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In this work we synthesized the multifunctional (Lag gCag 2)0.4Big.eFeOs material using a sol—gel process.
Structural and morphologic investigations reveal a Pnma perovskite structure at room temperature with
spherical and polygonal nanoparticles. A detailed study of the temperature dependence of the dielectric
and electrical properties of the studied material proves a typical FE-PE transition with a colossal value of
real permittivity at 350 K that allows the use of this material in energy storage devices. Thus, the
investigation of the frequency dependence of the ac conductivity proves a correlated barrier hopping
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1. Introduction

The evolution of human activities, the increase of world pop-
ulation and the integration of new technologies has led to
a strong growth in energy needs. Therefore, the increase of this
consumption can result the depletion of the materials for
energy production. It is then expected that the price of these
materials will further increase which makes academia and
industry research new efficient materials with low cost and
simple synthesis processes.

Recently, great attention is granted to multiferroic materials
due to the diversity of their application fields due to the
combination of their ferroelectric and ferromagnetic behavior
and their dependence on both frequency and temperature.*

Therefore, these materials can provide simultaneously
different solutions to energy production problems. Indeed,
perovskite structured LaFeO; has been intensively studied
because of its particular properties making it a potential
material for several applications: chemical sensors,” catalytic
devices,® fuel cells,* gas sensors,®> memory devices and magnetic
refrigerants.® This typical material exhibited a high ferroelectric
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transition temperature (=715 K).” In order to shift this transi-
tion near the room temperature and enhance the dielectric
stability, a significant number of researches have been devel-
oped a diversity of substitutions at A or/and B-sites of these
materials.? In fact, introducing another cation in the A or B site
can perturb the neutrality of the perovskite structure resulting
then a strong change on the structural and physical proper-
ties.*** Previous research works, reported that bismuth atom
exhibits golden properties where its introduction in perovskite
materials can induce multiferroic properties.*® This kind of
materials can provide several dielectric behaviors at the same
time (ferroelectric, anti-ferroelectric, ferromagnetic...). As it is
well known, in these days, anti-ferroelectrics, ferroelectrics,
linear dielectrics, and relaxor ferroelectrics materials present
the frequent dielectric materials for electronic devices applica-
tions.** By comparing with linear dielectric and ferroelectric
materials, anti-ferroelectrics ones exhibit generally a signifi-
cantly high energy-storage density due to the absence of
remnant polarization (P,).** In another hand, relaxor ferroelec-
trics behave efficient because of their low P, value that is why
they are frequently requested as an ideal ceramic for energy-
storage applications.'>"”

Therefore, the aim of this study is to investigate the
temperature and frequency dependence of dielectric properties
of the multiferroic (LaygCay.)o.4Big.cFeOs compound. In fact,
the studied material was prepared by sol-gel route. Then, the X-
ray diffraction was used to examine the purity and the crystal
structure. The morphology and particles size have been
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observed by electron scanning microscopy and the Trans-
mission Electronic Microscopy (TEM). Thus, the XPS technique
aims to study and quantify the oxidation state of the chemical
elements that constitute the studied compound. The dielectric
measurements were performed under the temperature range
150-400 K and the frequency range of 10°~10° Hz in order to
discuss the temperature and frequency dependence of the
electrical and dielectric properties of the prepared material.

2. Preparation methods
2.1 Sol-gel route

(Lag.gCag.»)0.4Bip.sFeO3 nanosize compound was prepared by the
sol-gel method using the citric acid route.'®" Stoichiometric
amounts of high-purity lanthanum nitrate (La(NO;);-6H,0),
iron(m) nitrate nonahydrate (Fe(NOs);-9H,0), calcium nitrate
(Ca(NOj3),-4H,0) and bismuth nitrate pentahydrate (Bi(NO3);-
-9H,0) were dissolved in ethylene glycol in proper stoichio-
metric proportions. The mixture solution was stirred
continuously until a clear solution was observed. Then, an
appropriate amount of citric acid (molar ration nitrates/citric
acid equal to 1/2) was added to the solution and magnetic
stirred for almost 2 hours at 70 °C until a viscous gel was
formed. The formed gel was heated at 170 °C with continuous
stirring which promotes the evaporation of gases and the
formation of a brown residue powder which was heated at
300 °C for 12 hours. After that the obtained powder was
grounded and pressed into pellets with 7 mm of diameter,
under an axial pressure of about 10* N cm ™2, and then annealed
4 hours at 800 °C to finally obtain the (Lag gCayg5)o.4Bio.sFeOs
compound.

2.2 Characterization methods

The phase and structure of the as-prepared powder were
determined by X-Ray Diffraction (XRD) using the Bruker D8
Advance X-ray powder diffractometer with CuK,; radiation (A =
1.5406 A). After that the, the obtained pattern was refined using
the FullProf software® in order to extract the lattice parameters
and the structural positions of atoms. Microstructures and
grain sizes were evaluated by a TESCAN VEGA3 SBH micro-
scope, operating at 20 kV and equipped with an EDS detector
BRUKERXFLAGH 410M, which allowed the detection of the
characteristic X-rays emitted by the sample and, thus, the
identification of its chemical elements. TEM images were ob-
tained with a FEI Tecnai G2 with an acceleration voltage of 200
kv, in bright field. The carbon grids were immersed in dilute
suspensions of the nanoparticles and, after sonication the grids
were placed in the microscope. Image] software was used to
obtain the size of the nanocomplexes.

The XPS spectra were acquired in an Ultra High Vacuum
(UHV) system with a base pressure of 2 x 10~ '° mbar. The
system is equipped with a hemispherical electron energy
analyzer (SPECS Phoibos 150), a delay-line detector and
a monochromatic AlKo (1486.74 eV) X-ray source. High resolu-
tion spectra were recorded at normal emission take-off angle
and with a pass-energy of 20 eV, providing an overall
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instrumental peak broadening of 0.5 eV. The resulting XPS
spectra were calibrated in binding energy and using the C 1s
peak as a reference from contamination at 285.0 eV.

For the dielectric measurements, the sample was kept in
a helium atmosphere to minimize thermal gradient. An Oxford
Research IT-C4 was equipped to control the temperature that
was measured using a platinum sensor under the range from
150 K to 400 K. Then, the impedance of the sample was
measured with an Agilent 4294 Network Analyzer in the
frequency range between 100 Hz and 1 MHz in the C,-R,
configuration (capacitance in parallel with resistance).?*>*

3. Results and discussions
3.1 Structural study

We plotted in Fig. 1(a) the room temperature X-ray diffracto-
gram of the (Lag gCag.»)o.4Bio.cFeO3; compound. As we can see,
eight characteristic peaks at 26 equal to 22.65°, 32.24°, 39.75°,
46.22°, 52.08°, 57.47°, 67.40°, and 72.68° have been detected.
These diffractions peaks correspond well respectively to the
(110), (121), (220), (202), (141), (240), (242), and (024) planes of
the layered structure of lanthanum ferrite LaFeO; (JCPDS card
No. 96-152-6451),** as presented in Fig. 1(b). The XRD pattern of
the (Lag.gCag.)o.4Big.sFeO; compound found to be almost
identical to that of previously studied LaygCa,,FeO; studied
compound® with a slight modification of the peak positions
following the insertion of Bi*" ions in A-site. Importantly, we
mention that for BiFeO; multiferroic material, the insertion of
20% of lanthanum ions in A-site leads to a structural transition
from rhombohedral (R3c) to orthorhombic (Pnma).?® Addition-
ally, some other diffraction peaks with a very low intensity have
been detected and were associated to the Bi,Fe,O, minoritarian
phase according to the X-pert High score software. The
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Fig.1 XRD patterns of the (a) (Lag.gCap.2)o.4BiosFeOs compound and
(b) the standard data of LaFeO3 (JCPDS N0.96-152-6451). The inset of
(a) presents the Williamson—Hall plot of the (LaggCao »)0.4BigsFeOs
compound.
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appearance of the secondary Bi,Fe,Oo phase is in good agree-
ment with previous studies.””> We have also calculated the
average crystallite size (Dwy) using the position and the half
width of the five most intensive peaks according to the Wil-
liamson-Hall formalism® (eqn (1)).

0.9 x 2

W-H

B cos(8) = +4 x & x sin(6) (1)
where Dyy_y; is the average crystallite size, A (1.5405 A) represents
the used wavelength, 6 is the Bragg angle of the most intense
peak, @ is the full-width at half maximum (FWHM) and ¢ is the
effective strain. The Williamson-Hall curve is presented in the
inset of Fig. 1(a) and as we can see, the average crystallite size is
around 85.557 nm, which confirms well the nanosize criteria of
the studied compound.

Furthermore, in order to have deep information about the
insertion of 60% of Bi*" ions in A-site on structural properties
we have adjusted the XRD pattern according to the Rietveld
refinement method using the FULLPROF Rietveld software®
and the refinement results of the XRD patterns for both
compounds are plotted in Fig. 2. As one can see, the refinement
has been realized with a majoritarian Phnm phase and a second
Pbma associated to the mean phase and the secondary phase,
respectively. In this figure, the black color refer to the experi-
mental diffractogram, the blue one present to calculated spec-
trum, the difference between the two in displayed in red color
and the Bragg positions are shown in green. The resulting
lattice parameters and the volume values are presented in Fig. 2.

We note here that the parameter x> informs us about the
quality of the fit. It is an agreement between the observed and
calculated diffractogram, close to unity for perfect refinement.

3.2 Morphological

We have used a Scanning Electron Microscope (SEM) in order
to analyze the surface morphology of the (LaggCag,)o.a-
Biy ¢FeO; compound. As one can see in Fig. 3, SEM image
shows a high dense morphology of grains with spherical and
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Fig. 2 The XRD Rietveld refinement results of the (LapgCag)o.4-
BigeFeOs compound. The inset of the figure presents generated
crystal structure and representation of FeOg polyhedron of the studied
compound.
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polygonal shapes. The EDS spectra and the EDX area mapping
are shown also in Fig. 3(a-g). Accordingly, we confirm that all
chemical elements are present and are homogeneously
distributed in the (LaygCag.s)o.4BigsFeOs compound which
confirms no loss of any chemical element during the prepara-
tion steps.

For further analyses of the particle size in the prepared
compound, the “Image-]J” software has been used to estimate
the average particle size (Drgy) from TEM image for (Lagg-
Cay.2)0.4Bio sFeO3; compound as shown in Fig. 3(h) and (i). Note
that the average particle size was determined by a Lorentzian fit
of the particle size distribution deduced from the Image-J result.
The average particle size Drgy of the studied compound was
found to be around 88.73 nm. This value is almost equal to the
average crystallite sized Dwyy calculated by the Williamson-Hall
method indicating that each grain is made up of one crystallite.
Importantly, we confirm the nanosize criteria of the (Lagg-
Cayg.2)o.4Big.sFeO3 compound.

3.3 XPS study

The X-ray Photoemission Spectroscopy (XPS) was employed to
analyze the electronic structure of the (LaggCag.)o.4Big.cFeOs
material.

As displayed in Fig. 4, all the peak positions were indexed
referring to the National Institute of Standards and Technology
(NIST) XPS database.** The survey scan reveals the presence of
the constituent elements: La, Ca, Bi, Fe, and O as well as the
absence of any foreign element in this compound other than C
1s one located at about 285.0 eV. Indeed, the presence of this
element can be due to the surface adsorbed C atoms from the
atmosphere which occurs quite commonly in the XPS spectra of
many compounds.

Fe 2p core level shown in Fig. 4(a) can be deconvoluted by
two set of components ascribed to Fe** (blue components) and
Fe®* (green). Previous works on similar samples indicated that
a slight oxygen deficiency results in the combination of Fe** and
Fe*" ions.?»® The ratio Fe**/Fe®* obtained by the fit of the XPS
spectra was 1.2, slightly higher than the recently obtained by
Zhang et al. for BFO samples.*® Fe** components were centred at
binding energies (BEs) of 709.6 eV, 715 eV, 722.8 eV and
728.2 eV and they were ascribed to Fe 2p;,, a satellite, Fe 2py,
and a satellite, respectively. Similarly, the respective compo-
nents ascribed to Fe** appeared at BEs of 711.5 eV (Fe 2p3,),
718.9 eV (sat.), 724.8 eV (Fe 2p;/,) and 731.8 eV (sat.). These
values are in good agreement with previous reported values for
Fe 2p core level.****35 On the other hand, O 1s (Fig. 4(b)) was
fitted by two components centred at BEs of 529.9 eV and
532.1 eV. The component at lower BE was ascribed to the oxygen
atoms in the lattice while the other is associated to hydroxyl
groups covering the surface structural defects (oxygen vacan-
cies).*> Moreover, as shown in Fig. 4(c), Bi 4f was fitted by two
components at BEs of 158.7 eV and 164.0 eV. The component at
lower BE is ascribed to Bi 4f,,, while the component at higher
BE is Bi 4f;/,. Both, the energies of the peaks and the spin-orbit
splitting between them (5.3 eV) are in good agreement with
oxidized bismuth (Bi*").32343¢
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Fig. 3 (a—f) Elemental mapping of La, Ca, Bi, Fe, and oxygen; (g) EDX spectra; (h) TEM micrograph and (i) the corresponding size distribution
analysis of the (Lag gCag 2)0.4Bin.sFeO3 compound.

3.4 Dielectric properties this compound presents four dielectric anomalies observed at:
180K, 240 K, 320 K and 350 K. As demonstrated by Fig. 5(b), the
plot of d¢//dT as a function of temperature can clearly confirm
these transitions. In the other hand, Fig. 5(c) displays the vari-
ation of the imaginary part of the dielectric permittivity (¢”) of

3.4.1 Temperature dependence of dielectric behavior.
Fig. 5(a) proves the variation of the real dielectric permittivity
(¢') of the (LaggCagp.,)o.4BigsFeO; material versus temperature
under the frequency range from 10> Hz to 10° Hz. It is clear that
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Fig. 4 XPS results obtained of (a) Fe 2p, (b) O 1s and (c) Bi 4f for the (Lag gCap.2)0.4BiosFeO3s compound. The best fits are also included.
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Fig. 5 Temperature dependence of (a) the real part of the dielectric
permittivity (b) the derivation of the real part of the dielectric permit-
tivity (c) the imaginary part of the dielectric permittivity.

studied compound under the same frequency range. This figure
proves clearly the (LaggCag.)o.4Bio.cFeOs; material reveals
a relaxor ferroelectric behavior in the temperature range 180-
240 K. Thus, we can assume that the detected transition at 240 K
to 350 K in the ¢’ temperature dependence spectra can identify
a dielectric transition from ferroelectric to paraelectric state.

Indeed, the real dielectric permittivity start to increase at 240
K until reaching a maximum at around 350 K and then it starts
to decrease sharply.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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It is important to mention that the increase in frequency was
accompanied by a rapid drop in the maximum dielectric
constant at 350 K. This decrease results from the reduction of
space charge polarization effect. Further, the achieved colossal
dielectric constant at low frequency (=2.3 x 10%) is attributed
to the existence of a potential barrier generated by space charge
polarization at the grain boundaries which induces a charge
accumulation at the grain boundaries produced at higher &
values. Such high value, in the paraelectric phase, allows the use
of this material in energy storage devices.”” Thus, the dielectric
dispersion can be understood according to the Koop's
phenomenological theory based on Maxwell Wagner's interfa-
cial polarization model estimating that a dielectric can be
considered as an inhomogeneous medium containing two
different layers, fairly well conducting grains separated by
poorly conducting grain boundaries.

As a result, the temperature dependence of the permittivity
spectra can estimate the dielectric behavior of the (Layg-
Cayg.2)o.4Bip ¢FeO; material. Due to the diversity of the applica-
tion field of the ferroelectric material, the investigation of the
frequency dependence of dielectric behavior will be aimed to
the ferroelectric phase of this material above the 7. = 350 K.

3.4.2 Frequency dependence of dielectric behavior. To
correlate with the last section, we will devise the next study on
three temperature regions: region I: 150-170 K, region II: 180-
240 K and region III: 250-320 K.

Based on the Cole-Cole model, the experimental data of the
real and imaginary parts of the dielectric permittivity can be
analyzed based on the following expressions:*®

N (& — €w) X [1 + (tw)" x cos(am/2)]

) = e ™ 4 2 % ()" x cos(an)2)

- (2)
(& — &) X (tw)" X sin(am/2)

8”(&)) =é&x + 1+ (Tw)za +2 % (rw)a % COS(OUT/z)

(3)

¢s and €, are the values of the static dielectric constant
determined at low and high frequency respectively. Also, 7 is the
relaxation time and « describes the distribution of relaxation
times.

Fig. 6(a) shows the frequency dependence of the permittivity
real part of the (Lay gCag.)o.4Bio.cFeOz; sample under the three
cited temperature regions. These plots prove clearly only one
Cole-Cole kind dispersion below 180 K (region I), at low
frequencies, due to the interfacial polarization, that shift to the
high frequencies. While in the region II, two Cole-Cole
dispersions are visible where one appears from low frequencies
region.

It is to note that, when increasing temperature, all dielectric
dispersions shift to higher frequencies showing at the time the
frequency and temperature dependence of the dielectric
constant and that the polarization process gradually vanishes at
high frequency range. Moreover, for all temperatures, it is clear
that ¢ becomes frequency independent at the high applied
frequencies suggesting that almost of diploes do not respond
the applied frequency.

RSC Adv, 2022, 12, 6907-6917 | 6911
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Fig. 6 Frequency dependence of (a) the real part of the dielectric permittivity (b) the imaginary part of the dielectric permittivity.

These two processes are mainly attributed to the interfacial
and dipolar polarizations®” explaining the appearance of
dielectric relaxations in the ¢” spectra as shown in Fig. 6(b).

Fig. 7(a) illustrates the variation of the imaginary complex
modulus part of (La, sCay »)0.4Bio.sFeO3 compound as a function
of frequency in the three temperature regions. In region I and II,
the plots show clearly the appearance of resolved peaks at
unique frequency indicating a transition from long to short
range mobility where the carriers are confined to potential
wells. This peak translates to the high frequency region indi-
cating a decrease in the relaxation time with increasing
temperature and then its thermal activation.®®

Another key point, this peak start to disappear and a new one
appear from the low frequencies after 240 K. The coexisting of
the two observed relaxation between 240 K and 320 K (region III)
can be related to the long behavior of the observed dielectric
transition.* As shown in Fig. 7(b), the variation of tg ¢ versus
frequency, plots in the different temperature regions, follows
the same behavior of M”. Further, we noted low values of
dielectric loss that can mention the high quality of the (Laos-
Cay.,)o.4Big sFeO; as material for energy storage devices.*

In Fig. 7(c), it is plotted the dependence of Z” on frequency of
the studied material at the three temperature regions. We
clearly observe one peak starts to appear after 180 K (region II)
while we note the appearance of a second one in the third
temperature region affirming the presence of two different
relaxation phenomena where it's are present two different
structures.*'

In another hand, the observed relaxation peaks, corre-
sponding to the maximal values of Z” curves, translate to the
high frequency region as the temperature increases indicating
the thermal activated behavior of the relaxation process. It is
also important to mention that for each measuring tempera-
ture, the relaxation peaks shift to the higher frequencies
proving a reduction of the relaxation.*” Moreover, at higher

6912 | RSC Adv, 2022, 12, 6907-6917

frequency region, we noted a merge of all the Z” curves and any
dependence on both frequency and temperature due to the
space charge accumulation in the material where its do not
require more time to relax at high frequencies leading to the
reduction of their polarization with the frequency rising.**

To more understand this behavior of transition, we plotted
in Fig. 8 the variation of log(fi,ax) as a function of the 1000/T,
from the experimental data of the impedance, modulus and
tg 0, according to the Arrhenius law:

fmax :f() exp( - kfa]-v) (4)

where

fmax is the frequency corresponding to the maximum value of
the imaginary part of the complex modulus M".

fo is a pre-exponential factor.

E, is the activation energy.

kg is the Boltzmann constant.

T is the temperature.

As clearly seen, Fig. 8 shows the existence of four linear
regions, three regions with negative slopes corresponding to the
FE and PE phases and one another region with a positive slope
around 240 K corresponding to the FE-PE transition® which
needs a time to pass from the FE phase to the PE* phase con-
firming then the above observed behavior.

3.4.3 Frequency dependence of electrical behavior. The
variation of AC conductivity, ¢,., with frequency under the three
temperature regions is plotted in Fig. 9(a). This figure shows
clearly that ¢,. is frequency independent corresponding to
a plateau type behavior at the low frequency region.

The frequency effect is appeared only at high frequencies,
which is manifested of a dispersion behavior. Therefore, in this
frequency region, the conductivity is provided with a second term
deriving from the ionic atmosphere relaxation after particles
movement and follows the universal power law of (Aw*®).**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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By respecting the temperature dependence of the dielectric
properties discussed below, we can clearly observe the presence
of only one dispersion behavior in region I of temperature.
While a second one appeared in region II and starts to disap-
pear after the first one after 240 K. This behavior proves that the
conductivity enhancement results from the improvement of the
hopping probability of charge carriers by the frequency
increasing.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Accordingly, the relaxation appeared in the ¢ and o, varia-
tion versus frequency can be described by the combination
juxtaposition of two behaviors corresponding to the observed
ferroelectric to paraelectric transition near to the room
temperature.

Therefore, according to the above discussion, the AC
conductivity dispersion can be analyzed based on the following
equation:*’
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1 4+ 1202 1+ 120?

Oac(w) + Ao’ (5)
where

gs presents the conductivity at low frequencies, ., is an
estimate of conductivity at high frequencies, w = 27xf refers to
the angular frequency, t corresponds to the characteristic
relaxation time, A is a temperature dependent constant that
determines the strength of polarizability*® and s is the power law
exponent describing the degree of interaction between mobile
ions with the environments surrounding them.

The variation of DC conductivity, with the reciprocal
temperature for this compound, is shown in Fig. 9(c).

In the different distinguished regions, this graph shows
a linear response explained by a thermally activated transport
having an Arrhenius type behavior which is expressed by the
following law:

E,
ow=aexn( - ) ©

where: o, denotes the DC conductivity pre-exponent factor, E,
presents the activation energy of the mobile charge carriers.

6914 | RSC Adv, 2022, 12, 6907-6917

The observed plots exhibited the same behavior as the
observed one in Fig. 8 confirming once again the dielectric
phase transition between 240 K and 350 K with a the decrease in
the activation energies values in the three regions. Once can see
that the conductivity increases with the increase of temperature
while the activation energy has the same behavior ie., E,
increase with increasing temperature, which is in good agree-
ment with the fact that lower activation energy is associated
with higher dielectric constant and higher conductivity.*”

Furthermore, the variation of “s” with temperature is shown
in Fig. 9(c). The behavior of this exponent with respect to
temperature is a powerful indicator of the origin of the
conduction mechanism. It is noted that, for the studied mate-
rial, this behavior varies remarkably with the considered
temperature range.

Indeed, in region I, a decrease in the exponent s with the
increase in temperature is observed due to the increase in the
interaction. In region II, two exponent, s; and s, are observed
corresponding to the observed dispersion in the ac conductivity
spectra in this region of temperature. The minimum reached at
240 K implies the strong interaction between the charge carriers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the lattices. Such behavior proves the predominance of the
correlated barrier hopping (CBH) conduction mechanism.

Then, in region III an increase in the exponent s with the
increase in temperature is observed indicating a small polaron
tunnel (NSPT). After that, a decreasing of s beckons an increase
in the randomness in the system. In fact, for high temperatures,
dipoles and charge carriers respond independently to the
external field. Therefore, the conduction model which is often
adopted for such behavior is the CBH one.

4. Conclusion

(Lag.gCag.2)0.4Bio.sFeO3 nanoparticles, synthesized by means of
sol-gel process, were found to have a perovskite-type structure
with the coexistence of R3¢ and Pnma space groups at room
temperature. TEM observation proves the formation of spher-
ical and polygonal nanoparticles. By conducting comprehensive
dielectric and electrical studies on the prepared material, an
anomaly in the dielectric constant was detected near the room
temperature, corresponding to a typical FE-PE transition with
a colossal value of real permittivity at 350 K that allows the use

© 2022 The Author(s). Published by the Royal Society of Chemistry

T(K)

(a) Frequency dependence of de ac conductivity at the three temperature regions (b) variation of In(fy,,) versus 1000/T from ac

of this material in energy storage devices. This anomaly is well
confirmed by supplementary analyzes of the complex electrical
modulus and the AC conductivity spectra. On the other hand,
the correlated barrier hopping (CBH) conduction mechanism
was proven to be dominant in the temperature ranges of 150-
170 K, the two observed exponent, s; and s, between 180 K and
270 K correspond to the observed dispersions in the ac
conductivity spectra in this region of temperature, unlike the
temperature range of 240 K at 320 K where the small polaron
tunnel (NSPT) was considered the appropriate conduction
model.
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