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Variable-range-hopping conductivity in high-k Ba(Fey sNbg 5)O5 ceramics
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The dielectric and transport properties of Ba(FejsNbg 5)O3 ceramics have been investigated in a
temperature range of 140-300K and a frequency range of 1Hz-10MHz. The temperature
dependence of bulk dc conductivity does not feature an Arrhenius behavior, but indicates a
variable-range-hopping mechanism. The observed low temperature relaxation can be perfectly
described by a polaronic model, which indicates that the dielectric relaxation is intimately
related to the hopping motion caused by localized charge carriers. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821042]

. INTRODUCTION

In the past few years, single phase compounds with per-
ovskite structure, such as lead iron niobate (Pb(Fey sNbg 5)Os,
PFN), in which electric and magnetic orders coexist, have
been widely investigated.'™ PFN undergoes a paraelectric-to-
ferroelectric phase transition near 373 K and a paramagnetic-
to-antiferromagnetic phase transition at the Neel temperature
(~143K). Recently, a similar system, barium iron niobate
(Ba(FepsNby5)O3;, BFN), has attracted much attention
because of its giant dielectric response, magnetic properties,
and unique dielectric relaxation behaviors.*™'?

BFN was first studied as a dielectric ceramic by
Yokosuka in as early as 1994.* It is a spin-glass showing
weak ferromagnetic behavior below 25K,>° and it was
reported as a lead-free ferroelectric relaxor in 2002.%
Raevski and Chen ez al.”'? argued later that BFN is not a fer-
roelectric and the high temperature relaxor-like dielectric
peaks were attributed to oxygen vacancy induced dielectric
abnormity. Recently, first-principle computations verified
that BFN is really not a ferroelectric material.'" In addition
to this dispute, BFN is fascinating because it has a giant
dielectric constant in the order of 10*, which is almost inde-
pendent of temperature in a wide range,**'*!? and is very
similar to that of the well-known non-ferroelectric material,
CaCu;Ti Oy, (CCTO). 1314

In our previous study, two dielectric relaxations were
observed in BFN at both low and high temperatures,'> and a
giant dielectric tunability can be obtained under a low bias
field at room temperature.16 The strong nonlinear current-
voltage characteristics of BFN showed a typical behavior of
ceramic varistors, which implies highly conducting grain
bulk. However, the conduction mechanism in BFN is still far
from well understood. In this paper, we present a systematic
study on the low temperature transport and dielectric relaxa-
tion of BFN ceramics. Our results indicate that, due to the
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mixed valences of Fe, the Mott’s variable-range-hopping
(VRH) conduction exists in BFN bulk ceramics at low tem-
peratures. A polaronic relaxation model was proposed as a
possible explanation to the low temperature dielectric
relaxation.

Il. EXPERIMENTAL PROCEDURE

Single phase BFN powders were obtained using
“columbite” process with BaCO; and FeNbO, (FN) as the
precursors. The details can be found in our previous work.'?
BFN pellets were densified by cold isostatic pressing and
then sintered at 1250-1350 °C for 6 h. The samples obtained
by the “columbite” method were named BFN-C-T; (T refers
to the sintering temperature, e.g., BFN-C-1250). Another
type of sample was called BFN-M-T,, which was synthe-
sized by a direct mixed oxide method. In this method, rea-
gent grades Fe,O3;, BaCOj3;, and Nb,Os were directly mixed
and ball milled. The mixture was dried and calcined and
finally sintered in air at 1250-1350°C.

The crystalline structure and phase purity were con-
firmed by X-ray diffraction (XRD, Philips, X Pert-Pro MPD)
and Micro-Raman spectroscopy (JY HR800, 15 mW argon
ion laser at 488 nm was used as the excitation source). X-ray
photoelectron spectroscopy (XPS, Physical Electronics, PHI-
5600) was also performed on the polished BFN surfaces at
room temperature. Silver paint was coated on both surfaces
of the sintered disks and fired at 650°C for 20 min. The
dielectric properties were measured by using a frequency-
response analyzer (Novocontrol Alpha-analyzer) over a
broad frequency range (1 Hz—10 MHz) at various tempera-
tures down to 140 K.

lll. RESULTS AND DISCUSSION
A. Local symmetry of BFN

Since the early 1960s, BFN has been known as a cubic
perovskite with the lattice parameter a=0.8118nm."’
However, experimental Raman spectra reveal a lower

© 2013 AIP Publishing LLC
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symmetry than cubic in local regions. Fig. 1(a) shows the
reduced Raman spectra of BFN-C-1300 and BFN-M-1300 at
room temperature, in which the population factor n(v + 1) is
considered.'® The lowest-wave number peak around
113 cm ™" could be assigned as Fa, mode,"® which is predom-
inantly caused by the motion of Ba®" ions against the oxy-
gen octahedron in 1:1 ordered or related compounds. By
using Lorentzian fitting, notable splitting of this vibration
mode into two Raman peaks could be observed, which
implies the lowering of local symmetry from cubic.

Another characteristic feature in Raman spectrum of
BFN is the two-mode-like behavior of A;, mode observed in
the range of 650-850cm '. Similar behavior has been
reported in Pb(Mg;;3Nb,/3)O5-PbTiO; (Ref. 20) and
BaCe,Zr; O3 (Ref. 21) complex perovskite systems.
Generally, the two-mode-like behavior could be regarded as
a consequence of local phase-segregation or compositional
fluctuation.”’*! For BEN, it is most probably that Fe rich and
Nb rich regions coexist. The Lorentzian fitting results of
these two bands are shown in Figs. 1(b)-1(d) within three
main Lorentzian peaks, which clearly indicate that the com-
positional fluctuation of BFN is strongly processing depend-
ent. Accordingly, the peak 3 at around 780cm ™' could be
assigned to the motion of NbOg octahedron, while the peak 2
at around 715cm ™" could be caused by FeOg octahedron. It
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is suggested that the peak 1 centered at the lowest wave
number below 700cm ™" could be probably due to the octa-
hedral distortion in the fluctuation region. The BFN-M sam-
ple shows much higher intensity and larger full width at half
maximum (FWHM) of peak 1 than BFN-C, which implies
that direct mixed oxide method cause stronger compositional
fluctuation. In addition, our previous XRD data have con-
firmed the cubic Fm3m symmetry for all samples."> So, the
compositional fluctuation or the deviation from cubic sym-
metry should be considerably weak.

B. VRH conduction

Fig. 2(a) shows the frequency dependence of the con-
ductivity ¢’ at various temperatures for BFEN-C-1300 (the
result of the other samples is similar). Similar to an earlier
report in CCTO,* there is a rapid increase at low frequen-
cies and a slow increase at high frequencies. Up to now,
there is no unambiguous explanation to ascribe the strong
rise at low frequencies to the grain-boundary blocking
effect?” and the left wing of the dielectric peak to the hop-
ping relaxation.”” The ¢’ in the high frequency range,
which is the bulk conductivity relaxation in which we are
primarily interested, can be described by the “universal
dielectric response” (UDR)**

3
)
=y
(72}
c
()
o
£
—— 1 [— I ——
650 700 750 800 850
Raman shift (cm™)
780 d' 110
C f
' -@-BFN-C / - 100
760 |-
190 ~
o— '
740 | o 80 §
O ~
I
720 - a 60 ;
(18
150
700 - O- BFN-C
o “O-BPN-L - 140
o -3- BFN-M
680 ! 1 30
Peak 1 Peak 2 Peak 3

FIG. 1. (a) Reduced Raman spectra of BFN-C-1300 and BEN-M-1300 ceramics; (b) and (c) experimental data (dots) and fitted Lorentzian curves (solid lines)
for BEN-M-1300 and BEN-C-1300, respectively; (d) summary of the fitting results.
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FIG. 2. (a) Frequency dependence of conductivity ¢’ at selected temperatures for BEN-C-1300. The solid lines are fitted according to Eq. (1); (b) the Arrhenius
relations between the g4, and the temperatures 7 obtained from Eq. (1) for BEN ceramics.

o' (f) = 0ac + o0f’, €8]
where f is the experimental frequency, g4, is the “dc bulk
conductivity” and 0 < s < 1. Equation (1) is typical for ther-
mally assisted tunneling between localized states. In CCTO,
it has been attributed to the polaron relaxation related to the
localized charge carriers.”>*> The solid lines in Fig. 2(a) are
the best fit to Eq. (1).

In the hopping conduction of charge carriers, the
nearest-neighbor hopping obeys the Arrhenius law and the
VRH obeys the Mott’s VRH equation®

oac = arexp|—(To/T)""), 2)
where ¢ is constant, 7 =2, 3, or 4, depending on the conduc-
tion mechanism. T, is the parameter related to the density of
localized states at the Fermi level and the decay length of the
localized wave function. From Fig. 2(b), it could be found
that the obtained o¢,. for all samples does not follow the
Arrhenius law over a significant temperature range, and
therefore the nearest-neighbor hopping mechanism can be
excluded.

Fig. 3 shows the dc conductivity versus the inverse quar-
ter power of temperature. The solid line is the best fitted
curve of the experimental data according to Eq. (2) with the
exponent y =4. It can be seen that the inverse quarter power
law predicted by the VRH mechanism describes the bulk
conductivity of BEN perfectly well, as that in CCTO.** From
Mott’s VRH model,”® we also could obtain the hopping
energy

W = 0.25kgTo"/*T/*. (3)

The temperature dependence of the W values is plotted in
Fig. 3(a). For all samples, the hopping energy W increases
monotonically in the range of 0.12-0.20eV at temperatures
from 150 to 260 K.

The exponent parameters s(7) obtained from Eq. (2) are
shown in Fig. 4 for selected BFN samples. A minimum at
about 183 K in s(7)) shows up for both samples. Such a mini-
mum in s(7) is predicted by the “overlapping large-polaron
tunneling” (OLPT) model.?’ In the OLPT model, the charge
carriers are assumed to be large polarons, i.e., the lattice dis-
tortion around the site of a charge carrier overlaps with the
distortions on neighboring sites. This gives rise to an energy
barrier which is a function of the site separation. According
to the OLPT model suggested by Long et al., the expressions
for ac conductivity and exponent s are described as>’

4 2k2 N(E; 2 R4
GI(Q)):Gdc ne 31[2( f)] XZ ww - R
O(kBT =+ (WHOIp)/Rw
)
4+ 6Wyor! /kgTR',, 1
s(ry = 1 - 2o /la TRy 1)

I\ 2 X DI
- Whor, R,
kgTR'?

where r[’) =2ay, (1, is the polaron radius and « is the wave
function decay constant), R/ =2oR,, (R, is the optimum
hopping length), Wy, is activation energy associated with
charge transfer between the overlapping sites. For small val-
ues of 7, s(T) exhibits a minimum at a certain temperature
around 0.1Wyo/kg and subsequently increases with increas-
ing temperature, similar to the case of small-polaron tunnel-

ing (SPT) model.?’
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FIG. 3. Temperature dependent bulk dc conductivity 4. for BFN ceramics scaled for thermally activated Variable-range-hopping of charges and (a) hopping

energies W.

The experimental data of ac conductivity have been fit-
ted with Eq. (4) for all the studied samples and a typical fit-
ting for BFN-C-1300 is shown in Fig. 5. It is noted that
OLPT model gives very good agreement at high tempera-
tures. But at lower temperatures, it shows deviations in inter-
mediate frequency region. The reason for this deviation may
be due to the ignoring of either the frequency dependence of
R, during fitting or the change of local structure of the
ceramics with temperature. The parameters obtained from
fitting of experimental data of ac conductivity with Eq. (4)
are listed in Table I and the Wy, values agree well with
those obtained from fitting of dc conductivity data with VRH
model. For a OLPT process,28 the exponent s,,;, is also
expressed to be sminzl—S/Z(WHOy;,/kT)l/z. The resulting

1.0
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FIG. 4. Temperature dependence of the exponent s(T) obtained from the fit-
ting according to Eq. (1).

energy barrier for infinite distance of the polaron sites is
Wno =0.16eV, which is comparable to the values listed in
Table I and to that for OLPT conduction in Lag 9551y ¢sMnO3
(0.2eV).*

C. Discussion

The Raman spectrum of BFN reveals a lower symmetry
than cubic in local regions (see Fig. 1). Shuvaeva er al.*®
have reported that the low local symmetry is inherent to
most of ternary Nb-containing perovskites, as confirmed by
the extended x-ray absorption fine structure (EXAFS) study.
In these compounds, Nb occupies an off-center position,

10°
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10*
E
@ 107 25
- o —0—153K
© —0— 163K
—A—173K
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10 —<— 203K
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—0—223K
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FIG. 5. (a) Frequency dependence of conductivity ¢’ at selected tempera-
tures for BEN-C-1300. The solid lines are fitted according to Eq. (4).
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TABLE I. Parameters obtained from the fitting of experimental data of ac conductivity with OLPT model for BEN ceramics.

Parameters BFN-C-1250 BFN-C-1300 BFN-C-1350 BFN-M-1250 BFN-M-1300
7, (nm) 0.69 0.83 0.92 0.86 0.97

o (nm™") 0.089 0.093 0.091 0.091 0.095
Who (V) 0.15 0.16 0.16 0.18 0.19

(@) (b)

27 28 29

16 T

T increasin

14

€"/1000
In(f)

10+

FIG. 6. (a) Frequency dependence of
dielectric loss ¢’ at selected tempera-
tures for BFN-M-1250; (b) the
Arrhenius and VRH-like plots for the
relaxation frequencies. The solid line
is a fitting curve according to Eq. (6).

100/T™ (K™

leading to a lower symmetry accordingly.*® From this point
of view, the low local symmetry in BFN is quite expectable.

We assumed the two-mode-like behavior (see Fig. 1)
in Raman spectrum of BFN was due to the existence of
Fe rich as well as Nb rich regions according to the peak
fitting. Clues may be found in a similar 1:1 composition,
PEN. Fe and Nb were generally deemed to distribute ran-
domly in PFN lattice. However, Fe rich with Nb poor
and Fe poor with Nb rich regions have been confirmed
recently in PFN by the **Nb NMR spectra and °’Fe
Mbssbauer spectra.®'*? On the basis of first-principles cal-
culations, Raevski er al.** pointed out that the probability
of Fe clustering in BFN is much lower than that in PFN.
It is then assumed that peak 1 in Fig. 1 is most probably
caused by the compositional fluctuation of Nb clustering
in BFN.

The ac bulk conductivity of BFN shows a power-law
behavior and the dc bulk conductivity is found to obey Mott’s
VRH mechanism. It is then suggested that the transport
behavior in the bulk ceramics indicates clearly a large polaron
relaxation. From Fig. 3(b), it could be found that the conduc-
tivity is strongly dependent on the sintering temperature,
which is probably due to partial reduction of iron valence
state from Fe’ " to Fe*" at high temperatures.*® The Fe*" and
Fe*" can form Fe?"-O-Fe*" bonds and the Fe-3d electrons in
Fe*" ions can hop to Fe’ " under an applied field. The forma-
tion of larger Fe*" ions (ionic radius Fe’"=0.074nm,
Fe** =0.064 nm) will distort the lattice and produce a polar-
onic distortion. The valence state of Fe ions in Fe-containing
compounds is usually determined by XPS technique. It is
well known that, due to the spin-orbit coupling, the Fe 2p
core level is split into the 2p,, and 2p;, components. For
Fe*" iron, the 2ps» core level appears at 709.4-710eV while
for Fe’" jon it appears at 710.8-711 eV.** However,

5 6 7

1000/T (K")

deconvolution of the Fe 2p;,, peak into two peaks according
to the Fe’' and Fe’' states seems highly speculative.
Recently, the problem of XPS approach to the estimation of
Fe?"/Fe’" ratio has been discussed thoroughly by Kozakov
et al*® They confirmed that the presence of Fe*" is mani-
fested by a small shoulder on the Fe 2p;,, peak. Such feature

20
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FIG. 7. Temperature dependent dielectric permittivity ¢ at 1 MHz for BFN
ceramics, the solid lines are fitting curves according to Egs. (8) and (9).
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TABLE II. Parameters obtained from the fitting of experimental data of dielectric permittivity at | MHz with Eqgs. (8) and (9) for BEN ceramics.

Parameters BEN-C-1250 BEN-C-1300 BEN-C-1350 BEN-M-1250 BEN-M-1300
A 0.98888 0.98746 0.99359 0.99984 0.99987
. 56 56 56 56 56

70 (Hz) 3.18 x 10'° 9.72 x 10" 1.77 x 10" 2.81 x 10" 445 x 10"
E (eV) 0.150 0.171 0.169 0.188 0.186

is not seen in XPS spectrum of our BFN samples (not shown).
Méssbauer spectra® also indicate that only Fe’" exists in
BFN ceramics. Since we have no clearly evidence on the ex-
istence of Fe>" ions, it is doubtful that the coexistence of
Fe?* and Fe®" ions is the main microscopic origin of the po-
laron behaviors. Other sources, such as the compositional
fluctuation with localized charge carriers (see Sec. III A) can
also produce distortion and contribute to the microscopic ori-
gin of polaron behaviors. It should be emphasized that the ori-
gin of the polaron behavior and corresponding Mott’s VRH
conduction in BFN is still obscure and needs further studies.

From the relationship between the conductivity and the
dielectric permittivity, ¢’(w) = ¢’(w)/w, it is reasonable to
predict that the large polaron hopping process will also affect
the dielectric permittivity. Fig. 6(a) illustrates the frequency
dependence of ¢’ at temperatures varying from 153 to 273 K
with 10K increment for BFN-M-1250. It is found that the
peak intensity increases gradually as the peak shifts to higher
frequencies. Besides, the peak frequency cannot be well fit-
ted by the Arrhenius law but by a VRH-like relation sug-
gested by Zhang and Tang®* [as shown in Fig. 6(b)]

fr=r CXP[(TO/Tp)1/4]7 (6)

where T is a constant related to the activation energy. This
result implies an intimate relationship between the observed
dielectric permittivity and the conductivity produced by po-
laron hopping transport. It leads to a conclusion that the
dielectric relaxation frequency f, is directly related to the dc
bulk conductivity.

Taking into consideration the relaxation of polarons
occurring at a rate 7 determined by the energy barrier
between alternate equivalent configurations and the tempera-
ture, we get

7 = o exp(—E/kgT), (7

where FE is the barrier energy and ), depends on the effective
mass of the polarons. As suggested by Ramirez er al.,>® a
mean-field approximation can be adopted and the dielectric
response can be then calculated as

_eol(1 —a)y? + 7]
(1 —a)’y? + a?

é(w,T) 8)
Eoaym

&0, T) = —"7F"——,
(@.T) (1—a)*?+a?

)

where & is the dielectric constant at zero temperature and a
is a dimensionless parameter which depends on the polaron

concentration and the polarizability of the polaron. We use
one representative data set of the ¢ at 1 MHz for the least-
squares fit of Egs. (8) and (9). The solid lines in Fig. 7 are
the model calculations, which reproduce the experimental
data very well. The best result was listed in Table II. It is
interesting to note that the obtained barrier energy E is quite
close to the activation energy Wy, (see Table I) and VRH
hopping energy W [see Fig. 3(a)]. Meanwhile, the value of yq
is of the order of 10'°-10'"'Hz for all samples, which is
fairly reasonable. These results definitely indicate that the
studied dielectric relaxation in Fig. 7 is caused mainly by a
polaronic relaxation.

IV. CONCLUSIONS

In summary, we have investigated the temperature de-
pendence of ac conductivity and dielectric permittivity spec-
tra of polycrystalline BFN. The ac conductivity of BFN
shows a power law behavior at high frequencies and the dc
bulk conductivity is found to obey VRH mechanism. The
bulk conduction behavior of BFN can be well explained by
the OLPT model. The coexistence of Fe*" and Fe’" ions is
assumed to be a microscopic origin of the polaron behaviors.
However, it is still obscure and needs further studies. The po-
laron model can also be used to explain the temperature and

frequency dependent dielectric permittivity of BFN
successfully.
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