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La-doped BaTiO; (x=0.001; 0.0025; 0.005; 0.01; 0.025) ceramics were prepared via conventional solid
state reaction and sintered at 1300 °C for 6 h, resulting in dense single phase ceramics with homogeneous
microstructures. The temperature dependence of dielectric permittivity of the ceramics has been inves-
tigated. The results show a decrease of T¢ with lanthanum addition. The degree of diffuseness of phase
transition is more pronounced for high La content, implying the existence of a composition-induced
phase transition of the ceramics. The dc-tunability at room temperature was investigated and experi-
mental data were discussed in terms of the Johnson model completed with a Langevin term that describes
“extrinsic” contribution to the non-linear &(E) dependences.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dielectric response in polar dielectrics with respect
to the external electric field is an important issue in the
dielectrics/ferroelectrics physics. In addition, a new type of
electronic device making use of the variation of dielectric constant
of polar dielectrics under dc electric fields has been developed
extensively as next-generation radar and microwave communi-
cation devices [1-5]. For the microwave applications the most
studied materials were (Ba,Sr)TiO3 [6] and (Pb,Sr)TiO3 [5] and most
promising results were reported especially in (Ba,Sr)TiO3 films
[7]. In spite of intensive studies of tunability in various systems,
it is important to design new materials which can respond to
applications requirements (dielectric constant around 1000 and
losses less than 0.03) [2]. In addition, there are some questions that
still remain to be clarified, as for example the origin of tunability,
the contributions to the dielectric constant and losses and the
ways to control them. The origin of tunability was attributed to
the rate of transformation of the non-ferroelectric state into a
ferroelectric state under the applied electric field [8]. Starting from
the Landau-Ginzburg-Devonshire’s phenomenological theory,
Johnson obtained a relationship between permittivity and the
external electric field [9], by considering a non-linear polarization.
According to this equation, the relaxors ferroelectrics should

* Corresponding author. Tel.: +40 232 201175; fax: +40 232 201205.
E-mail addresses: lavinia.curecheriu@uaic.ro (L.P. Curecheriu), Imtsr@uaic.ro
(L. Mitoseriu).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.08.027

possess higher tunabilities because their zero-field permittivities
are higher than those of classical ferroelectrics.

BaTiOs-based solid solutions are environment-friendly ferro-
electric relaxors with similar performances as many Pb-based
electroceramic materials [10]. The design and exploration of Pb-
free materials in new structures for tunable devices are of high
interest, together with fundamental studies related to the origin
of their dielectric non-linearity. According to these considerations
La-doped BaTiO3 (denoted as BLT) can be a promising candidate for
tunable materials. Lanthanum has a fixed 3+ oxidation state and
due to its ionic radius of 1.36 A to be compared with 1.61 A of Ba2*
and of 0.74 A for Ti, it will only occupy A sites within the perovskite
lattice. The charge balance compensation mechanism when Ba2* is
replaced by La3* has long been a matter of debate. Undoped BaTiO3
is a good insulator with a high energy gap Eg = 3.5 eV. When BaTiO3
is doped with low amounts (<0.5 at.%) of higher valence foreign ions
as La3* on Ba?* sites or Nb>* and Sb>* on Ti#* sites, a semiconduct-
ing behaviour was commonly observed, indicating compensation
via electronic “donor-doping” mechanism, or a polaronic mecha-
nism involving the reduction of a small amount of Ti** ions to Ti3*
[11-16], according to the reactions (1) and (1'):

. . 1
Lay03 + 2TiO, = 2Lag,* + 2Ti; + 607 + Eoz(g) +2¢’ (1)
Lay 03 + 2TiO, = 2Lag,* + ZTllrl + 608 + %Oz(g) (1/)

It was widely accepted that at higher donor dopant contents
compensation occurs via an ionic mechanism with creation of
cation vacancies, as Chan et al. reported earlier [16]. The nature of
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these cation vacancies was a long-term controversial topic. Thus,
the model on La-doped BaTiO3 of Daniels and Hardtl considered
only the barium double-ionized vacancies as compensating ionic
defects [14], as described by Eq. (2):

La,03 + 3TiO, = 2Lag,® + 3Tij; + Vi, + 905. 2)

Jonker and Havinga, based on their XRD and TEM studies,
showed that the type of the compensating cation vacancies strongly
depends on both sintering conditions and nature of donor dopant
[17]. In their variously donor-doped BaTiO3 samples they found
that ionic compensation can occur: (i) exclusively by titanium
vacancies, according to the formula Ba;_yDxTi;_y403 for (A-site
donor doping) or BaTi;_s,4Dx03 (for B-site donor-doping, where
D =donor) and (ii) by equal concentrations of barium and titanium
vacancies, when some B-site donor doped BaTiO3 compositions
were sintered at different temperature than in the first case.

Later works based both on calculation of defect energy [18]
and experimental evidences [15,16] revealed that titanium tetra-
ionized vacancies are the most likely compensating defects in
highly-donor doped BaTiO3. More recently, Morisson et al. reported
that the switch of ionic towards electronic charge compensa-
tion (involving the change in cation stoichiometry) induced by
decreasing La content is unlikely to occur and that donor charge
in La*3-doped BaTiO3 is always compensated only by Ti vacan-
cies, while electrons are never the primary compensating defects,
irrespective of the donor dopant content [19]. They sustained
that n-type conductivity noticed even in reduced La-doped BaTiO3
ceramics has to be rather associated with small amounts of oxygen
loss during their sintering in air at temperature >1350°C followed
by quenching, according to the reaction (3) and this oxygen loss is
not directly related to donor doping level [19-21].

05 = 505 + Vo™ +2¢ (3)

Contrary to this view, in a reply in the same journal few months
later, D.M. Smyth demonstrated that the observed reproducible and
reversible weight loss on reduction, or gain on oxidation, is exactly
that expected for a change between ionic and electronic compen-
sation, corresponding to the loss or gain of the “excess” oxygen
contained in the donor oxide, e.g. LaO1 5 vs. the BaO it replaces [22].
He also showed by thermogravimetric analyses that the amount of
this weight change is proportional to the donor concentration and
the reversible switch from ionic to electronic compensation can be
described by Eq. (4):

TiTi + 0, 2 TiO, + V//',lii (4)

where the TiO; excess would be expected to be expelled from the
BaTiOj3 lattice as a BagTi;7049 secondary phase.

Consequently, depending on the amount and distribution of
the defects (electrons, cation and oxygen vacancies) induced by
the processing parameters (sintering temperature, sintering atmo-
sphere and cooling rate), the resulted ceramic samples may be
typical insulators, semiconductors, or alternatively, they may be
even electrically heterogeneous showing giant values of the effec-
tive dielectric constant. It results that various types of applications
exploiting either the semiconducting behaviour or the dielectric
character might be tailored by a proper doping and/or sintering
strategy. The most common dielectric properties reported in La-
doped BaTiOj3 are the positive temperature coefficient of resistivity
(PTCR) characteristics, characterised by a jump of a few order in
magnitude of the resistivity in a small temperature range above the
ferroelectric-paraelectric transition temperature [23]. Much less
publications reported aspects concerning the dielectric behaviour
in lightly La-doped compositions and none of them referred to the
high field dielectric non-linear properties (tunability).

In the present paper the diffuse phase transition and
dielectric tunability of La-doped BaTiOs (BLT) solid solutions
prepared by the solid state reaction method was investi-
gated. The observed dielectric non-linearity was described using
Landau-Ginzburg-Devonshire (LGD) theory and its approach
(Johnson [9] or even-power laws) for ceramics in ferroelectric state
and by a multipolar mechanism model for ferroelectrics in their
paraelectric state and for relaxors.

2. Sample preparation and experimental details

Ceramic samples with lower dopant content (x=0.001; 0.0025;
0.005) corresponding to the Ba;_xLa,TiO3 formula (A/B ratio=1,
where A and B represents the species that occupy barium and tita-
nium sites in ABO3; perovskite lattice), as well as specimens with
higher lanthanum proportion, having adjusted concentrations of
built-in titanium vacancies (A/B> 1), of composition described by
Baj_yLaxTi;_x/403 (0.005 < x <0.05) formula, were prepared by the
conventional ceramic method from p.a. grade oxides and carbon-
ates: TiO, (Fluka), La;03 (Merck) and BaCOs (Fluka), by a wet
homogenization technique in iso-propanol. The initial mixtures
were dried and shaped by uniaxial pressing at 160 MPa into pellets
of 20 mm diameter and ~3 mm thickness. After the presintering
thermal treatment performed in air at 1200 °C with 3 h plateau, the
samples were finely ground in an agate mortar, pressed again into
pellets (of 13 mm diameter and ~2 mm thickness) using an organic
binder (5% solution of polyvinyl alcohol in water). These pellets
were sintered in air at 1300 °C, with a heating rate of 5°C/min and
asoaking time of 6 h and then they were slowly cooled at the normal
cooling rate of the furnace.

X-ray diffraction measurements at room temperature used to
investigate the purity of the perovskite phases were performed
with a SHIMADZU XRD 6000 diffractometer using Ni-filtered CuKa
radiation (A=1.5418 A) with a scan step increment of 0.02° and
with a counting time of 1s/step, for 20 ranged between 20° and
80°. To estimate the structural characteristics (unit cell parameters,
tetragonality degree and unit cell volume), the same step increment
but with a counting time of 10s/step, for 20 ranged between 20°
and 120° was used. Parameters to define the position, magnitude
and shape of the individual peaks were obtained using the pattern
fitting and profile analysis of the original X-ray 5.0 program. The lat-
tice constants calculation is based on the least squares procedure
(LSP) using the linear multiple regressions for several XRD lines,
depending on the unit cell symmetry.

A high resolution Quanta Inspect F, FEI Co. scanning electron
microscope with field emission gun (FEG), coupled with EDX micro-
probe was used to analyze the microstructure and to check the
chemical composition in the fracture of the ceramic samples.

For the lightly La-doped, stoichiometric ceramics (A/B=1), thin
foil specimens obtained by ion-beam milling (using a low angle
ion milling and polishing system from Fischione) were examined
by means of a transmission electron microscope Tecnai™ G2 F30
S-TWIN equipped with energy-dispersive X-ray analyzer.

The sinterability of the BLT ceramics was estimated by means of
the values of relative density calculated as percent ratio between
the apparent density determined by the Archimedes method and
the crystallographic (theoretical) density resulted from the diffrac-
tion data.

The electrical measurements were performed on parallel-plate
capacitor configuration. Silver electrodes were applied on the
polished surfaces of the sintered ceramic disks. The complex
impedance in the frequency domain (20-2 x 108) Hz and at tem-
peratures of 20-200°C was determined by using a Agilent E4980A
Precision LCR Meat. For measuring the dc-tunability, the ceramic
pellets were placed in a cell containing transformer oil. The tun-
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Fig. 1. (a) Room temperature X-ray diffraction patterns of La-doped barium titanate ceramics sintered in air at 1300°C for 3 h; (b) (002)/(2 00) peak profiles indicating the

structural evolution as a function of La content.

ability data were obtained using the circuit described in Ref. [24],
in which high voltages up to ~50 kV/cm were obtained by a function
dc-generator coupled with a TREK 30/20A-H-CE amplifier.

3. Results and discussions

For all the investigated ceramics resulted after sintering at
1300°C/6 h, the room temperature XRD patterns (Fig. 1(a)) show
the presence of single-phase perovskite compositions, in the limit
of the XRD experiment accuracy. The lack of any Ba, Ti or La-rich
secondary phases demonstrated that, in the mentioned sintering
conditions, the solid state reactions, involving the incorporation of
the La addition in the perovskite lattice, were completed.

If we assume the validity of the compensating mechanism
by titanium vacancies also for the lightly La-doped solid solu-
tions described by the By_,La,TiO3 formula, then titanium-rich
secondary phases should be detected [15,16,19-21,25]. However,
our XRD results seem to indicate that lower dopant amounts
(0.001 <x <0.005) can be accommodated in the perovskite lattice
without segregation or precipitation of titanium-rich secondary
phases, even if the compositions described by the formula
Ba;_xLaxTiO3 have been designed to have no titanium vacancies as
compensating defects. On the other hand, for the Ti vacancy-free
samples, due to the very low dopant concentration, the presence
of small amounts of some potential secondary phases found under
the XRD detection limit cannot be excluded.

According to the phase diagram of the ternary BaO-TiO,-La;03
system at 1300 °C, proposed by Skapin et al. [26], even if a BaTiO3
- BalayTi30q¢ (BLT3) tie line with extension to La,;Ti,O7 (LT,)
does not exist, the lightly La-doped Ba;_yLaxTiO3 compositions are
placed in a domain of unique ternary solid solutions, adjacent to
BaTiOs. This means that, true single phase Ba;_,La,TiO3 solid solu-
tions can be formed for low La concentration, but in this case, other
compensating mechanisms, i.e. electronic compensation or ionic
compensation by equal number of double-ionized barium vacan-
cies and tetra-ionized titanium vacancies have to be taken into
account. Further SEM and/or TEM investigations coupled with EDX
are required in order to try to detect the presence of small amounts
of any secondary phases and electrical measurements, especially

impedance spectroscopy, have to be carried out to determine the
electric microstructure and, therefore, to elucidate the most likely
compensating mechanisms for the supplementary positive charge
induced by the donor center for lightly La-doped compositions
described by the Ba;_,LaxTiO3 formula.

The change of the (002)/(2 00) peak profiles indicates the evo-
lution of the unit cell symmetry with the increase of La content.
For lower dopant concentrations (x=0.001) an obvious splitting of
the diffraction peak located at 260 = 44.5-45.5° emphasized a tetrag-
onal structure, similar to those of pure BaTiOs3. The increase of
lanthanum content, as well as the presence of titanium vacancies as
compensating defects induced a gradual coalescence of (002) and
(200) peaks, originating in the decrease of the tetragonality degree
of the unit cell. For the ceramic with the highest lanthanum concen-
tration (x=0.025) analyzed here, instead of two clearly delimited
peaks, only a broadened, asymmetric peak with a shoulder at its
left side was identified. However, this asymmetry shows the per-
sistence of a certain degree of tetragonality, suggesting that, at
room temperature, the ceramic with the mentioned composition
is still in its ferroelectric state (Fig. 1(b)). These results seem to
be in agreement with those of West et al., who have reported
that the tetragonal-cubic polymorphic change associated to the
ferroelectric-paraelectric phase transition takes place at room tem-
perature for a higher La content, i.e. x=0.05 in Ba;_yLaxTi;_403
solid solutions [25,27]. Indeed, the values of the structural param-
eters presented in Table 1 and calculated from the XRD data
indicates, especially in the case of highly doped ceramics, a down-
ward trend of the unit cell tetragonality expressed by the c/a ratio,
as the La content increased. The increase of the dopant concen-
tration, as well as the presence of the built-in titanium vacancies
for the samples with higher La content also induced an expected
shrinkage of the unit cell, taking into account the lower value of
the ionic radius of La3* (1.36 A) in comparison with that one corre-
sponding to the replaced Ba2* ion (1.61A).

SEM investigations on the fracture of the sample with x=0.001
emphasized a coarse and dense microstructure, similar to the
undoped BaTiOs3, consisting predominantly of large grains, with
non-uniform shape, but presenting well defined boundaries and
triple junctions and an equivalent average size of ~63 pum
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Table 1

10043

Structural parameters and density of the investigated BLT ceramics sintered at 1300 °C for 6 h.

Sample a (A) c (A) C/a v (AB) Ptheortic (g/Cma) Papparent (g/Cm3) Prelative (%)
Bag.g99Lag 001 TiO3 3.9931(9) 4.0318(13) 1.0097(5) 64.28(5) 6.02 5.56 92.36
Bag.9975La0,0025 TiO3 3.9934(11) 4.0330(16) 1.0099(7) 64.32(6) 6.02 5.42 90.03
Bao.oosLag00s TiO3 3.9896(14) 4.0296(21) 1.0100(9) 64.14(8) 6.04 436 80.46
Baog.995La0.005Tio 9987503 3.9903(14) 4.0278(20) 1.0093(9) 64.13(8) 6.03 5.24 86.90
Bag.o9Lag.o1Tip.997503 3.9908(22) 4.0234(28) 1.0081(13) 64.08(12) 6.04 4.71 77.98
Bag.975Lag.025 Tio.9937503 3.9896(19) 4.0156(30) 1.0065(12) 63.92(11) 6.05 4.48 74.05

(Fig. 2(a)). The wavy and rough surface profile of these grains (with
bumps and hollows) shows that such a growth mechanism involved
the increase of the larger grains at the expense of their smaller
neighbours. This kind of grain morphology was noticed not only in
BaTiO3-based compositions but also in other perovskite systems as
CaCu;3TigzO1; [28]. Areduced amount of smaller grains (of ~5-9 pm)
were still detected in the grain boundary or triple junction regions,
as the higher magnification image of Fig. 2(b) pointed out (zone
delimited by the white circle). SEM investigations in backscattered
electron (BSE) mode, as well as EDX mapping and quantitative

10 um

(2)

analyses performed on several such of small grains, on different
grain boundary and triple junction regions of the larger grains indi-
cated no evidence of secondary titanium or barium-rich secondary
phases.

For the composition with x=0.0025, the corresponding SEM
image also shows a dense microstructure, but with a rather bimodal
grain size distribution, indicating that as the La content increases,
the amount of smaller grains becomes significant. Thus, larger
grains (of 25-55 um) coexist with smaller ones (of ~10 wm), as
Fig. 2(c) pointed out.

Fig. 2. SEM images in fracture of ceramic samples sintered in air at 1300 °C for 6 h: (a)-(d) Ba;_xLaxTiO3: (a) x=0.001 - general view; (b) x=0.001 - detail, (c) x=0.0025 and

(d) x=0.005; (e)-(g) Baj_xLaxTi;_y403: (e) x=0.005; (f) x=0.01 and (g) x=0.025.
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A dramatic microstructural change occurs for the samples with
higher lanthanum content. The inhibiting effect of the donor dopant
on the grain growth process becomes evident, so that for the com-
position with x=0.005 a rather uniform microstructure, with an
almost unimodal grain size distribution was observed, irrespec-
tive of the (Ba+La)/Ti ratio (Fig. 2(d) and (e)). Such a grain size
decrease was earlier reported by Chan et al. in their Nb-doped
BaTiO3 ceramic with similar dopant content [16]. Despite the fact
that the origin of the grain growth prevention for donor doping
levels above a critical concentration in BaTiOs3 is a well-known phe-
nomenon and has often been a subject of intensive investigation,
a fully satisfying explanation has still not been obtained. Several
approaches, including kinetic aspects [14], thermodynamic rea-
sons [29], as well as grain boundary segregation phenomena [30]
were proposed in order to elucidate this microstructural feature
in heavily donor doped barium titanate ceramics. In our case, for
a La content corresponding to x=0.005, a slightly higher average
grain size, a more regular spherical morphology and better delim-
ited grain boundaries were noticed for grains corresponding to the
composition with built-in titanium vacancies (Fig. 2(e)). From these
observations we concluded that for similar La content, near the
critical concentration, the presence of the built-in titanium vacan-
cies seems to promote densification, inducing a certain decrease of
the intergranular porosity. The cause of this behaviour remains still
unclear. Average grain sizes of 1 wmand 1.5 pm were estimated for
ceramic samples with x=0.005, without and with built-in titanium
vacancies, respectively.

The increase of the lanthanum concentration for ceramics with
x=0.010 and x=0.025 leads to further microstructural disturbance
by preventing grain growth and generating an increasing amount
of intergranular porosity with negative effects on the densifica-
tion (Fig. 2(e) and (f)). For both ceramic samples, homogeneous
microstructures with unimodal grain size distributions, consisting
of submicron grains (<600 nm) were observed (Fig. 2(f) and (g)).

The SEM observations are sustained by the relative density val-
ues presented in Table 1. The increase of the solute concentration
induced a significant decrease of the relative density from ~92%,
for the ceramic with x=0.001, to ~74%, for the specimen corre-
sponding to x=0.025. In the case of the samples with the same
La content (x = 0.005), but with different (Ba +La)/Ti ratio, a higher
relative density of ~87% was estimated for the ceramic with built-
in cation vacancies than that one (of ~80%) corresponding to the
specimen without Ti vacancies.

TEM/EDS investigations carried out on thin foil specimens of
lightly La-doped ceramics described by Ba;_,LaxTiO3 formula, did
not reveal the presence of any Ti-rich secondary phase, even for the
composition with the highest dopant content (x=0.005).
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The temperature dependence of the dielectric constant and tan-
gent loss of the BLT ceramics with different concentration of La at a
fixed frequency are presented in Fig. 3(a) and (b). The data revealed
permittivity between 1000 and 2000 for all the compositions at
room temperature. As reported by other authors for similar substi-
tution degree, the Curie temperatures show a composition-induced
shift of the ferroelectric-to-paraelectric phase transition [25]. By
increasing the amount of La, the Curie temperature decreases from
Tc ~125°C for x=0.001 to T¢ ~°C for x=0.025, together with a
tendency towards a relaxor state characterised by a diffuse phase
transition. A slightly steeper decrease of Curie temperature, of
~27°C per at.% La, was obtained for the samples investigated here,
in comparison with that of only 24 °C per at.% La reported by Moris-
son et al. [25]. For samples with x=0.005, the cation stoichiometry
expressed by (Ba+La)/Ti ratio has no influence on the tempera-
ture dependence of the dielectric constant and on the value of the
Curie temperature (in both cases Tc = 110°C). However, higher per-
mittivity values were recorded in all the temperature range for the
ceramic sample with Ti vacancies, suggesting that the donor dopant
is easier accommodated and more effective in a Baj_yLaxTi;_403
solid solution than in the structure of the mixed crystals described
by the Ba;_xLaxTiO3 formula. The dielectric loss of all the samples is
below 12% in overall the investigated temperature range (Fig. 3(b))
and in particular, the tangent loss values were suppressed signif-
icantly at temperatures above Tc. The losses are smaller for the
samples with a high La content and with built-in titanium vacancies
V(Ti). In specimens with the same dopant concentration (x = 0.005)
but with different (Ba+La)/Ti ratio, the evolution of the dielec-
tric loss is also very similar. The higher values of dielectric losses
recorded in the ceramic with titanium vacancies can be associated
with the effectiveness of ferroelectric mechanism involving higher
values of dielectric constant, as already mentioned. The increas-
ing losses far above the Curie temperature (Fig. 3(b)) are related
to thermally activated Maxwell-Wagner phenomena due to space
charges present in the system.

The ferroelectric-paraelectric phase transition is sharper for
ceramics with low La content and extends on a larger tempera-
ture range when increasing La amount, indicating a more diffuse
character of the phase transition. For x=0.010 and x = 0.025, a ferro-
electric behaviour with diffuse phase transitions (DPT) is observed
(Fig. 3(a)). The permittivity values for the ceramic with x=0.025
sintered in air at 1300 °C/6 h are significantly lower for all the inves-
tigated temperatures, than those reported by Morisson et al. for the
same composition but sintered at 1350°C in flowing O, [21,25].
Besides, while in our case the ceramic with x=0.010 already shows
a diffuse phase transition, Morisson et al. reported this feature only
for the composition with a significantly higher (of one order of
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Fig. 3. Temperature dependence of (a) dielectric constant and (b) tangent loss for BLT ceramics at the frequency f=20kHz (the notationV(Ti) - indicates the presence of the

“built-in” titanium vacancies in the BLT compositions).
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data obtained at f=20kHz. The symbols are experimental data and the solid lines
are fits with Eq. (2).

magnitude) La content, i.e. for x=0.10. It is well known that dif-
fuse phase transitions and ferroelectric-relaxor crossover is mainly
common to B-site doping in BaTiO3 [31]. However, many studies
showed that microstructure can have also a significant influence
from this point of view [32]. Thus, in very fine-grained BaTiO3-
based ceramics phase transition diffusiveness can be associated
with distributed internal stress and local fields caused by small
grain sizes. In our case, the increase in the phase transition dif-
fusiveness can be related to this microstructural feature, as SEM
images demonstrated.

For the full relaxor state with diffuse phase transition, a
Vogel-Fulcher frequency dependence of the maximum permittiv-
ity temperature with frequency was commonly reported [33,34].
However, the very small frequency shift of the temperature corre-
sponding to the permittivity maximum Ty, with frequency does
not allow to perform such a detailed analysis. In any case, it
is clear that increasing La additions (x=0.01 and x=0.025), the
relaxor—paraelectric transition takes place in a larger range of
temperatures and not at a fixed Curie temperature Tc. In this
temperature range, the maximum permittivity temperature Ty, is
also located. A modified Curie-Weiss law proposed by Uchino and
Nomura [35] has been used to describe the diffuseness degree of
the phase transition, as often used for other BaTiOsz-based solid
solutions like BZT [36,37] or for Pb-based relaxors [38]:

Y
e o )
m
where y and C’ are assumed to be constant. The parameter y gives
information on the character of the phase transition: for y =1, nor-
mal Curie-Weiss law is obtained while the value =2 describes
a complete diffuse phase transition. For a ferroelectric material,
Eq. (5) reduces to the Curie-Weiss law, with y=1 and in this sit-
uation C' is proportional to the Curie constant. The plots of the
log((1/¢") — (1/¢p,)) as function of log(T — T, ) for the investigated
BLT samples are shown in Fig. 4. A linear relationship is found
and the slope of the fitting curves (Eq. (5)) was used to determine
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the y value. The results are presented in Table 2. The evolution
towards the relaxor state with increasing x is demonstrated by the
increase of the empirical parameter y (which increases from 0.98
for x=0.0025 to 1.52 for x=0.025).

The dc-resistivity determined as a function of temperature (not
shown here) present only PTCR anomaly above the correspond-
ing Curie temperatures. However, the resistivity jump is below one
order in magnitude (from ~5 x 103-10%  m at room temperature
to maximum values in the range of ~3 x 10* 2 m above the Curie
temperature). The small PTCR effect, the lack of giant values for
the dielectric constant, the order of magnitude of the dielectric
losses (~1072) in the overall temperature range indicated in all
these BLT compounds a typical dielectric behaviour and suggested
no heterogeneous charge defect distribution in the ceramic grains
(e.g. grain boundary phenomena originating the PTCR effect [23]).
Detailed impedance spectroscopy analysis was carried out and
confirmed this assumption. Fig. 5 shows the complex impedance
characteristics for the BLT ceramics at room temperature. An appar-
ent single component in impedance plots at room temperature
(Fig. 5(a)), as well as for a higher temperature (T=200 °C - Fig. 5(b))
investigated here, illustrates a rather homogeneous defect dis-
tribution in ceramic samples, without any sign of a “brick-wall”
electric microstructure, as Daniels et al. reported earlier for their
La-doped ceramics [14]. While for single phase, non-stoichiometric
((Ba+La)/Ti ratio>1) and highly La-doped ceramics with built-in
titanium vacancies this result was expected, taking into account
the occurrence of an undoubted ionic compensation mechanism of
the donor dopant by means of Ti vacancies, as described by Eq. (6),
the impedance data of stoichiometric ((Ba +La)/Ti ratio = 1), lightly
doped specimens require a more careful analysis.

2Lay03 + 3TiO, = 4Lag,* + 3Tiy; + V'7; + 1204 (6)

It is well known that the ceramic microstructure plays also a
significant role in the electrical behaviour of donor-doped BaTiO3
[16]. From this point of view it was not surprising that, due to
the normal furnace cooling, the small grains of the stoichiometric,
lightly La-doped ceramic sample with x=0.005 was fully oxidized,
this explaining the single-component impedance plot. For sto-
ichiometric, but coarse-grained ceramics (x=0.001 and 0.0025,
respectively), if electronic compensation at sintering temperature
is assumed as prevailing mechanism, as Chan et al. sustained
[16], then also a full oxidation caused by the slow cooling of
these samples should take place to explain the single contribu-
tion in the impedance plots. However, such a complete oxidation,
induced only by the furnace cooling rate, able to explain the
homogeneous defect distribution in ceramic grains with sizes over
50-60 wm seems to be unlikely. If only a small region of grain
core would have exhibited a semiconducting character due to elec-
tronic or mixed (electronic and ionic) compensation, then that
would be clearly appeared as a second component in the cor-
responding impedance plots, beside the major grain boundary
contribution. In other words, these large ceramic grains would
have to be composed of an oxidized grain boundary depletion
layer, whose thickness is directly related to the cooling rate and
a semiconducting grain core, which in fact was not observed.
Therefore, it is most likely to assume that even for these sto-
ichiometric samples, the insulating behaviour mainly originates

Table 2

Temperature Ty, corresponding to the maximum dielectric constant &, diffuseness constant y (computed from data at 20 kHz) and tunability n, for the BLT samples.
Samples x=0.001 x=0.0025 x=0.005 x=0.005 V(Ti) x=0.010 V(Ti) x=0.025 V(Ti)
Tm (°C) 125 125 110 110 100 60
Em 3405 4446 2608 4033 1374 1689
Y 1.03 0.98 1.15 1.23 1.98 1.52
n 1.14 - 1.51 1.44 1.19 1.57
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Fig. 5. Complex impedance plots for BLT ceramics at two extreme temperature: (a) 30°C and (b) 200°C.

in a predominant ionic compensation of the donor dopant at
the sintering temperature. These results seem to disagree with
those reported by Chan et al. [16] regarding Nb-doped BaTiO3
ceramics, also sintered in air and cooled at the normal furnace
rate. Thus, while their dark-coloured BaTig 9975 Nbg gg2503 ceramic
exhibited semiconducting behaviour which was explained in terms
of a predominantly electronic compensation of the supplemen-
tary positive charge of niobium, our yellowish Bag gg75Lag.0025TiO3
composition is a typical insulator, with homogeneous defect dis-
tribution, where compensation of La by ionic defects seems to
prevail. This apparent contradiction is overcome if the different
sintering temperature is taken into account. Thereby, the Nb-
doped sample of Chan et al. was sintered at a significant higher
temperature, i.e. 1450°C than our La-doped ceramic with simi-
lar composition (1300°C). From this point of view, it is worthy
to mention that a higher sintering temperature favours the elec-
tronic compensation by extending the region where n=[D*] in
the logo — logPo, plot towards higher oxygen activities, as Smyth
showed in his excellent report [22]. Consequently, because of the
high sintering temperature, for the Nb-doped ceramic the fur-
nace cooling will be not longer effective in a full oxidation, so
that in the grain core region the high-temperature defect structure
(i.e. predominantly electrons) is frozen, resulting in a semicon-
ducting behaviour. In our case, the sintering temperature, of only
1300°C, is more favourable for an ionic compensation and the
influence of furnace heating is an additional contribution to the
observed insulating behaviour. The results of Daniels et al. sus-
tained this assertion, showing that for sintering in air, at lower
temperatures (1220-1250°C), a stoichiometric composition with
a close donor dopant content, i.e. BaTiO3 doped with 0.3 at.% La
(x=0.003), was insulating even after rapid cooling (quenching from
the sintering temperature) [14]. Their logo — logPo, plot for sev-
eral La-doped ceramics, presented also by Smyth [22], indicated
that, for lower La amounts (0.1-0.3 at.% La) at an oxygen activity
of 0.2 atm. (logPo, ~ — 0.7) corresponding to sintering in air, these
compositions are found close to the region of the intrinsic min-
imum conductivity, where de extra-charge of the donor dopant
is balanced by ionic defects with negative effective charge (i.e.
cation vacancies). These earlier evidences are in accord with our
impedance data and sustain the assumption of the lack of any grain
bulk electronic compensation mechanism, including in the ceram-
ics described by Baj_yLaxTiO3 formula, when they are sintered in
air at lower sintering temperatures and slowly cooled. This means
that not always a coarse-grained microstructure of stoichiomet-
ric, lightly donor-doped BaTiO3 ceramic is related with conducting
properties.

Another problem which has to be solved is the type of the
compensating defects which maintain the electric balance in sto-
ichiometric, lightly La-doped (x <0.005) samples. If we assume
a real single phase composition for these ceramics, as XRD and
SEM-TEM/EDS investigations revealed, then for a prevailing ionic
compensation, two mechanisms of charge balance should be con-
sidered:

(a) Creation of interstitial anions, according to Eq. (7):

Lay03 + 2Ti0; = 2Lag,* + 2T + 60 + O/ (7)

(b) Creation of equal number of barium and titanium vacancies, as
described by Eq. (8):

3Lay03 + 6TiO, = 6Lag,* + 6Tiy; + Vi, + V' + 2105 (8)

For energetic reasons, the formation of anti-Schottky defects
(described by Eq. (7)) consisting of oxygen ions placed on inter-
stitial sites is unlikely in the close-packed perovskite lattice of
BaTiO3 [18]. Consequently, it seems that the most plausible com-
pensating mechanism should be that one consisting in creation of
both barium and titanium vacancies, described by Eq. (6). How-
ever, for so low values of lanthanum concentration, when the
single phase composition is uncertain because of the limits of the
investigation methods and equipments, it is very hard to exactly
identify the type of cation vacancy generated to maintain the
electrical neutrality in donor doped BaTiO3; ceramics. Chan et al.
showed that even in their barium-deficient, but highly Nb-doped
ceramic (Bagg7Tigg94Nbg0s03.15), compensation occurred by tita-
nium vacancies. Morisson et al. sustained the exclusive Ti vacancy
compensation, also for fully oxidized, stoichiometric Ba;_yLayTiO3
ceramics, regardless of x value, even if for low donor dopant concen-
trations they did not detected a titanium-rich secondary phase [21].
On the other hand, the creation of equal concentrations of barium
and titanium vacancies seems to be actually not so unlikely. Our
results indicated that the perovskite lattice is able to accommo-
date low lanthanum concentrations, without expelling the “extra”
titanium (in order to adjust the A/B ratio), as the compensat-
ing mechanism which involves the exclusive creation of titanium
vacancies requires. Compensating mechanism by equal number of
barium and titanium vacancies was found not only in the earlier
study of Jonker and Havinga concerning defect structure and phase
relations in some donor-doped BaTiO3 systems [17], but more
recently, it was reported also by Wand and Sakka in some La-doped
Sr1_xBaxTiO3 solid solutions [39] and was also found to contribute
to the compensation of OH* defects in hydrothermally prepared,
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Fig. 6. Hysteresis loop for BLT ceramics at room temperature.

undoped BaTiO3 powders [40]. Therefore, one can conclude that a
mixed ionic compensation, implying the coexistence of Ba and Ti-
site cation vacancies cannot be a priori excluded. Concerning the
ceramics with similar lanthanum content (x = 0.005), but with dif-
ferent A/B ratio, taking into account that both are single-phase, it
results that the ionic compensating mechanism at sintering tem-
perature in air is quite different (i.e. by titanium vacancies for the
non-stoichiometric sample, where [La®] = 4[V'};] and by mixed
barium and titanium vacancies for the stoichiometric one, where
[La*] = 2[Vj,] + 4[V"}]), indicating that the type of the compensat-
ing defects could depend on the place of the compositions in the
ternary BaO-TiO,-La,03 phase diagram.

The ferroelectric and non-linear dielectric properties were fur-
ther determined. The polarization-field P(E) hysteresis loops under
quasi-static fields were recorded at room temperature and the
results are shown in Fig. 6. The composition x=0.0025 was sub-
jected to a dielectric breakdown before being characterised from
the point of view of tunability and P(E) characteristics. All the other
compositions presented well reproducible high-field responses,
which are presented in the following.

As expected, due to the tendency towards the relaxor behaviour,
the hysteretic nature of the P(E) curve tends to strongly reduce by
comparison with the reported P(E) loops in pure BaTiO3 ceramics
[1], when La is added. All the compositions show P(E) loops with
very small area and remanent polarization and with coercivities
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in the range of 0.16-0.58 kV/cm. Irrespective of composition and
compensation mechanism, the loops are rather tilted and unsatu-
rated as results of both compositional and microstructural effects
(very fine submicron grains for higher La addition). Similar loops
are typical for Pb-based relaxors [[33] and Refs. herein] and for
fine submicron grained BaTiO3 ceramics [41]. For comparison, the
field-induced polarization at a field of 10kV/cm are in the range
of 0.75-1.53 wC/cm?, the highest corresponding to the composi-
tion x=0.005 V(Ti) and the smallest to x=0.001 (Fig. 6). A more
detailed comparative analysis of the composition influence on the
P(E) loops characteristics is not possible, due to the non-saturation
of the loops. In any case, we find that all the BLT ceramics shows a
rather weak hysteretic character, although its non-linear character
isundoubted. Non-linear dielectric properties and lack of hysteretic
behaviour are desirable features for tunability applications.

The permittivity-field ¢(E) dependence (dc-tunability) was mea-
sured at room temperature. The data corresponding to all the
investigated compositions are shown in Fig. 7(a). A non-linearity
is observed for all the compositions, with a tendency towards
saturation for very high fields only (~20kV/cm), particularly
for the samples with Ti vacancies with compositions x=0.005
and x=0.025. After the first dc-field cycles, the non-linear field-
dependence ¢(E) tends to stabilize and the tunability data are
well reproducible for all the investigated ceramic samples (non-
hysteretic behaviour). For a given value of the applied field
E=15kV/cm, the largest tunability n = £(0)/e(E) was obtained for the
composition x=0.005 with built-in titanium vacancies (n=1.51),
while the sample with a reduced La content (x=0.001) presents the
lowest tunability (n ~ 1.14). The compositions x=0.001 and x=0.01
V(Ti) meet the requirement of permittivities below ~1000 for pos-
sible tunability applications, but their tunability is rather low at
reasonable fields and only above 20 kV/cm the tunability of sample
with x=0.01 V(Ti) reaches values higher than n=1.4. This com-
position is a kind of optimum for tunability applications in the
investigated series of BLT compositions.

By analyzing the permittivity response in the low field region
(below ~5 x 10° kV/cm) it can be observed that the dielectric con-
stant of the ceramics with smaller La content has the lowest field
variation and the dc-tunability slightly increases with La content
(Fig. 7(b)). This behaviour can be explained by taking into account
that pure BaTiO3 has mainly 180° domains and a very small amount
of La would not produce a large modification in its permittivity
[42]. Larger addition of La favours the 90° domain walls formation.
Such domain walls are easier re-orientable by low fields and they
give a response with a strong variation of the field-induced permit-
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Fig. 7. (a) Dielectric constant vs. applied electric field at room temperature for the BLT ceramics; (b) Tunability n=&(0)/e(E) vs. applied electric field for BLT ceramics.
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tivity [8]. By the combined effect of La addition with Ti vacancies
compensation, the tunability increases and shows an optimum for
the composition x=0.005 V(Ti). The largest tunability values for
the concentrations x=0.005 and 0.025 can be correlated with the
proximity of their permittivity peak, as seen in Fig. 3.

In order to better understand the different mechanisms that
contribute to the non-linear dielectric properties, it has to be taken
into account that permittivity in perovskite ferroelectrics is the
result of multiple polarization mechanisms whose behaviour under
electric field sequence is rather difficult to be interpreted. The
observation that tunability of ferroelectrics is higher in the relaxor
state demonstrated that there is not a direct relationship between
high spontaneous polarization, high permittivity and high tunabil-
ity [2]. Although the domain walls in the ferroelectric state give an
extrinsic contribution to the permittivity, their role in tunability is
not essential. This is demonstrated by the fact that ferroelectrics in
their paraelectric state and relaxors commonly present a high tun-
ability. Instead, field-induced dipole reorientations or field-induced
transformation of non-ferroelectric regions into ferroelectric ones
seem to be at the origin of high tunability. Diamond [8] proposed
in the sixties a model to explain the contributions to the tunability.
According to this approach, a system with widely distributed Curie
temperatures containing a mixture of ferroelectric and paraelec-
tric regions in the Curie range will result in a high tunability, due to
the fact that a field-induced transformation of the paraelectric into
ferroelectric state is achieved at local scale. By increasing the dif-
fuseness of phase transition in a ferroelectric, it can be obtained
more regions which might be subjected to such a transforma-
tion. The dc-tunability data of such a ferroelectric system can be
explained considering a complete model that takes into account the
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intrinsic ferroelectric polarization contribution, as well as extrinsic
mechanisms that occur from cluster polarization, normally active
at moderate fields [43]. This additional contribution to the polariza-
tion is due to the polar (but non-ferroelectric) nanodomains which
are re-orientable by the applied field. The presence of such polariz-
able regions is commonly described by completing the Johnson’s
equation [9] with a Langevin term, which is dependent on the
nanodomains’ volume and polarization and on the temperature,
according to the relation:

&r(0)
{1+ Aleoer(0)PE2)

+ %[cosh(Ex)]’z, x=PyV/kgT (9)
1/3 &0

&r =
where Py is the polarization of a nanodomain, V is its volume, kg
the Boltzmann constant and T is the temperature [39]. Using Eq.
(9), the dc-tunability data of the present BLT ceramics with compo-
sitions x=0.005, 0.01 and 0.025 were well fitted (with a statistical
correlation of 0.998), as shown in Fig. 8(a-d).

The different contributions to the dc-tunability were estimated
as following: at low fields (up to ~5kV/cm), the extrinsic contri-
bution is important and it may be correlated with the orientation
degree of the polar nanoregions, while at moderate and high fields
the dielectric non-linearity can be described again with the Johnson
model and is mainly related to the field-induced ferroelectric polar-
ization response. The highest contribution to the dielectric constant
given by extrinsic mechanisms (of about ~10%) was obtained for
the samples with x=0.005. For higher amounts of La the charge
compensation by titanium vacancies became predominant and the
dielectric non-linearity comes from the ferroelectric response only.
The samples with x =0.005 La content seem to present an optimum
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Fig. 8. Tunability data for BLT ceramics with various compositions and fits with multipolar mechanism model (Eq. (6)).
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combination between composition (that gives extrinsic contribu-
tion) and grain size (knowing that an average grain size around
1 pm gives the largest number of 90° domain walls, thus inducing
alarger intrinsic contribution to ferroelectric part of non-linearity).
In any case, the reduced dielectric constant (& ~2000), low losses
at zero field (tan 6 <6%) and tunability around 1.5 make from BLT
ceramics promising candidate for tunable applications.

4. Conclusions

La-doped BaTiO3 ceramics with different stoichiometry and lan-
thanum contents (x=0.001; 0.0025; 0.005; 0.01 and 0.025) were
prepared by a solid state reaction method and sintered at 1300°C
for 6 h. The phase purity and microstructural characteristics were
investigated. All the compositions are single phase perovskites,
with a tendency of transition from tetragonal to cubic when
increasing the La addition. The dielectric properties were studied
as function of temperature and frequency. With the increasing of La
content, the Curie temperature of BLT ceramics decreases and the
diffuse phase transition became obvious. All the ceramics under
investigations were insulators with homogeneous defect distribu-
tion, as the impedance datarevealed. The non-linear properties and
tunability of the ceramic samples were reported for the first time.
As the La addition increases, the £(E) dependence tends to reduce its
hysteresis, thus transforming into a non-hysteretic relaxor. The dc-
non-linear behaviour was analyzed using a multipolar mechanism
model able to explain the higher tunability values in terms of other
additional polarization mechanisms, as described by considering
Langevin contribution to the &(E) dependence.
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