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Abstract. Nickel ferrite nanoparticles were prepared by a modified sol-gel technique employing coconut oil, 
and then annealed at different temperatures in 400-1200 ºC range. This route of preparation has revealed to be 
one efficient and cheap technique to obtain high quality nickel ferrite nanosized powder. Sample particles sizes 
obtained with XRD data and Scherrer’s formula lie in 13 nm to 138 nm, with increased size with annealing 
temperature. Hysteresis loops have been obtained at room temperature with an inductive method. Magnetic 
field induced microwave absorption in nanoscale ferrites is a recent an active area of research, in order to 
characterize and explore potential novel applications. In the present work microwave magnetoabsorption data 
of the annealed nickel ferrite nanoparticles are presented. These data have been obtained with a system based 
on a network analyzer that operates in the frequency range 0 - 8.5 GHz. At fields up to 400 mT we can observe 
a peak according to ferromagnetic resonance theory. Sample annealed at higher temperature exhibits different 
absorption, coercivity and saturation magnetization figures, revealing its multidomain character.  

1 Introduction  
Spinel ferrites are widely used for electrotechnical 
equipment since their discovery in the forties, due their 
combination of useful magnetic properties, the possibility 
of tailor them with appropriate cation substitutions, the 
reduced electrical conductivity regarding ferromagnetic 
alloys, and their easy and inexpensive ways to 
manufacture them. Nanoscale devices with engineered 
physical and magnetic properties result in substantial 
improvement in the quality of materials that are useful in 
a variety of applications. They are interesting due to their 
size-dependent optical, electronic, magnetic, thermal, 
mechanical, and chemical properties. In the last years 
there is a strong interest in ferrite nanoparticles due to the 
fact that nanoscale materials possess properties that are 
comparable to, or superior to those of bulk materials 
counterparts [1], to the possibility of analyzing the 
fundamental aspects of magnetic ordering phenomena in 
magnetic materials with reduced dimensions [2], as well 
as its potential applications in high density data storage, 
magnetic sensors, spintronics, magnetic resonance 
imaging, ferrofluids, magnetically guided drug delivery, 
or microwave devices[3]. 
 

High frequency microwave absorption of magnetic 
materials is an interesting topic in order to obtain new 
materials for use as radar absorbing materials, but they 
are also interesting in the field of wireless 
communications. Among spinel ferrites, nickel based 

ferrites have been employed as electromagnetic wave 
absorbing material in UHF, VHF and X bands [4-6]. 
Magnetic field induced microwave absorption in 
nanoscale ferrites is a recent and active area of research, 
in order to characterize and explore potential novel 
applications, like acoustic modulators or sensitive field 
sensors [7]. 

2 Experimental setup  

2.1 Sample preparation 

Nickel ferrite nanoparticles were prepared by a modified 
sol-gel technique, with starting components 
Fe(NO3)3·9H2O (iron (III) nitrate nonahydrate), 
Ni(NO3)2·6H2O (nickel (II) nitrate hexahydrate) and 
lyophilized coconut oil. This route of preparation has 
revealed to be one efficient and cheap technique to obtain 
high quality nickel ferrite nanosized powder [8] The 
nitrates were dissolved in a suspension of coconut oil, 
prepared with a molar concentration highly superior to 
the corresponding to critical micelle concentration, that is 
8.1 mmol/l. Then, water excess is removed by keeping 
the suspension at 75 ºC during 24 h. After that, the dried 
samples were annealed in air at different temperatures: 
400, 600, 800, 1000 and 1200 ºC during 4 h. 
Crystallization is obtained by fast cooling to room 
temperature. Finally, the samples were milled in agate 
mortar. XRD analysis gives particle sizes: 13, 42, 75, 
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120, and 138 nm resp., with single phase nickel ferrite 
formation [9]. 

2.2 Experimental techniques 

2.2.1 Magnetic Hysteresis measurements 

Magnetic hysteresis loops have been obtained with a 
robust and digitally processed system developed in our 
laboratory, based in the induced voltages in two identical 
coils, one of them filled with the nanoparticle powders. 
The 50 Hz alternating magnetic field with amplitude up 
to 4 kOe is produced with an self transformer which feeds 
the primary coil of 1200 turns. Magnetic flux is driven to 
secondary coils with the help of a ferromagnetic closed 
magnetic circuit. Current in the primary circuit, and the 
induced voltages in secondary coils are sent to computer 
with the help of a USB data logger Agilent U2542A that 
captures up to 500 KSa/s with 16 bit resolution. M-H 
hysteresis loops are then calculated in the control 
program generated with Agilent VEE software, which 
operates as a virtual instrument. With this measurement 
setup we are able to perform a fast and accurate 
measurement of room temperature hysteresis loops of 
soft magnetic materials. 

2.2.2 Microwave magnetoabsorption measurements 

Magnetic field induced microwave absorption has been 
obtained with the help of an automatic measuring system 
based on a network analyzer Agilent model E5071C 
working up to 8.5 GHz. The sampleholder is placed into 
the polar pieces of an electromagnet which produce 
magnetic fields up to 6 kOe, measured with a gaussmeter 
FWBell 5080 with a calibrated Hall probe. All the system 
is controlled with a PC with an appropriate Agilent VEE 
control program. The powdered sample is located in an 
area with minimum rf electric field and maximum rf 
magnetic field. In addition, this setup allow the 
broadband measurement of microwave absorption with 
varying continuously both the operating frequency and 
DC magnetic field. Details of this system can be found in 
ref 9. 
 

3 Results and discussion  

M-H magnetic hysteresis loops of the nickel ferrite 
nanoparticle samples analyzed are represented in the 
figure 1. We can observe different behaviour of the 
samples: for the intermediate annealing temperatures we 
obtain very similar loops, with a maximum coercive field 
of 171 Oe for the sample annealed at 800 ºC. On the 
contrary, the sample annealed at 1200 ºC has a top 
saturation magnetization of about 40 emu/g, higher than 
other samples, but the coercive field is strongly reduced 
to 52 Oe. Details of magnetic parameters obtained from 
hysteresis loops are depicted in the figure 2. and also in 
the Table 1 The increase in saturation magnetization with 
annealing temperature is consistent with the improvement 

in crystallinity [2], whereas remanence is rather similar in 
all the analyzed samples, around 8 emu/g. Values of 
saturation magnetization are rather lower to the value 
corresponding to bulk ferrite (56 emu/g) pointing to some 
degree of non collinear spin structure usually explained 
with a core-shell particle model [10]. Regarding coercive 
field, it is clear that over 800 ºC it diminishes strongly 
Figures expressed in Table 1 are in the same order of 
magnitude that analog spinel ferrite nanoparticles or Ni 
ferrite synthetized with other methods [11-14] 

Finally, the sample with the lower annealing 
temperature studied (400 ºC) exhibits a qualitatively 
different hysteresis loop, with non attainment of 
saturation, that can be understood as the onset of 
superparamagnetic behaviour [10], in which the best 
model is a core shell morphology with a ferrimagnetic 
core and a surface layer on the shell with broken 
superexchange bonds between magnetic cations that 
induce a large surface spin disorder, so that , any increase 
in the applied field has an effect only on the surface layer 
of the particles. Since this layer does not have a very high 
response to the applied field, the overall increase in the 
magnetization of the particles slows down, and hence a 
high field magnetization irreversibility occurs.!

 

Fig. 1. Hysteresis loops of Ni ferrite nanoparticles. 
 

 

Fig. 2. Coercive field,  saturation magnetization and remanence 
of Ni ferrite nanoparticles. 

 

17003-p.2



Joint European Magnetic Symposia 2012 

 

Table 1. Magnetic parameters of Ni ferrite nanoparticles. 

Annealing 
temp 

MS (emu/g) MR (emu/g) HC (Oe) 

400 ºC 
600 ºC 
800 ºC 

1000 ºC 
1200 ºC 

- 
33.2 
21.4 
35.7 
39.6 

7.5 
8.3 
7.2 
6.6 
7.8 

131.2 
127.3 
170.8 
111.6 
51.9 

 

 

Fig. 3. Microwave absorption as a function of frequency, at 
different applied magnetic fields (curves shift with increasing 

applied field from left to right in each graph), corresponding to 
NiFe2O4 nanoparticles annealed at a) 400 ºC, b) 800 ºC, and c) 

1200 ºC. 
 

A representative set of magnetic field induced 
microwave absorption spectra of the analyzed ferrite 
system are represented in the figure 3. We can see that for 
each annealing temperature we observe a single peak of 
maximum absorption that shifts to higher frequencies 

with the increase of the applied DC magnetic field. These 
peaks are very broad in frequency, probably due to size 
dispersion, so that they could be good candidates to 
microwave absorbers. Taking into account the effect of 
annealing temperature, we can state that the maximum 
absorption increases slightly with the annealing 
temperature, with an absorption of about 25 %, for all the 
samples annealed below 1000 ºC. On the other hand, the 
end member of the series, annealed at 1200 ºC, exhibits 
different behaviour, with a qualitatively different 
absorption profile, with maximum absorption at zero field 
regarding the other samples, an increased absorption to 
figures over 50 %, and with a broader absorption curve, 
i.e. the best properties in the samples studied. 

In these data it is also noteworthy the existence of 
zero field absorption. As explained in 2.2.2, sample is 
placed in the area with maximum rf magnetic field, 
however, low field absorption due to conduction 
mechanisms in particles are probably present in our 
samples. This absorption is caused by induced electric 
fields originated by alternating magnetic signal [15, 16] 
and has non resonant characteristics, so that at low DC 
field we are observing the effect of both non resonant low 
frequency absorption and resonance caused by internal 
fields as we describe below. 

 

Fig. 4 Resonance frequency as a function of applied field, 
corresponding to NiFe2O4 nanoparticles 

 

These results have been deeply analyzed in a 
preceding paper [9], and the main finding was that: the 
results agree well with the theory of ferromagnetic 
resonance. Plots of resonance frequency versus DC 
applied field (represented in figure 4) give in general 
linear results corresponding to g-factors in the range 2.12 
to 2.21, in good agreement with literature data for Ni 
ferrites [7]. A closer inspection reveals that we are 
dealing again with three different behaviour: at 
intermediate annealing temperatures we obtain very 
similar results, up to the sample annealed at 1000 ºC that 
marks the onset of a different behaviour, which sample 
annealed at 1200 ºC exhibit clearly. In this case the slope 
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of the line is different probably due to the fact that its 
particle size is big enough to allow multidomain 
structure, and hence the resonance phenomena is 
composed by spin as well as domain wall resonances, the 
latter occurring at lower frequencies. The composition of 
these two resonance mechanisms will broaden and distort 
the resonance line as observed. On the other hand, 400 º 
C sample has the same characteristics of the intermediate 
annealed temperature samples, but exhibit a higher 
resonance frequency, thus indicating a higher internal 
field and hence an increased anisotropy [15], in 
accordance with hysteresis results. As explained above, 
non resonant low field absorption distort the resonance 
line at lower DC applied fields, so that figures obtained 
below 1 kOe [16] have not been accounted for g- factor 
calculations. 

Keeping in mind all the data presented above, we can 
state that all the system analyzed is in ferrimagnetic 
region at room temperature, unless the lower annealing 
temperature studied promote a particle size near to the 
superparamagnetic limit, as observed in hysteresis loops, 
unless this fact has no remarkable effect on microwave 
magnetoabsorption regarding the other samples analyzed. 
At intermediate annealing temperatures the behaviour is 
similar, with small variations in both magnetic 
parameters and absorption figures, being the sample 
annealed at 800 ºC the one with best coercive field. 
Sample annealed at 1000 ºC marks the onset of 
multidomain formation, clearly indicated by the sudden 
diminution of coercive field, which is remarkable in the 
sample annealed at 1200 ºC, and also observed in 
different microwave magnetoabsorption spectrum. 
Preliminary measurements in magnetic relaxation (not 
presented in this work) also point to the multidomain 
character of this sample, whose relaxation spectrum is 
very similar to the bulk counterpart. 

Finally, we have tried to link the anisotropy fields 
obtained with Kittel formula [9] with the magnetic 
parameters obtained after hysteresis loops. The figures 
calculated for anisotropy fields lie in the range of 0,8 to 
1.7 KOe. This values are in the same order of magnitude 
that analog spinel ferrite or Ni ferrite nanoparticles 
synthetized with other methods [11-14], and roughly 
follow the evolution observed with the saturation 
magnetization so, unless there are other parameters which 
we do not have accounted for, like shape anisotropy that 
can also change in the series analyzed due to some degree 
of non-spherical shape or different degree of particle 
agglomeration, we can assume that crystalline anisotropy 
do not change abruptly with annealing temperature. 
Anyway, further research to elucidate some of the above 
mentioned hypotheses has to be carried out. 
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