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Abstract

The electrical properties of a family of tetragonal tungsten bronze (TTB) materials, BagSc;..In,NbyO3 (X = 0.25,
0.5, 0.75), which display relaxor properties were characterised using high-temperature impedance spectroscopy
and low-temperature dielectric spectroscopy. All powders were synthesized at 1250 °C (24 hours) + 1350 °C
(6.5 hours), while the pellets were further sintered at 1350 °C (12 hours). At high temperature, the electrical
conductivity in all samples is dominated by a single response, attributed to the bulk response, while the subtle
asymmetry of the imaginary impedance peak suggests a minor contribution of the grain boundary response. In
general, the Sc-In solid solutions samples exhibit similar electrical behaviour to the Sc compound, x = 1 reported
previously (Ceram. Int. 2016, 42, 11810-11821). At low temperature all compounds exhibit frequency dependent
relaxor behaviour. With increasing the content of In, the dielectric peaks are more asymmetric and the curves
flatten more at temperatures above the transition temperature. The dipole freezing temperature, Tyg, determined
by Vogel-Fulcher (VF) analysis does not simply increases linearly as a function of M®" (Sc**,In*") cation size,
the extrapolation of VF-like curves results in considerably different values when compared to those found

previously, since the acquired dielectric data are very sensitive to preparative conditions.

Keywords: electrical conduction, microstructure, relaxor behaviour, tetragonal tungsten bronzes, VVogel-Fulcher

analysis.

1. Introduction



Tetragonal tungsten bronzes (TTBs) are ceramic materials derived from the common
perovskite unit, which due to their versatile structure may exhibit very interesting and useful
electrical, optical, magnetic, catalytic or photocatalytic properties, with various applications in
the optoelectronic, energy conversion or chemical sectors [1-5]. Recently, they received much
of attention in the research community mainly due to their versatile structure [1,6-8]:
(A1)2(A2)4(C)4(B1)2(B2)sO30, which allows for the inclusion of particular metals into the five
different types of TTB sites [9] and offers the possibility of adjusting both electric and
magnetic behaviour [10,11]. The polyhedral representation of the tetragonal tungsten bronze
(TTB) aristotype structure — viewed down the c-axis — and detailed information regarding the
occupation possibilities for the five different TTB sites, may be found in several works
[12,13]. Thus, it is aimed for the fine tuning of properties in order to develop new phases
[6,14] ranging from ferroelectrics [15-17] to microwave dielectrics [18,19] and to ionic
conductors [20], ultimately for the discovery of the so-much desired room-temperature
multiferroic material.

However, during the last few years, the research was mostly directed to the synthesis
and characterisation of novel TTB ferroelectric and ferroelectric-related materials [8-17,21-
26], with SrsNb1gO30-BasNb1gO3p system (SBN) [27] and BagFeNbgO3z9 (BFNO) [28-31] as
the main starting point. These ceramic ~materials exhibit actually relaxor
ferroelectric/dielectric phenomena [6,12,32-37]; in the BFNO-related materials, it was shown
that due to the variable oxidation state of Fe (Fe**/Fe®") appear oxygen vacancy gradients, and
both low temperature dielectric spectroscopy and high temperature impedance spectroscopy
measurements indicated more electroactive regions than anticipated [9,38]. The compositional
variables give however even to simple single-phase ceramic materials a complex behaviour,
therefore the structural, electrical and relaxor properties of TTBs have to be deeply
investigated [10,11,13,21].

Starting from BFNO and taking into consideration the problems stated above, in order
to avoid these additional complications, the TTBs family of relaxors BagM®* ' NbgOsq, Where
the trivalent species do not have variable oxidation states (e.g. Ga>*, Sc**, In**) was
synthesised and reported [6,9,12]. The slowing of dipolar response on cooling and the
eventual “locking” of the B-cation displacements along the c-axis, (i.e. dipole freezing) was
observed [12], while the dynamics of dielectric relaxation of dipoles was extensively
investigated by Vogel-Fulcher (VF); the VF fits proved to be very sensitive on the processing
parameters [6,36], and the main relaxor behaviour being accompanied by both elastic and

anelastic relaxations, as observed by resonance ultrasound spectroscopy (RUS) [37].



In one of our recent study [13], the ceramic microstructure for three compositions of
BasMNbyO3p (M=Ga, Sc, In) was investigated in relation with the high temperature
impedance spectroscopy studies, in order to identify the electroactive regions present within
these materials (by calculating the capacitances and the resistances of both grain boundaries
and bulk parts), and to understand their influence on the macroscopic dielectric response.
From the activation energy values of the electrical conduction process it was evident that for
BasGaNbygO3p and BaglnNbgO39 the conduction mechanisms are dominated by the bulk
response, while for BagScNbgO3o the grain boundary effects mix strongly with the bulk
response making it hard to clearly assign a specific grain boundary contribution [6,13]. This
result relates to the microstructural observations: to the Ga and In analogues which had pellets
that revealed good, dense internal microstructures, with well-bonded grains and only discrete
porosity, the majority of the grains almost were completely fused into big lumps of material
with irregular shape and formed continuous interfaces. While for the Sc analogue, the pellet
did not have a very good internal microstructure, with many small and poorly-bonded grains,
gathered in agglomerates (linked by some independent small grains with irregular shapes and
dimensions) and also with independent small grains exceeding and randomly distributed,
resulting in significant continuous porosity and poorly defined grain boundary regions [6,13].

In this paper we aim to continue this investigation; the full structural, morphological
and dielectric characterisation of B-site substituted Sc-In solid solutions with general formula:
BasSci«xInkNbgO3o (x = 0.25, 0.5, 0.75) TTB materials is discussed. The investigation of the
structural evolution and of the characteristic temperature parameters of the main relaxation
process for each sample is interesting in the wider context of understanding the behaviour of

Sc and In analogues, and of course as part of the BagM**NbgOx series [6].

2. Experimental

2.1. Materials

Three ceramic compositions within the solid solutions of BasMNbgO3p (M = Sc, In) with the
formula: BagSci«xInkNbgO3o (X = 0.25, 0.5, 0.75) [6] were synthesised by standard solid-state
techniques. Stoichiometric ratios of dried BaCOs, Nb,Os, In,O3, (all Aldrich, 99+%) and
Sc,03 (Stanford Materials Corporation, 99.999%) were ball milled in ethanol until
homogenized (5 mins at 400 rpm, using a Fritsch Pulverisette 7 system with agate mortar and
balls). Powders were placed on platinum foil in alumina boats inside a muffle furnace at 600
°C (static air atmosphere) and fired initially to 1000 °C, left to decarbonate for 1 hour, and

further fired for 12 hours at 1250 °C (heating rates: 10 K-min™). After quenched to room



temperature, they were reground and heated at 1250 °C for a further 12 hours in alumina
boats inside the same muffle furnace. After re-milling under the same conditions described
above, the powders were subsequently re-sintered for 6.5 hours each, in a tube furnace at
1350 °C; three samples with the nominal compositions: BagSco.751Ng.25NbgOs3p,
BasSco51NpsNbgO3 and BagSco 251ng 75NbgO30 Were obtained.

Pellets of these three materials were prepared by uniaxial pressing the powders to 1-
1.1 tonne in a 10 mm diameter stainless steel die, producing a pressure of around 125-140
MPa. The green bodies were sintered on platinum foil in alumina boats inside a tube furnace
for 12 hours at the temperature of 1300 °C, as previously reported in Ref. 6; further, they were
cooled down to room temperature (heating and cooling rates used were of 10 K-min™) [6].
The obtained cylindrical pellets had diameters typically between 9.6 and 9.9 mm and > 92%
of relative density (pr); a precise description of the relative densities obtained after sintering,
but also of the employed reaction temperatures, sintering temperatures and their

corresponding times are presented in Table 1.

Table 1 Fabrication details of BagScyxInyNbgO3 (X = 0.25, 0.5, 0.75) ceramic powders and pellets,

and relative densities of the resulting pellets used for electrical studies

Reaction temperatures/°C and Sintering Relative
Compound o ]
(Reaction time/h) temperatures/°C  density/%

BassCo_75|n0.25Nb903o 1250 °C (12 h) + 1250 °C (12 h) +1350 °C (65 h) 1350 °C (12 h) 92.43
BaGSCO.50|n0.50Nb9030 1250 °C (12 h) + 1250 °C (12 h) +1350 °C (6.5 h) 1350 °C (12 h) 93.34
BaGSCO.25|n0.75Nb9030 1250 °C (12 h) +1250 °C (12 h) +1350 °C (6.5 h) 1350 °C (12 h) 92.87

2.2. Investigation techniques

In order to probe or distinguish between different regions within the ceramic, microstructural
characterization techniques shall be used, while electrical measurements shall be performed in
order to understand the behaviour within the electrically active microregions [39-42]. More
commonly separation of grain boundary and bulk effects can be achieved by measuring
electrical properties using techniques such as impedance spectroscopy [43]. For scanning
electron microscopy (SEM) measurements, a JEOL JSM 5600 SEM with an EDX system,
providing 3.5 nm resolution and a magnification of 300,000x was utilised. The employed
current was ranging between 10 and 102 A, and the accelerating voltage from 0.5 to 30 kV.
Small fragments of the ceramic pellets were placed on the carbon tape mounted on an

alumminum specimen stub.



For the high-temperature impedance spectroscopy (HTIS) measurements, both planar
external surfaces of the dense ceramic pellets were polished with SiC paper, then covered
with organic-platinum paste electrodes (C2011004D5, Gwent Electronic Materials Ltd, UK).
Each pellet face was covered with electrode paste were dried at 80 °C and placed on platinum
foil and cured at 900 °C for approximately 1 hour in order to obtain Pt electrodes (eliminate
the organic parts) and sinter the electrode. The electroded samples were mounted in an
impedance alumina jig, similar to the one designed by Bruce and West [44]; the impedance
jig was placed in a horizontal tube furnace controlled to £ 1 °C. The temperature was
increased step by step and when samples had reaching the desired temperature, they were left
to equilibrate for approximately 15-20 minutes before taking the measurement. A Hewlett
Packard 4192A LF impedance analyser was used to collect data over a frequency range of ca.
5 Hz — 13 MHz, in the temperature range r.t.—900 K and under an applied ac voltage of 100
mV. Data analysis was carried out using commercial “ZView” software, version 2.9c [45];
both complex plane plots and spectroscopic plots of both impedance and modulus formalisms
were utilised [6,13]. The low-temperature dielectric spectroscopy (LTDS) measurements were
performed on Agilent 4294 and HP 4192A impedance analysers in the frequency range of 5
Hz-10 MHz using an AC excitation of 500 mV, and in the temperature range between 50 and
350 K with the cooling rate of 2 K'min™ using a closed system helium cryocooler with DE
202 cold head (A.S. Scientific products Ltd, UK) with a Sumitomo HC-2 compressor. Before
starting the measurements, the samples were heated up to 350 K and kept isothermally in
order to stabilise for approximately 15 mins; only afterwards, the dielectric spectroscopy data

were collected on cooling [6,36].

3. Results and discussion

3.1 Structural results for the BagSci-xInxNbgO3 (X = 0.25, 0.5, 0.75) ceramics

Room temperature powder X-ray diffraction (PXRD) patterns of BagScixInyNbgOsq (X
= 0.25, 0.5, 0.75) crushed pellets are presented in Figure 1. All three samples adopt the TTB
structure with only small amount of BasNb4O15 slab perovskite secondary phase appearing at

31° (20); the amount of minor phase decreases with introducing more In (Figure 1).
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Figure 1 Room temperature powder X-ray diffraction data for BagScq 751ng 25NbgO3g (bottom),
BagScy 51Ny sNbgO3 (mlddle) and BagScy 251ng 75NbgO3 (top), BasNb,O;5 main peak at 31° (20).

All three were refined further in the space group P4/mbm (No. 127) using the Rietveld
method [46], Figure 2, and the unit cell and goodness-of-fit parameters are presented in Table
2. Even if the amount of Sc/In is changing, the average radius of <Sc,In> changes only
slightly from 0.665 A to 0.755 A (and diluted even more in the overall average B-site radius
(Sc,In):Nb ratio of 1:9), therefore the Ilattice parameters corresponding to the three

investigated compounds are very similar (Table 2).
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Figure 2 Rietveld refinement profiles of room temperature powder X-ray data in centrosymmetric, tetragonal
space group P4/mbm for: BagScy 751Ng.25NbgO30 (2); BagSCo 50lNos0NbgO3zp (b); and BagScy 251ng 75NbgO3g (C).

Table 2 Unit cell dimensions and goodness-of-fit parameters for BasSc,.4InyNbyO3y (x = 0.25, 0.5, 0.75) refined
from XRD data in space group P4/mbm.

Compound a(A) c(A) V (A% R, (%) WR,(%) 4
BagSco751Ng2sNbyO3y  12.66570(50) 4.02058(18) 644.984(25) 6.23 3.98 4.602
BagSCos0lNosoNbgOzp  12.66070(40) 4.01964(14) 644.320(45) 5.98 5.37 5.28
BagSco5IngsNbgOzp  12.66020(60) 4.02089(24) 644.471(40) 6.21 6.29 7.36

3.2 Microstructural analysis and high-temperature impedance spectroscopy
All investigated of the Sc-In solid solutions pellets were white, with no evident colour
gradient on the external or fracture surfaces. Representative SEM micrographs of the ceramic

microstructures are shown in Figure 3.
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Micrographs of the three Sc-In solid solutions reveal a highly dense microstructure
with well-bonded grains. The parallelepiped/columnar nature of the grains can be observed;
the grain size appears to be fairly uniform and of the order of 4-6 um long and 2-3 um wide

(i.e., Figure 3a).

N ORI AP @l SN J
Figure 3 SEM images of the fracture surface of BagScg 751ng 25NbgO3p (a,b), BagScy sIngsNbyOs, (€,d) and
BagScy 251Ny 75NbgOsg (e,f) pellets sintered at 1350 °C.

Comparing these images to SEM images of BagScNbyO3 pellet prepared in the same
conditions from Ref. 13, which have revealed a poor microstructure with poorly-bonded
small-sized grains and significant continuous porosity, the microstructure of Sc-In solid

solutions is much improved with enriching In content (Figures 3c and 3e). With increasing the



In content, the porosity becomes practically insignificant (Figures 3b, 3d and 3f), the grain
boundaries appear less distinct and the resulting morphology resembles the BaglnNbgOs
sample reported previously [13].

In order to describe the electrical behaviour of different regions within the ceramics,
high-temperature impedance spectroscopy (HTIS) was carried out as described previously in a
similar work [13]. For the BagSci«xInyNbgO3o system, the HTIS data are similar to those of
Ga, Sc & In analogues of BagMNbgOs3o, presented in Figures 6-8 of Ref. 13, therefore they are
not presented here. Essentially, the spectra are dominated by a single response, as indicated by
the appearance of a single Debye-like peak in both M and Z” at the same characteristic
relaxation frequency (fnax) — Where M” stands for the imaginary electric modulus and Z”
represents the imaginary impedance. From the magnitude of associated capacitance (~ 10™
F), this is attributed to the bulk response. In all samples, the Z” peak shows some asymmetry
in the lower frequency side and suggests a minor grain boundary contribution, but it is not
possible to resolve this sufficiently to extract associated R and C values [47].

Bulk conductivities (o) and relaxation times (z,) were extracted from M spectra as
described in Ref. 13 and are shown in Arrhenius format in Figures 4 and 5. The data
correspond well to that reported for Sc and In analogues [13]. The Sc-In solid solutions
samples exhibit similar behaviour to the Sc compound and again, the In sample has a slightly

different activation energy, Table 3.
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Figure 4 Arrhenius plot of the bulk electrical conductivity data (from M. vs. freq.) for BagScyxInyNbgOs (X =
0.25, 0.5, 0.75) in comparison with BagMNbyO3, (M = Ga, Sc, In) [13].
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Figure 5 Arrhenius plots of the bulk time constant data (from M " s Vs. freq.) for BagSc,..In,NbgO3q (x = 0.25,
0.5, 0.75) in comparison with BagMNbyO3, (M = Ga, Sc, In) [13].

Generally, a small decrease of the activation energy is observed when decreasing the
Sc content for the conduction process (Table 3). The same analysis was also carried out using
Z” data and gave good agreement, Table 3, with the exception of the In analogue which had
significantly different E, values as determined from the A7 and Z” spectra; this difference is
due to the influence of the grain boundary resistance contributing the Z” data, but not
affecting the capacitive response (M~ data). The reason for the significantly different E, value

for the In composition is not clear.

Table 3 Bulk activation energies for BagScixInyNbgOso (X = 0.25, 0.5, 0.75) electrical conduction processes; data
extracted from the electrical conductivity () and time constant (). Comparison with BagScy.4InyNbgO3y (X = 1,
0) [13].

Ohulk Thulk
Compound

(M’ data) (2’ data) (M’ data) (2’ data)
Ba:ScNb.O E.=1.114+0.083 E.,=1.127+0.031 E,=1.233+0.065 E,=1.262+0.028

6 B’ r=0.99272 r=0.99810 r=0.99440 r=0.99877
BacSCr I «NbeO E.=1.137+0.018 E,=1.196+0.014 E,=1.261+0.018 E,=1.484+0.093

6=%0.757770.257T9-30 r=0.99959 r=0.99985 r=0.99970 r=0.99606
BacScr I« NbeO E.=1.095+0.020 E,=1.108+0.012 E,=1.203+0.020 E,=1.203+0.020

6=-050710.507TH9 30 r=0.99937 r=0.99975 r=0.99942 r=0.99942

E,=1.057+0.022 E.=1.188+0.018
BasSCoslMo7sNDsOs0 ™ 99957 - " 1=0.99977 -
B nNLO E,=0.6760.036 E,=0.820£0.047 E,=0.803:0.036 E,=1.238+0.059
sINNDsOso 1=0.99287 1=0.99181 1=0.99498 1=0.99435

r - correlation coefficient; E, - activation energy (eV); *only two data points available




3.3 Low-temperature dielectric spectroscopy and Vogel-Fulcher analysis

Dielectric spectroscopy data in the range 50 to 350 K showed that all three compounds
exhibit characteristic relaxor behaviour with a strong frequency dependence of peaks in both
dielectric constant and dielectric loss as a function of temperature (Figures 6, 7 and 8); these
results are consistent with those obtained in Ref. 13. The dielectric curves are displaced to
higher temperatures with increasing average B-site ionic radius (increasing x), due to
expansion of the crystal lattice (Vegard's Law). This expansion is anisotropic with the c-axis
expanding greater relative to the ab plane; this increases the tetragonality (c/a) which
stabilizes the polar ordering to higher temperatures [9-13]. The experimental measuring setup
was programmed to acquire data very fast for each frequency at a certain temperature, while
the samples were subjected to a controlled linear non-isothermal regime, in order to further
characterise the relaxor behaviour with higher temperature and frequency resolution.

Dielectric data for BagSco75lng25NbgO3p, are shown in Figure 6. The dielectric
permittivity (Figure 6a) decreases with increasing frequency and its corresponding maxima
shifts towards higher temperatures (Ty,). The dielectric loss is also frequency-dependent, but
the curve maxima are shifted to higher temperature relative to the dielectric permittivity; for
the same frequency, the temperature of the dielectric loss maximum, Ty, has a different value
than the dielectric permittivity one. The dielectric loss maximum shifts towards higher
temperatures with increasing frequency (Figure 6b). At high temperatures, and most
commonly above Ty, the dielectric loss increases with increasing frequency; at lowest
temperatures, the dielectric loss decreases with increasing frequency. Dielectric data for the
BagScos5IngsNbgO30 and BagScy2slng 7sNbgO3p ceramics are shown in Figures 7 and 8,
respectively. They exhibit the same trends as BagSco75Ing25NbgO39, but shifted to higher

temperatures for the same corresponding frequencies.

800 =
750 - BE>‘63°0.75'"0.25"“’903
700 = 7
650 =
600 =
550 =
500 =
450 =
400 =
350 =
300 =
250 4 =2
200 =

150 L} L] L] L] L] L] 1 o Y
50 100 150 200 250 300 350 50 100 150 200 250 300 350

@ {Ba65¢0.75'M0.25NP90O30

Dielectric loss, &"

Dielectric constant, &'

T frequency

Temperature (K) Temperature (K)

Figure 6 Dielectric constant (a) and loss (b) as a function of frequency and temperature for

Ba6SCo.75| Ng.o5N bgO3o.
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Figure 8 Dielectric constant (a) and loss (b) as a function of frequency and temperature for

BaesC0.25| no.75N bgO30.

For comparative purposes the dielectric permittivity of the three investigated
compounds are presented in Figure 9 together with those of BagScNbgO3z9 and BagInNbgO3,
at the same frequencies of f = 1.467 kHz (Figure 9a), f = 6.812 kHz (Figure 9b) and f = 1 MHz
(Figure 9c). In each case the dielectric permittivity curves (and therefore T, values) are
shifted to higher temperatures with increasing In content. With increasing In the peaks also
become more asymmetric and the curves flatten at temperatures above T,.

There is no sustained trend of the magnitude of dielectric permittivity maxima with
changing composition within the Sc-In solid solutions, but this is probably due to
microstructural differences as a result of differences between the optimum and the actual
processing temperature (1350 °C).

In all compounds the dielectric loss curves (and to a lesser extent also in the dielectric

permittivity ones), a second response appears on the low temperature side of the peak



maxima; this additional feature becomes more evident with increasing In content — Figures

6b, 7b and 8b. At the highest In concentrations, another small peak in the dielectric

permittivity may be observed between roughly 60 and 180 K (Figure 9). This additional

(third) process becomes more relevant with increasing the frequency (Figure 9c).
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Figure 9 Dielectric constant of BagSc,.xInyNbyO3y (x = 0.25, 0.5, 0.75) ceramics in comparison with the BagSc;.

«INyNbgO34 (x = 1, 0) ceramics [13], as a function of temperature for the frequencies of 1.467 kHz (a), 6.812 kHz
(b) and 1 MHz (c).

The analysis of the dielectric relaxation processes in BagSci-xInkNbgO3o (x = 0.25, 0.5,

0.75) ceramics is performed in the first stage by fitting the dielectric permittivity data with the

Vogel-Fulcher model [48,49]. From the Vogel-Fulcher (VF) curves, Figure 10, it clear once

again that with increasing the ionic radius of the B-site species (replacing Sc with In), the

curves are displaced to higher temperature and that relaxor degree increases as denoted by the

increased T, range (curvature of plots). It is also important to note that for the Sc-In



intermediates, the VF curves are not smoothly curved but appear rather linear over certain

regions [6].
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Figure 10 Vogel-Fulcher representation of the dielectric permitivity data for solid solution samples BagSc;.
xINyNbgO3 (x = 0.25, 0.5, 0.75), compared with Sc and In end-members [12,36].

As Sc is replaced with In, and the VVF curves are shifted towards higher temperatures,
the possibility of obtaining T, values at low frequencies increases as discussed previously.
Also, the second process that becomes apparent (particularly in the dielectric loss data) is not
well separated from the main relaxation process and thus it influences the main peak and
therefore the VF curves in Figure 10. The VF curves for the Sc-In samples, where some
regions appear to deviate from their expected curvature, might be due to these additional
relaxation processes that interfere with the main one. When increasing the In content, the
flattening of the &’ peaks at high frequencies, and also their shift beyond the temperature
measuring window, make the acquisition of data in this important region much more difficult.

Vogel-Fulcher free-fits of Ty (f) extracted from dielectric permittivity data for BagSc;.-
«INkNbgO3o (X = 0.25, 0.5, 0.75) ceramics are presented in Figures 1la-c; the resulting VF

parameters are presented in Table 4.
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Figure 11 Vogel-Fulcher free-fits of T,,(f) extracted from dielectric constant data for BagScy 751Ny .5sNbgO4g (a),
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Table 4 Vogel-Fulcher and goodness-of-fit parameters for BasSc,..In,NbyO3y (x = 0.25, 0.5, 0.75) ceramics,

determined from data fitting in Figure 11. Data for Sc and In end-members are provided for comparison [13].

TVF fO Ea 2

Compound (K) (H2) In(fo/Hz) (&V) X
BasScNbyO3, 154.07+1.49 166x10"+3 2583+0.26 0.1101 + 0.0038 0.05558
BagSCo75INgsNbgO30 ~ 91.53+6.50 1.60 x 10*°+3 37.31+1.09 0.3829 + 0.0308 0.05167
BagSCosolNosoNbgOz -~ 122.41+6.02 1.39x 10*+2 3257+0.91  0.2894 +0.0236 0.07739
BagSCo 251N 7sNbgO39 188.95+3.46 3.31x10°+1 24.22+054 0.1207 +£0.0090 0.07530
BagInNbyO3, 253.06 +3.52 650x10°+2 15.69+0.54 0.0425+0.0054 0.06277

As can be seen form Table 4, data do not demonstrate any systematic variation that

might be expected for solid solutions. The variation of f in particular is a cause for concern,

with values ranging over ten orders of magnitude. Clearly this is not easily explained by

minor changes in composition.

The results so far forecast an uncertain procedure to analyse the dielectric permittivity

data and obtain correct values for characterising the relaxation processes. The peak

asymmetry (especially in the dielectric loss data) advocate in-depth analyses of the dielectric



loss curves by employing other methodologies for characterising the relaxation processes such
as the universal dielectric response (UDR) model [50-52]. In addition, the processing of the
materials — which might induce subtle structural and microstructural changes and so introduce
additional dielectric processes [6], affect the Vogel-Fulcher evaluation of data [6,12,36].

These aspects will be investigated in greater detail in a following paper.

4. Conclusions

In this article, the structural, microstructural, electrical and relaxor properties of the
Sc-In solid solutions within the BagSci.xInyNbgO3o (X = 0-1) system were investigated. For the
electrical behaviour of different regions, high-temperature impedance spectroscopy of the
intermediate compounds revealed similar results to those of Ga, Sc and In analogues; the
complex immitance (M* and Z*) spectra are dominated by a single response (appearance of a
single Debye-like peak in both A7 and Z” with coinciding, characteristic fynax), and which was
attributed to the bulk response. The subtle asymmetry of the Z” peak suggested a minor
contribution of the grain boundary response. The Sc-In solid solutions samples exhibit similar
electrical behaviour especially to the Sc compound, while the In sample has a slightly
different activation energy (significantly different E, values as determined from the A and
Z” spectra - this difference is due to the influence of the grain boundary resistance
contributing the Z” data, but not affecting the capacitive response — M data); a small
decrease of the activation energy is observed when decreasing the Sc content for the
conduction process.

For the dielectric spectroscopy measurements at lower temperature, the permittivity
and loss curves (and therefore the T, values) are shifted to higher temperatures with
increasing the average ionic radius of <Sc,In> on the B-site. With increasing the content of In,
the peaks also become more asymmetric and the curves flatten more at temperatures above
Tm, but there is however no sustained trend for the magnitudes of their maxima. Also, the in-
depth analysis of the relaxor behaviour was carried out. The step-wise increase of the ionic
radius of the M cation on the B-site led to the displacement at higher temperature of the
Vogel-Fulcher (VF) curves, and as denoted by the increased T, range of the Inf vs. Tp
curvature it resulted in an increase in the degree of relaxor behaviour. However, the dipole
freezing temperature, Tyg, determined by Vogel-Fulcher model does not simply increases
linearly as a function of M cation size. Moreover, the extrapolation of VVF-like curves results
in considerably different values when compared to those found in the previous papers

[12,36,13], since the acquired dielectric data seem to be very sensitive to preparative



conditions. The investigation of the dielectric relaxation processes, with respect to the

reproducibility and validity of the results, has revealed some uncertainties produced by using

the Vogel-Fulcher equation for fitting the dielectric permittivity data: the physical results are

severely influenced by sample processing.
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