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1.1 Why Cerium-Doped BaTiO;?

Donor-doped BaTiO5 ceramics show very high endurance under DC field stress and a
Curie temperature shift towards lower temperatures without flattening the permittivity
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maximum, as the solute concentration increases within the solubility range [1,2]. Regarding
the microstructure, above a critical donor dopant content of ~0.5 at% (also corresponding
to an abrupt increase of the electrical resistivity), a strong grain growth inhibition known
as a “grain growth anomaly” was observed [3—6]. For these reasons, donor-doped BaTiO5
is suitable for the manufacture of multilayer capacitors with thin dielectric layers for appli-
cations as decoupling signals and high- and low-pass filters [1].

Due to its variable valence, cerium is a versatile solute for BaTiO5. Therefore, the liter-
ature data regarding the oxidation state of cerium incorporated in a BaTiOj5 lattice seemed
initially rather contradictory. Earlier, Kolar et al. reported a solubility of 18-20 mol% of
CeO, incorporated as Ce** on Ti sites of BaTiO;5 [7]. Contrary to this result, Roth et al.
[8] indicated the presence of Ce>* in stable crystalline oxide phases (titanates, tantalates,
and niobates), even if the cerium source was CeO, and sintering was carried out under an
oxidizing atmosphere. Consistent with this view, Itakura et al. [9] found aliovalent substi-
tution of Ba?* by Ce* in BaTiO5, induced by the close values of the ionic radii of these
species in dodecahedral coordination (#(Ba®>*) = 1.61 A, r(Ce’t) =1.34 A). The incorpo-
ration of Ce3* ions on Ti** sites as acceptors and the integration of Ce** on Ba?* sites
are very unlikely because of the high mismatch in ionic radius values of the substituting
and substituted species (r(Ti**) = 0.605 A and r(Ce®*) = 1.01 A for CN = 6; r(Ba®*) =
1.61 A and H(Ce*t) = 1.14 A for CN = 12). Later, some works of Hennings et al. [1],
Makovec et al. [10], and Hwang and Han [11, 12] reconciled these apparent contradictory
results. They showed that cerium may be incorporated either as Ce** on Ti** sites with
the formation of homovalent BaT,_,Ce, O3 solid solution or as Ce** on Ba?* sites act-

ing as donor dopant, or simultaneously as both Ce>* on A sites and Ce** on B sites of
the ABO; perovskite lattice, depending on the starting composition and oxygen partial
pressure [1,11,13].

Based on the phase diagram of the BaO-TiO,—CeO, system [14], the exhaustive study of
Makovec et al. [10] showed that the starting Ba/Ti ratio plays a decisive role on the oxidation
state of cerium, as well as on its solubility and lattice site occupancy into the host BaTiO5
lattice. Thus, they concluded that: (i) for a Ba/Ti > 1 (CeO, is added to BaTiO5 together
with an excess amount of BaO), cerium is preferentially homovalently incorporated as Ce**
on titanium sites and this solid solution extends along the BaTiO;—BaCeOj tie line of the
ternary BaO-TiO,—-CeO, system; (ii) for Ba/Ti < 1 (CeO, is added to BaTiO; with an
excess amount of TiO,), cerium is reduced and enters predominately as Ce3* at barium
sites acting as donor dopant; and (iii) for Ba/Ti = 1 (no excess of BaO or TiO,), cerium is
most likely incorporated both as Ce>* at Ba sites and as Ce** at Ti sites in the ratio 3:4 and
the solid solution extends on the tie-line BaTiO;—CeQO,.

For Ba/Ti < 1, when cerium is entirely integrated as Ce>* at Ba sites, several compensa-
tion mechanisms were proposed for the positive effective extracharge induced by the donor
dopant. It is well known that the donor charge compensation mechanism is strongly depen-
dent on several factors, such as partial pressure of oxygen in a firing atmosphere, sintering
temperature, and donor concentration in the BaTiOj lattice [10, 15].

When sintering is carried out in air at high temperatures (above 1400 °C), the ceramics
with a Ce?* concentration below the critical value of 0.5 at% (x < 0.005) are described by
the formula Bal_xCe;Til_xTi; O; (or shortly Ba;_ Ce, TiO3). These samples exhibit a dark
gray colour and semiconducting behaviour, as the result of an electronic compensation of
the donor extracharge. This kind of mechanism involves the formation of reduced titanium
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species, which act as acceptors and whose concentration is equal to the concentration of
the donor dopant, that is [Ce"] = [Ti’]. According to the Kroger—Vink notation [16] it can
be described by:

2Ce0, + 2TiO, — 2Ce;,, + 2Tiy, + 60 + 0,(g) + 2¢ (1.1)

At a higher cerium content (>0.5 at%) ceramics sintered in air have reddish colour and are
highly electrically insulating, which means that no electrons are available for conduction
and, therefore, intrinsic effectively negatively charged defects as cation vacancies or inter-
stitial anions are required for the compensation of the effective positive charge induced by
the donor dopant.

Based on their calculations on defect energetics in barium titanate using computer
simulation techniques, it was found [17] that interstitial incorporation of anions into the
perovskite lattice, according to the theoretical formula Ba;_,Ce, TiOs, ,/, where [Ce’] =
2[01’.’ ], as described by the following quation, is very unlikely to take place because of the
high packing density of this structure:

2Ce0, + 2TiO, — 2Cep, + 2Ti¥i + 608 + Of' + %Oz(g) (1.2)
In some perovskite systems, such as doped SrTiO; and doped PbTiO5, the donor compen-
sation involves the formation of vacancies on the A sites of the perovskite lattice [18, 19].
In the case of Ce-doped BaTiOs, if Ce'donors on Ba sites were to be entirely compen-
sated by barium vacancies, then, according to the following equation, a ratio of co-additives
TiO,/CeO, = 3:2 relative to BaTiO; would be necessary to form a single-phase perovskite

described by the formula Ba,_3,,,Ce, TiO5 (where [Ce’] = 2[Vga]):

2Ce0, + 3TiO, — 2Ce’ + Vi1 + 3Ti, + 907 + %Oz(g) (1.3)

Another assumption considers the formation of an equal number of barium and titanium
vacancies for the compensation of donor extracharge. If this mechanism involving the co-
additives ratio TiO,/CeO, = 1:1 is valid, then a single-phase perovskite with the nominal
formula Ba, 7,5 Ce, Ti; 603 (where [Ce’] = 2[Vy, 1+ 4[V!"]) would be formed, accord-
1ng to:

. . . 3
6Ce0, + 6TiO, — 6Ce;, + 6Tif + Vi + VI + 2107 + Eoz(g) (1.4)

The experimental data of Hennings et al. [1], who reported the preparation and prop-
erties of Ce-doped BaTiO; ceramics with various Ti/Ce ratios (0 < Ti/Ce < 1.5), showed
that, actually, segregation of a Ti-rich second phase already occurred for the molar ratio
TiO,/CeO, = 1. Therefore, their results do not sustain the compensation mechanisms
expressed by Equations (1.2) and (1.3). Consistent with this view, based on X-ray diffraction
(XRD) and scanning electron microscopy (SEM), investigations corroborated with quan-
titative wavelength dispersive spectroscopy—electron probe microanalysis (WDS/EPMA),
Makovec et al. [10] also showed that the compensation via double-ionized barium vacancy
(Equation (1.3)) can be excluded. Similar to Hennings et al. [1], they found that when
cerium is entirely incorporated as Ce3* on Ba sites, the most likely compensation mech-
anism involves the generation of tetraionized titanium vacancies. This means that, for
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a monophasic composition described by the nominal formula Ba,_Ce, Ti;_;4,O3, a co-
additives ratio TiO,/CeO, = 3:4 is required, according to:

4Ce0, + 3TiO, — 4Cej, + 3TiS + VI + 1205 + O,(g) (1.5)

Even if earlier double-ionized barium vacancies were considered to be the most likely
charge compensating defects [20], later experimental data and theoretical calculations
[15,17,21] sustained the assertion of Jonker and Havinga [22] and converged to the con-
clusion that tetra-ionized titanium vacancies are the preferred defects for compensation of
donors in BaTiO5 systems.

However, some recent works concerning the characteristics of donor-doped BaTiO5 and
(Ba,Sr)TiO5 ceramics [23,24] do not exclude the conclusion that the compensation mech-
anism via mixed cation vacancies (equal amounts of barium double-ionized and titanium
tetra-ionized vacancies) might take place in certain processing conditions. Even for Ce-
doped BaTiO;, the study of Hwang and Han [12], based on the equilibrium electrical
conductivity of the ceramics corresponding to the nominal formula Ba;_,Ce TiO5, which
involves equimolar amounts of TiO, and CeO, admixtures, proposed the defect model
including both Ba and Ti vacancies as compensating defects for Cey, , according to Equa-
tion (1.4). It is worthy to mention that XRD and SEM analyses used in a previous study of
the same authors [11], while investigating Ba;_,Ce, TiO5 ceramics sintered in air, were not
able to emphasize, in the solubility range, the presence of any secondary phases as CeO,- or
TiO,-rich compounds, which normally should be identified if compensation mechanisms
via exclusive formation of double-ionized barium vacancies or of tetra-ionized titanium
vacancies would be valid. According to the following modified equations of (1.3) and (1.5),
for TiO,/CeO, = 1:1:

3Ce0, + 3TiO, — 2Ce" + Vi + 3TiX + 907 + CeO, + %Oz(g) (1.3
4Ce0, +4TiO, — 4Ce},, + 3Ti, + VA + 120% + TiO, + O,(g) (1.5)

From this point of view, Makovec et al. [10] revealed aspects concerning the defect
chemistry in Ce-doped BaTiO; solid solutions placed on a hypothetical tie-line between
BaTiO5 and the composition corresponding to the ratio TiO,/CeO, = 1 only for ceramics
sintered in a reducing atmosphere. Unfortunately, no data regarding the phase composition,
microstructure, and defect chemistry of similar ceramics sintered in air were reported. Con-
sequently, the compensation mechanism in some Ce-doped BaTiO5 ceramics sintered in air
when cerium is dissolved as Ce3* at barium sites is still under debate.

Some authors showed that the type of compensating defects in donor-doped BaTiO4
depends on several factors, such as the type of solute, its lattice site occupancy, stoichiom-
etry (A/B ratio), and sintering temperature [22,23].

Not only the compensation mechanism but also the solubility limit of cerium into the
BaTiO; lattice is expected to be influenced by the incorporation mechanism and A/B ratio.
For BaTi,_ Ce,O5 ceramics prepared by solid state and sintered in air at 1350 °C for 5 days,
the solubility extends up to a Ce** concentration of ~35 mol% [10], which is very close to
the value of 33 mol% found by Ang et al. [25] for samples prepared by the same method
and sintered at a higher temperature (1540 °C) for a much shorter time of 6 hours only. For
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Ba,_,Ce, TiO; ceramics, a solubility limit for Ce** of 7 mol% for ceramics prepared by the
Pechini method and sintered in air at 1350 °C for 5 hours was reported [11]. On the other
hand, for the A-site cerium-doped BaTiO5 with built-in titanium vacancies, described by the
formula Bal_xCexTil_x/4V;//’iO3, Hennings et al. [1], Makovec et al. [10], and Jing et al.
[26] found the same solubility limit of 8 mol%, for ceramics prepared by solid state and
sintered in air, at temperatures above 1350 °C. The solubility of Ce3* on Ba sites strongly
decreases with sintering temperature, so that a solubility limit of only 4 mol% was found
for ceramics prepared by the same route, but sintered at 1200 °C [10].

The A-site and B-site cerium-doped barium titanate ceramics also show different electri-
cal behavior. Thus, according to the latest literature data for BaTi;_,Ce O3 solid solutions,

the Curie temperature shifts slowly towards lower temperatures when increasing Ce**
content, with a rate of about —7 °C/at% [27] or -3 °C/at% [28]. Besides, for a substitution
degree y > 0.1, the increase of the solute content in BaTi;_,Ce, O3 ceramics induces a grad-
ual change in the electrical behavior, from a classic ferroelectric towards a relaxor [29, 30].
Similarly, for the A-site cerium-doped solid solutions, a much faster linear decrease of the
Curie temperature with the increase of Ce3* content was found, with a rate of the Curie
temperature decrease of —18 °C/at% [26] for Ba,_,Ce,Ti;_,/sV" ’/’4"03, while values of

—21 °Cl/at% [11, 31] and —22.5 °C/at% [32] were found for Ba,_.Ce, TiO5 ceramics.

A specific feature of the ferroelectric—paraelectric phase transition in A-site cerium-
doped BaTiO; ceramics sintered above 1350 °C is that the permittivity maxima remain
very sharp, proving a typical ferroelectric behavior for all the compositions in the solubil-
ity limit [1, 11, 12, 26, 31]. Only Yasmin et al. [32] reported diffuse phase transitions and
lower values of dielectric maxima (g, < 3000) for their fine-grained Ba;_,Ce,TiO5 (0 <
x < 0.04) ceramics sintered in air at 1200 °C/4 h.

Taking into account the fact that almost similar electrical behavior was reported for
ceramics sintered in air, with identical Ce3* content incorporated on Ba sites but with dis-
similar (Ba+Ce)/Ti ratios and processed by different routes in different sintering conditions,
we concluded that a systematic study concerning the influence of the cation stoichiometry
(A/B ratio) on the dielectric characteristics of the Ce>*-doped BaTiO5 ceramics prepared by
the same processing technique and sintered in air at different temperatures deserves more
attention. For this purpose, we have chosen two compositions, with different A/B ratios,
but both with the same cerium content, that is 5 at% Ce3* incorporated on Ba sites into a
BaTiOs lattice. Several works reported a shift of the Curie temperature value near to 25 °C
[1, 11, 12, 31] for this Ce3* concentration and, consequently, this kind of composition pro-
vides promising candidates for room temperature ceramic capacitor applications.

Various methods such as the solid-state reaction [1, 26, 32], sol—gel [33] and the Pechini
method [11,12] have been utilized for preparing Ce3*-doped BaTiO;5. The modified Pechini
process is known as an excellent preparation technique for controlling stoichiometry and
homogeneity of the oxide materials [34] and it was employed for the present study.

In the present work, 5% Ce-doped BaTiO; nanopowders were prepared by a modified
Pechini method. Two types of solid solutions were comparatively investigated: (i) the first
one is similar to the composition investigated by Hwang and Han [11, 12], which corre-
sponds to the nominal formula Baj¢5Ce((5TiO5 (i.e. a cation ratio (Ba + Ce)/Ti = 1)
and the lack of any compensating ionic defects, and (ii) one described by the nominal for-
mula Bay 95Ce 5 Tig o575V )o.012503 (Ba + Ce)/Ti = 1.0127), which has the adjusted
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concentration of built-in titanium vacancies, as studied by Jing et al. [26]. Actually,
for the first nominal composition Ba 95Ce o5 TiO5, taking into account the high cerium
content (with an order of magnitude higher than the critical concentration), which excludes
the charge compensation via the electronic mechanism, if a single-phase composition is
assumed, the correct nominal formula would be Bag ¢5Ce( (5TiOj3 1,5, which involves a
charge compensation by oxygen ions on interstitial sites, according to Equation (1.2). Since
this compensation mechanism is very unlikely, segregation of secondary phases should
occur in this case. Therefore, we considered that we can refer to this composition as being
described by the nominal formula Ba, 95Ce( o5 TiO5, as in other similar works concerning
highly Ce3+-doped BaTiO5 [11,12, 31,32].

1.2 Sample Preparation, Phase and Nano/Microstructural
Characterization

1.2.1 Powders
1.2.1.1 Powder Synthesis Procedure

Nanopowders with nominal compositions, Bag¢5Ce( (sTiO3 and Bag gsCeq 5Tl 9575
(VE")0.012503. were prepared via a modified Pechini method [15] from titanium isopropox-
ide (Ti(iOC5H;),, Merck, Germany), cerium(IIl) carbonate (Ce,(CO5);-xH,0, Acros
Organics, US), barium carbonate (Merck, Germany), citric acid (99.5% GR grade, Merck,
Germany) as chelating agent and ethylene glycol (99.5% GR grade, Merck, Germany) as
both solvent and polyesterification agent.

A solution of 5 mL of titanium isopropoxide was added to a solution previously obtained
by dissolving under heating 5 g of citric acid in 20 mL of ethylene glycol. This reaction
mixture was heated at 80 °C/2 h on a plate under magnetic stirring. Separately, for each
nominal composition, two different solutions of barium citrate and cerium citrate were pre-
pared. Barium citrate solutions were obtained by dissolving in 20 mL 4 M aqueous citric
acid solution of 3.1864 g and 3.2267 g BaCOs, for the preparation of the Ce-BaTiO5; pow-
ders. Cerium citrate solutions were obtained by dissolving in 5 mL 4 M aqueous citric acid
solution of 0.2415 g and 0.2445 g Ce,(COj3)5-xH, O, respectively. In both cases barium cit-
rate and cerium citrate solutions were added to the yellowish solution containing titanium
ions. The resulting colourless solutions were kept under magnetic stirring at 80 °C/1 h.
During this process, the solutions became increasingly viscous until yellow gels were pro-
duced. These gels were thermally treated on a sand bath at 135 °C/25 h (without stirring)
for polyesterification reaction and water removal. The resulting orange-brown glassy resins
were burnt out in air, at 400 °C/2 h in an electric furnace, to remove the organic matter.
During the thermal treatment, the volume of resins has gradually increased, until foam-
like, black residues or the so-called “precursors”, were formed. After cooling, the residues
were ground, so that fine powders, with a vitreous aspect, were obtained. The final thermal
treatment at 900 °C/2 h was carried out to obtain yellowish Ce-BaTiO5; oxide nanopowders.

1.2.1.2  Phase Composition and Structure

X-ray diffraction measurements at room temperature were performed with a Shi-
madzu XRD 6000 diffractometer (SHIMADZU, Kyoto, Japan) using Ni-filtered CuKa
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Figure 1.1 (a) Room temperature XRD patterns of 5% Ce-doped BaTiO, powders thermally

treated at 900 °C/2 h and (b) detail (rectangle in Figure 1.1(a)) of the region corresponding
to diffraction angles 20 =26-29.25°

radiation (4 = 1.5418 A), with a scan step of 0.02° and a counting time of 1 s/step, for
26 €(20 - 80)°.

The XRD patterns obtained for the powders thermally treated at 900 °C/2 h and slowly
cooled at room temperature show the presence of a well-crystallized perovskite phase, iden-
tified by the main diffraction reflections specific to the BaTiO5 structure, for both com-
positions (Figure 1.1(a)). The lack of visible, well-defined peaks corresponding to some
secondary phases seems to indicate monophasic compositions. A careful examination of
the region corresponding to diffraction angles of 26 = 26-29.25° in the XRD pattern of
the Bag 5 Ceq 05 Tig.o0875(V7; )o.012503 powder (Figure 1.1(b)) shows a very small, flattened
feature centred around 26 = 28.5°, which might correspond to small amounts of CeO, and
polytitanates secondary phases, which proves that dopant was not yet entirely incorporated
in the perovskite lattice. We cannot exclude the presence of these secondary phases also in
the Bay, 95Ce( o5 TiO5 powders, but most likely they are below the detection limit.

Based on XRD data, structural characteristics as lattice constants and average crystal-
lite size values were also calculated. Parameters to define the position, magnitude, shape,
and integral breadth or full width at half maximum (FWHM) of the profile of the individual
peaks are obtained using the pattern fitting and profile analysis of the original X-ray 5.0 pro-
gram. The lattice constants calculation is based on the least squares procedure (LSP) using
the linear multiple regressions for several XRD lines, depending on the unit cell symme-
try. To deconvolute size-D and strain-S broadening from the XRD patterns of the powders,
the multiple line analysis and integral breadth methods applied to the observed profiles
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Table 1.1  Structural parameters of 5% Ce—BaTiO, powders thermally treated at 900 °C/2 h

Composition

Structural parameters Ba 95Cep o5 TiO; Bag 95Cep o5 Tigog750;
Symmetry Cubic Tetragonal Cubic

a (A) 4.0265(32) 4.0182(32) 4.0091(22)

c (A) 4.0265(32) 4.0529(54) 4.0091(22)

cl/a 1.000 1.0086(21) 1.000

V(A3) 65.28(18) 65.44(19) 64.44(11)

<D> (A) 741(39) 766(65) 792(78)

<$>x 1073 0.26(3) 0.40(4) 0.10(2)

(properly approximated with Pearson’s VII analytic functions) were used. Thus, analysis
of the diffraction peak positions and profiles emphasizes a single cubic form in the sam-
ple with built-in compensating defects, whereas a mixture of cubic and tetragonal modifi-
cations was found in the Ba 95Ce 15 TiO5 powders. Calculation of structural parameters
indicates that the presence of the titanium vacancies seems to favor the cubic modification,
by inducing the shrinkage of the unit cell by decreasing the lattice constant (Table 1.1).
Values corresponding to the average crystallite size, <D>, and internal microstrains, <S>,
were also listed in Table 1.1. A slightly higher value of the crystallite size and lower internal
microstrains were found for the powder with built-in Ti vacancies.

1.2.1.3 Powder Morphology

In order to analyze powder morphology and crystallinity degree, TEM (transmission elec-
tron microscopy) and HRTEM (high-resolution TEM) coupled with SAED (surface area
electron diffraction) investigations were performed using a high-resolution transmission
electron Tecnai G2 F30 S-TWIN microscope (FEI Co., The Netherlands).

TEM investigations revealed uniform particles with an average size of 76 nm for the
Bay 95Ce( 05 TiO3 powder and 81 nm for the Bag gsCep s Tig 9g75(VL ). 012503 powder
(Figurel.2(a) and 1.3(a)). This estimation is in good agreement with the average crystal-
lite size calculated from XRD data and demonstrates the single-crystal nature of the par-
ticles of both compositions. The Bag ¢5Ce o5 TiO5 powder consists of isolated particles
with polyhedral shape and well-defined edges, which are joined at sharp angles (Figure
1.2(a)), in comparison with the more rounded particles, exhibiting a higher agglomera-
tion tendency, corresponding to the Bag 95Ce( o5 Tig 9875 (V1 )9.012503 composition (Figure
1.3(a)). The high crystallinity degree of the particles of both powders was emphasized by
the highly ordered fringes corresponding to the crystalline planes (111), (211), and (200)
in the HRTEM images of Figure 1.2(b) and 1.3(b), respectively.

It is worthy of mention that no particles with dissimilar morphologies, which might indi-
cate the presence of some secondary phases, were detected by TEM analyses. Indexing of
HRTEM images taken on several particles at the maximum magnification of the micro-
scope, as well as indexing of selected surface area electron diffraction (SAED) patterns
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(a) (b)

Figure 1.2 (a) TEM and (b) HRTEM images of Ba, 4sCe, ,s TIO; powder thermally treated at
900°C/2 h

corresponding to several non-agglomerated areas and individual particles did not show the
presence of CeO, or of any barium- or titanium-rich secondary phase. Moreover, EDX
investigations carried out on several individual particles did not reveal any significant devi-
ation of the Ba/Ti ratio (which should appear in Ba- or Ti-rich secondary phases) relative
to BaTiO5. However, this is not surprising, since the identification of small amounts of
secondary phases in powdered samples is a harder task than detecting them by SEM in
bulk ceramics.

N
A

-

100 nm

(a) (b)

Figure 1.3 (a) TEM and (b) HRTEM images of Bay g5Cey o5 Tip 9575(V'7 )g.012505 powder ther-
mally treated at 900 °C/2 h
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1.2.2 Ceramics
1.2.2.1 Ceramics Preparation

The powders were uniaxially pressed into pellets (of 13 mm diameter and ~2 mm thick-
ness), using an organic binder (5% aqueous solution of polyvinyl alcohol). These pellets
were sintered in air at temperatures of 1200 and 1300 °C, with a heating rate of 5 °C/min
and a soaking time of 4 hours, and then they were slowly cooled down to room temperature
at the normal cooling rate of the furnace.

Ceramic samples are denoted in the following as: A and B, representing specimens
with the nominal composition Ba 95Ce 15 TiO5 sintered at 1200 and 1300 °C/4 h, respec-
tively, while C and D refer to specimens with the nominal formula Ba 95Ce 5Ti 9375
(VE")0.01250;3 sintered in similar conditions. Ceramics A, B, and C exhibit a light-orange
colour, while the ceramic D is intensely red.

1.2.2.2 Phase Composition and Structure

In order to check the phase purity in the ceramic samples, X-ray diffraction investigations
were performed by means of an X’Pert Pro MPD diffractometer with a PIXcel detector
(PANalytical, Almelo, The Netherlands), using the same radiation (Ni-filtered CuKa radi-
ation), but with a scan step of 0.013° and a counting time of 150 s/step.

XRD patterns of both ceramics seem to indicate single-phase compositions, consisting
of well-crystallized BaTiO5 solid solutions, identified by the main reflections of the per-
ovskite structure (Figure 1.4(a) and 1.5(a)). However, as in powders, the details (rectangles
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Figure 1.4 (a) Room temperature XRD patterns of ceramics corresponding to the nominal
formula Ba, 45Ce, s TiO5 sintered in air at 1200 °C/4 h (sample A) and 1300 °C/4 h (sample
B), respectively; (b) detail (rectangle in Figure 1.4(a)) of the region corresponding to diffraction
angles 20 = 26-30.5°
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Figure 1.5 Room temperature XRD patterns of ceramics corresponding to the Ba,4;Ce, s
Tig0g75(V'7")0.01250; ceramic sintered in air at 1200 °C/4 h (sample A) and 1300 °C/4 h (sample
B), respectively; (b) detail (rectangle in Figure 1.5(a)) of the region corresponding to diffraction
angles 26 = 26-30.5°

in Figures 1.4(a) and 1.5(a)) of the region corresponding to diffraction angles 26 = 26-30.5°
show the presence of small amounts of secondary phases (Figure 1.4(b) and 1.5(b)). Thus,
for both ceramics sintered at 1200 °C, irrespective of the (Ba + Ce)/Ti ratio, CeO, (JCPDS
file no. 43-1002) was identified by means of the main reflection (111) at 26 = 28.54°. Typ-
ically, precipitation in solid solutions occurs at lower temperatures because of the reduced
solid solubility of the dopant. As already mentioned, cerium, acting as a donor on Ba sites,
exhibits a maximum solubility of only 4 at% Ce** on Ba sites at 1200 °C. Therefore, the
Ce3* concentration of 5 at% stipulated by the nominal compositions of our samples over-
passed the solubility limit at 1200 °C, which might apparently explain the precipitation
process. However, when the solubility limit is exceeded, Ce3* should be precipitated and
not Ce** [35]. Therefore, another explanation should be found for CeO, precipitation in
the ceramic samples sintered at 1200 °C. According to the study of Makovec and Kolar
[35], based on their HRTEM/SAED results on single phase Ce*-doped BaTiO5 ceramics,
internal partial oxidation of Ce3* to Ce**, accompanied by heterogeneous precipitation of
small amounts of fluorite CeO, and polytitanates in the perovskite matrix, takes place after
annealing at higher temperatures of 1000-1100 °C. They demonstrated that this process is
controlled by oxygen diffusion, which is strongly enhanced at the grain boundary regions
and extended defects (subgrain boundaries and (111) twin boundaries) in comparison with
oxygen diffusion in the perovskite lattice. The stoichiometry of the nominal compositions of
Ce3+—BaTiO3 solid solutions demands that precipitation of CeO, be accompanied by pre-
cipitation of some TiO,-rich secondary phases. Therefore, the partial reoxidation of Ce3*
induces the removal of Ce** ions together with Ti*t ions in the atomic ratio Ce/Ti = 4/3,
from the Bag 95Ceq 05 Tig.og75(V/: o.012503 solid solution. For the Bag ¢5Ce( s TiO5 solid



JWST672-c01

JWST672-Alguero February 12, 2016 11:38 Printer Name: Yet to Come Trim: 244mm X 170mm

24 Nanoscale Ferroelectrics and Multiferroics

solution, the amount of precipitated Ti-rich phases should be even larger (Ce/Ti = 1) by
considering the lack of compensating defects.

Indeed, in Figure 1.4(b) one can observe that, beside CeO,, small amounts of polyti-
tanate phases consisting of a mixture of Ba, TiOg (JCPDS file no. 77-1345) and BagTi ;O
(JCPDS file no. 43-0559) were identified for the Bag ¢5Ce (sTiO3 ceramic sintered at
1200 °C/4 h. For the Bag 95Ce( 05 Tig 9875V )0.012503 specimen sintered in the same con-
ditions only Ba, TiOg was detected (Figure 1.5(b)).

The segregation of CeO, in the grain boundary regions induces the incorporation of a
lower amount of cerium solute in the perovskite matrix than one corresponding to x = 0.05,
stipulated by the nominal formulae. Consequently, for the ceramic specimens sintered at
1200 °C, the lowering of Ce3* content incorporated on Ba sites into the perovskite lattice
should be reflected in the Curie temperature, which should exhibit a higher value than one
of ~25 °C, corresponding to the solid solution with 5 at% Ce>* integrated on barium sites
[1, 11, 12, 31]. Dielectric investigations shown later in Section 1.3 were aimed to clarify
this aspect.

After sintering at 1300 °C, the ceramic corresponding to the nominal composition with
built-in V’T’l.’ " seems to be single phase, whereas for the ceramic without compensating
defects, small amount of polytitanate phases with a variable Ba/Ti ratio (Ba/Ti = 3-4.5)
are still identified. These polytitanates might be Ba,Ti;,O,; (JCPDS file no. 04-011-
4266), Ba,Ti|305, (JCPDS file no. 73-1188), Ba,TiOy (JCPDS file no. 77-1565), and
Ba, TigO,, (JCPDS file no. 40-0405) (Figures 1.4(b) and 1.5(b)). This indicates that, as
was expected, in Bag 95Ce) (s TiO5 ceramic, the excess of titanium (relative to the nominal
formula corresponding to the most likely charge compensation mechanism) could not be
fully accommodated in the perovskite lattice and, consequently, it was expelled as Ti-rich
secondary phases. CeO, precipitate was not identified in the ceramic with built-in com-
pensating defects sintered at 1300 °C, which means that the increase of sintering tem-
perature no longer favours the internal reoxidation process of Ce3* ions, at least for the
Bay 95Ce 05 Tig 0875 (V1 )0.012503 composition. Therefore, in this case, the perovskite solid
solution should present the same composition as one stipulated by the nominal formula.
For the Baj 95Ce( o5 TiO5 composition this assertion is difficult to sustain, since the main
diffraction peak of the potential CeO, residual phase overlaps the main reflections of some
polytitanate phases. Therefore, we concluded that an indubitable internal reoxidation pro-
cess of Ce** involving CeO, precipitation takes place in the ceramics sintered at 1200 °C.
Complementary investigations are required in order to establish what really happens with
Ce3* ions in the ceramics sintered at 1300 °C, especially in the one corresponding to the
nominal formula Ba ¢5Ce( (5 TiO5.

The structural parameter calculations based on the XRD data showed a significant
decrease of the unit cell parameters and volume for the ceramic samples with built-in Ti
vacancies, irrespective of the sintering temperature (Table 1.2).

For the ceramics sintered at 1200 °C, the evolution of the unit cell symmetry maintains
the same tendency as in the precursor oxide powders, that is the composition with built-in
compensating defects (C) favours the cubic modification, while the Ba 95Ce o5 TiO5 (A)
sample consists of a mixture of tetragonal and cubic forms.

Concerning the specimens sintered at 1300 °C, a mixture consisting of a cubic major
phase and a minor tetragonal modification was emphasized for the Bag 95Ce 5Tl 9575

(V10012503 ceramic (D), whereas a pure tetragonal form was found for the
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Table 1.2  Structural parameters of 5% Ce—BaTiO, ceramics

Structural Composition
parameters

Bag 95Ceg .05 TIO; Ba 95Ce 05 Tip 987503

A (1200 °C) B (1300 °C) C(1200°C) D (1300 °C)
Symmetry ~ Cubic+  Tetragonal Tetragonal Cubic Cubic +  Tetragonal
a(A) 4.0155(13) 4.0067(19) 4.0239(11) 3.9974(4)  3.9721(24) 3.9878(7)
c(A) 4.0155(13) 4.0173(44) 4.0465(26) 3.9974(4) 3.9721(24) 4.0006(9)
cla 1.0000 1.0026(16) 1.0056(9)  1.0000 1.0000 1.0032(26)
V (A) 64.74(6) 64.49(13) 65.52(8) 63.88(2) 62.67(11) 63.62(22)

Ba ¢5Ce( (s TiO3 sample (B). Fitting was carried out using JCPDS files no. 31-0174 for
the cubic form and no. 05-0626 for the tetragonal form, respectively.

The presence of a mixture of two perovskite modifications (cubic and tetragonal) detected
in some of the specimens might indicate the proximity of the ferroelectric—paraelectric
phase transition close to room temperature, while the presence of a pure tetragonal form in
the ceramic sample without built-in titanium vacancies and sintered at a higher temperature
(B) seems to indicate a typical ferroelectric state.

In the case of Bag¢5Ce (sTiO5 specimens, higher values of lattice parameters were
determined for the tetragonal form, when sintering was carried out at a higher tem-
perature (1300 °C), while an opposite evolution against sintering temperature is indi-
cated by the lattice parameter values corresponding to the major cubic phase of the
Bay 95Ce 05 Tig 0875 (V7! Jo.012503 sample. This latter evolution seems normal and is con-
sistent with the slight shift of the main diffraction peaks of the perovskite phase towards
higher values of the diffraction angle shown by the XRD pattern (Figure 1.5(a)). This shift,
together with the lack of CeO, precipitate in the sample with built-in Ti vacancies sintered
at 1300 °C seems to originate in an increasing amount of solute with a lower ionic radius
incorporated on A-sites of the perovskite lattice, when the sintering temperature increased.
Therefore, in the ceramic specimen sintered at 1300 °C, the whole cerium content stipu-
lated by the nominal formula was incorporated as Ce* into the barium titanate lattice, in
comparison with the sample with similar nominal composition sintered at 1200 °C. This
latter sample should be in fact poorer in Ce>*, taking into account the small amount of
CeO, precipitate identified at the detection limit in its XRD pattern.

It remains to elucidate the unexpected shift of the diffraction peaks towards lower values
of the diffraction angles (Figure 1.4(a)) and the significantly higher values of the lattice
parameters for the sample described by the nominal formula Bag 95Ce( o5 TiO5 sintered at
1300 °C, in comparison with those corresponding to the specimen with a similar nominal
composition but sintered at 1200 °C (Table 1.2).

We also need to mention that in perovskite solid solutions sometimes the average cubic
state can correspond at the local level to a non-centrosymmetric phase with a low distor-
tion, close to the cubic one (“pseudocubic state”) or to a mixture of such states. There-
fore, dielectric investigations at different temperatures were performed to provide additional



JWST672-¢01 JWST672-Alguero February 12, 2016 11:38 Printer Name: Yet to Come Trim: 244mm X 170mm

26 Nanoscale Ferroelectrics and Multiferroics




JWST672-c01

JWST672-Alguero February 12, 2016 11:38 Printer Name: Yet to Come Trim: 244mm X 170mm

Incorporation Mechanism and Functional Properties of Ce-Doped BaTiO; Ceramics 27

information and to explain the structural features determined by means of the XRD data at
room temperature.

1.2.2.3 Ceramics Microstructure

A high-resolution scanning electron microscope Quanta Inspect F (FEI Co., The Nether-
lands) with a field emission (FE gun SEM coupled with energy-dispersive X-ray spec-
troscopy (EDX)) was used to analyze the microstructure and the chemical composition
of the ceramics. To search for possible existing secondary phases, FE-SEM investigations
were carried out first in BSE (back-scattered electron) mode on polished sections. After sub-
sequent thermal etching, microstructural features were examined by performing analyses in
SE (secondary electron) mode. The average grain size was calculated using the OriginPro
8.5 software (statistics on column) by taking into account equivalent size measurements on
~70 grains (from images of appropriate magnifications obtained from various microscopic
fields) performed by means of the microscope software ImageJ. The relative density of the
sintered ceramic pellets was calculated as the ratio between the apparent density measured
by Archimedes’ principle and the crystallographic (theoretical) density.

The FE-SEM image in BSE mode on a polished cross-section of the Bag 95Ce( ¢5TiO5
ceramic sintered at 1200 °C shows the presence of some dark-gray areas denoted 2, of var-
ious sizes and irregular shapes, but predominantly with an elongated aspect (i.e. fibrous,
acicular and rod-like morphology), uniformly distributed in a light-gray matrix denoted 1
(Figure 1.6(a) and (b)). This indicates that titanium-rich secondary phases are formed in
the whole matrix of perovskite grains. Such regions were observed in three of the four
samples investigated here, that is both ceramics A and B corresponding to the nominal
composition Ba 95Ce o5 TiO5, irrespective of sintering temperature, and the ceramic spec-
imen C with built-in titanium vacancies sintered at 1200 °C. Small CeO, grains of bright-
white color, denoted 3, were also identified in the ceramic samples A and C sintered at
1200 °C/4 h. Only ceramic D, with built-in Ti vacancies, sintered at 1300 °C, seems to
be single phase. Figure 1.6(a) and (b) shows a general view indicating the distribution of
phases and a detail of a region containing polytitanate phases with a variable Ba:Ti ratio
(Ba:Ti ~ 1:3-1:4), corresponding mainly to BagTi ;0 (denoted 2a) and BaTi, O (denoted
2b), in a Bag ¢5Ce( (s TiO5 sample (A) sintered at 1200 °C, while Figure 1.6(c) and (d)
reveals a general view and a detail showing the elongated shape of an area specific to the
secondary polytitanate phase with a Ba:Ti ratio ~1:3 in ceramic sample B, with similar
composition but sintered at 1300 °C. A distribution of phases similar to that indicated in
Figure 1.6(a) was observed in ceramic sample C (Figure 1.6(e)), which corresponds to the

<
<

Figure 1.6 FE-SEM images in the BSE mode on polished cross-sections of ceramics before
thermal etching: (a) general view and (b) detail of sample A (without Ti vacancies and sin-
tered at 1200 °C/4 hours), showing secondary phases denoted in accord with quantitative
EDX analyses: (1) perovskite matrix; (2a) poly-titanate phase with a Ba:Ti ratio ~1:3; (2b)
polytitanate phase with a Ba:Ti ratio ~1:4; (3) CeO,, (c) general view and (d) detail of sample
B (with similar composition, but sintered at 1300 °C/4 h), showing the predominantly elon-
gated shape of poly-titanates areas; (e) detail of sample C (with built-in Ti vacancies sintered
at 1200 °C/4 h) and (f) general view of the monophasic sample D (with built-in Ti vacancies
sintered at 1300 °C/4 h)
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specimen with built-in Ti vacancies, also sintered at 1200 °C. A general view of sample D
sintered at 1300 °C and described by the same nominal formula indicates the single-phase
composition of this ceramic (Figure 1.6(f)).

Values of the Ba:Ti ratio in several zones marked with numbers that correspond to each
phase on FE-SEM images were determined by quantitative EDX analyses. Any possible
difference in cerium amount in the samples sintered at 1200 °C in comparison with those
sintered at 1300 °C is hard to determine in the regions corresponding to the perovskite
phase. At this doping level, the results are not relevant since they are found in the margin of
error of measurement. Moreover, because of overlapping of the strongest Ce line (CeLa, ,)
by the BaLf 4 line, an accurate estimation of small cerium concentrations in barium titanate
solid solutions becomes an even more difficult task. Given the high sensitivity of the Curie
temperature value to very small amounts of Ce3* incorporated on Ba sites, it is expected that
dielectric measurements can provide a more realistic view in terms of dopant incorporation
at different sintering temperatures in the investigated ceramic samples.

Regarding the charge compensation mechanism in perovskite phases, it is clear that
exclusive compensation via a barium vacancy is very unlikely, since no barium-rich sec-
ondary phases were detected in any of our ceramics. Only in the single-phase ceramic sam-
ple D could one assume an exclusive compensation via Ti vacancies taking into account the
starting formula and the lack of secondary phases. Based on the values of the Ba/Ti ratio
estimated from quantitative EDX analyses, we were not able to find if the most likely com-
pensating mechanism in the perovskite phase involves only Ti vacancies or an equal number
of Ti and Ba vacancies in both ceramics sintered at 1200 °C (A and C), as well as in the
ceramic sample without built-in compensating Ti vacancies (B) sintered at 1300 °C. This
difficulty originates in the close values of the Ba/Ti ratio specific to the mentioned compen-
sation mechanisms. Thus, if we assume an amount of 4 at% Ce3* on Ba sites incorporated
in the perovskite phase of both ceramics sintered at 1200 °C, compensation via exclusive
Ti vacancies should involve a Ba/Ti ratio of ~0.97 in the perovskite solid solution, while
the mechanism involving equal numbers of barium and titanium vacancies should lead to a
Ba/Ti ratio of ~0.96. The capability of our equipment in providing very accurate quantita-
tive results is not powerful enough to distinguish between them. We can only conclude that
FE-SEM observations regarding the phase composition of the sintered specimens supported
the XRD data.

FE-SEM investigations in the SE mode were carried out on polished cross-sections
after thermal etching. The FE-SEM image of the ceramic sample A (Bag95Ce ¢5TiO5)
sintered at 1200 °C/4 h shows a fine-grained, non-uniform, and porous microstructure,
consisting of submicrometer grains (average grain size of 0.35 pm) with no well-marked
grain boundaries and a significant amount of intergranular, interconnected porosity (Figure
1.7(a)). In some regions, these small grains exhibit an obvious aggregation tendency by
neck formation, which indicates a rather incipient sintering stage. This explains the lower

<

Figure 1.7 FE-SEM images in SE mode (a) to (d) and in BSE mode (e) on pol-
ished cross-sections after thermal etching of: (a), (b) Ba,q;Ce,(;TiO; and (c), (d)
Bayg5Ceg.05 Tip g5V 0012505 ceramics, obtained after sintering in air at: (a), (c) 1200 °C/4
h and (b), (d) 1300 °C/4 h, respectively; (e) detail showing the morphology of polytitanate
phases in the Ba, 45Ce, 5 TiO; ceramic sintered at 1300 °C/4 h
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value of the relative density of only 74% determined for this specimen. Ceramic sample
C (Bag95Ce 05 Tig.os75(V1 )0.012503). sintered in similar conditions, also exhibits a fine-
grained microstructure (Figure 1.7(c)), but the microstructure is more homogeneous, the
grain’s shape and size is uniform, grain boundaries are well defined, and the intergran-
ular porosity is significantly lower, which suggests that the presence of built-in Vflfl’ " as
compensation defects exerts a favourable influence on the densification process. An almost
similar average grain size of 0.33 pm and a relative density value of ~87 % were deter-
mined for this sample. The densification process is more effective in the temperature range
of 1200-1300 °C. Thus, the fine-grained ceramics with compositions described by both
nominal formulae, which resulted after sintering at 1300 °C/4 h (B and D), show denser
microstructures (Figure 1.7(b) and (d)) and significantly higher relative density values, of 83
and 95%, respectively. The Bag 95Ce( o5 TiO3 sample (B) sintered at 1300 °C/4 h exhibits
a non-homogeneous microstructure with bimodal grain size distribution, consisting of a
lower amount of smaller grains of ~0.29 pm randomly distributed into a matrix of polyhe-
dral larger grains of ~1.14 pm (Figure 1.7(b)). A residual intergranular porosity was still
detected. As for the specimens sintered at 1200 °C, the beneficial effect on the densification
induced by the presence of the built-in Ti vacancies is clearly revealed by the microstruc-
ture of the Bag 95Ce 05 Tig 075V )o.012503 ceramic sample (D) sintered at 1300 °C. In
this case, uniform grain growth took place, so that a homogeneous, almost pore-free matrix-
like microstructure with unimodal grain size distribution and consisting of polyhedral grains
(average grain size of 0.87 pm) with well-defined grain boundaries and almost perfect triple
junctions was observed (Figure 1.7(d)).

A careful investigation of the secondary polytitanate phases with different Ba/Ti ratios
was performed in order to find if they are somewhat different from a morphological point
of view. The FE-SEM image in the BSE mode on polished and thermally etched cross-
section of sample B indicated that the polytitanate phases exhibit dissimilar grain morphol-
ogy. Thus, the darker gray polytitanate area with a higher Ti content (denoted 2b), whose
Ba:Ti ratio of ~1:4 seems to indicate the presence of BaTi,Og, represents an agglomerate
of equiaxial grains, while the lighter shaded elongated areas (denoted 2a), with a lower
Ba:Ti ratio (of ~1:3), which according to the XRD pattern of this sample should corre-
spond to Ba,Ti;,0,; (Figure 1.4(b)), show no structuring. Therefore, these unidimension-
ally extended and randomly oriented areas are actually individual grains with fibrous or
rod-like morphology (Figure 1.7(e)), which sometimes are welded into bundles.

1.3 Dielectric Properties

The electrical measurements were performed on a parallel-plate capacitor configuration,
by applying Pd—Ag electrodes on the polished surfaces of the sintered ceramic disks. The
complex impedance in the frequency range of 2-10° Hz and for temperatures of —150—
160 °C was determined by using a dielectric spectrometer CONCEPT 40 Novocontrol Tech-
nologies.

Figure 1.8 (a) to (d) presents the temperature dependence of permittivity at a few selected
frequencies, in the range of 1 Hz—1 MHz. All the samples show a well-defined frequency-
independent maximum of permittivity assigned to the ferroelectric—paraelectric phase
transition (Curie temperature 7). A small frequency dispersion is observed only in the



JWST672-c01

JWST672-Alguero February 12, 2016

11:38

Printer Name: Yet to Come

Trim: 244mm X 170mm

Incorporation Mechanism and Functional Properties of Ce-Doped BaTiO, Ceramics 31
3000 ' . ;ﬂ T . .
3‘ . *
£ Sample AI $ ! g 5000, |Sample BI %
E 25001 | . g0 gl j \ 1 & = 800 kHz 1
g v 44 kHz ’ 1 -E 4000 v 44 kHz -‘ !;
2 20001 ¢ 1kHz | E + 1kHz * |
= ' 8 3000, ° 9 Hz
[=] *. Ioc—’
£ 15001 X i 2 ]
o ” @ 2000
© % E'
S 1000 | = ]
4 ."-.. 2 1000
500 L : : — . . - : .
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Temperature!/°C Temperature/°C
(a) (b)
4000 ——— gy . 8000
&
£ 3500 Sample C & £ 7000+ |
2 + B0OKH | =
E 30001 . aqknr j ' E onan
T ¥ @ - -
& 2500 : ;kHHZz x. s 5000
' 5 |
"S 2000 \ | g 4000 ]
1]
3000+
8 1500 \ =
® 1 o 2000
S 1000 LN &
4 1000 -
500 . - T . . : T . :
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Temperature/°C Temperature/°C

(©

(d)

Figure 1.8 Temperature dependence of the real part of the dielectric constant for: (a) sam-
ple A (Ba, 45Ce, o5 TiO; sintered at 1200 °C/4 h); (b) sample B (Ba, ;Ce, 5 TiO; sintered at
1300 °C/4 h); (c) sample C (Bayos5Cep0s5Tigog75(Ve )o012505 sintered at 1200 °C/4 h); and
(d) sample D (Bayg5Cey o5 Tip.9575(V7 )0.01250; sintered at 1300 °C/4 h)

ferroelectric phase for all the samples, with the exception of ceramic B (Figure 1.8(b)),
while in the paraelectric state above T, the permittivity is almost frequency independent
for all the ceramics.

For a better comparison of the dielectric data for all Ce-doped BaTiO5 ceramics, the
temperature dependence of the dielectric constant and tangent loss at a fixed frequency f =
1 kHz are comparatively shown in Figure 1.9(a) and (b), respectively. The ceramics show
good dielectric properties, with dielectric losses below 5% in the overall temperature range.
In particular, the tangent loss values are significantly suppressed at temperatures above the
Curie temperature 7 (Figure 1.9(b)). At the lowest temperature, the data revealed permit-
tivity values slightly below 1000 for all of the ceramic samples. The ceramic with built-in
titanium vacancies sintered at 1300 °C (sample D) presents the highest values of permit-
tivity in the overall investigated temperature range, with a maximum at about ~7720, by
comparison with values of about ~4910 (sample B), ~3620 (sample C), and ~2900 (sam-
ple A), at their corresponding ferroelectric—paraelectric transition temperatures (Figures 1.8
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Figure 1.9 Comparative representation of the temperature dependence of the real part of the
dielectric constant and (a) tangent loss, tan 6 and (b) for 5% Ce-BaTiO; ceramics at frequency
f=1kHz

and 1.9(a)). The particular high permittivity determined for this sample is most likely due
to its peculiar microstructure, showing almost full densification (Figure 1.7(d)), while the
lowest permittivity of the A sample is mainly caused by its highest porosity (Figure 1.7(a)).

The ferroelectric—paraelectric phase transitions are clearly evidenced by the maximum
permittivity, indicating a sharper ferroelectric—paraelectric phase transition for the ceramics
sintered at a higher temperature (1300 °C) and a slightly more diffuse permittivity maxima
for the samples sintered at a lower temperature (1200 °C). The phase transition diffuse-
ness is most likely favoured by the lower densification and smaller grain size. The Curie
temperature T is in the range of 25-35 °C, with the exception of the Ba 95Ce o5 T105
sample (B), for which 7 is much higher (around ~102 °C). This anomalous value is closer
to the tetragonal—cubic phase transition temperature of undoped BaTiO5 (110-120 °C) and
confirms the pure tetragonal ferroelectric structure detected by XRD at room temperature,
unlike the other sample (A) with a similar composition but sintered at a lower temperature,
for which the mixture of cubic and tetragonal phases at room temperature is related to the
proximity of the ferroelectric—paraelectric phase transition. However, one can observe that
for both compositions sintered at a lower temperature (1200 °C), the Curie temperatures
are slightly higher, of 36 and 35 °C for the ceramic samples A and C, respectively, by com-
parison with the value of 25 °C of specimen D, with built-in titanium vacancies, sintered at
1300 °C. According to Jing et al. [26], a T value of ~40 °C is obtained for the composi-
tion with 4 at% Ce3" solubilized on Ba sites in BaTiO3, so we can assume that an almost
similar Ce** content must have been incorporated in the perovskite phase of our ceramics
A and C sintered at 1200 °C. This value of Ce3* concentration is similar to the solubility
limit (x = 0.04) at 1200 °C found by Makovec et al. [10] for cerium incorporation as Ce3*
on Ba sites. These results support the conclusion emphasized by XRD data and FE-SEM
observations that, at a lower sintering temperature, not the whole nominal cerium content
was incorporated in the corresponding perovskite solid solutions because of the internal
oxidation of Ce3*, leading to precipitation of small amounts of CeO,.
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Only the single-phase ceramic sample D, with built-in compensating defects and sintered
at 1300 °C, shows the normal Curie temperature value reported by the literature data for
an incorporation of 5 at% Ce3* on Ba sites into the BaTiO; lattice [1, 11, 12, 31]. Conse-
quently, only in this specimen does the composition of the perovskite solid solution seem
to coincide with the Bag 95Ceq 05 Tig.o875(V'i )o.012503n0minal formula.

The features of the other structural phase transitions are not well defined in Figure 1.9(a).
Values in the range of —25-40 °C were determined for the orthorhombic—tetragonal phase
transition temperature 7} for samples A, C, and D. Besides the significant decrease of the
Curie temperature for Ce-doped compositions relative to undoped BaTiOj5, the additional
shift of the orthorhombic—tetragonal phase transition temperature towards lower tempera-
ture values support the conclusions that for A, C, and D ceramics cerium was exclusively
incorporated as Ce>* on Ba sites into the perovskite lattice.

As in the case of the Curie temperature, one can observe that for both ceramics A and C
sintered at a lower temperature (1200 °C), the values corresponding to the orthorhombic—
tetragonal phase transition 7, are slightly higher, of ~ -25 °C, by comparison with the
value of ~ -39 °C determined for specimen D, proving once again that at 1200 °C not all
the cerium content indicated by the nominal compositions was integrated in the perovskite
lattice.

The rhombohedral-orthorhombic transition temperature 7, was even more difficult to be
observed. It was only detected from small anomalies of the derivative of permittivity versus
temperature dependence. Values of about —93 and —91 °C for the A and D samples, respec-
tively (similar to the ones of pure BaTiOs3), slightly higher for the C sample (-83 °C), and
almost undetectable for the Ba, 95Ce (5 TiO3 ceramic (B) sintered at a higher temperature
were obtained for 7,. For the sample B, two anomalous features (indicated by star sym-
bols in Figure 1.9(a)) at about —7 and 51 °C were observed besides the already mentioned
Curie temperature 7- = 102 °C. They might be assigned to the rhombohedral—orthorhombic
and orthorhombic—tetragonal transitions, respectively. However, if the anomaly at 51 °C is
assigned to the orthorhombic—tetragonal phase transition, the room temperature symmetry
should be predominantly orthorhombic and not tetragonal, as resulted from XRD analy-
sis. However, for this composition, the XRD data were accurately fitted by using only the
JCPDS file indexed for the tetragonal BaTiO5 (i.e. JCPDS no. 05-0626), by comparison
with any other JCPDS file corresponding to orthorhombic BaTiO5. We concluded that the
orthorhombic distortion in this Ce—BaTiO5 specimen could be smaller or somewhat differ-
ent from that of the pure BaTiO5 orthorhombic state. Taking into account that the calcula-
tion of the structural parameters by XRD involves an averaging over about 10* unit cells,
one can conclude that this investigation method is not sensitive enough to make a clear
difference between the tetragonal and orthorhombic distortion in the case of such a solid
solution and only the electrical measurements against the temperature are able to indicate
the presence of the orthorhombic modification.

The anomalous behaviour of sample B relative to the Curie temperature value might
be explained in terms of a significantly lower amount of Ce>* ions replacing the host
Ba?* ions on their sites, rather than one corresponding to the nominal formula, in which a
substitution degree of x = 0.05 (5 at%) on A sites of the ABO; perovskite lattice was consid-
ered. According to the dielectric data reported by Hwang and Han [11, 12], a concentration
of only ~2 at% cerium incorporated as Ce>* on Ba* sites can determine such a high value
for 7. This means that the rest of the cerium should be oxidized and precipitated as CeO,.
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This is not supported by XRD analyses or by SEM investigations. On the other hand, if we
assume a lower Ce3* amount exclusively incorporated on Ba sites, it should also contribute
to the concurrent lowering of the orthorhombic—tetragonal phase transition temperature 77,
specific to the incorporation of donor dopants in BaTiO5. As already mentioned, even if in
A and C specimens sintered at lower temperature (1200 °C) Ce* was not entirely incorpo-
rated in the perovskite phase according to the nominal formula, the amount of Ce>* inte-
grated on Ba sites clearly contributed to the decrease of the orthorhombic—tetragonal phase
transition temperature, relative to pure BaTiO5. Unlike these specimens, ceramic B shows
an opposite evolution consisting of a significant increase in 7. Therefore, the lower amount
of Ce?* incorporated on Ba sites cannot explain the abnormal increase of T, in sample B.
The only reasonable explanation for this strange behavior is homovalent incorporation of a
certain amount of cerium as Ce** on Ti** sites.

It is well known that the homovalent incorporation of cerium as Ce** on Ti** sites
induces a much less pronounced decrease of the Curie temperature and a concurrent strong
increase of the rhombohedral — orthorhombic (75) and orthorhombic—tetragonal (7)) phase
transition temperatures compared with those of ~—90 and ~5 °C, respectively, specific to
pure barium titanate [27].

If considering that the anomaly at ~51 °C detected in the ceramic B can be attributed to
the orthorhombic—tetragonal phase transition, which is shifted towards much higher tem-
peratures than in the case of undoped BaTiO5 and taking into account the high sensitivity
of T, to the Cett incorporation on the Ti-sites [27], one can conclude that, for this sample,
it is most likely that a significant amount of cerium was incorporated as Ce** on Ti** sites.
This suggests that in ceramic sample B, a higher sintering temperature induces a further
internal oxidation of Ce** to Ce**. Unlike the samples sintered at lower temperatures, in
this case Ce** is not expelled as CeO, precipitate, but instead replaces Ti** in the host
lattice. This process is accompanied by exclusive segregation of Ti-rich precipitates with
different Ba/Ti ratios, as XRD, FE-SEM, and EDX results indicated. Therefore, formation
of polytitanate phases with various Ba/Ti ratios in the Ba, 95Ce, (s TiO5 sample (B) sintered
at 1300 °C might be determined by two concurrent phenomena: (i) predominant incorpora-
tion of cerium as Ce** on Ti** sites, which implies expelling from the perovskite lattice of
a Ti** an amount equal to the amount of Ce** integrated on the Ti sites and the consequent
enrichment in Ba of the perovskite phase and (ii) a charge compensation mechanism via
Ti vacancies of the remaining Ce>* incorporated on Ba sites, which should also lead to a
supplementary segregation of Ti-rich secondary phases. It is hard to quantify the contri-
bution of each of these phenomena to the appearance of the Ti-rich secondary phases, but
it seems logical to assume that the segregation of polytitanates due to Ce** incorporation
on Ti sites prevails over any charge compensation mechanism induced by a low content of
Ce3* (significantly lower than that stipulated by the nominal formula) incorporated on Ba
sites, which might induce the same effect.

In contrast, sample D sintered in similar conditions but with built-in Ti vacancies is single
phase, which means that no internal oxidation of Ce3* occurred at 1300 °C. Moreover, it
behaves normally from an electrical point of view, with a significant decrease of 7~ and T
with the increase of Ce3* content. Taking into account these aspects, one can conclude that
the lack of compensating defects in sample B prevents the entire accommodation of Ce>*
on Ba sites, while the higher efficiency of B-site diffusion induced by the higher sintering
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temperature somehow facilitates a preferential incorporation of the solute as Ce** on Ti
sites. The origin of this phenomenon is unclear and is still under investigation.

On the other hand, if we assume an exclusive incorporation of cerium as Ce** on Ti sites,
then, according to data reported by Zhang et al. [28], the Curie temperature should be even
higher, of ~120 °C. In fact, Zhang et al. [28] are the only ones to report the electrical behav-
ior of BaTi 95Ce( 15O5 ceramic. A value T} of 77 °C for the orthorhombic—tetragonal phase
transition temperature was also found [28]. Their results converge with those reported by
Hwang and Han [11], where a T(- of 135 °C, practically composition-independent for Cet
amounts below 3 at% and a T value of 70 °C for BaTi, 4;Ce (305 ceramic, were found. A
steeper decrease of T with the increase of Ce** amount integrated on Ti sites was reported
by Jing et al. [27] and Ang et al. [30], who found for the BaTi, 93Ce( o, TiO5 composition a
T value of 118 °C and a T value of 52 °C, while for the composition BaTi ¢4Ce( o6 1105
a pinched phase transition at 108 °C was detected. Therefore, even if we refer to the results
of Jing et al. [27], an entire Ce** homovalent incorporation of Ti** sites should involve
a higher Curie temperature value than that (of 102 °C) already determined for sample B.
Consequently, it was found that in ceramic specimen B a mixed incorporation involving
both Ce** on Ba sites and of Ce** on Ti sites was most likely to take place. Comparing
our results with the literature data regarding the values of the phase transition temperatures
in Ce?*- and Ce**-doped BaTiO3, it seems that in our Ba sCe o5 TiO5 ceramic sintered
at 1300 °C, a smaller amount of Ce* enters on Ba sites concurrently with a higher con-
tent of Ce**, which replaces Ti*t in the host BaTiO; lattice. Thus, homovalent substitu-
tion of Ti** by Ce** is responsible for the shift of the rhombohedral-orthorhombic and
orthorhombic—tetragonal phase transition temperatures towards higher temperature values,
while the decrease of the Curie temperature is mainly induced by Ce>* incorporated on Ba
sites.

However, the orthorhombic—tetragonal phase transition temperature 7' represents in this
case the resultant between two opposite evolutions, that is a major increasing trend induced
by Ce** incorporated on Ti sites, but also a certain contribution of Ce>* incorporated on Ba
sites to lowering this temperature. Based on the literature data [1, 11, 25-31], we approx-
imated that a solid solution with 2 at% of Ce3* on Ba sites and 3 at% Ce** on Ti sites
might present 7 and 7 values close to those found for this peculiar ceramic. As in the
case of both ceramics A and C sintered at 1200 °C, we were not able to accurately esti-
mate the composition corresponding to the perovskite phase in the sample B. Only for
the Bag g5Ce 5 Tig 9875(Vy: )0.012503 single-phase ceramic sintered at a high temperature
(1300 °C) does the experimental evidence allow a claim to be made without doubt of charge
compensation via Ti vacancies. For other investigated samples, based on dielectric data ver-
sus temperature, we were only able to establish the site occupancy of the solute in the host
perovsite lattice of BaTiOs5.

The mixed incorporation of both Ce3* on Ba sites and Ce** on Ti sites seems to be
in disagreement with the results of Hwang and Han [11], where no anomalous electrical
behavior for the ceramics described by the Ba;_, Ce TiO5 formula was reported. Unlike our
ceramic sample B, a 7 value of 26 °C and a T value of =36 °C were found, which proves
the exclusive incorporation of cerium as Ce** on Ba sites for the Bag 95Ce( s TiO5 sample
sintered in air at 1350 °C/5 h. No secondary phases were detected in the mentioned ceramic
and, in a later work [12], they claimed the occurrence of a mixed compensation mechanism
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involving an equal number of Vi and V" for the effective positive extra charge induced
by the donor dopant.

Therefore, further experiments aimed to reveal whether such abnormal behaviour might
also occur for ceramics with similar Bag 95Ce( (s TiO; nominal composition prepared by
other wet-chemical methods and sintered in similar conditions.

The mixed incorporation of the cerium solute in the ceramic sample B is also sup-
ported by the values of the structural parameters calculated from the XRD data (Table
1.2). Thereby, the higher values of the lattice parameters for the specimen B sintered at
1300 °C compared to those specific to the sample A, with similar composition but sintered
at a lower temperature (1200 °C), can be explained in terms of a predominant replacement
of the smaller Ti** ions (ionic radius of 0.605A [36]) with the slightly larger Ce** cations
(ionic radius of 0.87A [36]). The shift of the main diffraction peaks corresponding to the
perovskite phase towards lower values of the diffraction angle, as indicated in Figure 1.4(a),
also support the idea that the influence of homovalent incorporation of Ce** on Ti** sites
prevails in ceramic B.

Empirical parameters are currently used to characterize the ferroelectric behavior. The
dielectric constant versus temperature at the higher temperature above 7 follows the
Curie—Weiss law:

1 T-T,
= T>Te) (1.6)

where T, is the Curie—Weiss temperature and C is the Curie constant. Figure 1.10 shows the
reciprocal dielectric constant as a function of temperature at 1 kHz, which are well fitted
by the Curie—Weiss law. The permittivity follows the Curie—Weiss law above 7 for all the
samples with the parameters (7, and C) shown in Table 1.3.

1.2x10°

1.0x107 -

8.0x10™

6.0x10™

4.0x10™

Sample B

Reciprocal dielectric constant

2.0x10™ & : . . ;
320 340 360 380 400

Temperature/ K

Figure 1.10 Reciprocal permittivity as a function of temperature at 1 kHz for 5% Ce-doped
BaTiO; and fits by the Curie-Weiss law



JWST672-¢01 JWST672-Alguero February 12, 2016 11:38 Printer Name: Yet to Come Trim: 244mm X 170mm

Incorporation Mechanism and Functional Properties of Ce-Doped BaTiO, Ceramics 37

Table 1.3  Fitting parameters (T, and C) of the Curie-Weiss law
and ¢,,,, and T determined at the frequency f =1 kHz for the 5%
Ce-doped BaTiO,

Sample Emax Tc O Ty (°C) C(K)

A 2868 36 18 0.8 x 10°
B 4838 102 53 2.5x10°
C 3590 35 17 1.0x10°
D 7640 25 22 0.9 x 10°

The Curie—Weiss temperature increases by increasing the sintering temperature. The
Curie constant is very similar (in the range of (0.8—1.0) X 10° K), for the A, C, and D sam-
ples, while a 2.5 times larger value of ~2.5 X 10° K is obtained for the B sample (Table 1.3).
The higher Curie constant value is related to a stronger polar long-range order character
(stronger ferroelectricity) of this ceramic, which correlates well with the high Curie tem-
perature and with its higher structural polar distortion, which resulted from a lower level of
Ce3* incorporation on Ba sites and a predominant incorporation of Ce** on Ti sites. The
dielectric data and the Curie—Weiss analysis sustain the results of the structural calculations,
which indicated a high polar distortion at room temperature in this sample.

1.4 Raman Investigation

In order to emphasize the evolution of the phase transitions versus temperature and to
explain the dissimilar Curie temperature values obtained for the ceramic samples sintered
at 1300 °C/4 h but described by different nominal formula, temperature-dependent Raman
spectroscopy was used as a complementary investigation method.

Raman spectra were obtained with a T64000 Raman system (Horiba/Jobin-Yvon, Vil-
leneuve d’ Ascq, France) working in micro-Raman mode and using a 514.5 nm Ar ion laser
(Coherent Innova 400, Coherent, Santa Clara, CA, USA) as the excitation source. The
laser light was focused on the sample surface by means of a long working distance x50
objective lens with a numerical aperture NA = 0.5 (Olympus, Tokyo, Japan). The nominal
power was set either to 20 mW or to 7 mW, depending of the temperature sensitivity of the
sample. Spectra were collected in a true backscattering geometry with the aid of a liquid
nitrogen-cooled charged coupled device (CCD) camera. Temperature-dependent (in situ)
Raman experiments were performed by means of a Linkam THMS600 heating—cooling
stage (Linkam, Tadworth, UK). Spectra were collected in the range of —190-110 °C in a
triple subtractive configuration, in order to allow measurements in the low-wavenumber
region (~50 cm™).

Figure 1.11 reports temperature-dependent Raman spectra of the previously mentioned
B and D ceramic samples resulting after sintering at 1300 °C. For the ceramic sample B,
without compensating defects, the Raman spectra clearly show a rhombohedral (R) modi-
fication at low temperatures (Figure 1.11(a)). This is indicated by the presence of the peaks
at low wavenumbers (161 and 196 cm™!) and especially by a distinct mode at ~490 cm’!,
which is only present in the R phase [39,40]. These features seem to persist until =50 °C
(Figure 1.11(a)). At higher temperatures, the damping of the mode at 490 cm™! indicates the



JWST672-c01 JWST672-Alguero February 12, 2016

38

Relative intensity

11:38 Printer Name: Yet to Come

Nanoscale Ferroelectrics and Multiferroics

E(LO+TO), B, E(LO), A (LO)

tetragonal tetragonal
phase phase
B T
h /

15°C

5°C
600

-5°C

-15°C
-30°C
-50°C
-70°C
-90°C
-110°C
~130°C
-150°C

Relative intensity

-170°C

-190°C Eiragon
hase
E{L Tq:u. B,

Trim: 244mm X 170mm

110°C
E(LO), A,(LO)

tetragonal
phaﬁe

100°C
95°C
ag~C

|

: 85°C
80°C

i
i 70°C

200 400 600 800 1000
Wavenumber/cm™

(@)

Relative intensity

RT
D

E(LO+TOQ), B, E(LO), A (LO)
tetragonal  tetragonal

700
phase phase ;| —

727
—

| ,J/\_,__,.——m
LN Do e el phaas
200 400 600 800 1000
-1
Wavenumber/cm
(c)

200 400
e
Wavenumber/cm

840

/f\

800

600 800 1000

(b)

900

25°C (RT)

15°C
5°C
-5°C
-15°C
-30°C

-50°C
-70°C

1-90°C
~—-110°C

-130°C
-150°C
470°C
-190°C

Figure 1.11 Evolution of Raman spectra versus temperature for the ceramic samples sintered
at 1300 °C/4 h: (a) Ba,4;Ce, s TiO; sample (B) in the temperature range of —190-15 °C;
(b) sample B in the temperature range of 25—-110 °C — inset: detail (dashed rectangle) of the

wavenumber region 600—-850 cm™ ; (c) Bay g5Cey o5 Tig 9575V

"
Ti

)04072503 Samp/e (D) in the tem-

perature range of —190-25 °C — inset: detail (dashed rectangle) of the wavenumber region
650-900 cm’'.



JWST672-c01

JWST672-Alguero February 12, 2016 11:38 Printer Name: Yet to Come Trim: 244mm X 170mm

Incorporation Mechanism and Functional Properties of Ce-Doped BaTiO, Ceramics 39

transition from rhombohedral (R) to orthorhombic (O) symmetry. However, the persistence
of the twin peaks at 160 and 183 cm™! shows that a certain residual rhombohedral order still
exists, so that in the temperature range of —50-50 °C a mixture of O and R modifications is
more appropriate (Figure 1.11(a and (b)). This observation is in agreement with the results
of the dielectric data (Figure 1.8), in which the room temperature state is located between
the two anomalies at —7 and 51 °C, corresponding to the R—O and O-T phase transitions,
respectively. The interference dip at 176 cm’!, together with the “silent” mode at 302 cm™!
and the mode at 715 cm™! represent clear indications that long-range ferroelectric order is
present in the lattice [37,38] at room temperature.

Transition to the cubic (C) paraelectric phase seems to occur above 100 °C, as indicated
by the gradual disappearance of the “silent” mode at 302 cm™! and the decrease in inten-
sity of the mode at 715 cm™!, both specific to the tetragonal phase. A Curie temperature of
102 °C was also detected by the permittivity versus temperature data. The evolution of the
main features in the Raman spectra recorded at various temperatures suggests a diffuse char-
acter of the phase transition, as in relaxor ferroelectrics. The persistence of the Raman spec-
trum also in the C paraelectric phase above 100 °C is due to the presence of small distortions
in the short-range polar nanoregions (PNRs), producing Raman activity even if it is forbid-
den by the long-range cubic crystalline structure [39]. Taking into account these observa-
tions, it is clear that the ceramic sample B sintered at 1300 °C/4 h is in its polar/ferroelectric
state at room temperature. These results are in good agreement with both the structural
parameters calculated from the XRD data and the Curie temperature estimated from the
dielectric study. In the room temperature spectrum of this sample an additional small peak
is noticed at 780 cm’!, indicated by the arrow in Figure 1.11(b) and better pointed out by
the inset placed in the top-left corner of the same figure. This small peak is generally related
to a B-site substitution in BaTiO5-based solid solutions [37, 40]. The presence of this peak
supports our assumption regarding the predominant incorporation of cerium as Ce** on
titanium sites in the perovskite lattice of the Ba, ¢5Ce( (5 TiO3 ceramic sintered at 1300 °C.

Unlike this case, in the Bag g5Ce 05 Tig o575V )0.012503 specimen sintered in similar
conditions, the rhombohedral distortion appears at much lower temperatures (< —150 °C)
if only the presence of the mode located at 490 cm™! is considered (Figure 1.11(c)).

Concerning the tetragonal modification, this is still identified at 15 °C by means of the
“silent mode”, but is missing at higher temperatures. This result is consistent with the dielec-
tric properties, which revealed that for this composition the Curie temperature coincides
with the room temperature. Another interesting feature in the Raman spectra of this ceramic
is the presence of a small peak located at ~ 840 cm™! (indicated by the arrow in Figure
1.11(c)), related to the substitution on the A sites of the perovskite lattice). This suggests
that in this case the entire dopant amount is integrated as Ce3* on Ba?* sites. This mode
is better visualized in the inset placed in the top-right corner of Figure 1.11(c). It is worth
mentioning that this mode was not observed in the Raman spectra of the sample B described
by the nominal formula Ba 95Ce o5 TiO5, most likely because of the significantly smaller
amount of cerium incorporated on barium sites [41,42].

1.5 Conclusions

Nanopowders of 5% Ce-doped BaTiO5 with two nominal compositions involving the lack
and the presence of Ti vacancies as charge compensating defects and described by the
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nominal formulae Bay 9sCe o5 TiO3 and Bag 95Ce( 5 Tig 9375V )0.012503 were prepared
by the modified Pechini method. From these powders ceramic samples were obtained after
sintering in air at two temperatures, 1200 °C/4 h and 1300 °C/4 h, respectively. The phase
purity, structural parameters, and microstructural characteristics were investigated.

Only the specimen with built-in titanium vacancies sintered at 1300 °C showed a single-
phase composition. Internal oxidation of Ce>* to Ce** takes place in both samples sintered
at 1200 °C, as well as in the specimen without compensating defects sintered at 1300 °C.
As a result, small amounts of CeO, precipitate were detected for the ceramics sintered
at 1200 °C, while a predominant homovalent incorporation of cerium as Ce** on Ti sites
was found in the specimen without Ti vacancies sintered at 1300 °C. The Ce>* oxidation
is accompanied by segregation of Ti-rich secondary phases with various Ba/Ti ratios, as
revealed by XRD and FE-SEM investigations. The values of the structural parameters cal-
culated from XRD data, as well as the values of the phase transition temperatures indicated
by dielectric measurements versus temperature support the assumption of an exclusive but
incomplete incorporation (relative to the nominal formula) of the cerium as Ce>* on the Ba
site into a perovskite lattice for both ceramics sintered at 1200 °C and of a mixed incorpo-
ration of the cerium, mainly as Ce** on Ti sites, but to a lesser extent also as Ce>* on Ba
sites, in the case of the specimen without Ti vacancies and sintered at 1300 °C.

All the ceramics investigated showed good dielectric properties characterized by low
losses (tan 6 < 5%) and a high dielectric constant of 3000—8000 at their corresponding
transition temperatures. Sharp ferroelectric—paraelectric phase transitions without a diffuse
character and no apparent relaxor properties were determined.

Temperature-dependent Raman analyses sustain the XRD data and the results of the
dielectric measurements, proving the mixed incorporation mechanism of cerium, with a
predominant homovalent Ce** < Ti** substitution in the ceramic sample without built-in
Ti vacancies, sintered at 1300 °C/4 h.
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