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ARTICLE INFO  ABSTRACT 
 
 

In this study, we investigated the effect of the annealing temperature on the phases and magnetic 
properties of iron oxide. Iron oxide nanoparticles were obtained by the thermal decomposition 
reaction method at different oxidation temperatures (125, 150, 200, and 250 °C). The X-ray 
powder diffraction data indicate the formation of three different iron oxide phases, being 
controlled by the annealing temperature: Fe3O4 » (Fe3O4 +α-Fe2O3) » (Fe3O4+ α-Fe2O3+β-Fe2O3). 
The infrared data confirmed the formation of iron oxide phases in the iron oxide nanoparticles as 
well as the functionalization of their surfaces by both oleylamine and  oleic acid molecules. ZFC-
FC analysis suggests the all nanoparticles particles obtained under 250 oC are in the blocked 
regime. At 300 K, the superparamagnetic contribution for the iron oxide nanoparticles was 
proportional to the annealing temperature. 
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INTRODUCTION	
	
Over the past few years, superparamagnetic iron oxide 
nanoparticles have gained extensive attention as contrast 
agents for magnetic resonance imaging, as chemical media for 
drug delivery processes, and in hyperthermia technique (novel 
alternative cancer treatment) owing to their unique size-
dependent physicochemical and magnetic properties (Soares, 
2012; Abenojar, 2016; Anjum, 2017; Nigam, 2017). Hence, 
several studies have been carried out to control the 
polymorphic transition mechanism of such materials in order 
to improve their physicochemical characteristics and 
biocompatibility. The polymorphism of iron oxide 
nanoparticles can be attributed to their ability to exist in 
multiple anhydrous and hydrous forms that ensure their 
stability over a wide range of environmental conditions. The 
formation of hydroxides, oxide-hydroxides, and oxides during 
mineralization strongly depends on the level of oxidation, iron 

 
 
concentration, type and activity of counter ions, and pH of the 
reactant solution (Wu, 2016). Small perturbations in the 
reaction conditions can change the phase of the obtained iron 
oxides. Under extreme reducing conditions, iron oxides with a 
non-stoichiometric rock salt structure (wüstite- FeO) are 
obtained. On the other hand, under oxidizing conditions, α–
Fe2O3 (i.e., hematite), β-Fe2O3, ε-Fe2O3, and γ-Fe2O3 (i.e., 
maghemite) with unique magnetic properties are formed 
(Tuček, 2015; Machala, 2011; Brázda, 2014). Hematite (α–
Fe2O3) has a rhombohedral lattice structure (space group	�3��) 
and is the most stable iron oxide (Wu, 2016). Its magnetic 
behavior depends on its average particle size. The Néel 
temperature (TN) of hematite is approximately 960 K, whereas 
its Morin transition temperature (TM) is about 263 K. Hence, 
this phase exhibits ferromagnetism at temperatures higher than 
TM and antiferromagnetism at temperatures lower than TM 

(Kamali, 2013). In this case, a decrease in the particle size 
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results in a reduction of both TN and TM, which generates very 
small lattices. Furthermore, iron oxide nanostructures (particle 
size = <10 nm) show superparamagnetism at temperatures 
higher than the blocking temperature (TB) and ferromagnetism 
at temperatures lower than TB (Tadic, 2014). At ambient 
temperature, α–Fe2O3 behaves as an n-type semiconductor 
material, which makes it suitable for photoelectrochemical 
processes (Meng, 2016; Tamirat, 2016). The metastable phase, 
β- Fe2O3, crystallizes below 770 K (Danno, 2013). It has a 
body-centered cubic “bixbyite” structure (space group of ��3�) 
(Malina, 2014; Emery, Emery). This type of structure consists 
of 32 ions in a state of high rotation arranged in two 
crystallographic non-equivalent octahedral sublattices. Among 
these ions, 24 Fe3+ ions occupy the d-sites with the C2 
symmetry and the remaining 8 Fe3+ ions occupy the b-sites 
with the C3i symmetry (Zboril, 2004). This is the only iron 
polymorph showing paramagnetic behavior at room 
temperature and antiferromagnetic ordering below the Néel 
temperature (Malina, 2015). 
 
Conversely, ε-Fe2O3 is a rare metastable iron polymorph, 
which stabilizes in the form of nanoparticles and is hardly 
generated as a single phase. The epsilon phase has an 
orthorhombic structure (space group Pna21) and is generated 
by processes with a high control of the particle size and 
coalescence (Kohout, 2015; Xu, 2018). This structure shows a 
high gigahertz frequency absorption and extremely large 
coercive field (20 KOe) because of its strong spin-orbit 
coupling (Yakushkin, 2018; Maccato, 2018). Moreover, it is a 
co-linear ferrimagnetic material undergoing Curie transition 
(510 K) (Sánchez, 2017). Maghemite, γ-Fe2O3, is the second 
most abundant iron polymorph (second only to α-Fe2O3) found 
in the earth’s crust (Ma, 2018). Its inverse spinel-type 
crystalline structure is similar to that of magnetite. This 
structure is often reported either as a cubic structure (space 
group P4332) with a partial Fe vacancy disorder or as a 
tetragonal structure (space group P41212) with full site 
ordering (Fock, 2017). Since magnetite is deficient in Fe3+ 
cations, it shows cationic vacancies in the octahedral 
sublattices, which affect the unit cell parameters Development 
of a biocompatible magnetic nanofluid by incorporating 
SPIONs in Amazonian oils (Gaspar, 2017). Unfortunately, γ-
Fe2O3 transforms into α–Fe2O3 at a rather low temperature 
(~300 °C). Its biocompatible nature (low toxicity), oxidation 
stability, and good ferrimagnetic properties (usually shows 
superparamagnetism when obtained in the form of 
nanoparticles) make it suitable for various applications 
Maghemite, γ-Fe2O3, nanoparticles preparation via carbon-
templated solution combustion synthesis (Ianoș, 2018). 
Magnetite, Fe3O4, has an inverse-type spinel crystalline 
structure with the centered cubic unit cell configuration and 
the spatial group of ��3��(Williams, 2018). In this structure, 
the octahedral sublattices are occupied by ferrous cations 
(Fe2+) and half of the ferric cations (Fe3+), whereas the 
tetrahedral sublattices are occupied by the other half of the 
ferric ions(Jin, 2018). 
 
The preparation mode and particle size play an important role 
in determining the ease of formation of such polymorph 
structures. For instance, hematite is crystallized under 
oxidizing conditions, while magnetite (inverse spinel) is 
generated under moderate environments. Fe3O4 is formed 
under highly oxidative conditions by the vigorous conversion 
of Fe2+ to Fe3+ and the compensation of iron vacancies in the 
octahedral sublattices of the spinel crystal.  

In fact, controlling the chemical composition and structure of 
iron oxides is a great industrial challenge since they are critical 
parameters governing their physicochemical and magnetic 
properties, especially at the nanometer scale. In this study, we 
investigated the effect of the oxidation temperature on the 
phase distribution of iron oxides prepared via the thermal 
decomposition method.  
 
Experimental 

 
Synthesis of iron oxide nanoparticles: Iron (III) chloride 
hexahydrate (FeCl3. 6H2O, 90%, Synth), 1-octadecene (C18H36, 
90%, Sigma Aldrich), oleylamine (OL, C18H37N, 70%, Sigma 
Aldrich), oleic acid (OA, C18H34O2, PA, Synth), ethanol 
(C2H6O, 99.5%, Quimex), and toluene (C7H8, 99.5%, Quimex) 
were of the analytical grade and were used without further 
purification. Iron oxide nanoparticles were synthesized via the 
thermal decomposition method (Sarveena, 2016) using iron 
(III) chloride hexahydrate as the metallic precursor, 1-
octadecene as the solvent, OL as the reducing agent, and OA 
as the surfactant. In a typical procedure, 2.0 mmol of 
FeCl3.6H2O was dissolved in 20.0 mL 1-octadecene, 8.0 mL 
OA, and 12.0 mL OL. This solution was gently heated at 120 
°C for 60 min under N2 atmosphere (100 mL.min-1) and 
continuous stirring (600 rpm). Then, the reaction temperature 
was increased to 300 °C and the mixture was stirred for 
another 60 min. The reaction mixture was then cooled down to 
different annealing temperatures (125, 150, 200, and 250 °C) 
under synthetic air atmosphere (30 min). The final solution 
was then cooled to room temperature and the obtained 
nanoparticles were washed by adding ethanol and centrifuging 
at 3600 rpm (15 min). This procedure was repeated four times 
by dispersing the as-synthesized nanoparticles in toluene and 
ethanol followed by centrifugation. Finally, the nanoparticles 
were dispersed in 10 mL of toluene (mixed with three drops of 
oleylamine) for long-term storage. 
 
Characterization 

 
X-ray powder diffraction (XRPD) measurements were carried 
out using a D8 Advance diffractometer (Bruker) with a Cu Kα 
(λ=1.5406 Å) tube operating at 40 kV/40 mA and a LynxEye 
linear detector. The data were collected in the Bragg-Brentano 
geometry over the 2θ range of 20–100° with a step size of 
0.02° and counting time of 0.5 s. The XRPD peaks of the 
samples were indexed using the Joint Committee Powder 
Diffraction Standards (JCPDS) data for phase evaluation. The 
XRPD patterns of the samples were analyzed using the 
Rietveld method. The crystallite sizes (D) of the samples were 
estimated using the William–Hall equation (Eq. 1):  
 
�����	 = ��/� + 4����� (1) 
 
where B is the full width at half of maximum (in radian) of the 
peaks, θ is the peak position, k is the Scherrer constant (0.89), 
λ is the X-ray wavelength, D is the crystallite diameter, and ε is 
the lattice strain of the structure.   
 
Fourier transform-infrared spectroscopy (FTIR) was carried 
out using an IR prestige-21 infrared spectrometer (Shimadzu) 
using KBr as the dispersant agent (1:100 wt./wt.). The FTIR 
spectra were recorded over the wavenumber range of 400–
1000 cm−1. The magnetization vs. temperature curves of the 
samples were obtained via ZFC-FC (zero-field-cooling, field-
cooling) in order to investigate their super paramagnetic 

31436                                 Renilma S. P. Fonseca et al. Effect of the annealing temperature on phase composition of iron oxide nanoparticles 
 



behavior. Thus, the samples were cooled from 300 K to 5 K in 
the absence of the magnetic field. At 5 K, a static magnetic 
field of H = 50 Oe was applied to the samples and their ZFC 
was measured during heating to 300 K. The samples were then 
cooled to 5 K in the presence of the same magnetic field (H = 
50 Oe) and their FC was measured during cooling. 
 

RESULTS	AND	DISCUSSION	
 
Structural Properties 

 
Figures 1(a) and 1(b) show the XRPD patterns and Rietveld 
refinement of the iron oxide nanoparticles and their phase 
content distribution as a function of the oxidation temperature, 
respectively. All the diffraction peaks were indexed according 
to the JCPDS database. Three iron oxide polymorphs 
(magnetite, hematite, and the metastable phase, β-Fe2O3) were 
generated during the oxidation processes. Magnetite (Fe3O4 - 
ICSD 65340) with the spinel structure and space group of 
��3��, showed XRPD peaks at 2θ = 30.11°, 35.51°, 43.18°, 
53.52°, and 62.50° corresponding to the (022), (311), (004), 
(422), and (044) crystal planes, respectively. Hematite (α-
Fe2O3 - ICSD 81248) with the rhombohedral structure and 
space group of R-3cH showed peaks at 2θ = 24.09°, 33.12°, 
35.62°, 40,85°, 49.43°, 54.98°, 62.44°, and 64.04° 
corresponding to the (012), (104), (110), (113), (024), (116), 
(214), and (030) crystal planes, respectively. The metastable 
phase, β-Fe2O3, (ICSD 237290) with the cubic structure and 
space group of Ia3 showed peaks at 2θ= 23.12°, 38.21°, 
40.73°, 55.11°, and 65.80° corresponding to the (211), (004), 
(411), (044), and (622) crystal planes, respectively. From the 
XRPD patterns, it can be observed that all the polymorphs 
crystallized as nanoparticles independently of the applied 
annealing temperature (Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Iron oxide polymorphism can be associated with the amount of 
oxygen purged into the system during the annealing process. 
An oxidative atmosphere gives rise to various structural 
disorders in the crystal lattice due to oxygen vacancies, which 
alter the free energy of crystallization. In thermodynamic 
terms, crystallization is a complex mechanism in which several 
metastable structures assemble until a final stable phase, 
Fe3O4, is obtained as a consequence of the gradual reduction in 
the Gibbs energy (Navrotsky, 2004). Hence, it can be stated 

that the iron oxide conformation is coordinated by the system 
proposed by Ostwald. Table 1 shows that the transformation of 
the crystalline structures of iron oxide as function of the 
annealing temperature occurred in the order: Fe3O4» (Fe3O4 
+α-Fe2O3) » (Fe3O4+ α-Fe2O3+β-Fe2O3). In bulk, the 
transformation of Fe3O4 to α-Fe2O3occurs due to oxidation 
(4����� + �� → 6�����) and/or redox-reactions (3����� →
4����� + ��). However, the changes in the crystalline 
structure of nanometric systems is related to the superficial 
enthalpy and activation energy even at room temperature 
(Vasylkiv, 2016). In oxidative media, the β-Fe2O3 phase 
transforms to the α-Fe2O3 phase (Machala, 2011). 
 
Vibrational Properties 

 
Oleylamineand oleic acid are used in the synthesis of iron  
oxide nanoparticles because they can prevent the 
agglomeration of particles during the growth stage (Harris, 
2015). In this study, the functionalization of the iron oxide 
surfaces by chemisorption of organic ligands on them was 
examined by FTIR spectroscopy. The iron oxide surfaces 
showed vibrational modes below and above 800 cm-1. The 
peaks observed below 800 cm-1 corresponded to the Fe3O4 
particles, whereas those observed above 800 cm-1 correspond 
to the OA and OL absorption on the solid surfaces (Fig. 2) 
(Vuong, 2015). The peaks at 2920 and 2850 cm-1 can be 
attributed to C-H stretching (Lobato, 2017). The peaks at 1500 
and 1458 cm-1 correspond to the asymmetric and symmetric 
stretching vibrations of the carboxyl group of oleylamine, 
respectively (Darwish, 2017). Moreover, the wavenumber 
difference of these two peaks (Δ = 48 cm-1) suggests that a 
bidentate chelating ligand was chemisorbed as a self-
assembled monolayer (Mondini, 2013). The peaks observed in 
the wavenumber range of 1378–1610 cm-1 correspond to the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
NH2 groups of oleylamine (Xu, 2018). Finally, the vibrational 
modes at about 550 and 441 cm-1 can be attributed to the Fe2+ 
ions at the tetrahedral and octahedral sublattices of the spinel 
ferrites, respectively (Aliramaji, 201).  
 

Magnetic Properties 
 
In the previous section, the effect of the annealing temperature 
on the formation of distinct crystalline phases of iron oxide 
was investigated.  

Table 1. Phase distribution, lattice parameter, and average crystalline size of the iron oxide nanoparticles as function  
of the oxidation temperature 

 

Annealing temperature (°C) Phase structure Phase content (%) a (Å) D (nm) Gof Rw 

125 Fe3O4 100.00 8.32 1.16 1.08 3.42 
 
150 

Fe3O4 83.13 8.38 1.81 1.10 3.82 
α- Fe2O3 16.87 5.03 9.76 

200 Fe3O4 47.09 8.40 1.47  
1.20 

 

4.94 
α- Fe2O3 39.51 5.03 82.50 
β- Fe2O3 13.39 9.41 91.81 

250 Fe3O4 63.37 8.38 4.91 1.22 6.10 
α- Fe2O3 31.60 5.04 1.36 
β- Fe2O3 5.03 9.40 71.02 

 
Table 2. Saturation magnetization, magnetic remanence, and coercivity of the oxidized nanoparticles at 125, 150, 200, and 250 °C 

 
Annealing temperature (°C) Ms (emu) Mr (emu) -Hc (Oe) 

5K 300 K 5 K 300K 5 K 300K 
125 0.039 0.018 0.007 4.194 x10-5 675.380 15.620 
150 0.171 0.102 0.035 3.922 x10-4 545.851 14.850 
200 0.004 0.002 0.001 1.484 x10-5 397.462 9.520 
250 0.012 0.009 0.006 6.886 x10-4 363.501 11.480 
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The magnetic properties of nanomaterials depend on their 
crystal structure and average particle size. Hence, in order to 
investigate the effect of the iron oxide distribution on the 
magnetic behavior of the ferrite nanoparticles, their 
magnetization profiles (in terms of the magnetic field and 
annealing temperature) were obtained. Figure 3 (a-d) show the 
hysteresis curves for the nanoparticles at 5 and 300 K. As 
expected, at 5 K, the samples showed higher magnetic 
saturation than at 300 K (Table 2). This behavior is 
characteristic of ferrimagnetic materials (Cai, 2007). At 300 K, 
the samples exhibited a superparamagnetic behavior because 
of the formation of very short magnetic domains (Gavilán, 
2017). To determine the veracity of the superparamagnetic 
state of the nanoparticles, a mathematical adjustment of the 
hysteresis curve was carried out using the Langevin function 
assuming a set of polydisperse nanoparticles each with a 
magnetic moment (μ) described by Eq. 2: 

 

�(�) = �	� �
�

�

� �
�	(H − Hc)

���
� 	�(�)�� (2) 

 
where HC is the coercive field, n is the number of super 
paramagnetic particles per mass unit, KB is the Boltzmann 
constant, L(x) is the Langevin function, T is the absolute 
temperature, and f(µ) is the distribution of magnetic moments 
(expressed as a lognormal function: 

	�(μ) = 	
�

√��	��
���	 �−

��(
�

��
)

���
�, where is the standard 

deviation,	��is the distribution median, and < μ >	= �����
��

�
 

is the mean magnetic moment. The magnetization curves of 
the samples and their best fitted results (solid lines in red) are 
shown in Fig. 4 (a-b).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

From the hysteresis curves, it can be observed that at 300 K, 
all the samples exhibited superparamagnetism, as indicated by 
their very low coercivity values, unlike the case at 5 K. By 
Langevin adjustment, we determined the polydispersity () 
and distribution of the mean magnetic moment <μ> of the 
samples, as shown in Table 3. From Table 3, it can be 
observed that a decrease in the annealing temperature resulted 
in an increase in the number of particles per unit volume (N), 
indicating the existence of a higher number of nanoparticles in 
the superparamagnetic state.  
 
Table 3. Best fitted parameters for the M vs. H curves of the iron 
oxide samples at T=300 K, where n is the number of 
nanoparticles per unit volume, <µ> is the mean magnetic and  is 
the standard deviation of the lognormal magnetic moment 
distribution 
 
Annealing temperature (°C) N (cm-3) <µ> (x10-3 µB)  

125 1.2 x1017 0.9 0.41 
150 6.9 x1016 1.5 0.92 
200 7.6 x1016 1.7 1.07 
250 3.9 x1015 26.9 0.92 

 
The mean magnetic moment on the other hand increased with 
an increase in the annealing temperature (Fig.4c). The sample 
oxidized at 250 °C showed the maximum mean magnetic 
moment, indicating a restriction of the crystal lattices in the 
superparamagnetic state. The standard deviation of the 
lognormal magnetic moment distribution was proportional to 
the annealing temperature. Low values of the lognormal 
magnetic moment distribution confirmed the presence of 
nanoparticles in the superparamagnetic regime (Félix, 2017). 
The ZFC and FC curves of the samples oxidized at various 
temperatures were also obtained. Figure 5 shows that all the 
samples crystallized as superparamagnetic particles with grain 

 
 

Fig. 1. (a). XRPD patterns and Rietveld refinement for the iron oxide nanoparticles oxidized at different temperatures and  
(b) composition of the iron oxide nanoparticles oxidized at different temperatures 
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sizes within the single domain limit. However, the sample 
oxidized at 250 °C showed a flat FC curve towards higher 
temperatures, suggesting that this polyphase system was 
formed by interacting, not percolated, magnetic nanoparticles.
 

 

Fig. 2. FTIR spectra of the iron oxide nanoparticles oxidized at 
different oxidation temperatures

 

 
Fig. 3. Hysteresis curves for the iron oxide nanoparticles oxidized 

at (a) 125, (b) 150, (c) 200, and (d) 250 °C.
 
In this case, the blocking temperatures for the oxide systems 
were: 25 K (125 °C), 39 K (150 °C), 53 K (200 °C), and 150 
(250 °C). Furthermore, no Verwey transition (
in the case of magnetite (120 K) because of its small diameter 
(Lee, 2015).  Assuming that only the samples annealed at 125, 
150, and 200 °C were typically superparamagnetic materials, 
its theoretical ZFC-FC curves were obtained according the 
superparamagnetic model described by Knobel

31439                                 International Journal of Development Research,
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ed at 250 °C showed a flat FC curve towards higher 

temperatures, suggesting that this polyphase system was 
formed by interacting, not percolated, magnetic nanoparticles. 

 

Fig. 2. FTIR spectra of the iron oxide nanoparticles oxidized at 
on temperatures 

 

Fig. 3. Hysteresis curves for the iron oxide nanoparticles oxidized 
at (a) 125, (b) 150, (c) 200, and (d) 250 °C. 

In this case, the blocking temperatures for the oxide systems 
were: 25 K (125 °C), 39 K (150 °C), 53 K (200 °C), and 150 K 
(250 °C). Furthermore, no Verwey transition (TV) was detected 

120 K) because of its small diameter 
, 2015).  Assuming that only the samples annealed at 125, 

150, and 200 °C were typically superparamagnetic materials, 
FC curves were obtained according the 

Knobel et al. (2008). 

Fig. 4. Normalized magnetization curves at (a) T = 300 K, (b) T = 
5 K for the samples oxidized at 125, 150, 200, and 250 °C, and 
(c)Log-normal distribution of the magnetic moments of the 
samples oxidized at 125 °C (black circles), 150°C (red circles), 200 
°C (green circles) with abscissa scale of 0.0
°C (blue circles) with abscissa scale of 0.0 
 
Therefore, the initial susceptibility (
smaller than the anisotropy field) for a single particle in the 
super paramagnetic regime is given by:
for T>TBa, where �� is the vacuum permeability. On the other 
hand, in the clocked regime, the initial susceptibility is 
described as:	���= ����

�/	3k���
susceptibility of a system of polydisperse magnetic 
nanoparticles with a distribution of reduced energy barriers 
f(y) where	� = (��/	���)	and 
barrier, is given by Eq. 3: 
 

����
�

= 	
����

�

3����
�
���
��
�
�/�

�

+ �
�

�/���
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Fig. 4. Normalized magnetization curves at (a) T = 300 K, (b) T = 
5 K for the samples oxidized at 125, 150, 200, and 250 °C, and 

distribution of the magnetic moments of the 
samples oxidized at 125 °C (black circles), 150°C (red circles), 200 
°C (green circles) with abscissa scale of 0.0–7.5 x103 µB, and 250 
°C (blue circles) with abscissa scale of 0.0 –110 x103 µB 

initial susceptibility (assuming H is much 
smaller than the anisotropy field) for a single particle in the 

paramagnetic regime is given by:	���� = ����
��/	3��� 

is the vacuum permeability. On the other 
d regime, the initial susceptibility is 

��� for T<TB. The magnetic ZFC 

susceptibility of a system of polydisperse magnetic 
nanoparticles with a distribution of reduced energy barriers 

and ���is the median energy 

� ���
���

	��(�)��

� �(�)��
��

� 

(3) 

November, 2019 



where ��� =
���

��
ln(�� /��), kB is the Boltzmann constant, �� 

is the measurement time (assumed as 100 s), and �� is the 
relaxation time.  
 

 
 

Fig. 5. ZFC and FC curves for the iron oxide nanoparticles 
oxidized at different temperatures 

 

The first term in Eq. (3) corresponds to the contribution of 
superparamagnetic nanoparticles, while the second 
corresponds to the contribution from blocked magnetic 
nanoparticles. For FC curves, it is assumed that the 
contribution from blocked magnetic nanoparticles to 
magnetization (below TB) is not randomly oriented. The FC 
susceptibility (MFC/H) is described by Eq. 4: 
 
����
�

= 	
����

�

3����

���
��
�� ���

�/���

�

	��(�)��

+ � ��(����)�(�)��
�

�/���

� 

(4) 

 
The first term in Eq. (4) is contributed by superparamagnetic 
nanoparticles, while the second is contributed by blocked 
magnetic nanoparticles. We considered f(y) as a lognormal 

distribution defined as �(�) = 	
�

√����
exp �−���

�

���
� where  

is the standard deviation.  
 
Figure 6 shows the best-fitted ZFC-FC curves (as red lines), 
and the best-fitted parameters are summarized in Table 3. 
Thus, it can be observed that the samples oxidized at 125 and 
150 °C exhibited superparamagnetic properties because of the 
contribution from both the blocked and unblocked 
nanoparticles. However, the remaining samples showed a 
different magnetic regime probably because of the presence of 
β-Fe2O3.  

 
Fig. 6. ZFC-FC measurements of all the samples under a 
magnetic field of 50 Oe. The ZFC-FC experimental data 
(symbols) and fitting curves (full red line) 
 
Table 4. Best fitted parameters obtained from the ZFC-FC 
experimental curves of the samples oxidized at 125, 150, and 200 
°C 
 

Annealing 
temperature (°C) 

EBM (erg) Keff (erg.cm-3) 0 (s)  

125 5.60 x10-14 1.06 x105 5.09 x 0-11 0.55 
150 8.60 x10-14 9.50 x104 8.90 x10-9 0.33 
200 1.10 x10-13 9.40 x104 1.50 x10-9 0.54 
250 - - - - 

 
Table 4 summarizes the magnetic parameters of the samples 
obtained from their fitted ZFC-FC curves. As show in Table 4, 
the median energy barrier (EBM) decreased proportionally with 
the annealing temperature because of the scrambling and 
oscillations of the magnetic moments (Abenojar, 2016). On the 
other hand, the effective magnetic anisotropy (Keff) of the 
samples increased with a decrease in the annealing temperature 
because of the decrease in the average particle sizes (Table 1). 
The relaxation time (0) is an important parameter for 
predicting the states of thermal fluctuation associated with the 
energy barrier (Correia, 2014). In this study, only the sample 
annealed at 125 °C showed a relaxation time in the range of 
10-10–10-12s, indicating that it existed in a superparamagnetic 
state. 
 
Conclusions 

 
Iron oxide nanoparticles were obtained using the thermal 
decomposition method by varying the annealing temperature. 
The XRD results showed that iron oxide polymorphism is 
widely influenced by the annealing temperature, in which 
either magnetite, hematiteor β-Fe2O3 are generated. The 
vibrational spectroscopy spectra showed that both the 
oleylamine and oleic ligands were chemisorbed on the surface 
of the oxide nanoparticles. The iron oxide nanoparticles 
annealed at low temperatures exhibit superparamagnetic 
behavior whereas the sample annealed at 250 °C shows a 
limitation of such magnetic regime. 
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