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Abstract In the present work, we performed detailed inves-
tigation on the relationship between the dielectric properties
and the conductivity of Ba,FeNbOg. Our results revealed
that (1) the colossal dielectric behavior of the sample can be
well understood based on the framework of universal di-
electric response, (2) the observed relaxation shows a dis-
tinct deviation from the Arrhenius behavior, and (3) the peak
intensity of dielectric loss can be well expressed by a rela-
tion similar to the Fermi—Dirac distribution function rather
than a thermally activation relation. These are the typical
features for the hopping motions of polaronic carriers dem-
onstrating that the dielectric properties and the conductivity
of Ba,FeNbOy are closely linked.

Keywords Ceramics - Dielectric properties - Polaron
relaxation

1 Introduction

Ba,FeNbOg (BFN) was first synthesized via solid state reac-
tion technique by Saha and Sinha in 2002 [1]. This material
has soon attracted considerable interest because several
groups assumed that BFN is a lead-free ferroelectric-relaxor
as the material exhibits diffuse phase transition dielectric
behavior in the temperature range around 200 °C [1-6]. While
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other group attributed the high-temperature relaxer-like di-
electric to oxygen defect induced dielectric abnormity [7]. In
spite of this dispute, the most interesting property is that BFN
shows similar colossal dielectric behavior to that observed in
CaCu3Ti4O1, (CCTO) in the temperature range below room
temperature [4]. Raevski et al. [4] attributed the low temper-
ature (LT) dielectric relaxation in BFN to a Maxwell-Wagner
(M-W) relaxation. Ramirez et al. [8] argued that the M-W
mechanism cannot solely responsible for such LT relaxation in
CCTO and the analog materials exhibiting colossal dielectric
constants. Recently Ke et al. [9] investigated both low and
high temperature dielectric relaxations in BFN. The high
temperature dielectric relaxation was considered as a compet-
itive phenomenon between the dielectric relaxation and elec-
trical conduction of the relaxing species, whereas the LT
relaxation was ascribed to be a polaronic relaxation. The
existing results show that the physical mechanisms of both
the low- and high-temperature dielectric responses in BFN are
far from well understood. In the present work, we have per-
formed detailed investigation on the LT dielectric behavior of
BFN. Our results demonstrate a clear relationship between the
observed dielectric properties and the conductivity. This
implies that the relaxation in BFN might be a dipolar-type
relaxation associated with the hopping localized carriers.

2 Experimental

The samples were prepared by the standard solid-state reac-
tion technique. Stoichiometric amount of BaCOs3, Fe,O3 and
Nb,Os (all of 4N grade) powders were thoroughly mixed
using a mortar and calcined at 1200 °C for 24 h. This
procedure was repeated three times with intermediate grind-
ings. The resultant powder was reground and pressed into
pellets and finally sintered at 1350 °C for 10 h followed by
furnace cooling to room temperature. Phase purity of sin-
tered pellets was characterized by X-ray powder diffraction
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performed on a MXP18AHEF diffractometer (MARK, Japan)
with Cu K« radiation. Microstructure and grain size of the
sintered pellets were studied by a field emission scanning
electron microscope (SEM) (Model S-4800, Hitachi Co.,
Tokyo, Japan). Electrodes were made by printing silver
paste on both sides of the disk-type samples and then two
fine copper wires used as down-lead were connected to the
printed sides. The temperature dependent dielectric proper-
ties were obtained using a HIOKI 3532-50 LCR precise
impendence analyzer with the sample connected to a mea-
suring rod and inserted into a container with liquid nitrogen.
The dielectric measurements were carried out in the frequen-
cy range from 100 Hz to 1 MHz. The system can provide a
temperature range from 76 to 335 K controlled by a Lake-
shore 331 temperature controller. The amplitude of ac mea-
suring signal was 100 mV rms. Annealing treatments were
performed in flowing (200 ml/min) N, and O, (both with
purity>99.999 %).

3 Results and discussion

The X-ray diffraction pattern of the as-prepared BFN ce-
ramic sample is shown in Fig. 1. The pattern was analyzed
using Jade 5 power diffraction data analysis software. It was
found that the pattern can be indexed to a cubic structure.
The calculated lattice constant a=8.11968 A is fairly con-
sistent with that reported by Ke et al. (8.11 A) [9]. The
typical SEM micrograph of BFN is shown in the inset of
Fig. 1. The micrograph indicates that the pellet was dense
and compact with an average grain size about 20 um. The
as-prepared sample achieves density of 6.18 g/cm?, which is
about 94.88 % of the theoretical value (6.51 g/cm®).

Figure 2 compares the temperature (7) dependence of the
real (¢', left panels) and imaginary (¢", right panels) parts of
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Fig. 1 The XRD pattern and SEM image obtained at room tempera-
ture of the BFN ceramics
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the complex permittivity at a number of representative fre-
quencies for BFN before (as-prepared) and after post-
annealing processes at N, and O, atmospheres. It can be seen
that the low-temperature dielectric behavior of BFN exhibits
similar features to those found in CCTO [10]. That is, €’
(T)shows high values with weak temperature-dependent at
high temperatures. As the temperature decreases to a critical
temperature depending on the measuring frequency, £'(7)step-
like decreases to a flat range which almost independent of
frequency. The steplike decrease in €'(7)is accompanied by a
peak in the corresponding curve of ”(7). Although the mech-
anism of these features in CCTO is still an open question, it
was reported that they are closely related to oxygen vacancy
[11, 12]. To check out whether or not the dielectric properties
in BFN is related to oxygen vacancy, we performed annealing
treatments firstly in nitrogen and then in oxygen atmospheres
at 800 °C for 2 h. After each treatment, dielectric properties
were measured as a function of temperature. We note that
annealing in N, atmosphere leads to a significant enhance-
ment of dielectric constant; and the relaxation moves to lower
temperature by ~18 K. Additionally, the relaxation peak in €”
(7) measured with low frequencies was found to superimpose
upon a nearly exponential increasing background. Whereas
after the consecutive annealing in O,, both ¢'(7) and £"(7)
return back to almost the same levels as those of the as-
prepared case. These results exclusively demonstrate that the
low-temperature dielectric properties of BFN are truly related
to oxygen vacancy. The oxygen vacancies actually act as
donors that can yield conductive electrons. Because the di-
electric loss (¢"(7)) related to conductivity (o) can be written
as €' o« o/ x exp(—Eona/kpT)/w[13] with kg the Boltz-
mann constant, E.,q the activation energy of the conductivity
and w the angular frequency. This is the reason why a nearly
exponential increasing background was observed. The above
results imply an intimate relationship between the observed
dielectric properties and the conductivity produced by oxygen
vacancies.

Now we focus our attention on the relationship between
the two aspects. Firstly, it is well know that in semiconduct-
ing materials, localized charge carriers hopping between
spatially fluctuating lattice potentials not only produce con-
ductivity but also give rise to dipolar effects. The frequency
dependent dielectric response caused by the localized car-
riers can be described by Jonscher’s power law [14], i.e., the
universal dielectric response (UDR). This model prodicts a
frequency-dependent ac conductivity of @®, which yields a
@' behavior for the dielectric constant by the Kramers-
Kronig transformation. Then, one has

fe = A(T)f* (1)

where A(T) and s (with valules between O and 1) are the
temperature-dependent constants, f~w/27 is the testing
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frequency. Thefore, at a given temperature, a straight line
with the slope of s should be obtained in the plot of log, f&’
versus log;o f. Figure 3 presents such a plot for the as-
prepared BFN sample, from which perfect straight lines
with almost common slope of $s=0.979 in the high-
temperature and low-frequency ranges were observed. The
experimental data in the high-frequency range deviate from
the straight line, because of the occurrence of the relaxation
that causes a steplike decrease in €’ (see Fig. 2). The devi-
ation gradually shifts to lower frequencies as the relaxation
moves to lower frequencies with decreasing temperature. As
the relaxation moves to low frequencies, straight line appears
again in the high-frequency range at low temperatures with
nearly same slope of s=0.997. The value of s=0.997~1 at low
temperatures indicates that the related carriers are strictly
localized [15]. This means the carriers are frozen ones that
they cannot hop and no longer have contribution to neither
conductivity nor dielectric response. Therefore, the observed
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Fig. 3 Plots of log;o (f£")vs logyo (f)for BEN at a number of fixed
temperatures. The solid linear lines are guides for the eyes
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dielectric constant and dielectric loss become flat values. This
is virtually a nearly constant loss behavior [16]. From s=0.979
at 300 K to s~1 at 80 K, the involved charge carriers are more
and more localized. This means that their inertial mass (or
eigenfrequency) becomes sufficiently large (low). Then, they
cannot follow the field variations and the resulting ef-
fect is a dielectric relaxation with the relaxation peak
appearing at the temperature where the eigenfrequency
of the carriers equals the frequency of the applied field.
Therefore, the observed relaxation can be ascribed to
the hopping localized carriers.

Secondly, let’s check out the Arrhenius relation, i.e., the
testing frequency as a function of the inverse peak temper-
ature (Tp) in dielectric loss €'(7). Figure 4 displays the
Arrhenius plots for BFN sample measured in difference
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Fig. 4 The panel with bottom and left axises shows the Arrhenius
plots of log,of'vs 1/T,, for BFN before (as-prepared) and after O, and
N, annealing treatments. Dotted lines illustrate two Arrhenius seg-
ments. The panel with top and right axises replots the same data for
the as-prepared sample in terms of the VRH-like relation. The solid
line is the results of liner fit based on Eq. (2)
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cases. We note that (i) The data obtained in the cases of the
as-prepared and after O,-annealing treatment are almost
overlap, convincing that both cases have almost the same
dielectric behavior. (ii) A distinct deviation from the Arrhe-
nius behavior is observed for BFN in both the as-prepared
and the annealed cases. A tentative explanation to this
deviation as suggested by Grubbs et al. is that the investi-
gated sample might contain two relaxations with different
activation energies leading to two Arrhenius segments as
illustrated by the dotted lines in the figure [17]. But this
inference can be easily ruled out; since if it was true, both
relaxations rather than only one relaxation should appear in
the high (low)-frequency (temperature) range. Zhang and
Tang [18] that suggested that the Mott’s variable range
hopping (VRH) relation fit the data better for relaxation in
CCTO:

S =toexp | (To/Tr) "] @

where fj is the eigenfrequency and 7, is a constant related to
the activation energy. Although the VRH relation truly gives
a very good straight line as shown in the same panel of the
figure, which yields unrealistic parameter f = 6.02 x 10??
Hz [19].

The polaronic model does provide a heuristic hint to under-
stand the deviation. In the polaronic scenario [20], thermally
activated hopping conductivity obeys the following equation

o=T 'exp(—W/kT) (3)

The activation energy W for the small-polaron is given by
[21] W =Wy + 1/2Wp in the high-temperature range
(where Wy and Wp are the hopping and disorder energy,
respectively); while in the low-temperature range W=Wp,.
For polarons, the relaxation behavior is dominated by the

conductivity behavior [19]. The change of activation energy
for conductivity will lead to the change of activation energy
for dielectric relaxation, thereby, giving rise to the deviation
of the Arrhenius plot. This further demonstrates that the
conductivity and the relaxation are closely related.

Finally, for the polaron relaxation, the peak intensity of
dielectric loss is proportional to the concentration of relax-
ation units [22]

g’ = Nu*/3eoksT (4)

where p is the dipole moment, A is the concentration of the
hopping polarons, and ¢ is the dielectric permittivity of free
space. N was usually reported to vary with the temperature
following a thermally activated relation [23]

N :N() exp(—E/kBT) (5)

where N, is the pre-exponential factor representing the
concentration of polaron at 7—oo and E is the activation
energy. One thus has:

Te'! o = Nooxp(—E/kaT) 11 /3ks (6)
In order to verify the validity of Eq. 6, "(f) for the as-prepared
sample was measured at series of temperatures from 145 K to
300 K varying with 5 K increment (inset of Fig. 5). The peak
intensity was found to gradually increase as the peak shifts to
high frequencies. But it cannot be fitted by the thermally
activated behavior as expressed by Eq. 6. This might because
that the observed dielectric relaxation is associated with a
frozen-in process of hopping polarons. Like that in canonical
glasses, this process should exist a finite temperature, 7 to
manifest the freezing temperature. In our previous paper, a
relation similar to the Fermi—Dirac distribution function was
suggested to describe the concentration of the frozen carriers

Fig. 5 Temperature 350k o
dependence of T&" . for the
as-prepared BFN sample. Solid 300k 3
line is the fitting result base on E
Eqgs. (4) and (7). Inset shows the ]
frequency dependence of " at 250k
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to 300 K with 5 K increment —_ ]
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[24]. Hence, the concentration of the hopping polarons can be
written as [25]

N =No(1=1/(exp((T — 77) /A) + 1)) (7)

where Tris the most probable freezing temperature, and A is
the parameter describing the width of freezing temperatures.
Taking Egs. (4) and (7), the experimental data can be perfectly
fitted. The result of the fit is given as a solid line in the main
panel of Fig. 5. The fit yields 7;=243 K, A=98 K, and Nopi?!
3eokp=512,847 K. The last parameter is related to the number
of polarons per unit volume, which is of vital importance in
semiconductor science. The attempt to deduce this number
needs microscopic information about the dipole. If we assume
the dipole is composed of opposite carriers carrying a charge
of 1.6x107"° C and separating by the distance of one lattice
parameter, the polaron concentration at high temperature limit
is found to be 10**/cm>. This value is reasonable considering
the typical concentration for most semiconductors is in the
range of 10'°-10?'/cm? at room temperature. This fact evi-
dences that the dielectric properties of BFN and the conduc-
tivity are closely linked.

4 Conclusions

In summary, the dielectric properties of BFN ceramics were
investigated as functions of temperature (80 K<7<320 K) and
frequency (100 Hz</<1 MHz). Our results indicate that the
dielectric properties and the conductivity of BFN are closely
linked. The observed dielectric properties can be well under-
stood based on the polaron model suggesting that the relaxa-
tion in BFN can be ascribed to a dipolar relaxation associated
with the hopping motions of the polaronic carriers.
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