnetization (Ms)
[9,10]. These excellent characteristics make CF as a candidate for nano-
biotechnology, microwave absorbers, drug delivery systems with lower
side effects, ferrofluids applications and developing of biosensors used
for clinical and environmental purposes [9,11–14]. By the way, it is

notable that the physical and chemical properties of these nanoparticles
are dependent on several parameters such as preparation technique,
pH, synthesis parameters (i.e. calcination time and temperature), pre-
sence of dopants and capping agents, distribution of metal cations,
nature of initial materials and characteristics of final nanoparticles (i.e.
size, morphology, etc.) [15–19]. For instance, there are several che-
mical, physical and mechanical methods to synthesis of ultra-fine cobalt
such as sonochemical [20,21], hydrothermal [22,23], thermal decom-
position [24,25], co-precipitation [26–28], and sol-gel [29–33]
methods. Among these methods, the sol-gel auto-combustion method is
known as one of the most sufficient methods duo to lower annealing
temperature and time, more simple procedure and synthesis of nano-
materials with high purity and lower cost [9,13,34,35]. On the other
hand, it is notable that the doping of alloying elements can affect by the
fraction of Co2+ ions occupied in the octahedral sites and therefore
leads to change the main properties of cobalt ferrite nanoparticles [36].
Hence, there are numerous scientific investigations, so that the effect of
presence of doped elements such as Al [34], Ti [37], Cd [17], Ni
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[11],Cu [12,38], Ag [4], In [6], V [39], Zn [12,17], Mn [12], Cr [40],
and rare earth elements [40–42] on the CF properties has been in-
vestigated. Among these elements, zinc and strontium are introduced as
two effective elements on the magnetic properties of CF. Based on the
previous publications [17,43], substitution of zinc ions at the place of
Co2+ ions into the cobalt ferrite decrease the size of CF nanoparticles
and improves the chemical stability, corrosion resistivity, and magne-
to–crystalline anisotropy. Singh et al. [44] showed a transition from
ferromagnetic to super-paramagnetic behavior with an increase in Zn
ions content. In addition, other researchers showed that, magnetic
properties of cobalt ferrite such as saturation magnetization (Ms),
coercivity (Hc), Curie temperature (Tc), and anisotropy constant (K)
decrease by increasing of Zn ions [45,46]. Also, strontium as a non-
magnetic alkaline earth metal with a suitable atomic radius is an ade-
quate candidate compared with other alkaline elements such as Co and
Ba [19,47]. Kumar et al. [19] showed that Ms as well as Hc and particle
size are reduced with an increase in the content of the doped Sr at the
place of Co2+ ions into the cobalt ferrite, while residual strain in the
crystal structure is increased due to an increase in the lattice parameter
with an increase in the content of the doped Sr. Also, SrCO3 and
SrFeO2.96 paramagnetic phases were formed in the presence of Sr ions
because of low solubility of Sr in the CF structure [19]. Nevertheless,
the effect of the simultaneous presence of Zn and Sr divalent ions on the
structural and magnetic properties of CF nanoparticles has not been
investigated yet. Hence, in the present study, CF magnetic nanoparticles
were synthesized in the simultaneous presence of these two elements by
the sol–gel auto-combustion technique.

2. Materials and experimental details

2.1. Materials

All media components used in this study, including Cobalt (ΙΙ) ni-
trate hexahydrate (Co(No3)2·6H2O, ≥99%), iron (ΙΙΙ) nitrate non-
ahydrate (Fe(NO3)3·9H2O, ≥99%), Strontium nitrate (Sr(No3)2),
≥99%), Zinc nitrate tetrahydrate (Zn(NO3)2·4H2O, ≥99%), citric acid
(C6H8O7,≥99.5%), and ammonia (NH3,≥25%) were purchased from
Merck (Darmstadt, Germany).

2.2. Synthesis of nanoferrites

Sol-gel method was employed to synthesis of nanoparticles with
composition of Co1-x-ySrxZnyFe2O4, where chemical composition of
these specimens is presented in Table 1. For this purpose, first, stoi-
chiometric amounts of metal nitrates in the aqueous solution of citric
acid were dissolved in minimum amount of double distilled water and
were stirred by a magnetic stirrer at 300–400 rpm until a transparent
solution was obtained. It is notable that the molar amount of citric acid

was increased twice as much as nitrates. To stabilize the as-formed
solution, pH value of the solution was adjusted to ~6 by the addition of
ammonia. At the next stage, a dense gel was created by stirring the
solution at 80 °C. In the following, the obtained gel was subjected to a
self-propagating combustion process with an increase in temperature
up to 300 °C and then the flaky loose CF powders were obtained. At the
last stage, to obtain cubic structure of CF nanoparticles, the combusted
powders were calcinated at 800 °C for 3 h in the air atmosphere.

Table 1
Chemical composition and structural parameters of the synthesized samples.

Sample Code. Chemical Composition Crystallite size (nm) Lattice parameter (Å) Volume (Å3) X-ray density (g/cm3)

XRD FE-SEM

A CoFe2O4 88.2 77.1 8.39275 591.17 5.27
B Co0.5Zn0.5Fe2O4 31.1 52.1 8.38536 589.61 5.36
C Co0.89Sr0.01Zn0.1Fe2O4 27.2 44.6 8.38437 589.40 5.30
D Co0.59Sr0.01Zn0.4Fe2O4 30.4 – 8.42470 597.94 5.27
E Co0.29Sr0.01Zn0.7Fe2O4 30.6 – 8.42926 598.91 5.30
F Co0.9Sr0.05Zn0.05Fe2O4 21.4 40.6 8.38536 589.61 5.32
G Co0.85Sr0.05Zn0.1Fe2O4 23.9 – 8.39976 592.65 5.30
H Co0.55Sr0.05Zn0.4Fe2O4 20.5 – 8.42409 597.81 5.30
I Co0.25Sr0.05Zn0.7Fe2O4 23.0 – 8.43051 599.18 5.33
J Co0.6Sr0.3Zn0.1Fe2O4 19.8 30.7 8.39355 591.33 5.47
K Co0.3Sr0.3Zn0.4Fe2O4 15.6 – 8.42083 597.12 5.47
L Sr0.3Zn0.7Fe2O4 18.2 29.1 8.43807 600.79 5.47

Fig. 1. (a) DTA and (b) TG curves related to the selected samples.

Fig. 1. (continued)
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2.3. Characterization of ferrite nanoparticles

To evaluate the phase analysis and structural characterizations of
the synthesized CoFe2O4 nanoparticles, the X-ray diffraction method
was employed by an XRD instrument (PW1730 PHILIPS, Netherland)
using Cu kα radiation (λ = 0.1540 nm) with a working voltage and
current of 40 kV and 30 mA, respectively. Also, the crystallite size and
lattice parameter was refined by the Rietveld refinement method uti-
lizing PANalytical X'Pert HighScore Plus software. In addition, to de-
termine the effect of the presence of doping elements (strontium and
zinc) on the temperature characteristics of the decomposition process
and thermal behavior of the combusted powder during the calcination

process, the flaky loose CoFe2O4 powders were subjected to DTA-TG
thermal analysis (STA504, Bahr, USA) at a heating rate of 20 °C/min
from ambient temperature up to 1200 °C in the air atmosphere. The
Fourier transform infrared spectroscopy were carried out using FT-IR
instrument (Avatar, Thermo, USA) in the wavenumber spectrum of
400–4000 cm−1. Also, the effect of presence of the doping elements on
the microstructure and particles size distribution of the synthesized
nanoparticles was investigated by using FE-SEM (MIRA 3, TESEAN,
Czech Republic). The magnetic properties were measured via VSM
(Magnetic Daghigh Daneshpajouh, Iran) at room temperature up to a
magnetic field of 1 T.

3. Results and discussion

3.1. DTA-TG analysis

Thermal analysis methods are used to study the mechanism and
thermal behavior of the systems [48,49]. Fig. 1 illustrates thermal be-
havior and temperature characteristics of the decomposition procedure
of the flaky loose powders for the samples A, B, J, and L. As seen in
Fig. 1(a), there are two different stages within the DTA curves, so that
for free-doped sample (sample A) there are two exothermic peaks in the
temperature ranges of 325–450 °C and 450–925 °C, respectively. On the
other hand, the first exothermic DTA peak is accompanied with a large
weight loss in TG curves. Therefore, this stage is related to the auto-
combustion process. The weight loss occurred at this stage is probably
related to oxidative decomposition of organic compounds, which is in
good agreement with that of reported by others [7,9,50–56]. As shown,
sharper combustion peaks are observed for the samples doped by Zn
and Sr (i.e. B, J and L) in comparison with the sample A. The enthalpy
of formation of Co, Zn, and Sr ferrites are estimated to be −1087.8
[57], −1179.1 [58], and −1583.8 [59] kJ/mol. Therefore, this in-
crease in the intensity of the first DTA peak can be due to an increase in
the enthalpy of formation as a result of substitution Zn and Sr on the Co
sites. Furthermore, size of the synthesized nanoparticles can be

Fig. 2. XRD patterns of the synthesized samples.

Fig. 3. Variation of the average of crystallite size as a function of Zn and Sr contents.
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considered as another effective parameter on intensity of the DTA peak,
because the smaller size of the nanoparticles, the higher surface of
particles and the more surface energy [60]. However, similar results
can be observed in other studies [56,61]. For instance, Hashemi et al.
[61] showed that the intensity of the DTA peak is directly proportional
to the total surface area of the synthesized particles.

On the other hand, the second exothermic DTA peak, as a broad
exothermic peak, is attributed to the powder densification [55]. As
shown, no weight loss is observed above 500 °C in the TG curves,
meaning that pure cobalt ferrite nanoparticles can be formed above this
temperature. Thus, in order to synthesis of Sr-Zn doped cobalt ferrite
without any organic waste, the precursors were calcined at 800 °C for

3 h.

3.2. Phase analysis

Fig. 2 shows XRD patterns of the calcined samples with composi-
tions of Co1-x-ySrxZnyFe2O4 (where; x = 0.0, 0.01, 0.05, 0.3 and
y = 0.0, 0.05, 0.1, 0.4, 0.7). As seen, there are typical diffraction
characteristic peaks of cubic spinel structures (JCPDS card No.
22–1086) for all samples, which is in good agreement with that re-
ported by others [62–64]. Although, in most samples, no additional
peaks are observed, but a secondary phase of SrFeO2.86 (JCPDS card No.
039–0954) is identified in the samples containing high values of Sr
(=0.3), which is in good agreement with that reported by others [47].

Fig. 4. Variation of lattice parameter as a function of Zn and Sr contents.

Fig. 5. FE-SEM micrographs of the synthesized samples (a) A, (b) B, (c) C, (d) F,
(e) J, and (f) L.

Fig. 5. (continued)
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Also, to confirm the nanocrystalline nature of the prepared samples,
the average of crystallite size was calculated by the refinement of the
structural parameter by using the Rietveld method (Table 1). Also,
Fig. 3 is presented to better understand how zinc and strontium ions
influence the size of crystals. As seen in this figure, the average of
crystallite size is drastically decreased by doping of Zn2+ and Sr2+ ions.

It is notable that the average of crystallite size can be depended
upon to rates of nucleation and growth steps and doping by ions with
different ionic radius can lead to a severe distortion in the lattice and
consequently a decrease in rate of growth step as well as the average of
crystallite size.

It is notable that Sr2+ (1.32 Å [19]) and Zn2+ (0.82 Å [36]) ions
have larger sizes than Co2+ (0.75 Å [65]) and Fe3+ (0.64 Å [65]) ions.
Therefore, some of these dopant ions tend to be at the grain boundaries,
which can restrict grain growth by pinning the grain boundaries. On the
other hand, this doping can also induce lattice strain. As a result, it can

change not only the average of crystallite size but also lattice para-
meter. Furthermore, it can be expected that lattice strain increases by
doping of Sr2+ and Zn2+ ions.

On the other hand, the lattice constant for the all synthesized
samples was calculated by using the Rietveld method. The lattice con-
stant of the all samples was presented in Table 1. Also, Fig. 4 illustrates
the effect of doping of Sr2+ and Zn2+ ions on the lattice parameter. As
seen, both divalent ions increase this structural parameter. However, it
is well observed that the effect of zinc ions on the lattice parameter is
much greater than that of strontium ions.

As mentioned, Sr2+ and Zn2+ ions have larger ionic radius com-
pared with Co2+ and Fe3+ ions. Therefore, due to the formation of a
large strain by doping these ions, secondary phases are more likely to
form, which is in good agreement with that reported by others [47,66].
Increasing of lattice strain can be attributed to increase in dislocations,
micro stresses, grain boundaries, coherency strains and crystallite

Fig. 5. (continued)

Fig. 5. (continued)

Fig. 5. (continued)

Fig. 5. (continued)
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compactness. Consequently, unit cell volume of the synthesized samples
is increased by doping of these two divalent ions (Table 1).

In addition, X-ray density (ρth) of the prepared samples was calcu-
lated from the values of the lattice parameter by using the following
equation:

=ρ M
N a
8.

.th
a

3 (1)

where a is the lattice parameter; Na is the Avogadro’s number; and M is
the molecular weight of the synthesized ferrites. X-ray density of the
prepared samples is listed in Table 1. As presented in Table 1, it is
shown that the value of ρth changes with an increase in dopants con-
centration. This parameter is affected by the simultaneous the lattice
parameter and the molecular weight of the synthesized ferrites. It is
observed that X-ray density is increased by doping Sr2+ ions. The in-
crease in X-ray density by doping Sr2+ ions is attributed to the increase
in the molecular weight of the synthesized ferrites. It is notable that the
ionic weights of Sr2+ (87.62 g/mol [67,68]) and Zn2+ (65.38 g/mol
[69]) are higher than that of Co2+ (58.93 g/mol [70]) and Fe3+

(55.84 g/mol [69]). As observed, the ionic weights of Sr2+ ions is much
higher than that of cobalt, so doping it can increase density regardless
of its effect on the lattice parameter. However, the ionic weights of zinc
and cobalt are close together, so the influence of doping by zinc on the
density is determined simultaneously by the influence of the presence of
this element on the lattice parameter and the ionic weight of the syn-
thesized ferrite. Therefore, the variation of the structural parameters
(Table 1) is non-monotonic with doped Zn concentration. Furthermore,
it is observed that X-ray density of the synthesized ferrites is greater
than bulk density, which can be attributed to the existence of the pores
formed during ferrite synthesis and sintering of bulk samples. These
results are in good agreement with that obtained by others [71].

3.3. FE-SEM analysis

Morphologies and particles size distribution of the samples A, B, C,
F, J, and L are presented in Fig. 5. It is obvious that the morphology of
the nanoparticles differs by doping Sr2+ and Zn2+ ions. In the all
samples, it is observed that there is no particular morphology and the
nanoparticles are highly agglomerated. It is accepted that the com-
bustion process is known as a usual factor for the formation of ag-
glomerated nanoparticles [2]. However, decrease in average size of the
nanoparticles by doping Sr2+ and Zn2+ ions is well confirmed. Fig. 5(a)
and (b) show that nanoparticles synthesized in the samples A and B
have inhomogeneous shape and particles size distribution, which is in
good agreement with that presented in the related article [1].

Fig. 5(c) shows a semi-spherical morphology for sample C with a
noticeable decrease in the nanoparticles synthesized in this sample.
Fig. 5(d) demonstrates the morphology of the sample F by a more

Fig. 6. FT-IR spectra for the selected samples.

Table 2
FTIR absorption frequency bands.

Sample code Chemical composition Tetrahedral (υ1) Octahedral (υ2)

A CoFe2O4 583 468
C Co0.89Sr0.01Zn0.1Fe2O4 583 469
F Co0.9Sr0.05Zn0.05Fe2O4 578 470
J Co0.6Sr0.3Zn0.1Fe2O4 588 470
L Sr0.3Zn0.7Fe2O4 552 467

Fig. 7. M−H hysteresis loops of the synthesized samples at room temperature.
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regular size distribution. These nanoparticles also have a semi-spherical
shape that is highly agglomerated. As mentioned before, some of the
dopant ions (i.e. Sr2+ and Zn2+ ions) can pin the grain boundaries and
thus reduce the particle size. So, it can be expected that a more ag-
glomerated structure is formed in the samples doped by these dopants.
Furthermore, the magnetic nature of the synthesized nanoparticles and
more surfaces to volume ratio in these nanoparticles in order to have
lower surface energy can be effective on the morphology and agglom-
eration behavior. Fig. 5(e) is related to the morphology and particles
size distribution of nanoparticles synthesized in the sample J, which
shows a semi-spherical morphology, regular and well-distributed na-
noparticles in comparison to previous ones that it can be attributed to
more amount of Sr in the composition. Also, Fig. 5(f) demonstrates a
well spherical shape for the sample L. Also, the average of nanoparticles
size for the all samples was calculated by the microstructural image
processing (MIP) software and is presented in Table 1. It can be seen
that the crystallite size decreases from 77.1 (for the sample A) to
29.1 nm (for the sample L) with an increase in the amount of dopant
ions. As seen, the general trend of these results is in agreement with
those obtained by the Rietveld method. However, the averages of na-
noparticles size measured by FE-SEM micrographs are larger than that

of calculated by using XRD patterns (the Rietveld method). It should be
noted that the Rietveld method measures the average of crystallite size,
while the average of nanoparticles size can be obtained by FE-SEM
micrographs and every nanoparticle can be formed by aggregation of
the several crystallites/grains. Also, it is reported that strain over the
surface of the nanoparticles leads to broadening of XRD peak profiles,
which can affected average of particles size measured by using XRD
patterns [9,72].

3.4. FT-IR spectroscopy

FT-IR spectra of the samples A, C, F, J, and L at room temperature in
a wave number range of 400 to 4000 cm−1 are presented in Fig. 6. All
FT-IR spectra in the described range demonstrate two well-defined
peaks, first one around 467–470 cm−1 (υ2) and the other near
552–588 cm−1 (υ1), which are related to intrinsic stretching-vibrations
of the oxygen bonds with metal cations in positions of the tetrahedral
sites (A sites) and the octahedral sites (B sites). The weak frequency
peak (υ2) attributes to the intrinsic vibration of metal–oxygen bond at
the B-sites and the high frequency peak (υ1) shows the metal–oxygen
vibration at the A-sites [45,73,74]. As seen, the normal mode of

Table 3
Magnetic properties of Sr-Zn ferrite samples.

Sample code Composition Ms (emu/g) Mr (emu/g) Hc (Oe) K × 103 (erg/g) nB Mr/Ms

A CoFe2O4 65.6 34 809.8 54.20 2.75 0.51
B Co0.5Zn0.5Fe2O4 60.7 13 71.6 4.43 2.54 0.21
C Co0.89Sr0.01Zn0.1Fe2O4 72.9 29.8 503.4 37.44 3.06 0.40
D Co0.59Sr0.01Zn0.4Fe2O4 65.7 19.1 108.2 7.25 2.75 0.29
E Co0.29Sr0.01Zn0.7Fe2O4 12.1 0.04 7.2 0.08 0.51 0.00
F Co0.9Sr0.05Zn0.05Fe2O4 62.3 27.9 1019.2 64.79 2.61 0.44
G Co0.85Sr0.05Zn0.1Fe2O4 58.9 24.3 550.8 33.10 2.65 0.41
H Co0.55Sr0.05Zn0.4Fe2O4 64.9 15.3 118.2 7.82 2.72 0.23
I Co0.25Sr0.05Zn0.7Fe2O4 13.1 0.01 5.1 0.06 0.55 0.00
J Co0.6Sr0.3Zn0.1Fe2O4 43.8 13.2 444.9 19.88 1.83 0.30
K Co0.3Sr0.3Zn0.4Fe2O4 46.6 4.3 36.1 1.71 1.95 0.09
L Sr0.3Zn0.7Fe2O4 4.4 0.01 23.4 0.10 0.18 0.00

Fig. 8. Variation of magnetic properties as a function of Zn and Sr contents; (a) Ms, (b) Mr, and (c) Hc.
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vibration of the A site is higher than that at B site, which can be due to
the shorter bond length of tetrahedral than the octahedral. Accordingly,
the presence of these two absorption bands confirms formation of the
spinel structure [9,30,61]. The values of absorption frequency υ1 and υ2
are listed in Table 2. As seen, although all the doped samples have
similar peaks compared to pure crystallites, but the substitution of Co2+

with Sr2+ and Zn2+ causes a slightly shift of the position of absorption
bands. Minor shifting of peaks for the bands ν1 and ν2 with doping of

Sr2+- and Zn2+ ions can be due to vary distance between Fe3+–O2− in
the octahedral and tetrahedral sites [37]. Also, the bands observed
around 1080 and1450 cm−1 frequencies are related to the carboxylate
anion [75,76]. The bands at 1730 cm−1 indicate C = O bond, which is
very weak. Also, the bands around 2300 cm−1 represent the organic
residues. The peaks appearing at 2850 and 2900 cm−1 are related to
axial deformation of the C–H bond and C–H stretching vibration, re-
spectively [61,77]. The other IR bands around 1630 and 3400 cm−1

Fig. 8. (continued)

Fig. 8. (continued)
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appear due to the bending and stretching vibration of H2O molecules
[30,46]. However, by substitution of divalent ions Sr2+ and Zn2+ on
cobalt site in cobalt ferrite, only minor changes are observed in spec-
trum.

3.5. VSM analysis

Typical magnetic hysteresis loops of the samples with the compo-
sition of Co1-x-ySrxZnyFe2O4 (where x = 0.0, 0.01, 0.05, 0.3 and
y = 0.0, 0.05, 0.1, 0.4, 0.7) are shown in Fig. 7. Also, the magnetic
moment (nB in Bohr magneton) is computed by using the below formula
[11,78]:

=

×

n
M M

5585B
sSpinel ferrite

(2)

where MSpinel ferriteis molecular weight of the synthesized ferrite in g/mol
and Ms is saturation magnetization in emu/g. On the other hand, values
of the anisotropy constant (K) are calculated by using the following
equation [78]:

=
×K H M

0.98
c s

(3)

The magnetic characteristic parameters are presented in Table 3.
Hysteresis loop provides enough detail to obtain the required

magnetic parameters and also to determine soft, hard or super-para-
magnetic behavior of the investigated samples. It is well-known that the
soft magnetic material has a narrow hysteresis loop with a low coercive
force as well as a small remanence magnetization (Mr) [79]. While, the
hard magnetic materials are known with a high coercive force and a
high remanence value, so the magnetic field of the hard magnetic
material can keep a long time [80]. As shown in Fig. 7 and Table 3, the
magnetic properties of the synthesized samples are strongly influenced
by doping of the zinc and strontium ions, so that some samples exhibit
soft behavior (i.e. the samples E and I) and others show a hard/semi-
hard behavior (i.e. the samples A, C, F, G, and J). As expected, the
samples E and I have very low remanence ratio (Mr/Ms). It is well
known that single-domain magnetic nanoparticles exhibit a super-
paramagnetic behavior [81]. In this condition, magnetic nanoparticles
display higher saturation magnetization and very low coercivity.

Fig. 8(a), (b) and (c) illustrate the variation of Ms, Mr and Hc versus
dopants contents, respectively. As seen in Fig. 8(a), saturation magne-
tization decreases with doping of Sr2+- and Zn2+, so that this magnetic
parameter decreases from 65.6 emu/g (in the sample A) to 4.4 emu/g
(in the sample L) with an increase in dopants content, which can be
attributed to the formation of the secondary phases. A similar trend is
also observed for Mr (Fig. 8(b)). On the other hand, it is acceptable that
magnetization of nanoparticles decreases with decreasing crystallite
size due to the surface anisotropy energy of nano-scale ferrites
[9,82–84]. As presented in Fig. 3, the average of crystallite size is
drastically decreased by doping of Zn2+ and Sr2+ ions, which is in a
good agreement with the trend of magnetization. Furthermore, changes
in the cation distribution in the presence of Sr and Zn can affect the
magnetic properties. For instance, researchers [44,46,85] reported that
the Zn2+ ions seek to the tetrahedral sites of the ferrite sub lattice,
thereby resulting in a decreased magnetic moment. On the other hand,
Lima et al. [47] showed that the Sr2+ ions go mainly to octahedral sites.
They revealed that the excess of the Sr2+ ions favors the production of
paramagnetic phases. Therefore, when the strontium concentration is
increased, the Ms and Mr decrease.

Fig. 8(c) shows that the maximum value of Hc is observed by the
sample F with composition of Co0.9Sr0.05Zn0.05Fe2O4 that it may be
attributed to the pinning of the magnetic domains in the presence of
small amounts of Sr2+ and Zn2+. However, it is observed that Hc de-
creases with doping of higher value of Sr2+ and Zn2+. This magnetic
parameter is affected by various structural defects, i.e. dislocations,
grain boundaries, anisotropy, and precipitates [86,87]. On the otherTa
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hand, in the single-domain region, the coercivity decreases with a de-
crease in the grain size because of thermal effects [88]. Therefore,
smaller grain size in the presence of higher value of Sr2+ and Zn2+ can
be attributed to a decrease in the coercivity.

The structural and magnetic properties of the nano-scale ferrites
synthesized in the present study are compared with the obtained results
in the previous works [19,36,44,45,47,66,77,89] in Table 4. As pre-
sented, it is shown that the nanoparticles doped by the simultaneous
divalent dopants of Sr2+ and Zn2+ have better magnetic properties
than that of obtained in most of the previous studies, so that the
structural and magnetic properties of the nanoparticles synthesized in
the presence study are enhanced by the simultaneous doping of these
two dopants as compared to nanoparticles synthesized doped by only
Zn2+ [43,90] or Sr2+ [19,47,66]. On the other hand, our magnetic
investigations show that by simultaneous presence of these two do-
pants, a super-paramagnetic behavior can be observed and therefore
these nanoparticles can have potential applications such as magnetic
resonance imaging (MRI) contrast agents in ferrofluids based tech-
nology, information storage device, gas sensors and etc. [91].

4. Summery

In the present study, the magnetic nanoparticles of Co1-x-
ySrxZnyFe2O4 (where x = 0.0, 0.01, 0.05, 0.3 and y = 0.0, 0.05, 0.1,
0.4, 0.7) were synthesized by using the sol–gel auto-combustion
method. Based on DTA-TG results, the cubic spinel structure was
formed during two different stages. Also, the obtained results showed
that the cubic spinel structure of CoFe2O4 has been formed in the all
samples. However, a secondary phase of SrFeO2.86 was identified in the
samples containing high values of Sr (=0.3). The average of crystallite
size decreased in the presence of dopant elements of Zn and Sr, while
the lattice parameter showed a completely opposite trend with the in-
crease of these dopant elements. Also, it was confirmed that the mor-
phology of the synthesized samples was affected by the presence of
dopant elements of Zn and Sr, so that morphology of the nanoparticles
changed to a semi-spherical morphology, regular and well-distributed
nanoparticles by addition of values of dopants. Furthermore, it is re-
vealed that the magnetic properties of cobalt ferrite nanoparticles were
strongly dependent on the presence of these two dopants, so that these
dopants changed the ferrimagnetic behavior of the cobalt ferrite na-
noparticles to a superparamagnetic behavior.
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