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INTRODUCTION

The iron-based ceramic NdFeAsO is one of the families 
of layered high-temperature superconductors with a 
transition temperature of around 50 K. Superconductivity 
was initially studied in metals such as lead [1], cuprates [2], 
iron oxypnictides [3], bismuth [4], graphene [5], and even 
H2S [6], which undergo transitions to superconducting states 
under suitable conditions. The discoveries of iron-based 
superconductors (FeSCs) have been greatly emphasized by 
the researchers due to the simultaneous existence of their 
superconductivity and magnetic properties, having a layered 
structure [7-14]. The Fe-based RFeAsO1-xFx of rare earth 
family having R= Sm, Ce, Nd, Pr, Gd, Tb, and Dy compounds 
come under FeSCs having the highest superconductivity 
transition temperature (TC ~54 K). In these compounds, 
superconductive properties may be manifested due to 
FeAs and R(O/F) layers in which the former layer behaves 
as superconductive planes and the latter layer serves as 
charge reservoirs [15-17]. Among these, the compound 
NdFeAsO1-xFx materials have a layered tetragonal crystal 
with crystallographic axes a=b=3.962 Å and c=8.555 Å [18-
21]. Also, enhancement of magnetic properties in FeSCs is 
observed with the change of concentration of O/F [20]. 

Realizing the importance of layered FeSCs particularly 
its superconducting nature at low temperature we have 
planned to synthesize the iron-based polycrystalline ceramic 
compound and to study its structural, dielectric, and electrical 
properties at high temperature in order to have a complete 

systematic study of the said compound over a large range of 
temperature. Part of the theory may be developed in order 
to understand the conduction mechanism in the sample. 
Further, this study may provide the scope for use of these 
materials in two different applications such as to control the 
loss of energy through superconducting materials and store 
the energy through dielectric materials.

EXPERIMENTAL

The ceramic material NdFeAsO was prepared by solid-
state reaction technique, which is a common synthesis method 
dealing with high temperature to obtain polycrystalline 
material from solid reagents [21]. The pure oxides Nd2O3 
(99.99%, Spectrochem, India), Fe2O3 (≥99%, Loba Chem., 
India), and As2O3 (≥95%, Spectrochem, India) were taken in 
a suitable stoichiometric proportion. The stoichiometrically 
weighed compounds were mixed thoroughly in air 
atmosphere for 2 h and then in methanol for 2 h by using 
an agate mortar and pestle to get a homogeneous mixture 
of the materials. The mixed powders were calcined at 1100 
°C for 5 h in a high purity alumina crucible with cover in 
order to control the evaporation of the components in an air 
atmosphere. The process of grinding and calcination was 
repeated several times till the formation of the compound 
was confirmed. The quality and formation of the calcined 
compounds were checked through an X-ray diffraction 
(XRD) method at room temperature through a powder 
diffractometer (Ultima IV, Rigaku, Japan) using CuKα 
radiation (λ=1.5405 Å) in a wide range of Bragg’s angle 2θ 
(20°≤2θ≤80°) with a scanning rate of 3 °/min. The calcined 
powder was mixed with polyvinyl alcohol (PVA), which 
was used as a binder to reduce the brittleness of the pellets 
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and generally burns off during the sintering process. The 
fine homogenous powder was cold-pressed into cylindrical 
pellets of 10-12 mm diameter and 1-2 mm of thickness at 
a pressure of 3.5x106 N/m2 using a hydraulic press. The 
pellet was then sintered at 1150 °C for 6 h. After sintering, 
in order to have both faces flat and parallel, the pellet was 
then polished with fine emery paper. For carrying out any 
electrical measurement, the flat polished surfaces of the pellet 
were then coated with an air-drying conducting silver paste. 
The pellet was dried at 150 °C for 2 h to remove the moisture 
(if any) and cooled to room temperature before taking any 
electrical measurements. The frequency and temperature 
dependence dielectric properties of the compound were 
measured using an LCR meter (mod. 3532, Hioki, Japan) in 
the frequency range of 102-106 Hz from 25 to 450 °C. For the 
measurement of dielectric properties with temperature, the 
samples were kept in a vertical fit furnace through a sample 
holder. The vertical fit furnace was connected with a variac 
for heating purposes. The temperature was recorded by a 
thermocouple (chromel-alumel) connected with a dc micro 
voltmeter with an accuracy of 0.01 mV (equivalent to an 
accuracy in temperature of ±0.25 K).

RESULTS AND DISCUSSION

Structural analysis: the room temperature XRD profile of 
NdFeAsO is shown in Fig. 1. Based on the earlier work, we have 
refined the XRD data of the prepared sample with a tetragonal 
crystal system and most of the peaks were well matched with 
the previous report [22]. There was a good agreement between 
observed and calculated values of interplanar spacing d, shown in 
Table I. The additional peaks observed between 23°-33° may be 
due to As2O3 (JCPDS file 77-0049 and 83-1548) depicted in Fig. 
1. The lattice constants of the selected tetragonal structure were 
refined using a standard computer program package POWD 
[23] and found to be a=3.9763 Å, c=8.6469 Å, c/a=2.174. The 
crystallite size (P) of the compound, roughly estimated using 
Scherrer’s equation [24], was 45 nm. 

Dielectric properties: the change of dielectric constant 
(εr) and loss tangent (tanδ) with frequency for NdFeAsO at 
25 and 350 °C are given in Fig. 2a and 2b, respectively. It was 
observed that both the quantities decreased with the increase 
in frequency, which is typical behavior of most dielectrics 
samples [25]. The decreasing trend of εr with the increase in 
frequency can be attributed to the fact that, at low-frequency 
range, εr for polar materials is due to the contribution of all 
components of polarizability, deformational (electronic, 
ionic) and relaxational (orientational or dipolar and 
interfacial or space charge) [26-28]. Hence, higher values 
of εr at lower frequencies were mainly due to all types 
of polarization (i.e., αTotal=αele+αion+αdip+αsc, where the 
subscripts indicate the electronic, ionic, dipolar, and space 
charge polarization contribution, respectively). In the low-
frequency range (102 to 104 Hz), all types of polarization 
existed. Since the polarizations are frequency-dependent, 
some of the polarization dies as the frequency increases 
and becomes minimum at a higher frequency range. From 
the variation of εr with frequency, it is possible to find out 
the contribution of polarization predominantly present in 
the sample in a particular frequency range. Further, it was 
observed that the values of tangent loss at room temperature 
were found to be of the order of 10-1, which were due to the 
scattering of charge carriers or defects [29]. The εr decreased 
with the increase in frequency up to 10 kHz and became 
almost constant for the sample, which may be explained by 
the dipole relaxation process in the compound [30]. 

The change of εr with temperature for NdFeAsO in 
the frequency range of 1 kHz to 4 MHz is depicted in Fig. 
3. It was seen that the dielectric constant of the sample 
increased with the increase in temperature. The increase of 
εr value with temperature may be due to the orientational 
polarization (since it is temperature-dependent). Due to 
the temperature, the orientation of dipoles is sped up and 
increases the value of orientational polarization, and hence 

Figure 1: X-ray diffraction pattern of NdFeAsO at room 
temperature.
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Table I - Comparison of observed and calculated d values of 
NdFeAsO ceramic compound.
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the value of dielectric constant [26, 31]. In Fig. 3a, it is 
observed that an anomaly existed in the dielectric constant at 
around 185 and 190 °C at 1 and 10 kHz, respectively. In the 
high-frequency range, there were two anomalies observed. 
The first anomaly in between 200-215 °C and the second 

anomaly in between 350-390 °C were observed. It was also 
seen that the first dielectric anomaly shifted towards higher 
temperature sides and the second dielectric anomaly shifted 
towards the lower temperature side with the increase in 
frequency. The first dielectric anomaly between 200-215 

Table II - Comparison of dielectric constant at room temperature and transition temperatures for different frequencies.

Frequency 1st anomaly (°C) 2nd anomaly (°C) εr at room 
temperature εr at 1st anomaly εr at 2nd anomaly

1 kHz 185 - 65.10 1062.55 -
10 kHz 190 - 37.30 127.03 -
50 kHz 200 390 31.77 60.44 106.27
100 kHz 200 375 29.05 51.19 92.45
500 kHz 205 375 26.46 38.72 68.92
1 MHz 210 365 25.85 35.33 60.17
2 MHz 215 360 25.38 32.08 52.35
3 MHz 210 350 24.75 30.20 48.28
4 MHz 215 350 24.55 29.26 46.39

Figure 3: Variation of dielectric constant (εr) with temperature for NdFeAsO at: a) 1 and 10 kHz; and b) 50, 100, and 500 kHz.

Figure 2: Variation of εr and tanδ of NdFeAsO as a function of frequency at: a) room temperature (25 °C); and b) 350 °C.
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°C may be due to dipolar relaxation in the materials since 
the dipolar polarization is temperature dependent and the 
second anomaly may be due to Maxwell-Wagner relaxation. 
Both the relaxations may be induced by the hopping motion 
of the confined carriers as explained below in the density of 
states section. The values of the dielectric constant at room 
temperature and the transition temperatures with different 
frequencies are shown in Table II.

In Fig. 4, the variations of tanδ with temperature for 
NdFeAsO for 1 kHz to 4 MHz are shown. It was observed 
that the tangent loss of the sample increased with the 
increase in temperature. The value of tanδ, which was very 
small in the low-temperature region, increased sharply with 
the rise in temperature, which may be due to charge carriers 
gaining much energy at high temperatures. As a result, the 
conduction electrons increased with temperature due to 
thermal activation [32], and hence, tanδ increased.

AC conductivity analysis: the ac electrical conductivity 
(σac) of the compound was calculated by using an empirical 
relation σac=ω.εr.ε0.tanδ, where the symbols have their 
usual meanings. This helped to explain the nature of the 
charge carrier and conduction mechanism in the compound. 
The change in ac conductivity with frequency at various 
temperatures for NdFeAsO is shown in Fig. 5. It was 
found that the σac increased with the increase in frequency 
and temperature. At high temperatures, the conductivity 
spectrum showed a frequency-independent plateau region in 
the low-frequency range. At high frequencies, there was a 
tendency to merge the conductivity spectrum and thus the 
spectrum became temperature and frequency independent. 
Also at high temperatures, the conductivity spectra showed 
frequency independent and frequency-dependent regions. 
Hence, there was a change in the slope of the plots with the 
increase in temperature as well as frequency. The switch over 
from the frequency-independent to the frequency-dependent 
region showed the onset of the conductivity relaxation 
phenomena and translation from long-range hoping to short-
range ionic motion [33, 34]. There was a displacement of the 

charge carrier that occurred within the sample by discrete 
hops of length R between randomly distributed localized 
sites.

The behavior of conductivity spectra at high temperature 
followed the universal Jonscher’s power law [35] 
σ(ω)=σdc+A.ωn, where σdc is dc conductivity, n is the 
exponent with 0<n<1, and A is the temperature-dependent 
pre-exponential factor. The term A.ωn explains the dispersion 
mechanism in the conductivity of the compound by analyzing 
the values of n. For n<1, the charge carriers are assumed to 
be taking a translational motion with sudden hopping [36], 
whereas n>1 would mean a localized hopping of the species 
with a small hopping without leaving the neighborhood [37]. 
The value of fitted parameters A and n were calculated from 
the non-linear fit of the Jonscher’s power law given in Table 
III. The red solid lines in Fig. 5 are the fitted lines. There was 
a decreasing trend of n with the rise in temperature. This 
behavior of decreasing trend of n with temperature suggested 
the conduction mechanism in the compound may be due to 
the correlated hopping of electrons over a barrier. Hence, the 
transport mechanism in the compound can be explained by 
the thermally activated hopping process between two sites 
separated by an energy barrier. The mechanism for carrier 
conduction in the sample through the barrier separating the 
localized sites may be explained by the correlated barrier 
hopping (CBH) model [38].

Table III - Fitting parameters A and n of the NdFeAsO 
obtained from Jonscher’s power law at different temperatures.

T (°C) A n
300 5.44x10-11 0.98
325 2.70x10-5 0.95
350 2.95x10-9 0.90
375 5.47x10-10 0.89
400 1.76x10-10 0.87

Figure 4: Variation of tangent loss with temperature for NdFeAsO 
at different frequencies.
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Density of states: there are various models proposed to 
explain the behavior of the conduction mechanism in the 
semiconducting materials [39]. Based on the CBH model the 
ac conductivity data have been used to evaluate the density 
of states at Fermi level N(Ef) using the relation [38-40]:

sac (w) = e2.w.kB .T[N(Ef)]
2 a-5 p

3
f0
w

4
ln   (A)

where e is the electronic charge, f0 is the photon frequency, 
and α is the localized wave function, assuming f0=1013 Hz, 
polarizability α=1010 m-1 at various operating frequencies 
and temperatures. The variation of N(Ef) with frequency 
at different temperatures (300-400 °C) for the NdFeAsO 
sample is shown in Fig. 6a and the variation of N(Ef) with 
the temperature at different frequencies (1 kHz-4 MHz) 
for NdFeAsO is shown in Fig. 6b. It was observed that the 
values of N(Ef) decreased with the increase in the frequency 
and merged at a higher frequency range. Also, it was seen 

that the N(Ef) increased with the increase in temperature. 
At low frequency, the electrical conduction in the system 
was affected by both the frequency as well as temperature, 
whereas at higher frequencies the charge carriers were 
localized and affected by thermal excitations. There was 
an increase in the density of states with temperature and 
the reasonably high values of N(Ef) suggested the hopping 
between the pairs of sites dominated the mechanism of 
charge transport in the sample [41, 42]. The minimum 
hopping length, Rmin was evaluated using the relation:

2e2

p.e.e0.Wm
Rmin =     (B)

where Wm=6kB.T/(1-n) is the bonding energy. Fig. 7a shows 
the variation of Rmin with frequency at different temperatures 
for NdFeAsO and Fig. 7b shows the variation of Rmin with 
the temperature at different frequencies. It was observed that 
the values of Rmin increased with the increase in frequency 

Figure 6: Variation of the density of states [N(Ef)] of NdFeAsO with: a) frequency at different temperatures; and b) temperature at different 
frequencies.

Figure 7: Variation of hopping length (Rmin) of NdFeAsO with: a) frequency at different temperatures; and b) temperature at different 
frequencies.
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as well as temperature. A very low value (~10-11 m) of Rmin at 
the low-frequency region suggested a lack of restoring force 
involving the mobility of charge carriers under the action of 
the induced electric field. The Rmin increased by sigmoidal 
nature with the increase in frequency and approaching to a 
constant value, which suggested the conduction phenomena 
due to short-range mobility of charge carrier. 

The variation of σac with the inverse of absolute 
temperature at different frequencies of NdFeAsO is shown 
in Fig. 8. The nature of the plot obeying Arrhenius equation 
is given by:

sac= s0.exp
-Ea

KB.T
     (c)

where the symbols have their usual meaning. It was 
observed that the conductivity increased with the increase 
in temperature, which showed a negative temperature of 
coefficient of resistance (NTCR behavior). This was due to 
the fact that when the temperature increases, the electrons get 
excited and overcome the barrier that lowers the resistivity. 
The activation energy calculated from the slope of the plot 
was in the range between 0.034-0.038 eV with standard 
errors of 0.01964-0.01968 eV.

CONCLUSIONS

The solid-state reaction method proved to be a novel 
way to prepare the proposed sample NdFeAsO. The sample 
showed a tetragonal structure at room temperature. The 
crystal size was roughly estimated as 45 nm. The normal 
behavior of dielectric materials was shown in the sample by 
showing a similar trend in the change of dielectric constant 
and tangent loss with frequency and temperature. There 
were two dielectric anomalies observed in the sample at 
temperature ranges of 200-215 and 350-390 °C. Due to its 
dielectric behavior and high dielectric constant, this kind 
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Figure 8: Variation of σac with the inverse of absolute temperature 
at different frequencies for NdFeAsO.

of iron-based material may be used in capacitor device 
applications even if its superconducting nature disappears 
at high temperatures. The universal Jonscher’s power law 
obeyed the ac conductivity spectrum. The sample showed 
a thermally activated conduction process. The activation 
energy was found to be in the range of 0.034-0.038 eV. The 
correlated barrier hopping (CBH) model was successfully 
used to incorporate the electrical conduction mechanism of 
the sample. 
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