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Abstract In-depth analysis of the relaxor behaviour of

Ba6MNb9O30 (M = Ga, Sc, In) tetragonal tungsten bronze

(TTB) ceramics was carried out. Powder X-ray diffraction

and scanning electron microscopy were performed in order

to confirm the formation of desired phases and to determine

the microstructure. Low-temperature dielectric spectros-

copy was used in order to characterise the dielectric

properties of these materials; the degree of relaxor behav-

iour was investigated in relation with the increase of ionic

radius of the M cation on the B-site of the TTB structure.

The dynamics of dielectric relaxation of dipoles was

studied by fitting the dielectric permittivity data to the

Vogel–Fulcher (VF) model in order to monitor the repro-

ducibility and validity of the physical results. Restrictions

to the VF fit were attempted besides the regular ‘‘free-fit’’

by constraining some of the fundamental relaxation

parameters to physically sensible values. We show that VF

fits are very sensitive to the fitting range resulting in a large

range of fundamental parameters for the dielectric

relaxation processes, and that the restriction of the fre-

quency domain due to experimental noise or instrumenta-

tion limits has a dramatic influence on the values obtained.

Keywords Canonical relaxors � Low-temperature

dielectric spectroscopy � Dipolar relaxation �
Electroceramics � Tetragonal tungsten bronzes �
Vogel–Fulcher model

Introduction

Polar dielectrics, particularly ferroelectrics, are used in a wide

range of electronic devices including: capacitors, electro-

optic switches, non-volatile memory chips and a number of

piezoelectric transducers and sensors. The materials in use

today are often Pb containing, e.g. Pb(Zr,Ti)O3 (PZT) [1], or

have limited operating temperatures (e.g. BaTiO3, TC =

130 �C) [2], and therefore new materials are required for

future development. The recent renaissance in the search for

novel dielectrics and mainly for multiferroics materials

(possessing in the same chemical compound at least two of

the following ferroic behaviour: ferroelectric, ferromagnetic/

antiferromagnetic or ferroelastic, while by imposing a certain

external field one may control a different property) and

magnetoelectrics (i.e. coupling of the dielectric and magnetic

response) [3, 4] has largely focussed on materials with the

perovskite structure [5]. The single-phase perovskite-based

multiferroic materials (BiFeO3, BiMnO3, HoMnO3 and

TbMnO3) [6–10] have simpler structures by comparison, and

their properties are better understood [11]. However, the

perovskite structure may evolve to other perovskite-related

structures in different ways (all imposed by the NA/NB ratio of

the A- and B-sites), which have even greater compositional

flexibility and may offer better properties over larger
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operating ranges. Therefore, it is worth directing more

attention to these ‘‘superstructures’’ such as: double per-

ovskites with the unit cell edges of a perovskite doubled as a

result of cation ordering on the B-site (A2BB’O6); the Rud-

dlesden–Popper structures which have perovskite blocks

intercalated by (AO) units (An?1BnO3n?1); and especially the

tetragonal tungsten bronze (TTB) structure ((A1)2(A2)4(-

C)4(B1)2(B2)8O30), where the inclusion of particular metals

into the five different TTB sites [12] raises the possibility of

fine tuning both the electric and magnetic behaviour [11].

As its nominal formula and related structure (Fig. 1)

indicate, the possibilities to accommodate various cations

within the five sites of the very flexible tetragonal tungsten

bronze (TTB) structure give the prospect of finding many

interesting and useful novel materials by tuning the electric

and magnetic properties through compositional variation

[12, 13]. The TTB structure begins with a repetitive

perovskite unit in the middle, but the additional corner-

sharing BO6 octahedra, bringing the total B-sites to ten per

unit cell, create three types of channels in the structure: two

different A-sites and one C-site. There are two A1 sites

(12-coordinated) defined by 8 octahedra, four larger A2

sites (15-coordinated) defined by 10 octahedra and four

trigonal C-sites (9-coordinated) defined by 6 octahedra. In

addition, the BO6 octahedra are non-equivalent (two B1

sites and eight B2 sites). Usually, the A-sites are occupied

by large cations such as those belonging to the s-block (i.e.

K?, Na?, Ba2?, Sr2?, Ca2?) or lanthanides from the f-

block (i.e. La3?, Ce3?, Nd3?, etc.) [14–16], while the

B-sites at the centre of the oxygen octahedral are filled with

smaller d-block cations (i.e. Nb5?, W6?, Cr3?, Mn3?,

Fe3?, Ti4?, etc.) [17, 18]. The C-sites may be occupied by

small cations (i.e. Li?), but this is not always required. The

presence of non-equivalent A- and B-sites provides an

extra degree of freedom, which can be transduced into the

possibility to confine magnetic and ferroelectric ordering to

separate sublattices. This rich diversity of elements which

can be incorporated into the TTB structure allows for

compositional tuning that has been exploited for the

development of new phases ranging from ferroelectrics

[13, 19, 20] to microwave dielectrics [21, 22] and to ionic

conductors [23].

Given the interest for finding ferroelectric ferrimagnets

in the 1960s and 1970s, it is no surprise that the search

included some TTB oxides. Although several studies

attempted to incorporate cations with uncompensated spins

into the structure for inducing magnetic ordering, the

findings were contradictory and in some cases even

incomplete. Whilst ferroelectric TTBs (including Ba2-

NaNb5O15 [24–26] and (Ba,Sr)Nb2O6 [27–29] ) were

widely investigated during those years, the amount of study

is surprisingly limited relatively to perovskites and our

understanding of manipulating this structure type is still

poor. In the latest years, there has been a resurgence in

research dedicated to the discovery of novel TTB ferro-

electric and ferroelectric-related (i.e. relaxors) materials,

with a focus on the Ba6FeNb9O30 (BFNO) compound and

some related solid solutions with lanthanides [30–34].

Regarding the physical properties of BFNO, it was previ-

ously reported to be ferroelectric with TC values either in

the range 133–138 K [35] or 570–583 K [36, 37]. In all

cases, these reports were based on the observation of a peak

in the dielectric permittivity obtained using fixed frequency

measurements. Later studies by Arnold and Morrison [12]

and subsequently by Liu et al. [38], using variable fre-

quency dielectric spectroscopy, showed that in fact this

compound displays relaxor-type behaviour [39–41], with

peak maxima in the dielectric permittivity occurring in the

temperature range 130–150 K. Preliminary data from this

study indicated that BFNO is not electrically homogeneous

[32], with oxygen vacancy gradients due to the variable

oxidation state of Fe (Fe3?/Fe2?). Both low-temperature

dielectric spectroscopic data and high-temperature imped-

ance spectroscopy measurements revealed a higher number

of electroactive regions than expected. In order to avoid

this additional complication during the study of this type of

materials, Fe3? was replaced by other trivalent species

which do not have variable oxidation states [12, 42, 43].

The new family of relaxor TTBs of composition Ba6-

M3?Nb9O30, where the trivalent species do not have vari-

able oxidation states (e.g. Ga3?, Sc3?, In3? and Y3?), was

reported by Arnold & Morrison [12]; it was shown that

with increasing ionic radii of the M3? ions in Ba6M3?

Nb9O30 TTBs (M3? = Ga3?, Fe3?, Sc3?, In3? of Y3?), the

temperature of the permittivity peak maximum (Tm) is

dramatically shifted to higher temperatures [12]. This is in

contrast with previous data reported for Ba6M2
4?Nb8O30

Fig. 1 Representation of the tetragonal tungsten bronze (TTB)

structure
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materials which exhibit decreasing Tm or TC (temperatures

of the maximum dielectric permittivity) with increasing

M4? ionic radius [44, 45]; however, these seemingly con-

tradictory results were explained by the polarisation/polar

ordering which becomes increasingly stabilised to higher

temperatures with increasing tetragonality (c/a) [12]. Irre-

spective of the valence of the metal ion in the TTB, the

transition temperature increases with increasing tetrago-

nality (strain) [12]. The full structural and dielectric char-

acterisation of Ba6M3?Nb9O30 (M3? = Ga3?, Sc3? and

In3?) TTB relaxor materials (relaxor dielectrics, of ‘‘dipole

glass’’-like type model) was presented [42], while charac-

teristic temperature parameters (e.g. standing for the

freezing temperatures of dipolar relaxation) for each

compound were extracted from both dielectric and crys-

tallographic data as a function of temperature: the Vogel–

Fulcher (VF) temperature, TVF; TUDR corresponding to

absolute flattening of the dielectric loss peak in the fre-

quency domain; and Tc/a corresponding to the maximum

crystallographic tetragonal strain. These temperature

parameters were essentially coincidental and describe the

slowing of dipoles on cooling and the eventual ‘‘locking’’

of the B-cation displacements along the c-axis (i.e. dipole

freezing) [42]. A-site doping with smaller divalent cations

introduces local strain which increases the dipole stability

and contribution from the B2 perovskite-like octahedra;

this effect, however, is not sufficient to induce dipole

ordering within the solid solution limits for stability of the

TTB phase [43]. By introducing fewer, smaller lanthanide

cations at the A-site and with non-stoichiometry in the

form of charge-compensating A-site vacancies, it is pos-

sible to induce dipole ordering and ferroelectricity. The

presence of lanthanide cations with an unfilled 4f shell also

introduces magnetic moments and the possibility of mul-

tiferroic behaviour [43]. While these observations marked

steps towards quantitatively correlating the composition–

structure–property relations in TTBs so that a ‘‘global’’

understanding of these materials similar to those in per-

ovskites would be utilised in the design of new functional

materials, the precise origin and nature of their relaxor

behaviour has to be still investigated.

In this paper, we have reinvestigated the series of Ba6-

MNb9O30 (M = Ga, Sc, In) TTBs, obtained by employing a

similar procedure as in Ref. [42], but the pellets were sintered

for longer times (12 h) in order to further improve the

microstructure. After the structural and microstructural

characterisation which confirmed the formation of the

desired phases, low-temperature dielectric spectroscopy was

used in order to characterise the dielectric properties of these

materials; this thermo-electrical method, which is one of the

most wide-spread methods, is useful in the electroceramics

field [46, 47] and is also very sensitive for dielectric relax-

ations in polymers [48, 49] or pharmaceuticals [50, 51]. The

dynamics of dielectric relaxation of dipoles was studied by

means of the frequency and temperature dependence of

complex dielectric permittivity, e*(f, T), data; it was gener-

ally observed that the frequency response of the real part of

dielectric permittivity in relaxors has a VF form [52, 53], as

was firstly indicated by Viehland et al. [54] following the

idea for the slowing down of relaxation processes found in

many glasses [55]. The displacement at higher temperature

of the VF curves and the degree of relaxor behaviour rep-

resented by the curvature of the ln f versus Tm plot (where f is

the frequency of the applied AC electric field and Tm is the

temperature of maximum dielectric permittivity at frequency

f) were investigated in relation with the stepwise increase of

the ionic radius of the M cation on the B-site. The VF

equation was used for fitting the dielectric permittivity data

in order to monitor the reproducibility and validity of the

physical results. Physically sensible restrictions to the fit

were also investigated besides the regular ‘‘free-fit’’ (fixed

values for TVF or for f0), as extreme possible values.

Experimental

Compositions Ba6MNb9O30 (M = Ga, Sc, In) were syn-

thesised by standard solid-state techniques. Dried BaCO3,

Nb2O5, Ga2O3, In2O3, (all Aldrich, 99 ? %) and Sc2O3

(Stanford Materials Corporation, 99.999 %) with stoichi-

ometric ratios were ball milled until homogenized in eth-

anol for 5 min at 400 rpm, using a Fritsch Pulverisette 7

system with agate mortar and balls. Powders were placed

on platinum foil in alumina boats and fired in a muffle

furnace (static air atmosphere) straight to 600 �C. They

were heated from 600 to 1,000 �C, left to decarbonate for

1 h, and then fired for 12 h at 1,250 �C. Further, they were

quenched to room temperature, reground and heated at

1,250 �C for 12 h more in alumina boats inside the same

muffle furnace. Finally, a third attempt for completing the

reactions was carried out for 6.5 h each, at the following

temperatures: 1,300 �C (for Ba6GaNb9O30) and 1,350 �C

(for Ba6ScNb9O30 and Ba6InNb9O30), in order to avoid

melting. This time, radiation shields were used at both ends

of the alumina tube to maintain a more stable temperature

and to avoid ‘‘over-shoot’’ during sintering (the conditions

inside the tube were still at atmospheric pressure); alumina

boats were placed in the middle of the tube furnace and

contained the previously ball-milled powders. For sintering

the pellets, they were placed in alumina boats inside a tube

furnace (as previously described) and heated to the sin-

tering temperature. Generally, heating and cooling rates

were 10 K min-1. Here, in order to improve the micro-

structure and for the in-depth analysis of the relaxor

properties in Ba6MNb9O30 (where M = Ga, Sc, In), new

pellets were sintered for longer times (12 h here, compared

Vogel–Fulcher analysis of relaxor dielectrics 1251
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to only 6.5 h [12, 42]) at the temperatures previously

reported in Ref. [42].

Phase formation was confirmed by powder X-ray dif-

fraction collected in transmission mode using a STOE

diffractometer using Cu Ka 1 radiation (40 kV and 30 mA,

k = 1.54413 Å) over the range 20 B 2h B 60 8 in steps of

0.2�, lasting for approximately 10 h. Samples were ground

and placed between transparent plastic foils in steel discs.

The lattice parameters were obtained by refining the X-ray

diffraction data by Rietveld method [56]; refinement of

X-ray diffraction data was carried out using GSAS soft-

ware [57]. For electron microscopy, a JEOL JSM 5600

SEM machine with attached EDX system, providing

3.5 nm resolution and a magnification of 300,0009, was

utilised.

For dielectric spectroscopy measurements, Pt electrodes

were applied on the pellets after quenching using a Pt paste

(Gwent Electronic Materials Ltd.) and cured at 900 �C for

approximately 1 h; the action was repeated for the other

side of the pellet. Dielectric 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

340 K with the cooling rate of 2 K min-1 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 340 K and kept isothermally in order to

stabilise for approximately 15 min; only afterwards, the

dielectric spectroscopy data were collected during cooling.

Results and discussion

(Micro)structural and dielectric results

for Ba6MNb9O30 (M = Ga, Sc, In) ceramics

By scanning electron microscopy (SEM), we have

observed the microstructure of the ceramic pellets. All

pellets were white, with no evident colour gradient on the

external surfaces or fracture surfaces. A representative

micrograph describing the internal ceramic microstructure

of the Ba6GaNb9O30 is shown in Fig. 2. The micrograph

reveals a highly dense microstructure with well-bonded

grains (as shown from the intragranular nature of the

fracture) and with only a few isolated pores. The high

processing temperatures, which are close to the melting

temperatures, indicate that all Ba6MNb9O30 pellets sintered

well and this is consistent with the smooth and continuous

surfaces in the SEM images. Dense and well-sintered pel-

lets for the three investigated analogues of Ba6MNb9O30

were obtained when using the conditions described in

Table 1. Compared with the samples described in Ref.

[42], the relative densities improved significantly—all

being above 92 % (Table 1).

Powder X-ray diffraction (PXRD) of crushed pellets was

carried out to identify the compounds and to confirm that

no crystallographic change had occurred during the pro-

longed sintering stage; the results matched those of the

previously investigated initial powders described in Ref.

[42]. All three data sets were refined in the space group P4/

mbm (No. 127) using the Rietveld method [56]—Fig. 3; the

unit cell and goodness-of-fit parameters are presented in

Table 2. A systematic increase in lattice parameters was

observed with increasing ionic radius of the M3? cation on

the B-site (rGa
3? = 0.62 \ rSc

3? = 0.745 \ rIn
3? = 0.80 Å for

6-fold coordination [58]), with only a small increase in

lattice parameters observed between the Sc and In ana-

logues, but in reasonable agreement with the previous

X-ray diffraction study [12]. The refinement of the X-ray

diffraction data for Ga analogue includes a small amount of

Ba5Nb4O15 perovskite second phase, as previously dis-

cussed in Ref. [42].

Dielectric spectroscopic data in the range 50–340 K

showed that all three analogue compounds exhibit char-

acteristic relaxor behaviour, with a strong frequency

dependence of the peaks in both dielectric constant and

dielectric loss as a function of temperature, as observed

earlier [12, 42]. Also, with increasing the average B-site

ionic radii, the dielectric curves were displaced towards

higher temperatures. Dielectric permittivity data for the In

Fig. 2 SEM image of the fracture surface of a Ba6GaNb9O30 pellet

sintered at 1,300 �C for 12 h

Table 1 Sintering conditions and densities for Ba6MNb9O30

(M = Ga, Sc, In) pellets

Compound Sintering temp./

�C

Sintering

time/h

Relative density/

%

Ba6GaNb9O30 1,300 12 95.62

Ba6ScNb9O30 1,350 12 92.34

Ba6InNb9O30 1,350 12 95.21
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analogue, Ba6InNb9O30, are shown in Fig. 4; for this

compound, the peaks become more asymmetric and the

curves flatten more at temperatures above Tm. This effect is

very likely to be due to some secondary dielectric pro-

cesses that overlap with the main one. Moreover, due to

limitations in the experimental set-up, it is not possible to

record dielectric permittivity data much above 340 K

(Fig. 4), and therefore not all Tm values were able to be

extracted, especially those at the highest frequencies.

While in normal ferroelectrics the dipoles spontaneously

correlate, for the case of relaxors, the dipoles—although

present in the material—do not coherently order in the long

range (no macroscopic polarisation appears in the absence

of an external electric field and no macroscopic ferro-

electric transition occurs at the temperature corresponding

to the maximum of the peak, Tm) [40]. The term ‘‘relaxor’’

is due to the dispersion in dielectric permittivity with fre-

quency, since it takes varying times for the polarisation

fluctuations to respond [59]. The relaxor behaviour within

the broad group of ferroelectric ceramics is characterised

by a broad maximum in the dielectric permittivity and a

strong frequency dispersion within a large temperature

range, below the temperature corresponding to the maximal

permittivity [60]; this diffuse phase transition has been

extensively studied before [61–63]. Above this temperature

(in the paraelectric state), they respect the Curie–Weiss law

20.0
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Fig. 3 Rietveld refinement profile of room-temperature PXRD data

in centrosymmetric, tetragonal space group P4/mbm for: a Ba6GaNb9-

O30; b Ba6ScNb9O30; c Ba6InNb9O30

Table 2 Unit cell dimensions and goodness-of-fit parameters for Ba6M3?Nb9O30 (M3? = Ga3?, Sc3?, In3?) crushed pellets sintered for 12 h.

XRD data refined in space group P4/mbm

Compound a/Å c/Å V/Å3 R/% wR/% v2

Ba6GaNb9O30 12.57711(02) 3.97945(01) 629.484(04) 5.12 3.90 4.501

Ba6ScNb9O30 12.66250(40) 4.01827(13) 644.285(35) 6.14 5.91 8.589

Ba6InNb9O30 12.67010(40) 4.02516(15) 646.160(40) 5.34 5.96 8.201
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at very high temperatures, but show significant deviations

at lower temperatures due to varying degrees of localised

dipole interactions. The VF model [52, 53] may describe

a temperature dependence of a spectrum of relaxation

times and so probes the dynamics and population profile

of the dipolar response (dielectric permittivity) as a

function of temperature (at T [ Tf, where Tf represents

the freezing temperature of dipolar relaxation); the

modelling and analysis of the dielectric permittivity data

by means of the VF model is widely used for determining

the relaxation parameters that characterise the relaxation

behaviour.

Vogel–Fulcher analysis of the relaxation behaviour

of Ba6MNb9O30 (M = Ga, Sc, In) ceramics

The aim of this work was to investigate the reproducibility

and validity of the results reported previously [42, 43]. The

in-depth analysis of the dielectric relaxation processes in

new pellets of Ba6M3?Nb9O30 (M = Ga, Sc, In) with

improved densities was performed by fitting the dielectric

permittivity data using the VF expression (Eq. 1) [52, 53],

as previously proposed by Viehland et al. [54]. The VF

equation (Eq. 1) is simply a modified Arrhenius expres-

sion, which includes an increasing degree of interaction

between random local relaxation processes, in this case of

the dipolar response:

f ¼ f0 � e
� Ea

k Tm�TVFð Þ; ð1Þ

where f is the frequency of the perturbation (applied ac

field frequency, Hz); f0 is the fundamental attempt or

limiting response frequency of the dipoles (Hz); Ea is the

activation energy of local polarisation (J); Tm is the tem-

perature (K) of maximum dielectric permittivity at fre-

quency f; TVF is the characteristic VF temperature (often

described as the static freezing temperature (K) [52, 53]);

and k is Boltzmann constant (1.38 9 10-23 J K-1 or

8.617 9 10-5 eV K-1).

By plotting the natural logarithm of applied frequency

(f) against temperature of the dielectric permittivity maxi-

mum (Tm) [54], the following representation of data is

obtained (Fig. 5). VF analysis often results in unreliable

and unphysical values for the fitting parameters [64–67]

primarily due to the sensitivity of fitting to the curvature of

Tm(f) data (usually obtained over a limited frequency

range, e.g. 10–106 Hz) and the subsequent extrapolation

which is often over several orders of magnitude; our

experience has also found that sample quality is also crit-

ical, particularly for polycrystalline ceramics where

microstructural factors such as grain size and sample

density can have a dramatic effect on the values of Tm.

From these VF curves shown in Fig. 5, it is apparent that

with increasing ionic radius of the M species on the B-site,

the degree of relaxor behaviour increases as denoted by the

increased Tm range (curvature of plots); the obtained VF-

like curves resemble the ones obtained previously [43], but

in this case, due probably to different processing, addi-

tional features appeared in the dielectric permittivity,

altering therefore the Tm values obtained. The dipole

freezing temperatures may not simply increase linearly as a

function of cation size, as suggested in our previous work

[42]; the extrapolation of curves in Fig. 5 may result in

dramatically different values than those observed in Ref.

[42]. The Ga analogue displays the least relaxor behaviour

as denoted by the smaller range of Tm values and the more

linear and vertical VF curve (Fig. 5).

With increasing the M3? radius, the VF curves are

shifted to higher temperatures and the possibility of

obtaining Tm values at low frequencies increases. This is

because data at low frequencies are typically rather noisy,

especially when approaching low temperatures. VF ‘‘free-

fits’’ (where all three parameters: TVF, f0 and Ea are allowed

to vary) of Tm(f) extracted from dielectric permittivity data

for Ga, Sc and In analogues are shown in Fig. 6; the VF

parameters obtained are presented in Table 3. It is worth

mentioning that TVF is determined from the point at which

the plotted curve goes vertical (i.e., ln f ? -?) and f0
where the curve goes horizontal (Tm ? ?).

For the In analogue, the Ea and, in particular, ln f0 values

seem too be small—it is almost within the experimentally

measurable limit, while TVF is ca. 30 K larger in compar-

ison to that determined in Ref. [42]. It is worth noting,

however, as we mentioned before, that due to limitations in

the experimental set-up, it was not possible to record

dielectric permittivity data above 340 K (Fig. 4); this

restricts the range of Tm values available for the In sample

at high frequencies (Fig. 5) and will therefore affect fitting

and evaluation of the VF parameters. Although the VF
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Fig. 5 Vogel–Fulcher curves for all three Ba6M3?Nb9O30 analogues

(M = Ga, Sc, In)
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free-fit looks reasonable for the In analogue (Fig. 6c), some

physically sensible restriction on the fit parameters could

provide more physically sensible results.

In Fig. 7 of Ref. [42], an upper limit for TVF would be

approximately 220 K; in this study, therefore, TVF was set

at the fixed value of 220 K. The data were also fitted with a

lower limit for f0 fixed at 2.26 9 1011 Hz which was

determined from the average of that observed for the Ga

and Sc analogues in Ref. [42]. The resulting restricted VF

fits of the In analogue data with fixed TVF and ln f0
parameters are presented in Fig. 7, with the results of the fit

listed in Table 4.

Visual inspection of Fig. 7 shows that the restricted VF

fits give a reasonable representation of the data but with

deviations at the extreme frequencies of the collected

data. Figure 7b suggests that imposing a much too high

value for f0 would increase the activation energy in such

way that the resulting TVF value will be unrealistically

low (Table 4). However, it is possible that any additional

(parasitic) dielectric process may affect the true shape of

the main process in the VF representation, and that the

restricted fit, with fixed f0 of 2.26 9 1011 Hz, may actu-

ally better describe the main relaxation process if the

influence of the additional process is somehow deconvo-

luted and removed; this possibility will be studied in a

subsequent paper.

Since for the free-fit of In analogue data, the TVF value is

higher than expected (253 K)—while the other two VF
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Fig. 6 Vogel–Fulcher ‘‘free-fits’’ of Tm(f) from dielectric permittivity data for Ga (a), Sc (b) and In (c) analogues

Table 3 Vogel–Fulcher and goodness-of-fit parameters for Ba6M3?Nb9O30 (M3? = Ga3?, Sc3?, In3?) determined from fits shown in Fig. 6

Compound TVF/K f0/Hz ln/f0/Hz Ea/eV v2

Ba6GaNb9O30 59.60 ± 2.48 3.13 9 1011 ± 2 26.47 ± 0.68 0.0688 ± 0.0064 0.08961

Ba6ScNb9O30 154.07 ± 1.49 1.66 9 1011 ± 3 25.83 ± 0.26 0.1101 ± 0.0038 0.05558

Ba6InNb9O30 253.06 ± 3.52 6.50 9 106 ± 2 15.69 ± 0.54 0.0425 ± 0.0054 0.06277
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parameters are too low (f0 = 6.50 9 106 Hz; Ea = 0.0425

eV), and on the other hand the imposed f0 = 2.26

9 1011 Hz results in an unsatisfactory fit which provides a

low value for TVF (179.3 K), it becomes evident that

according to the In data in Fig. 5, the fit has to flatten

towards f0 values that shall be either higher than

6.98 9 108 Hz but lower than 1.66 9 1011 Hz. Therefore,

it raises the possibility for increasing the TVF value from

180 to 220 K, of course the most probable case is some-

where in between, as shown in Fig. 8.

In order to investigate the influence on the fit param-

eters of the limited domain of frequencies where from the

Tm values were obtained in the case of the In sample, the

working domains for Ga and Sc analogues were restricted

(Fig. 9a) to that obtained for the In analogue. The upper

and lower limits are crucial as these regions display the

most curvature, and it is therefore expected that these

will have a large influence on the fit.

Restricting the frequency range for the Ga analogue to

that of the In analogue, as shown in Fig. 9a, resulted in a

near straight line and thus in the impossibility of performing

a satisfactory VF fit—the parameters are not physically

realistic. While for the Sc analogue, a free-fit over the

selected low frequency range of Tm data provided a TVF

value which is 68 K smaller than that obtained for the free-

fit over the entire range, and a f0 value of 2.43 9 1018 Hz,

which is too large to be physical (Table 5).

As reported previously [42, 43], even in the case of Tm

data sets collected over a wider frequency range, it is
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Fig. 7 Vogel–Fulcher restricted fits of Tm(f) extracted from dielectric permittivity data for Ba6InNb9O30; fixed TVF = 220 K (a) and fixed

f0 = 2.26 9 1011 Hz (b)

Table 4 Vogel–Fulcher and goodness-of-fit parameters for Ba6InNb9O30 data for the free-fit, imposed TVF of 220 K and imposed average value

of f0 (\ln f0[ = 26.15)

Compound TVF/K f0/Hz ln/f0/Hz Ea/eV v2

Ba6InNb9O30 253.06 ± 3.52 6.50 9 106 ± 2 15.69 ± 0.54 0.0425 ± 0.0054 0.06277

Ba6InNb9O30 220 imposed 6.98 9 108 ± 1 20.36 ± 0.27 0.1043 ± 0.0021 0.11910

Ba6InNb9O30 179.27 ± 3.94 2.26 9 1011 imp. 26.15 imp.a 0.2173 ± 0.0066 0.17030

a imposed value ln f0 representing the average of the obtained values for Ga and Sc compounds in Ref. [42] (\ln f0[ = 26.15)
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Fig. 8 Dependence of characteristic Vogel–Fulcher temperature,

TVF, on M3? B-site cation radius. TVF for the In analogue was

determined (i) by a ‘‘free-fit’’, (ii) by fixed TVF and (iii) by fixed f0.

The solid lines are lines of best fit for Ga, Sc and In data using (ii) and

(iii)
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extremely difficult to obtain reliable values for TVF, f0 and

Ea from the VF fitting of such curves. It is obvious that

when extrapolating from the most linear part of the curve

(essentially the experimental points on the VF curve), this

process is a very sensitive one, especially for the case of

TVF and f0—with small differences in the experimental data

inducing large variations in the parameters of the fit.

Missing even one Tm value may induce large variations of

the fit parameters.

Conclusions

In this paper, the in-depth analysis of the relaxor behaviour

of Ba6MNb9O30 (M = Ga, Sc, In) tetragonal tungsten

bronze ceramics revealed that with the stepwise increase of

the ionic radius of the M3? cation on the B-site within the

series, the VF curves ln f versus Tm are displaced to higher

temperatures while the degree of relaxation increases. The

extrapolation of the VF fit for different samples of Sc and In

analogues prepared once more under similar synthesis con-

ditions to those studied in Ref. [42] provided very different

fit parameters than those obtained previously; the linear

trend of the freezing temperature of dipoles, TVF, with M3?

cation size within the series is no longer observed because

the dielectric data are very sensitive to preparative condi-

tions and also because of uncertainties produced by the VF

fitting itself. In particular, the magnitude of TVF varied

significantly within samples of the same composition.

Besides the regular ‘‘free-fits’’, by imposing fixed TVF or

f0 parameters as extreme possibilities in the VF equation

(representing physically sensible values obtained in Ref.

[42]), reasonable or even very good representation and

fitting of the data, and numeric results for the other fun-

damental relaxation parameters were obtained. It was

shown that VF fits can provide inconsistent and random

fundamental parameters for the dielectric relaxation pro-

cesses with respect to the reproducibility and validity of the

results. For further restricting the frequency domain—due

to impossibility of data collection or due to imposed

restrictions, missing even one Tm value may induce large

variations of the fitting fundamental parameters.

Generally, conclusions could not be drawn only from

fitting parameters obtained by the VF expression; as a more

general recommendation, when reporting a set of relaxation

parameter values, the careful understanding and selection

of raw dielectric data is important, while the fit should not

be carried out blindly only by using a simple ‘‘free-fit’’, but

primarily by choosing and assuming a realistic imposed fit

if required.
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Fig. 9 Vogel–Fulcher representation of the dielectric permittivity data for all three Ba6M3?Nb9O30 analogues (M = Ga, Sc, In) over a limited

frequency range (a) and Vogel–Fulcher restricted fit of Sc analogue in this limited frequency range (b)

Table 5 Vogel–Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 determined from free-fits of data over the entire and selected fre-

quency ranges

Compound TVF/K f0/Hz ln/f0/Hz Ea/eV v2

Ba6ScNb9O30* 154.1 ± 1.5 1.66 9 1011 ± 3 25.83 ± 0.26 0.1101 ± 0.0038 0.05558

Ba6ScNb9O30** 86.2 ± 44.6 2.43 9 1018 ± 7.5 9 104 42.34 ± 11.23 0.4136 ± 0.2680 0.03962

* Entire available frequency range

** In analogue limiting frequency range
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