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Abstract The non-transition metal spinel MgAl2O4 and the
transition metal spinels (NiFe2O4, NiAlFeO4) have been
prepared by standard ceramic processing method in the air.
The effect of annealing atmosphere on the dielectric
properties after sintering has been studied. The annealing
atmospheres were N2, O2, and N2–H2 mixture. Dielectric
constant ɛr and tangent loss tanδ have been characterized by
varying the measuring temperature and frequency (5 Hz–
5 MHz) using the impedance analyzer. The ɛr and tanδ of
the non-transition metal spinel MgAl2O4 remained un-
changed even with varying the annealing atmosphere.
While the dielectric properties of the transition metal
spinels, NiFe2O4 and NiAlFeO4 were critically dependent
on the annealing atmosphere. Crystal structural models for
the samples manufactured in air have been tested by the
Rietveld refinement method for both the centrosymmetric
Fd-3m and the noncentrosymmetric F-43m. The electron
density distributions were determined by the whole pattern
fitting based on the maximum entropy method (MEM). The
dielectric properties of the samples have been also
discussed in terms of the structure and electron distribution
analysis results.
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1 Introduction

Spinel oxides show a wide spectrum of electrical properties
covering insulating, semiconducting, metallic, and super-
conducting [1, 2]. The characteristic features of the
dielectric and magnetic properties have been known to
arise from distribution and type of the cations among the
tetrahedral A-site and octahedral B-sites in the structure [3].

The dielectric properties (tanδ, ɛr) dependent on the
frequency and measuring temperature have been studied in
the previous studies due to many technological applications
ranging from microwave to radio frequency of the ferrites,
Li0.5 Ni0.75−xCdxFe2O4, Ni1−xCuxAlFeO4, and Co0.5Cu0.5-
GaxFe2−xO4 [3–6]. In the previous studies the dielectric
relaxation phenomena with frequency and temperature have
been discussed in terms of the electron and/or hole hopping
between the two mixed valence cations Fe(Ni)2+–Fe(Ni)3+

in the octahedron/tetrahedron [3, 4]. The electron/hole
hopping is characteristic of the semiconducting spinels
covering the most of the ferrites.

Ponpandian et al. [3] suggested that in spinel ferrites the
wave functions of the cation electron are localized and little
overlap between the adjacent cations. Hence the electron/
hole hopping between the cations should be mediated by
the lattice vibration. The ionic distance between the A
(tetrahedron)-site is larger (~0.36 nm) than the B(octahedron)-
site (~0.29 nm) in transition metal spinels. And the degree of
the covalency for the A-site ions is larger than that of B-site
cations. Hence the hole mobility due to Ni2+–Ni3+ transitions
in the A-site is smaller due to a high activation energy than
that of the B-sites.

In this study we prepared the non-transition metal spinel
MgAl2O4 and the transition metal spinels (NiFe2O4 and
NiAlFeO4), and characterized the dielectric properties
including the dielectric relaxation and tangent loss peak
with frequency. The effect of annealing atmosphere (N2,
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O2, and H2/N2) on the dielectric and electrical properties
has been compared for these two types of spinels.

The crystal structure of MgAl2O4 has been generally
known as the centrosymmetric Fd-3m. On the while the
other noncentrosymmetric model F-43m has been also
suggested [7, 8]. In this study we analyzed the crystal
structures of the three spinels by Rietveld method and the
electron density distributions are determined by the whole
pattern fitting based on the maximum entropy method
(MEM) [9, 10]. The MPF(MEM-based whole pattern
fitting) results are discussed in terms of the dielectric
properties. The MEM method has been applied to the
visualization of the electron density distribution from the
XRD data for decades [10]. In the so-called MEM/Rietveld
method developed by Tanaka et al. the ‘observed’ structure
factors, Fo (obtained in the Rietveld) lowers the accuracy of
the analyzed three-dimension electron densities, since the
‘observed’ structure factors, Fo are doubly biased toward
the structural model in the Rietveld analysis. The structural
refinement by MEM-based whole pattern fitting (MPF)
developed by Izumi overcomes these flaws in the procedure
of Tanaka et al. Detailed methodology for the MPF method
is described some literatures [11–13]. The MPF method has
been reported to be effective and adequate for the
representation of the average structures for the crystalline
materials showing static and dynamic disorder, chemical
bonding, nonlocalized electrons. This structural analysis
technique has successfully been applied numerous materials
systems: zeolite, superconductor, silicate, phosphate, car-
bon, solid state ionics [14–16].

2 Experimental

Three samples, MgAl2O4, NiFe2O4, and NiAlFeO4 have
been prepared by the conventional ceramic processing
method using the chemical reagents, MgO, Al2O3, NiO,
and Fe2O3 as raw materials. For enhancement of the
sinterability of MgAl2O4 sample, nano-sized Al2O3 powder
was used as the raw material. The mixture of raw materials
was calcined at the temperature range of 1000–1350 °C and
then ball milled with 0.5 wt% PVA binder. The dried
powder mixture was pressed to disc shape samples and
sintered at temperature range of 1250–1600 °C for 5 h in
air. The final sintering temperatures for each type of sample
were selected to produce the linear sintering shrinkage
>15%. The sintered samples were annealed under N2, O2,
and 10H2/90N2 atmosphere at 1200 °C for 5 h. The
MgAl2O4 showed the linear sinter-shrinkage of 19.78 and
22.25%, respectively, at 1550 and 1600 °C. The ɛr and tanδ
have been measured using impedance analyzer over the
frequency range 100 Hz–1 MHz. The crystal structure was
analyzed by the Rietveld refinement method using the

program Reitan2000 using the X-ray diffraction data (Cu-
Kα radiation) for the samples sintered in air without post-
annealing. The electron density distribution in the samples
were determined by the maximum entropy method (MEM)-
based whole pattern fitting (MPF) using the MEM analysis
software program PRIMA. The 3D electron density distribu-
tions are visualized by the software program VEND incorpo-
rated in the 3D visualization package, VENUS [11–13].

3 Results and discussion

The effect of annealing atmosphere on the dielectric
properties of MgAl2O4 is shown in Fig. 1. The variation
of the annealing atmosphere does not change the dielectric

Fig. 1 Effect of annealing atmosphere on the frequency dependent
dielectric properties (a) ɛr (b) tanδ of MgAl2O4 sintered at 1550 °C in
air. (annealed at 1200 °C for 5 h). (The remark x implies the as-
sintered sample in air)
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behaviors. The MgAl2O4 sample sintered under the N2/H2

atmosphere shows the slightly lower values of the ɛr and
tanδ compared to other atmosphere conditions. The dielec-
tric constant ɛr (Fig. 1(a)) slightly increases with measuring
frequency from 9.5 at 1 MHz to ~12 at 100 Hz. At low
frequency the ɛr values show some fluctuations but tend to
increase with further lowered frequency. The tanδ values
also steadily increase from ~0.006 at 1 MHz to 0.05–0.18 at
1 kHz. The inertness of the MgAl2O4 to the annealing
atmosphere can be rationalized by the fact that the valence
values of the Al3+ and Mg2+ ions does not changed under
the annealing atmosphere variation. Table 1 shows the
resistivity of the annealed samples under the various
atmospheres. The MgAl2O4 samples show the highest
resistivity compared to those of the NiFe2O4 and NiAl-
Fe2O4. Among the MgAl2O4 samples the N2/H2 annealing
produced the relatively large resitivity in accordance to the
dielectric constant. But the effect of annealing atmosphere
is not significant in the MgAl2O4 samples.

The dielectric properties of NiFe2O4 are shown in Fig. 2.
The ɛr increases exponentially with frequency: from 961
(O2 atmosphere) at 1 MHz to 5.5×104 at 100 Hz. The
90N2/10H2 annealed NiFe2O4 sample cannot be shown in
Fig. 2 due to the ɛr exceeds the scale range shown in the
Fig. 2. The electrical resistivity of the NiFe2O4 samples is
of semiconducting range as shown in Table 1. The
resistivity of N2 and N2/H2 annealed samples cannot be
measured even at 1 V due to electrical leakage. The tanδ
curve show loss peaks at the range of 1–10 MHz. Generally
the tanδ peak appears at the frequency larger than that of
the ɛr peak.

The dielectric properties of NiAlFeO4 are shown in Fig. 3.
The dielectric constant ɛr (O2 sample) increases very steadily
with frequency compared to that of NiFe2O4. The ɛr (O2

sample) increases from 13.9 (at 1 MHz) to 89 at 100 Hz.
Then the ɛr increase exponentially at below 1–10 kHz. The
tanδ peaks appears at the range of 10 Hz–10 KHz. The
oxidizing atmospheres (O2 and x [air]) produce lower peak
frequencies compared N2 and H2/N2.

The tangent loss peaking behavior observed in the
NiAlFeO4 and NiFe2O4 occurs by the resonance of the
electron hopping frequency between Fe3+ and Fe2+ with
the applied electric field frequency [4–6]. The hole hopping
between Ni2+ and Ni3+ are considered as to have the lager
activation than the electron hopping and becomes appre-
ciable at high temperature. The dispersion in tanδ at lower
frequency in the MgAl2O4 is considered as a different
origin such as the silver electrode and specimen correlation.

Table 1 Effect of annealing atmosphere on the electrical resistivity of
the spinel samples at the designated measuring AC voltage.

Sample/atmosphere Measuring voltage/resistivity

MgAl2O4 500 V 100 V
Not annealed (x) 7.25E+13 Ω cm 2.55E+14 Ω cm
O2 3.48E+13 Ω cm 4.54E+13 Ω cm
N2 1.23E+14 Ω cm 3.83E+14 Ω cm
N2+H2 8.85E+14 Ω cm 4.09E+15 Ω cm
NiFe2O4 1 V 0.1 V
Not annealed (x) 3.38E+06 Ω cm Unmeasurable
O2 3.52E+06 Ω cm Unmeasurable
N2 Unmeasurable 2.08E+06 Ω cm
N2+H2 Unmeasurable 9.64E+05 Ω cm
NiAFeO4 100 V 50 V
Not annealed (x) 9.98E+07 Ω cm 8.58E+07 Ω cm
Not annealed (x) 500 V 100 V
O2 Unmeasurable 1.47E+08 Ω cm
O2 1 V 0.1 V
N2 1.86E+06 Ω cm 4.74E+09 Ω cm
N2 1 V 0.1 V
N2+H2 Unmeasurable Unmeasurable

Fig. 2 Effect of annealing atmosphere on the frequency dependent
dielectric properties (a) ɛr (b) tanδ of NiFe2O4 a sintered at 1600 °C in
air. (annealed at 1200 °C for 5 h). (The remark x implies the as-
sintered sample in air)
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The dielectric polarization in the NiAlFeO4 and NiFe2O4

consists of two components. One is the orientational
polarization by the electron hopping between Fe2+ and
Fe3+ [17, 18] which is the dominant mechanism in these
two samples. The other minor contribution comes from the
ionic and electronic polarizations. In the MgAl2O4 only the
ionic and electronic polarizations operate and hence result
in the low ɛr values (~9.5 at 1 MHz, ~12 at 100 Hz)
regardless of the annealing atmosphere.

The valence states of Fe2+ are the minority while the Fe3+

state are the majority in the NiAlFeO4 and NiFe2O4 But the
Fe2+ concentration increases by annealing the samples in H2/
N2 and N2 atmosphere. Hence the electrical resistivity
becomes lower in the H2/N2 and N2 annealed samples than
those of the x (not annealed) and O2 annealed samples. The
dielectric constant ɛr increases inversely to that of resistivity.
When we consider the electrical and the dielectric constant ɛr

of the NiAlFeO4 and NiFe2O4 in terms of the Fe2+

concentration, the Fe2+ concentration is doubled in NiFe2O4

compared to that of NiFe2O4 simply because of the Fe-ion
mole ratio in the chemical formula. In this aspect the
electrical resistivity of NiFe2O4 should be much lower than
that of NiAlFeO4 as observed in Table 1.

The MgAl2O4 has been known as a normal spinel. The
NiFe2O4 is an inverse spinel with 1/2 of the Fe ions
occupying the tetrahedron site (Fe3+) and written as the
formula (Fe3+)[Ni2+Fe3+]O4. The crystal structures of the as-
sintered samples without post annealing (marked as x in
Figs. 1, 2 and 3) have been analyzed by Rietveld method
using the centrosymmetric Fd-3m and the noncentrosym-
metric F-43m models. The noncentrosymmetric model
always produced lower R-values in all the samples. In the
MgAl2O4 the R-values were Rwp=11.93, Rp=8.55, S=1.40,

Fig. 3 Effect of annealing atmosphere on the frequency dependent
dielectric properties (a) ɛr (b) tanδ of NiAlFeO4 a sintered at 1350 °C
in air. (annealed at 1200 °C for 5 h). (The remark x implies the as-
sintered sample in air)

Fig. 4 Electron density distribution determined by MPF(MEM-based
pattern fitting) method for the (a) NiAlFeO4 (b) MgAl2O4. Isosurfaces
in the unit cells are drawn for the eui-electron density level of 1.0/Å3
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RI=:4.70, RF=3.54% (Rwp=21.3, Rp=14.0, Re=8.49, S=
2.51, RI=13.7, RF=8.25%). In the parenthesis the R-values
produced by the centrosymmetric Fd-3m model are shown.

In the NiFe2O4 sample (a=b=c=8.329 Å,) the Rietveld
analysis showed the R-values of Rwp=6., Rp=5.1, Re=5.6,
S=1.14, RI=2.14, RF=2.32%. And the cation site occu-
pancies are Ni2+/Fe3+=0.26/0.74 (4a and 4c-site: multiplicity
and Wyckoff letter, tetrahedral) and Ni2+/Fe3+=0.63/0.37
(16e-site: octahedral). Three quarters of the Ni2+ ions occupy
the octahedral site (inverse spinel), but about 26% ions are
mixed into the tetrahedral site (normal spinel).

In the NiAlFeO4 sample (a=8.1858 Å) the Al3+ ions are
fairly equally distributed both in the tetrahedron and
octahedron sites (26–36% occupancy). The electron density
distribution determined by MPF (MEM-based pattern fitting)
method is shown in the Fig. 4 for the NiAlFeO4 and
MgAl2O4 samples. The R-values after the MPF analysis
were Rwp=7.15, Rp=5.70, S=1.17, RI=4.97, RF=5.07%.

The electron density distribution in the unit cell can
represent the characteristic features of the chemical bond-
ing, e.g., covalent/ionic and the nature of electrons, e.g.,
localized/nonlocalized. Hence the determined average elec-
tron density distribution by MPF method can be discussed
with fair means in relation with the dielectric properties of
the spinel samples. In Fig. 4(a) the electron density
distribution for the NiAlFeO4 shows that the tetrahedral
4c-site (x=y=z=0.25, 4c: multiplicity and Wyckoff letter)
cations have relatively strong covalent bonds with coordi-
nation oxygens. However the other tetrahedral cations
(4a-site) show nearly isotropic electron density distribution
which implies relatively more ionic bonds. The electron
density distribution around the oxygen sites (O1 and O2)
show very anisotropic features. Since the 4c-site (A-site) is
strongly covalent, the Ni2+–Ni3+ hole transition is expected
to be smaller than in the B-sites [4–6] based on the
discussion in the introduction concerning the dielectric
properties of NiFeO4. The electron density distribution in
the MgAl2O4 is shown in Fig. 4(a) for the comparison to
that of NiAlFeO4. The iso-surfaces of electron densities
(1.0/Å3) show that the electrons are distributed over the
reduced volume around the ion centers in the MgAl2O4.
Hence the electron/hole hopping chances between the
cations, i.e. the cation–oxygen–cation exchange would
scarcely happen.

4 Conclusion

The dielectric properties of the non transition ionic
MgAl2O4 does not change with the annealing atmosphere
while those of the transition ionics, NiFe2O4 and NiAlFeO4

are exponentially dependent on the annealing atmosphere.
The electron hopping between Fe3+ and Fe2+ leads to the

large dielectric constant and dielectric relaxation in these
samples. The non transition ionic MgAl2O4 does not show
a dielectric relaxation except in the very low frequency
<200 Hz. In the MgAl2O4 only the electronic and ionic
polarizations contribute to the dielectric constant and result
in the low ɛr (~10).

The crystal structures of three samples were decided as
the noncentrosymmetric F-43m. In the NiAlFeO4 the Al3+

ions are fairly equally distributed both in the tetrahedron
and octahedron sites (26–36%). The high degree of the
covalence at one of the A-site can be confirmed by the
MEM-based pattern fitting method. In the NiAlFeO4

the electron density distribution shows that the tetrahedral
4c-site cations (x=y=z=0.25) have relatively strong covalent
bonds with the coordinated oxygens. The other tetrahedral
4c-site show isotropic electron density distribution. The equi
(iso)-electron density surfaces are distributed over the
reduced volume around the ion centers in the MgAl2O4

leading to the electron/hole hopping between the cation–
oxygen–cation exchange would be much scarcely occurs.
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