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a b s t r a c t

The single spinel phase nano-structured particles of FeBxFe2�xO4 (x ¼ 0.1, 0.2, 0.3, 0.4 and
0.5) were synthesized by the glycothermal method and the effect of B3þ substitution on
structural and dielectric properties of Fe3O4 were studied. From 57Fe M€ossbauer spectros-
copy data, the variation in line width, isomer shift, quadrupole splitting and hyperfine
magnetic field values on B3þ substitution have been determined. The hyperfine field values
at B- and A-sites gradually decrease with increasing B3þ ion concentration (x). The cation
distributions obtained from Bertaut method are in line with M€ossbauer results. Complex
impedance analysis of boron-substituted spinel ferrites have beenmade extensively in order
to investigate the significant changes in ac and dc conductivity as well as complex permit-
tivity when the boron composition ratio varies from 0.1 to 0.5. It is found that both ac and dc
conductivity are also dependent on the boron content in addition to both temperature and
applied frequency. The dc conductivity tendency does not purely obey the Arrhenius plots.
The dielectric constant and loss of complex permittivity, in general, show similar attitudes as
seen in some nanocomposites containing spinel ferrites except for some fluctuations and
shifts along the characteristics of the curves. Furthermore, their imaginary components of
both permittivity and modulus are almost found to obey the power law with any exponent
values varying between 0.5 and 2 in accordance with the level of boron concentrations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, a considerable number of studies were performed due to the increasing attention which has been paid to the
field of nanocomposite magnet [1e4]. Ferrite, a type of magnetic ceramics having great importance for the production of
electronic equipment [5,6]. Nanocomposite of soft magnetic ferrite are much progressed in term of technology and to
challange the portable electronics devices [7]. Over the past few decades there has been a profound interest in soft ferrite due
to its large scale application in electric devices like electromagnetic data storage and switches, in addition to those application
its also used in microwave devices, isolator circulator, phase shifter computer peripherals, telecommunication equipments
[8,9]. Ferrites are well known for their economically importance due to its magnetic and electric properties which normally
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depend on the processing condition such as time, chemical composition, sintering temperature and specially the amount and
types of additives [10]. Also, trivalent ion substituted spinel ferrites have shown to be promising candidates for applications in
high-density magnetic recording media, enhanced memory storage, magnetic fluids and catalysts [11e14].

A huge interest has been given to the synthesis and characterization of spinel nanoferrite (MeFe2O4) [15e17]. Boron
ferrites are orthorhombic which has a general structural formula of B2O3$Fe2O3$nMeO(n ¼ 2 or 4; Me ¼ Mg,Co,Ni,Cu etc).
Crystal structure of boron ferrite has been studied and it was reported that boron ferrite crystallize in the symmetry of the
space groupD9

2h with twomolecules in the unit cell [18]. The Fe3þ ions in the boron ferrite structure are arranged linearly with
first and second neighbor distances about 3.0 and 5.5 Å consecutively. The divalent ions like Fe2þ which is studied in this
work, also arranged linearly with first and second neighbor distance but this time distance is about 3.0 and 4.9 Å [18]. In this
research work boron dopped Fe3O4 spinel ferrite (FeBxFe2�xO4) is synthesized and characterized. Magnetite (Fe3O4) is a
mixture of Fe2þ and Fe3þ ions in its crystal structure in which Fe3þ ions are packed both tetrahedrally and octahedrally, Fe2þ

ions are packed octahedrally [19,20].
Nowadays, many researchers have investigated the dielectric properties of cubic spinel ferrites [21e23]. Study of dielectric

properties of these types of materials at various frequencies, temperatures and compositions may provide valuable infor-
mation about the type of amendment required to obtain good quality materials for practical applications. Dielectric behavior
gives sufficient information about mechanism of dielectric polarization in ferrites [24].

A strange electric and magnetic behavior were observed on the base of electrons exchange between Fe3þ and Fe2þ ions in
FeBxFe2�xO4 octahedral sites [25]. Boron as a diamagnetic [26] element has beenmixedwith these two (Fe2þ and Fe3þ) ions in
five different composition (x¼ 0.1, 0.2, 0.3, 0.4 and 0.5) to see the change in Fe3O4's magnetic and electric properties. There are
many works are done on the spinel ferrites (MFe2O4) doping with different metals [27e30] The importance of boron doped
Iron oxide has been studied before and it was confirmed that boron containing iron oxide has significant effect on the
preparation of MneZn ferrite by using dry method process [31]. Here Boron having diamagnetic properties and small in
structure, tends to oppose the magnetic behavior of FeBxFe2�xO4 nanocomposite and lower the current loops. Due to the
diamagnetic behavior of Boron in (FeBxFe2�xO4) spinel ferrite it has a negative susceptibility (c < 0) and weakly repel in
magnetic field [32]. By looking all above behavior of this newly synthesized FeBxFe2�xO4 spinel ferrite it is considered as a soft
ferrite [33] and can be used for the above mentioned applications.

2. Experimental

2.1. Chemicals

FeCl3.6H2O, FeCl2$4H2O, diethylene glycol (DEG), H3BO3, NaOH were taken from Merck and used without further
purification.

2.2. Instrumentations

The crystalline structure of resultant nanoparticles was determined with X-ray diffraction measurements (XRD) using
Rigaku D/MaxdIIIC with Cu-Ka radiation in the 2q range of 20�e70�.

The surface morphology of the composites was analyzed with JEOL, JSM 7001F Scanning Electron Microscopy (SEM).
The electrical conductivities of the products were studied in the temperature range of 20e150 �C with a heating rate of

10 �C/s. The sample was used in the form of circular pellets of 13 mm diameter and 3 mm thickness. The pellets were
sandwiched between gold electrodes and the conductivities weremeasured using Novocontrol dielectric impedance analyzer
in the frequency range 1 Hze3 MHz respectively. The temperature (20 and 150 �C) was controlled with a Novocool
Cryosystem.

The M€ossbauer spectra were recorded at room temperature using a spectrometer working in the mode of constant ac-
celerations with the use of 57Co in Rhmatrix and activity of 50mCi. The speed scalewas calibrated using a- Fe and the velocity
calibration was done with laser interferometry, which ensures high sensitivity (3160 counts per mm/s) in velocity data
recording. The obtained spectrums were analyzed and fitted with Win-Normos fit program.

2.3. Procedure

FeBxFe2�xO4 (x ¼ 0.1, 0.2, 0.3, 0.4, 0.5) nanoparticles were prepared by glycothermal method. Analytical grade chemical
reagents, FeCl3$6H2O, FeCl2.4H2O were used as initial materials for synthesis. Metal salts taken in required stoichiometric
ratio were dissolved in 20 ml of diethylene glycol in three neck bottom flask and their homogeneous solutions were prepared
using magnetic stirring. After dissolving FeCl2$4H2O and FeCl3$6H2O, stoichiometric amount of boric acid was added and
mixed them well. Analytical grade NaOH solution was added drop by drop under constant stirring so that the pH of the
solution reach the value equal to 11 at which the precipitation of ferrites takes place. Then the flask was transferred to the
Heating Mental apparatus where it was refluxed under the Argon condition at the temperature of 180 �C for 3 h. Then NPs
were separated by a permanent magnet, dispersed in ethanol and washed with ethyl acetate several times to remove the
excess of diethylene glycol. The NPs were then re-dispersed in polar solvents such as ethanol and distilled water and
separated by the permanent magnet for several times. Finally a dark brownpowder product was dried at 80 �C at oven for 4 h.
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3. Results and discussion

3.1. XRD analysis

X-ray diffraction (XRD) data and refinement analyses for BxFeFe2�xO4 samples are shown in Fig. 1(a). As can be seen in this
figure, the diffraction peaks of BxFeFe2�xO4 are approximately similar to those of pure Fe3O4 (x ¼ 0), indicating that all
products have a crystal unit with face-centered cubic inverse-spinel structures. The patterns and corresponding Bragg re-
flections in green bars are depicted and are calculated in FullProf program with the space group Fd-3m. The peaks of (220),
(311), (400), (511) and (440) confirm the formation of good crystallization with single phase of spinel structure of magnetite
[34], ICDD card no 19-629. The lattice parameters ao are determined in the interval of 8.315e8.349 Å and plotted in Fig. 1(b).
As it was shown in Fig. 1(b), lattice constant values decrease with increase in the substituting level of boron that resulted in
the reduction of cubic size. The possible reason for this reductionmaybe the smaller radius of Boron (0.2 Å) does not influence
the surrounding oxygen spheres hence smaller lattice constant will be calculated [35,36]. The average crystallite size (t) was
calculated from the diffraction line-width of XRD pattern (calculated for the (3 1 1) peak), based on Scherrer's relation:

t; thickness ¼ 0:9l=ðB cosqÞ
where, b is the full width at half maximum (fwhm) and found out as 19 nm. Results were summarized in Table 1. There is
linear correlation between crystallite size and boron doping (x) upto x ¼ 0.5. Further study is currently going on about this

point and will be published as separate study.

3.1.1. Cation distribution
In the present research work cation distribution is estimated by Bertaut method [37]. The details about the calculation are

already published in our previous work [38]. The results of the cation distribution of FeBxFe2�xO4 nanoparticles are tabulated
in Table 2. It is observed that for x ¼ 0.1 the tetrahedral A-site is solely occupied by Fe3þ ions where all the Boron ions occupy
octahedral B-site. As the substitution of Boron increased in Fe3O4 it occupancy towards tetrahedral site increased consid-
erably. Maximum of 50% occupancy of Boron towards tetrahedral site is observed for substitution level of x¼ 0.4. Further it is
noticed that Boron again favored octahedral B-site as compared to tetrahedral A-site for x ¼ 0.5. This suggests that Boron do
not have a strong preference towards any site however it preferred octahedral site as compared to that of tetrahedral site. In
case of Fe occupancy towards tetrahedral A-site is mainly deals with the Fe2þ ions whereas the Fe3þ ions preferred octahedral
B-site.

3.2. M€ossbauer studies

The 57Fe M€ossbauer spectra of spinel ferrite system at R.T, BxFe3�xO4; x: 0, 0.1, 0.2, 0.3 and 0.5 recorded at room tem-
perature are displayed in Fig. 2. Various M€ossbauer parameters calculated from the fitting of the spectra are given in Table 3.
The spectra for the sample with x¼ 0 shows one paramagnetic central (CA) and three magnetic zeeman sextets (A-site, B-site,
Fig. 1. (a) XRD spectra analysis with refined patterns for FeBxFe2�xO4 nanoparticles, (b) Lattice constant (ao), (Å). with Boron concentration varying from x ¼ 0.1 to
x ¼ 0.



Table 1
Crystallite size of FeBxFe2�xO4 nano-
particles for x ¼ 0.1, 0.2, 0.3, 0.4, 0.5.

x D (nm)

0.1 10.54
0.2 13.56
0.3 14.24
0.4 14.91
0.5 11.78

Table 2
Cation distribution of FeBxFe2�xO4 nanoparticles for x ¼ 0.1, 0.2, 0.3, 0.4, 0.5.

x Tetrahedral A-site Octahedral B-site

0.1 Fe1.0 Fe1.9B0.1
0.2 Fe0.95B0.05 Fe1.85B0.15

0.3 Fe0.90B0.1 Fe1.8B0.20
0.4 Fe0.80B0.20 Fe1.8B0.20
0.5 Fe0.85B0.15 Fe1.65B0.35
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B1-site). The spectra for other samples are consisting of two paramagnetic central doublets due to Fe3þ ions at Aesite, CA, and
Besite, CB, and twomagnetic zeeman sextets (A-site, B-site). One of the sextets is attributed to Fe3þ ions at tetrahedral (A) site
due to its smaller hyperfine field of the Zeeman pattern and the second sextet has been attributed to Fe3þ ions at octahedral
(B) site due to its larger hyperfine field of the Zeeman pattern [39,40]. The B-site subspectra for the sample with x ¼ 0 were
found to be composed of two sextets, B and B1 that were associated with environments of the octahedral Fe3þ ions that are
poor and rich in the diamagnetic B3þ ions, respectively. The existence of the paramagnetic phase C in the M€ossbauer spectra
may be due to the fact that a fraction of Fe ions have few nearest neighbors which aremagnetically possess ordered spins [41],
but the existing of the sixe line magnetic pattern is due to the superexchange interaction between the magnetic ions at Ae
and Besublattices [42]. Statistical fluctuations in the distribution of the magnetic and nonemagnetic ions are believed to be
responsible for this behavior [43].

The chemical isomer shift occurs due to the change in nuclear radius and differing chemical environments. The isomer
shift is also related to the formal oxidation state of the iron at tetrahedral (A) and octahedral (B) site [6]. It is well known that,
the isomer shift value of octahedral sites is higher than that of tetrahedral sites [44]. The orbital of Fe3þ ions has a small
overlapping at B sites which causes the bond separation Fe3þeO2� to be larger for octahedral sites compared to tetrahedral
sites. For this reason, a larger isomer shift at B sites was expected [39,45,46], however the isomer shift values observed at A-
and B-sites are similar in this study. These similar values may be the result of partial oxidation of the nanoparticle [47]. It is
observed that the increasing of B3þ ions concentration (x), the value of isomer shift of the A- and B-sites do not show any
appreciable change, indicating that the s-electron distribution of Fe3þ ions hardly influenced by B3þ substitution except
sample for x ¼ 0.3. The observed ranges of isomer shift of the A and B magnetic pattern, 0.3006e0.3772 mms�1 at R.T are less
than the expected value, 0.5 mms�1 for the Fe2þ ions [48]. Therefore the isomer shift values, corresponding to characteristics
of the high spin Fe3þ charge state. The Q.S value S for the A and Bmagnetic sites are independent on B3þ ions and the variation
of the quadrupole shift Q.S for the A and B magnetic pattern are negligible. This is attributed to the fact that overall cubic
symmetry is maintained between Fe3þ ions and their surroundings with the substituted B3þ ions. However, the change of Q.S
may be understood in terms of deviation of local symmetry from cubic symmetry. Chemical disorder can produces a dis-
tribution of EFG of varying magnitude, direction, sign and asymmetry. Therefore, the sign of Q.S may change [49].

In ferrites, the doublet structure of M€ossbauer spectra arises from the quadrupole interaction of 57Fe nuclei located on octa
points of the spinel lattice with the electric field gradient (EFG) at these points. Thus the value of Q.S can provide information
about the symmetry of crystal lattice and its local distortions. The effective charge on the neighboring ions and nonspherical
distribution of 3 d electrons of the cation both causes the EFG [50]. For the case of Fe3þ ion which has a spherical distribution
of the 3 d electrons, the EFG arises only from charges on the neighboring ions, while for the case of Fe2þ ion which has a
nonspherical distribution of the 3 d electrons, the EFG arises from Fe ion itself as well as the charges on the neighboring ions.
Fe2þ ions usually have a non ecubic environment and give a large Q.S in paramagnetic complexes [39]. For CA and CB, the Q.S
values change randomly with x and the values range between 0.7327 and 4.4331. These may result from the random dis-
tribution of differently charged and radii cations on the A- and B-sites, which affects EFG, and it may be consequence of the
trigonal distortion of the B-site oxygen coordination.

The hyperfine magnetic field consists of the following three contributions [51]. (i) The polarization of the s-electrons by
themagnetic moments of the d-electrons. (ii) The dipolar fields of the surrounding magnetic ions and their distribution in Ae
and Besites. (iii) The super transferred hyperfine field associated with themagnetic moments of the nearest neighbor cations.
In most of the ferrites, B-site hyperfine magnetic field, is generally larger than that of Asite, which is attributed to the dipolar
field resulting due to deviation from cubic symmetry and covalent nature of tetrahedral bonds [39,52]. The variation of
hyperfine magnetic fields in different sub-lattices as a function of B substitutions is given Fig. 3. As shown in Fig. 2 the



Fig. 2. The 57Fe M€ossbauer spectra of spinel ferrite system at R.T, BxFe3�xO4; x: 0, 0.1, 0.2, 0.3 and 0.5 recorded at room temperature.
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hyperfine field values at B- and A-sites gradually decrease with increasing B ion concentration (x). This decrease can be
explained using Neel's super exchange interaction [53]. According to Neel's model, inter sublattice exchange interactions, i.e.,
AB exchange interactions are stronger than intra sublattice exchange interactions, i.e., AA or BB exchange interactions. As both



Table 3
Parameters of M€ossbauer Spectra of the BxFe3�xO4 (Bhf: hyperfinemagnetic field, I.S: isomer shift, Q.S: quadrupole splitting, W: line width, RA: Relative area).

x Spectral component I.S. (mm s�1) Q.S. (mm s�1) HHf (T) W (mm s�1) Area (%)

0 Sx- A: Feþ3 0.3093 0.011 36.491 2.7347 56.667
Sx- B: Feþ3 0.3185 0.001 47.537 0.6452 10.372
Sx- B1: Feþ3 0.3255 �0.0228 43.519 1.213 18.74
Db-CB: Feþ3, Feþ2 0.3324 1.7968 e 1.9156 14.221

0.1 Sx- A: Feþ3 0.304 0.0391 39.779 2.5822 49.839
Sx- B: Feþ3 0.3263 �0.0084 47.104 0.9161 13.097
Db-CA: Feþ3 0.287 0.8189 e 2.0136 12.094
Db-CB: Feþ3, Feþ2 0.3119 4.4331 e 1.2247 24.969

0.2 Sx- A: Feþ3 0.3078 0.0116 39.37 2.284 24.407
Sx- B: Feþ3 0.3285 0.0056 46.295 0.904 10.246
Db-CA: Feþ3 0.3285 0.9077 e 1.5209 28.735
Db-CB: Feþ3, Feþ2 0.3384 3.6639 e 4.368 36.612

0.3 Sx- A: Feþ3 0.3507 0.0849 38.572 3.0016 27.409
Sx- B: Feþ3 0.3772 �0.033 46.18 0.8135 3.1449
Db-CA: Feþ3 0.3404 0.7327 e 0.772 31.036
Db-CB: Feþ3, Feþ2 0.4005 �1.3836 e 2.4816 38.41

0.5 Sx- A: Feþ3 0.3006 �0.0975 37.273 1.0357 4.214
Sx- B: Feþ3 0.3269 0.0537 44.921 1.2167 7.6919
Db-CA: Feþ3 0.3106 0.8163 e 6.1047 60.604
Db-CB: Feþ3, Feþ2 0.3351 1.68136 e 0.9734 27.49

Fig. 3. Variation in Hyperfine magnetic field of tetrahedral and octahedral sites with B3þ substitution.
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A and B sites are occupied by Fe3þ ions, the following interactions are mainly to be considered: Fe3þA � O� Fe3þB
, Fe3þA � O� B3þB , Fe3þB � O� B3þA . AA or BB type interactions are very weak and thus may be neglected. Therefore, the net
magnetic field is mainly originated due to strong Fe3þA � O� Fe3þB interaction. The non-magnetic B3þ ions increased by
replacing Fe3þ ions of highermagneticmoment, 5mB, and reduce the average number ofmagnetic bond of Fe3þA � O� Fe3þB and
consequently Fe3þ nuclei experience a decrease in the magnetic field at both the sub lattices. A similar decrease in hyperfine
magnetic field in many kinds of ferrites was reported in the literature [44,45,54].

The relative area of Fe3þ ions occupied by tetrahedral (A-) and octahedral (B-) sites obtained from the M€ossbauer ab-
sorption spectra. The distribution of Fe ion over A- and B-sites is proportional to the relative area of A- and B- M€ossbauer sub-
spectra. The estimated cation distributions obtained from XRD are in line with M€ossbauer results. The amount of relative
ferromagnetic area values are 85.779, 62.936, 34.653, 30.5539 and 11.9059 corresponding to x ¼ 0, 0.1, 0.2, 0.3 and 0.5,
respectively. These results show that the ferromagnetic behavior decreases with increasing B3þ ions which may be a result of
more diamagnetic B3þ ions.

3.3. SEM analysis

The SEMmicrographs and EDX spectra of all products are presented in Fig. 4. Besides appearances of Fe, B and O for sample
2, 3, 4, 5, no Boron signal was detected in the spectra of Sample 1 due to the limitation of the EDX equipment. The SEM
micrographs revealed that the particles are agglomerated but spherical in shape.



Fig. 4. SEM micrographs and EDX spectra of FeBxFe2�xO4 nanoparticles for x ¼ 0.1, 0.2, 0.3, 0.4, 0.5.
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3.4. Electrical properties

3.4.1. Complex impedance analysis
Any percolated system of the magnetic nanocomposites composed of spinel ferrite which can be examined for evaluating

their electrical conductivity and dielectric permittivity as functions of both frequency and temperature in various domains as
a complex electrical impedance analysis. So the complex impedance response signal to a sinusoidal stimulus can be assessed
and utilized by Fourier Transform. At this point the complex dielectric constant and conductivity are evaluated with the
equation of ε* (u, T) ¼ εr (u, T) � iεi (u, T) and s* (u, T) ¼ sr (u,T) � isi (u,T), respectively.

It is evident from the literature that the real component of ac conductivity is extracted from the imaginary component of
the dielectric constant εi (u) through the relation sr (u) ¼ ε0uεi (u), where ε0 is the vacuum permittivity, and u is the angular
frequency. The ac conductivity of the FeBxFe2�xO4; nanocomposite ferrites with (0.1� x� 0.5) has beenmeasured from 20 up
to 150 �C using a usual impedance spectroscopy. The ac conductivities for all the ferrites have been appraised bymeans of the
following standard equation [55,56].

srðu; TÞ ¼ sacðu; TÞ ¼ εiðu; TÞuε0

where sr (u) is the real component of complex conductivity, u (¼2pf) is the angular frequency of the applied potentials across
the electrodes, εi is the imaginary component of complex dielectric permittivity (ε*) and ε0 (¼8.852 � 10�14 F/cm) is the
vacuum permittivity.

The frequency dependency of the ac conductivity follows a power law behavior. The total ac conductivity can then be
represented by the following equation:

srðu; TÞ ¼ sdcðTÞ þ sacðu; TÞ ¼ sdc þ sðTÞun

where u is the angular frequency, sdc is the frequency-independent conductivity or dc conductivity (at u / 0), s(T) is the

temperature-dependent coefficient, and n is an power exponent dependent on a certain range of both frequency and tem-
perature around unity. The conductivity measured at the lowest frequency used here (1 Hz) was taken as a dc component,
s0(1 Hz, T) ¼ sdc(T). This type of electrical behavior could be explained by a theory of universal dynamic response [57,58]. So,
the analysis of these processes is favored by presenting the relaxation spectrum in ac conductivity or dielectric modulus
formalisms. The conductivity can be calculated from the permittivity through:

s* ¼ iε0uε
*ðuÞ ¼ iε0uðεrðuÞ � εiðuÞÞ ¼ ε0uεiðuÞ þ iε0uεrðuÞ

s* ¼ iε0uε
*ðuÞ ¼ iε0uðεrðuÞ � εiðuÞÞ
s* ¼ ε0uεiðuÞ þ iε0uεrðuÞ
The real part of the conductivity is given by: sr(u) ¼ ε0uεi(u) and the imaginary part of the conductivity is given by:
si(u) ¼ ε0uεr(u) where ε0 (8.85 � 10�12 F/m) is the permittivity of free space and u ¼ 2pf is the angular frequency.

3.4.2. ac conductivity
The ac conductivities of FeBxFe2�xO4 NPs are shown in Fig. 4 as a function of frequency up to 3 MHz for temperatures

ranging from 20 to 150 �C ((a) x¼0.1, (b) x¼0.2, (c) x¼0.3, (d) x¼0.4 and (e) x¼0.5). At lower temperatures ranging from 20 to
60 �C, ac conductivity, first increases at lower frequency region and forms a shoulder at mid frequency region and then in-
creases again at upper frequency region as shown in Fig. 5(a). When the variation of the conductivity is worked out at higher
temperature region, usual conductivity behavior can be observed, whichmeans that ac conductivity remains unchanged up to
a certain value of the frequency, however, its constant shifts to higher frequency side as temperature increases as expected in
our earlier studies. When the boron content is increased slightly, the lower temperature range of the conductivity, as depicted
in Fig. 5(b), expands up to 90 �C showing similar tendency as can be seen Fig 5(a). When increased more, then, the tendencies
of ac conductivity for a lower temperature range goes back to first sample, however, characteristic change of the curve seems
to be very interesting because of almost power law variation of ac conductivity as illustrated in Fig. 5(c). If a mixture content of
boron in spinel ferrite is increased up to a value of x ¼ 0.4, the characteristic changes of ac conductivity sound almost similar
with a shift of frequency-independent conductivity to higher frequency with a temperature increment as demonstrated in
Fig. 5(d). Nevertheless, the temperature effect on ac conductivity at lower temperature up to 80 �C seems to be insignificant. It
is also noted that ac conductivity at lower frequency range increases with temperature while at higher frequency range its
variation with temperature can be ignorable. This boron content can be considered for a tunability of some optimum char-
acteristics for a certain conductivity study in a manner that a required phase transition effect on a complex conductivity. In
case of a highest content of boron in ferrite compound, conductivity curves at lower temperatures up to 80 �C reveals a power
law with an similar exponent up to 10 kHz and then tends to increase after a shoulder occurrence. At higher temperature,
frequency-independent conductivity increases with temperatures.

As a result, ac conductivity increases with the elevated temperature while it remains almost constant at the lower fre-
quency range, but increases at higher frequencies up to 3 MHz, indicating decrease of conductivity with increase amount of



Fig. 5. ac conductivities of FeBxFe2�xO4 nanoparticles as a function of frequency up to 3 MHz for temperatures ranging from 20 to 150 �C ((a) x ¼ 0.1, (b) x ¼ 0.2,
(c) x ¼ 0.3, (d) x ¼ 0.4 and (e) x ¼ 0.5).
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magnetite type structures in the substitution. The increase of the conductivity at higher frequency may be attributed to the
predominance of the hopping type conductivity among each of the hopping sites [59].

3.4.3. dc conductivity
The dc electrical conductivity of FeBxFe2�xO4 nanoparticles for the boron contents of 0.1; 0.2; 0.3; 0.4 and 0.5, is illustrated

in Fig. 6 in an Arrhenius plot as function of reciprocal temperature ranges up to 150 �C. Hence, the dc components of the
conductivity can be expressed as a well-known Arrhenius plot with a following equation;
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Fig. 6. Arrhenius plots of dc conductivities of FeBxFe2�xO4 nanoparticles as a function of reciprocal temperature ranging from 20 to 150 �C. The boron content is
shown as a legend.
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sdcðTÞ ¼ sð0Þexp
�
�Ea
kT

�

for a variety of boron contents with a legend given in the figure. The activation energy for all boron modified spinel ferrites
could be evaluated to vary according to the temperatures and boron modifications. In other words, the activation energy
seems to be both temperature- and boron content-dependent. Alternatively, Arrhenius plot is not suitable for this dc con-
ductivity as function of temperature. It is also noted that characteristic variations of Arrhenius plots of dc conductivities
represent according to the boron contents, first it drops down to certain temperature and then increases, finally almost
becomes temperature-independent for low boron content. Once boron content is increased, then minimum dc conductivity
region disappeared and Arrhenius plot itself form exponential decay. Additionally, there become no significant built-up
considerations for the relationship of the magnitude of dc conductivity with boron content. Logically dc conductivity
should increase as the content increase because of the doping effect in the spinel ferrites.

3.4.4. Dielectric permittivity studies

3.4.4.1. Real permittivity: dielectric constant (εr). A complex permittivity spectrum over a frequency range up to 3 MHz is
evaluated by denoting εr and εi the real (dielectric constant) and the imaginary (dielectric loss) part of the permittivity,
respectively. Here, a dielectric constant of boron-substituted spinel ferrites [FeBxFe2�xO4 (where 0.1 � x � 0.5)] as a function
of frequency up to 3 MHz has been depicted in Fig. 7 for temperatures ranging from 20 to 150 �C. It is clearly seen that all the
dielectric constants seem to be boron substitutions related. The relative permittivity of most compounds containing
magnetite nanoparticles is typically seemed to convey as functions of both temperature and frequency, and can be usually
given in the form of following expression;

εrðu; TÞ ¼ εrð0; TÞu�nðu;TÞ

with various functionality in some intervals of the values for both temperature and frequency as shown clearly in
Fig. 7(a)e(e). There have been a variety of characteristic regions with both temperature- and also frequency-dependencies.
Where n(u,T) is a power exponent with a dependency of frequency and temperature or both in some region. As it can be
seen clearly from the logelog plots, all the types of dependencies of dielectric constant on both frequency and temperature
are quite complicated because of several electronicmechanisms seen at several frequencies for a variety of temperatures up to
150 �C together with the influence of the boron content in spinel ferrites.

Over all the characteristics evaluation via a perspective of the boron content is made, there can be seen temperature-
dependencies at lower frequency, but almost insignificant temperature dependencies at higher frequency. Mid-frequency
dependency of the dielectric constant seems to be mostly dependent to the boron content, especially its distinguishable
tendency can be observed as a less temperature dependency for a boron content of x ¼ 0.4. As a result, the characteristic
attitude of boron-substitution into spinel ferrites could be somehow explained by an ionic relaxation processes that is
activated within a given frequency range. Furthermore, dielectric constant at higher frequency ranges together with mid-
frequency range of the x ¼ 4 sample could be attributed to the dipolar relaxation processes. In other words, this may be



Fig. 7. Dielectric constant (εr) of the complex permittivity of FeBxFe2�xO4 nanoparticles as a function of frequency up to 3 MHz for temperatures ranging from 20
to 150 �C ((a) x¼0.1, (b) x¼0.2, (c) x¼0.3, (d) x¼0.4 and (e) x¼0.5).
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attributed to the tendency of dipoles in the macromolecules to orient themselves in the direction of the applied field within
the low frequency range. However, in the high frequency range the dipoles are unable to orient themselves in the direction of
the applied field and hence, the values of the dielectric constant decrease [60].

3.4.4.2. Imaginary permittivity: dielectric loss (εi). Dielectric loss of boron-substituted spinel ferrites [FeBxFe2�xO4 (where
0.1 � x � 0.5)] as a function of frequency up to 3 MHz is shown in Fig. 8 for temperature range from 20 to 150 �C with an
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interval of 10 �C. It is clearly pronounced that dielectric loss has been introduced well to the power law in frequency as given
with a power exponent n almost independent of temperaturewithin all frequency ranges. It can also be expressed clearly that
the power exponent of almost each curve versus frequency is about unity for all temperatures for the boron-substituted spinel
ferrites similar to the former characterization of the Ni and Co-substituted spinel ferrites nanocomposite study. The dielectric
loss curve seems to be quite clear and obey the power law with an exponent as follows;

εiðu; TÞ ¼ εið0; TÞu�n

where εi(0,T) a temperature dependent pre-coefficient only, n is the power law exponent, and its value is about unity and
slightly changes with temperature, and at higher frequencies as well.

The linear variation of dielectric loss for all the boron-substituted spinel ferrites with x ¼ 0.1 e 0.5 in the logelog plots is
introduced to expand up to certain higher frequencywhen the temperature is elevated fromRT to 150 �C. After that some type
of the plateau is occurred especially for x ¼ 0.4 sample at the end of each curves. For this sample, dielectric loss variation is
observed to be significantly tremendous when compared with the other boron compositions. So the electrical potential
energy is dissipated differently for this because of critical amount of boron in spinel ferrites nanocomposites.

3.4.5. Dielectric complex modulus studies

3.4.5.1. Real electrical modulus (Mr). Studied of complex electric modulus can also analyze the electrical response of the
nanocomposites. This method gives somemore information on the nature of homogeneity level of polycrystalline composites
and also describes the electrical relaxation of ionic nanocrystallites as a microscopic level. So the evaluation of electrical
relaxation mechanisms is made using the dielectric modulus M* as formulated by Macedo et al. [61]. The complex dielectric
modulus obtained from both real and imaginary components of complex dielectric data εr and εi is assigned by the following
expression as usual;

M* ¼ 1
ε
* ¼

1
εr � iεi

¼ εr þ iεi
ε
2
r þ ε

2
i

So

M* ¼ MrðuÞ þ iMiðuÞ

where Mr and Mi is the real and imaginary component of the dielectric modulus, respectively.
The plots of the real component of complex dielectric modulus of boron-substituted spinel ferrites versus applied fre-

quency are depicted in Fig. 9 for temperatures up to 150 �Cwith an increment of 10 �C. It is obvious that the real component of
dielectric modulus decreases with temperature at lower frequency for all the boron composition in a manner that there exists
saturation at higher frequencies depending upon temperatures and the boron contents. However there are some inconsis-
tency at lower temperature with the content variation except for x ¼ 0.4 sample. It can noticeably be expressed that the
linearity of the real part of complex modulus is shifted to the higher frequency direction for all the sample studied here as the
temperature is increased from RT to 150 �C, Moreover, the saturation of each curve is also shifted. Real modulus within the
linearity regions can be stated as a power exponent law illustrated in the following equation [62].

Mrðu; TÞ ¼ Mrð0; TÞun

with an exponent value of “n” between 0.5 and 2.0 with a temperature-dependent deviation as well as boron content at a
certain frequency range. Linearity in the logelog plot of realmodulus is expanded up to 10 kHzwhile temperature is increased
from RT to 150 �C. It is also evidence for such a shift to regulate the optimum variations when the boron ratio in the nano-
composite is set to be 0.4 as can be seen in Fig 9(d).

3.4.5.2. Imaginary electrical modulus (Mi). Imaginary part of complex dielectric modulus of FeBxFe2�xO4 nanoparticles as a
function of frequency up to 3MHz for temperatures between 20 and 150 �Cwith an interval of 10 �C for a boron content of ((a)
x ¼ 0.1, (b) x ¼ 0.2, (c) x ¼ 0.3, (d) x ¼ 0.4 and (e) x ¼ 0.5) is represented in the logelog plots of Fig. 10. Logelog plots of
imaginary component of modulus illustrate linear variation acting the power law behavior with an exponent power of
approximately unity as expected. The imaginary modulus can be expressed with a dependency of the power exponent over
frequency being unity complying with a prominent equation;

Miðu; TÞ ¼ Mið0; TÞun

where n is the slope of each curve at lower frequencies for all, being almost temperature independent in some region,
however, the linearity of each curve is turned to saturation of the modulus as a function of frequency at higher temperatures.
Mi(0,T) is the initial value of the imaginary component of the complex dielectric modulus. It is clearly seen from Fig. 10 (a)e(e)
that each of the curves for a variety of boron compositions represents its influence on the formation of FeBxFe2�xO4



Fig. 8. Dielectric loss (εi) of the complex permittivity of FeBxFe2�xO4 nanoparticles as a function of frequency up to 3 MHz for temperatures ranging from 20 to
150 �C ((a) x¼0.1, (b) x¼0.2, (c) x¼0.3, (d) x¼0.4 and (e) x¼0.5).
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nanoparticles. In general, each of the boron-substituted spinel ferrites in the nanocomposites undergoes similar decompo-
sition steps as in the case of a NieZn spinel ferrites and similar to CoeNi spinel ferrites [63]. The better stability of nano-
composite may be due to the interaction between boron-substitution and spinel ferrites which confines the thermal motion
of boron-substituted spinel ferrite sequences and improves the thermal stability [64].



Fig. 9. Real part of complex dielectric modulus of FeBxFe2�xO4 nanoparticles as a function of frequency up to 3 MHz for temperatures ranging from 20 to 150 �C
((a) x¼0.1, (b) x¼0.2, (c) x¼0.3, (d) x¼0.4 and (e) x¼0.5).
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4. Conclusion

In this paper, we described the preparative procedure for the synthesis of polycrystalline boron-substituted Fe3O4 spinel
with pure phase through glycothermal route with the aid of diethylene glycol. The X-ray powder diffraction pattern of



Fig. 10. Imaginary part of complex dielectric modulus, Mi, of FeBxFe2�xO4 nanoparticles as a function of frequency up to 3 MHz for temperatures ranging from 20
to 150 �C ((a) x¼0.1, (b) x¼0.2, (c) x¼0.3, (d) x¼0.4 and (e) x¼0.5).
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FeBxFe2�xO4 (x ¼ 0.1, 0.2, 0.3, 0.4 and 0.5) shows that all prepared samples crystallize in the spinel cubic structure and are in
the single phase. The structure and nanosize of prepared samples were confirmed using XRD method and SEM images. The
M€ossbauer spectra show that the isomer shift values at A- and B-sites are similar in this study. The isomer shift values the
value of the A- and B-sites do not show any appreciable change increasing with B3þ substitution. The hyperfine field values at
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B- and A-sites gradually decrease with increasing B3þ ion concentration (x) and also the ferromagnetic behavior decreases
with increasing B3þ ions. Electrical and dielectric characterizations of boron-substituted spinel ferrites showed that there
have been significant changes in both ac and dc conductivity, and complex permittivity as the boron composition ratios vary
from 0.1 to 0.5. When the conductivity relationship is taken into account as an exponential manner, the rate constant could
not be assigned purely to an Arrhenius expression. Thus, this brings about a negative and positive values of activation energy
for the lower compositions but the plots for higher concentration is still remained almost exponential even in Arrhenius type
representations. Furthermore; their imaginary components of both permittivity and modulus are almost found to obey the
power law with any exponent values varying between 0.5 and 2 in accordance with the level of boron concentrations.
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