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Spinel ferrite nanoparticles have been synthesized by the surfactant-assisted hydrothermal route using
cetyltrimethylammonium bromide (CTAB) and ethylenediaminetetraacetic acid (EDTA) in the NaOH
solution. Temperature evolution of magnetic hysteresis loops has been investigated in detail. The
magnetic characterization of spinel nanoparticles has been measured by a quantum design vibrating
sample magnetometer model 6000. The origin of a cross-over feature of ferrite nanoparticles has been
observed at room temperature. Microwave properties of ferrites were investigated with the use of
an Anritsu MS2028C VNA Master. The present studies also demonstrate that a microwave absorber
can be fabricated within a ferrite polymer nanocomposite for technological applications up to 16 GHz,
with the reflection loss of more than —60 dB and —50 dB by using CTAB and EDTA, respectively.
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1. Introduction

Over the last few years, smart nanoparticles
(NPs) have become the hotspot of basic research
and applications mainly due to their interesting
electronic and magnetic properties. Nanoparticle
research is an essential part of our natural envi-
ronment, high technology, medical and modern sci-
ence [1-6]. NPs have also become a keyword for un-
derstanding the magnetism of very small magnetic
structures [7-16]. Spinel ferrite NPs are particu-
larly considered very attractive due to their unusual
magnetic properties and their promising technologi-
cal applications [17-21].Ferrites have generally been
attracting the ever growing interest in fundamental
science for a wide variety of their properties (e.g.,
optical, electrical and catalytic) and their thermal
stability [22—-48]. The ferrite NPs can be convention-
ally prepared by the hydrothermal method [49-52],
sol-gel processing [53, 54|, micro emulsion [55-57],
chemical co-precipitation [54, 58, 59|, citrate precur-
sor techniques [60], solvothermal [61], sonochemi-
cal reactions [62], ceramic technique [63], microwave
synthesis [64, 65|, etc. The magnetic properties of
ferrite NPs have been investigated [66-75], however
many properties of NPs should be examined in de-
tail in finite nanosystems. To this end, the rich crys-
tal chemistry in ferrite systems provides excellent
opportunities to better understand the magnetic
properties of NPs by chemical manipulations [76].

In the noteworthy part of this study, we have
synthesized spinel ferrite (a-FeoO4) NPs by using
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CTAB-assisted and EDTA-assisted hydrothermal
processes. Temperature evolution of magnetic hys-
teresis (M—H) loops for ferrites has been inves-
tigated and their characteristic parameters Hg,
H., My and M, were determined. Surprisingly,
crossover behaviour in M—H loops at room tem-
perature (RT) has been observed as the new prop-
erty for spinel NPs. Such behaviour was first found
for spinel NPs, however at a lower temperature
(~ 50 K). The crossover phenomenon widely at-
tracts material scientists, physicists and chemists.
Properties that appear in M—H loops of ferrite NPs
create opportunities for future applications in infor-
mation storage, sensors and display devices.

The microwave absorbing measurements for
spinel NPs were performed in this paper. We used
a free-space method in the range from 8.2 GHz to
18 GHz at RT. A high absorption loss signal has
been observed in the high-frequency regime.

2. Experiments

2.1. Preparation of samples

2.1.1. Synthesis of spinel ferrite nanoparticles

In this paper, spinel ferrite NPs were synthe-
sized with the assistance of a cationic surfactant:
1-cetyltrimethylammonium bromide (CTAB) and
of a chelating agent: 2-ethylenediaminetetraacetic
acid (EDTA).
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In the experimental procedure by using method 1
a-Fes Oy, ferrite NPs have been prepared using
a surfactant-assisted (CTAB) hydrothermal pro-
cess. According to this method, 0.003 mol surfac-
tant CTAB was dissolved in 35 ml deionized water
to form a transparent solution. Then, ferric(III)
chloride hexahydrate (FeCls - 6H20) of 0.004 mol
was added to the solution and mixed for 10 min. Af-
ter stirring, a stoichiometric amount of a-Cly6HoO
or/and «a-Cla6Hy0O (a-Cly salts) was introduced
into the mixed solution under vigorous stirring.
Deionized water was added to make the solution for
a total volume of 40 ml and then pH of the solution
mixture was adjusted to 11. Before transferring to
a teflon-lined autoclave of 50 ml capacity, the so-
lution mixture was pretreated under an ultrasonic
water bath for 40 min. A hydrothermal synthe-
sis was carried out at 130°C for 15 h in an elec-
tric oven without shaking or stirring. Afterwards,
the autoclave was gradually warmed up to RT. The
collected black precipitate was several times washed
with distilled water in an ultrasonic bath to remove
any possible impurities. The solid was then heated
at 100°C and dried under vacuum for 5 h [50].

In the experimental procedure by using method 2,
a-FesO,4 spinel NPs have been synthesized by us-
ing a chelating agent-assisted (EDTA) hydrother-
mal process. The detailed procedure was the same
as the synthesis of 1-NPs.

2.1.2. Synthesis of ferrite polymer nanocomposites

Spinel ferrite nanoparticles were inserted in poly-
acrylonitrile (PAN) to investigate the EM absorp-
tion properties. For this propose, ferrites (nanopow-
ders) were dispersed in deionized water and stirred
for 3 h at RT using a magnetic stirrer. Nanopowders
and PAN are taken in the weight ratio of 3: 2 :1
(z is not disclosed) and thoroughly mixed with sil-
ver hexafluoroantimonate, which was used as the
initiator for a polymerization process, in the glass
bottle in the oven at 150°C. The polymerization
process took two days. After this period, the poly-
mer was homogenized in a mortar and poured in
the mould of a radius » = 400 mm and a thickness
¢ = 2 mm, and then left for 20 min at RT. The
magnetic parameters (H., Hs, M, M,) obtained
from the curves H are shown in Table 1.

2.2. Measurements of ferrite nanoparticles

The magnetic hysteresis loops (M—H) of spinel
NPs have been measured by a quantum design vi-
brating sample magnetometer (VSM) model 6000.
The microwave properties of ferrites were inves-
tigated using an Anritsu MS2028C VNA Master.
The measurement of NPs was done with a Malvern
Instruments Zetasizer Nano-ZS. In turn, the mi-
crowave absorbing measurements were made us-
ing the free space method which is an impor-
tant wave transmission scheme in communication
and materials research (e.g., in radar and satellite
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Characteristic magnetic parameters TABLE I
for each composition at 50 K.

Sample He Hs M, My

[G] [G] |[emu/g]|[emu/g]

CrFe20y4 175.58 | 12819 | 0.1291 | 0.058
m|Mng.5Cop.5Fe204 |4025.5|15905.61 | 0.174 0.13
ﬁ Mng. 5Crg.5FeaOy 0 23905 0.046 0.029
O|Nig.5Cro.5FeaOy [225.33| 24413 0.052 0.021
Cog.5Crp.5Fe204 [5058.5| 49697 0.261 0.098
CrFez04 210.04| 23851 | 0.0142 | 0.0068

< Mng 5Cop.5Fe204| 11237 | 23361 0.417 |0.33461
E Mng.5Crg.5FeaO4 | 93.64 | 9008.46 | 0.2224 | 0.1648
M| Nig.5Cro.5Fea 04 0 | 9806.52 | 0.0211 | 0.0084
Co0.5Crp.5Fe204 | 11220 | 40568 | 0.2507 | 0.1707

communication EM waves propagate through free
space). In recent years, an increasing interest
in using the free space techniques was observed
for the measurement of EM properties of ma-
terials. Since microwave antennas have far-field
focusing ability, it is possible to make accurate
free space measurements at microwave frequen-
cies [51, 52, T7-83].

3. Results and discussion

Figure 1 shows the magnetic hysteresis curves
of Mn0,5COO,5FGQO4 (black 11118)/0110,5ZHO,5F€204
(red line) spinel type ferrite NPs for selected
temperatures and the characteristic parameter
values, i.e., H., Hs, M and M,. The hysteresis
loops obtained with CTAB and EDTA are nearly
symmetric at given temperature in relation to
the case of the zero magnetic fields. The FM
properties have been observed for all samples.
One can notice that the values of H. with CTAB
(see Fig. la) increase for both spinel ferrite NPs
when temperature decreases starting from RT
to 10 K. In turn, the values of H. obtained
with EDTA for Mn0_5COO_5F€204 (black line)
decrease as temperature increases (see Fig. 1b),
whereas for Cug 5Zng 5Fe2O4 (see inset of Fig. 1b)
the H. values initially increase with increasing
temperature and further decrease. In the case of
Mng 5Cog 5Fes0,4, an exponential increase of H.,
and H can be observed in Fig. 1 when temperature
decreases, therefore changing, respectively, in the

range  0.165 7.777 kG (CTAB)/0.76-13.45 kG
(EDTA) and in the range 10.05-21.37 kG
(CTAB)/13.90-27.14 kG = (EDTA). Comparing

the H. values for Mngs5CogsFesOy ferrite NPs
obtained using CTAB/EDTA, the H. values for
Cug.5Zng5Fes04 in the range 0.068-0.216 kG
(CTAB)/0.103-0.125 kG (EDTA /inset) are consid-
ered small. After H. of Cug5ZngsFesOy4 ferrites
reaches its maximum (red line, inset Fig. 1b),
it decreases logarithmically with increasing tem-
perature. In fact, this maximum at temperature
~49.91 K originated from nonmagnetic Zn ions
and the spin-flop (SF) transition [15].



Origin of Cross-Over Phenomenon of Hysteresis. . .

CTAB

.

0 50 100 15 200 250 3c0 _|
TR

0.12

0 10
H (kG)

Fig. 1.

H, (G)

H, (G)

M, (emuigr)

M, (emu/gr)

M (emu/gr)

EDTA

04

02

o 75 150 225 300
TiKy

H, (G}

e Mn, ,Co, Fe,0,

02 Cu,,2n, Fe,0,

H, (G}

M, (emuigr)

M. (emuigr)

FIPIR I NP NP NS VI T [N NN NP MU SR B

-40 -30 20 -10 0 10

H (kG)

20 30 0 50 100 150 200 250 300

TiK)

Magnetic field evolution of magnetization for Mng.5Coo.5Fe204 (black line)/Cug.5Zng 5Fe2O4 (red
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temperature in the right-hand column.

To sum up this part, one can notice in Fig. 1b
that for both investigated samples, the values of
H,, My and M, increase with the decreasing tem-
perature when using CTAB and EDTA. In the case
of Hy, it strongly depends on the applied magnetic
field H.. In turn, M, and M, have shown for both
ferrites a nearly linear dependence on temperature,
regardless of the method used.

In Fig. 2, we have presented the M—-H loops
at given temperatures for Mng 5Crg 5FesO4 (black
line), Nig 5Crg.5Fes04 (red line) spinel ferrite NPs
and CrFe;O4 NPs (blue line). The M—H loops for
Mng 5Crg 5FesO4 and Nig 5Crg 5FesO4 NPs by us-
ing CTAB show the FM behaviour at 10 K and
the SP behaviour at RT in Fig. 2a. Relying on
EDTA results (see Fig. 2b), the SP behaviour in
general has been seen for Nig 5Crgs5FesO4. More-
over, there is no evidence of coercive fields for
MHO_5CI'0.5F6204 NPs when using CTAB at 50 K
and 300 K, and also for CrFe;O4 NPs when using
EDTA at 50 K. The important characteristic ob-
served in the M—H loop for Mng 5Crg 5FesO4 and
Nio_5CI’0_5F€204 NPs by using CTAB at 50 K iS,
in fact, the appearance of crossover for M, (of 0.029
and 0.021 emu/g, respectively) and for M, (of 0.046
and 0.052 emu/g, respectively), as indicated Fig. 2a.
The evolution of H., Hs, M, and M, with tempera-
ture for Mng 5Crg 5FeaO4 and Nig 5Crg 5FesO4 NPs
has been investigated and shown in detail on the
right side of Fig. 3a and b. This crossover property
likely comes from the higher magnetocrystalline
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anisotropy at a positive external magnetic field. It is
known that NPs can easily be thermally activated
and overcome magnetic anisotropy. The magne-
tocrystalline anisotropy essentially arises from the
spin—orbit (L—S) coupling but to a lesser extent also
from dipolar interactions. This property has also
been observed for CrFe;O4 NPs (blue line) by us-
ing EDTA in Fig. 2b.

The dependence of magnetization as a function
of the external magnetic field through the M-H
loop for Cog5CrosFesO4 (black) ferrite NPs by
using CTAB/EDTA has been displayed on the
left side of Fig. 3a and b. Based on these re-
sults, we determined the characteristics of H., Hy,
M and M, for the following spinel ferrite NPs,
namely Cog 5Crg5Fes04 (black), Mng 5CrgsFesOy4
(purple), Nig 5Crg5FeaOy (cyan), Cug 5Crg 5FeaOy
(green), Zng 5Crq 5FeaO4 (blue) and CrFesOy (red),
which are shown on the right side in Fig. 3a and b.
It is clear that in general the M—H curves are sym-
metric from 10 K to RT with respect to the mag-
netic field values. For the investigated samples,
their hysteresis illustrated the FM behaviour at RT.
For all NPs, H. obtained with CTAB increases with
the decreasing temperature, see Fig. 3a. It can
also be seen that for Cog 5CrgsFesO4 (black) fer-
rites, the values of H. are bigger than those for the
other NPs, when using CTAB and EDTA. In the
case of Nig 5Crg 5FesO4 (cyan) ferrite using EDTA,
its H. values remain constant for all temperatures.
In the case of Cug 5CrgsFes04 and CrFesO4 NPs,
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Fig. 4. Absorption spectra of Cog.5CrgsFe2O4+
polyacrylonitrile  nanocomposite  (red line),
Mng.5Co0.5Fe2O4+  polyacrylonitrile nanocom-

posite (green line), Mngo.5Cro.5Fe2O4+ poly-
acrylonitrile ~ nanocomposite (orange line),
Nig.5Cro.5Fea O+ polyacrylonitrile nanocoms-

posite (blue line) and CrFe2O4+ polyacrylonitrile
nanocomposite (pink line) NPs by using (a) CTAB
and (b) EDTA.

the results of Hg obtained with CTAB and EDTA
remain constant, while for Mng 5Crg sFesO4 and
Nig5Crg5FesO4, H,; using EDTA is constant
up to 50 K, except at a very low temperature.
What is more, Hy decreases for Cog 5Crg s5FesOy
(CTAB/EDTA) and MHO_5CI'0.5F6204 (CTAB),
whereas for  Nip5CrgsFesO4 (CTAB) and
Zng 5Crg 5FesO4(CTAB) it increases with the
increasing temperature.  Further, the depicted
M, results with CTAB for Cog 5Crgs5FesO4 and
Zng 5Crg5Fes04 ferrite NPs increase logarithmi-
cally with the decreasing temperature in Fig. 3a.
Moreover, M, of Cug5CrgsFesO4 and CrFe,Oy
samples, when CTAB is used, display a nearly lin-
ear increase, whereas M of Mng 5Crg5Fe;O4 and
Nig 5Crg.5FesO4 NPs does not show any obvious
dependence on temperature and remains constant
(see Fig. 3a). Further, M, for Cog5CrgsFes0y,
MHO_5CI'0.5F6204 and ZHO_5CI‘0_5F6204 spinel
NPs exhibits a linear increase, while M, of
Ni0'5CI‘0'5F6204, CU.(),E,CI'(),5F6204 and CI“F6204
samples, when EDTA is used, remains constant
(see Fig. 3b). Further on, M, of Cog5Crg5Fes0y4,
Cug 5Crg.5FesO4 and Zng 5CrgsFesO4 samples,
when CTAB is used, shows an exponential decrease
with the increasing temperature in Fig. 3a. It can
be deduced, however, that M, of Mng 5Crg sFesOy,
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Nip5Crg.5FesO4 and CrFe,O4 samples by using
CTAB is not obviously dependent on temperature.
In turn, MT for COO_5CI'0.5FGQO4, MDO.5CI‘0_5F6204
and Zng 5Crg.sFesO4 samples by using EDTA can
be treated as a linear growth with the decreasing
temperature in Fig. 3b. The calculations performed
with EDTA indicate that Mr of Cu0_5Cr0,5FegO4,
Nip5Crg5FesO4 and CrFe;O4 samples remains
nearly constant on temperature.

Further on, Fig. 4 demonstrates the measured
EM absorption spectra for Cog 5Crg5FesOy4 (red),
Mng 5Cog 5FesO4 (green), Mng 5CrgsFesOy (or-
ange), Nio_5CI‘Q_5F€204 (blue) and CI‘F@QO4 (plnk)
spinel ferrite-polymer (NPs/PAN) nanocomposites
by using (a) CTAB and (b) EDTA. The relationship
between the microwave frequency and the reflec-
tion loss was measured in the range of 8.2-18 GHz.
The reflection loss of Mng 5Cog5FeaO4 (green),
Mng 5Crg 5FesO4 (orange) and Nig5Crgs5Feq0y
(blue) spinel ferrite-polymer nanocomposites by
using CTAB is rather low for all the frequen-
cies between 8.2 and 18 GHz and the peak val-
ues are around —40 dB. The maximum reflection
loss reaches —70 dB at the matching frequency of
16.6 GHz, when using CTAB (see Fig. 4a), whereas
when using EDTA (see Fig. 4b), it reaches the value
of —50 dB at 16.8 GHz. Such high absorption loss
peaks indicate an attractive potential for microwave
applications [84-88|.

4. Conclusion

The spinel ferrite NPs have been synthesized by
the surfactant-assisted hydrothermal route applying
CTAB and EDTA, by using the NaOH solution at
room temperature. The crossover properties with
hysteresis loops centred at 50 K are especially seen
in Cr doped samples (CrFesO4, Mng 5Crg 5FesOy,
Nip.5Cro.5Fea04, Cog.5Cro.5Fe204). Such a surpris-
ing behaviour makes the spinel ferrite NPs desir-
able for technological and/or biomedical applica-
tions. One of the most important parameters in
hysteresis loops is H. which is related to the mag-
netic anisotropy, saturation magnetization and par-
ticle size. In general, the samples exhibiting these
crossover properties have low coercivity except for
Cog.5Crg5FesO4 NPs by using CTAB. A large
value of coercivity of Cog 5Crg5FesO4 NPs by us-
ing CTAB at 50 K is likely due to its higher mag-
netocrystalline anisotropy of Co?* ions beginning
to occupy the octahedral site due to its important
spin—orbit (L—-S) coupling. Also, Cog 5Crg 5Fes0y
NPs by using CTAB have the highest saturation
magnetization when compared to the other spinel
ferrite NPs with the shown crossover phenomenon.
The behaviour of coercivity in the spinel ferrite
NPs could be explained based on Brown’s rela-
tion [47, 89, 90] expressed as

K

H.=0.96—,
M,
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where K is the anisotropy constant. From the
hysteresis loops with crossover properties, the re-
manence ratio R = M, /M is calculated. Im-
portantly, this ratio can be treated as an in-
dicator for the presence of the intergrain ex-
changes [91]. It was reported that for R = 0.5,
randomly oriented non-interacting NPs undergo co-
herent rotations. If R < 0.5, one sees the NPs
with magnetostatic interactions. The exchange-
coupled interaction exists when R > 0.5 [63]. The
values of MT/MS of CI‘F6‘204, Nio,5CI‘0_5F€204,
Cog.5Crg5FesO4 NPs are lower than 0.5, except
for Mng 5Crg 5FesO4 NPs. Thus, the magnetostatic
interaction is dominant for these ferrites. In the
case of the exchange-coupled interaction, it is dom-
inant for Mng 5Crg 5FesO4 NPs [38]. Furthermore,
the L—-S coupling, the exchange-coupled interac-
tion, the magnetostatic interaction and the inter-
grain exchange for NPs were responsible for the
magnetocrystalline anisotropy. If the L-S cou-
pling prefers the spin and the orbit to be par-
allel to each other, the total magnetic moment
will only be larger than a part of the spinel
side and consequently the g-factor will be > 2.
One can see then that the origin of the crossover
phenomenon is attributed to the magnetocrys-
talline anisotropy for spinel NPs. Experimental-
ists also investigated the EM absorption proper-
ties of these materials at 8.2-18 GHz. In addition,
the ferrite-polymer (NPs/PAN) nanocomposites ex-
hibited good EM absorption properties. Nanocom-
posites showed a higher EM absorption frequency
and wider absorption bandwidth (RL < —20 dB)
due to the larger magnetic anisotropy of ferrite NPs.
Our studies suggest that ferrite-polymer nanocom-
posites can be used as a good EM absorption ma-
terial in the 8-20 GHz range.

The spinel ferrite nanoparticles are used in
wastewater treatment, magnetic recording media,
radiofrequency coil fabrication, transformer cores,
biosensors, microwave devices, solutions to many
environmental problems, industrial and medical
applications. One of the superior properties of
spinel ferrites is that they can be easily recy-
cled by applying an external magnetic field due to
their appropriate magnetic properties. Moreover,
to change the dielectric, magnetic and microwave
properties of these ferrite nanoparticles, doping of
other metal ions can also be performed. What is
more, nanoparticles need to be coated with suit-
able biological organic molecules to increase their
biocompatibility.
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