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Abstract

The chemical and structural properties of Ba; _,Sr,TiO3 (BST, x=0-1) nanoparticles synthesised via sol-gel-hydrothermal were analysed.
Two types of salts of Ba (BaCl, and Ba(OH),) and Sr (SrCl, and Sr(OH),) as starting reactants were used to compare two synthesis methods.
Chemical characterisation and oxidation states were obtained using X-ray photoelectron spectroscopy. Structural information was acquired by
Raman spectroscopy, and calculations to obtain theoretical Raman spectra associated with the different formed phases of BST were performed for
comparison. The results were consistent with the presence of oxygen vacancies in all of the compounds synthesised, but the use of hydroxide salts
introduced a minor concentration of oxygen vacancies into the BST compounds. In addition, the presence of oxygen vacancies produced an
increase of the intensity of first-order modes of vibration and a minor oxidation state of the Ti atom in the structure. Finally, the oxygen vacancies
produced a distortion of the structure, inducing the existence of the non-perovskite phase.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Barium strontium titanate, Ba, _,Sr, TiO5 or BST, has long
been the most extensively studied perovskite ferroelectric
oxide. Recently, this material has received significant attention
in the electronics industry due to its high dielectric constant,
low dielectric loss, good thermal stability and high frequency
characteristics [1,2]. Thus, the most promising application of
BST is as a candidate for memory storage devices and
dynamic random access memories (DRAMs) [3.4].

Ba,Sr;_,TiO5 is a solid solution of BaTiO; (BT) and
SrTiO; (ST). Partial substitution in the atomic lattice by
another isovalent cation (Ba by Sr) modifies both the dielectric
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and ferroelectric properties of the material [5]. For example, at
room temperature, BT and Ba-rich Ba,Sr; _, TiO3 compounds
have tetragonal lattices and are ferroelectric, whereas ST and
Sr-rich Ba,Sr,_,TiO3 compounds are cubic and paraelectric.
Hence, the properties of BST depend on the chemical
composition and structural characteristics of its constituent
materials. Several methods have been investigated for the
preparation of BST in powder form, including the sol-gel
method [6], solid-state reactions [7], spray pyrolysis [8],
combustion synthesis [9], and microwave [10] and hydrother-
mal methods [11,12]. The latter method is advantageous due to
the low processing temperature, the non-vacuum requirement
and the low cost compared to the other methods. The proper-
ties of perovskite ferroelectric oxides are highly dependent on
the particle size and microstructural characteristics. For exam-
ple, ferroelectricity decreases with decreasing particle grain
size and disappears below a certain critical size [13,14]. Other
factors, such as the density, shape, and the presence of
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impurities and structural defects also affect this property
[15,16].

The chemical, structural, and morphological characteristics
of BST powders grown by the sol-gel-hydrothermal method
often vary as a function of the synthesis parameters, such as
the reaction time, reaction temperature, and reactant composi-
tion. Thus, the study of how these parameters influence the
final characteristics of BST is considered significant.

In a previous work we reported the outcome of the reactant
type, BaCl, and SrCl, or Ba(OH), and Sr(OH), salts, on the
chemical and structural properties of BST nanoparticles grown
by the sol-gel-hydrothermal method [17]. The presence of
Cl™ ions resulted in a better Sr incorporation into the network
of BST when the BA:Sr mole ratio used in the starting
reactants was less than one. On the other hand, the presence
of OH™ ions led to BST nanoparticles with fewer structural
defects, specifically fewer oxygen vacancies. The result of
these vacancies was not clearly established but is important
because the defects directly influence the final properties of
the BST.

The goal of the present study is to compare two synthesis
methods, one based on Cl~ ions and the other based in OH ™
ions, with respect to the creation of oxygen vacancies.
Specifically, we wanted to study the effects of the presence
of these defects on the chemical and structural properties of
Ba; _,Sr,TiO5; (x=0-1) nanoparticles prepared by the sol-gel-
hydrothermal method. To achieve this goal, analysis using
X-ray photoelectron spectroscopy (XPS) and Raman spectro-
scopy (RS) is executed. RS is very sensitive to the deformation
of the microstructure and the presence of defects in the
material. On the other hand, XPS gives information on the
surface chemistry and oxidation states present in the com-
pound. In addition, these studies are complemented with the
determination of theoretical Raman spectra from quantum
chemical calculations for the different formed phases.

2. Experiments
2.1. Synthesis

Ba, _,Sr,TiO5 powders prepared using different Ba:Sr mole
ratios (x=0, 0.3, 0.5, 0.8 and 1) were synthesised using a
sol-gel-hydrothermal method. The synthesis involved tetra-
chloride titanate (TiCly, 1 M) and two different salts of barium
and strontium, BaCl, and SrCl, or Sr(OH), and Ba(OH),, as
the starting materials.

In method 1 (M1), a typical synthesis of sample (B2) used
BaCl,¢2H,0 (99.999%, Aldrich) and SrClye6H,0 (99.995%,
Aldrich) as reactants (Table 1). A solution (A) of 1.1 mL TiCl,
(1 M, Aldrich) was diluted in 2.3 mL of 2 M HCI to form an
yellowish solution. The aqueous solution (B) was prepared by
dissolving 0.52 g BaCl,»2H,0 and 0.4 g of SrCl,2H,0 in
20 mL of deionised water. For preparing BaSrTiO3 precursor,
solution (B) was added into solution (A) with stirring
vigorously for 1 h. Under stirring and N, bubbling, 13 mL of
6 M NaOH was added to the barium strontium titanium

Table 1
The preparing parameters of BST powders synthesised at 180 °C and 24 h.

Samples method 1 Ba:Sr in Samples method 2  Ba:Sr in
M1 reactant M2) reactant
B1 1:0 S1 1:0

B2 0.7:0.3 S2 0.7:0.3
B3 0.5:0.5 S3 0.5:0.5
B4 0.2:0.8 S4 0.2:0.8
B5 0:1 S5 0:1

solution and a white homogeneous colloidal slurry (barium
strontium titanium) was formed.

The mixed solution was transferred into a 100 mL Teflon-
lined stainless steel reactor, sealed, and then heated for 24 h at
180 °C under partial oxygen pressure of 60 psi. At the end of
the reaction, the autoclave was naturally cooled to room
temperature. The as-formed white solid powder that was
attached to the bottom and inner wall of the Teflon container
was collected, centrifuged, washed with distilled water and
ethanol to remove the remaining ions, and dried at 60 °C for
6 h in vacuum [17].

In method 2 (M2), similarly, Ba;_ ,Sr, TiO3; powders with
x=0, 0.3, 0.5, 0.8 and 1 were prepared using Ba(OH), and Sr
(OH), as starting materials (Table 1).

2.2. Characterisation

The surface chemical information of the BST samples was
obtained by X-ray photoelectron spectroscopy (XPS; Physical
Electronics system model 1257) using an Al K, emission
source. The binding energies and oxidation states were
obtained from high-resolution scans. The energy scale was
calibrated by assigning 284.8 eV to the C 1s peak, correspond-
ing to adventitious carbon. The Raman spectra were recorded
on a WITEC model CRC200 using a 5.5 mW laser with a
wavelength of 514.5 nm.

3. Theoretical study

The theoretical calculations were performed using the
B3LYP exchange correlation functional [18-21], the same
that was used in a previous study [17]. For the titanium and
oxygen atoms, the 6-31 G basis set [22] was used. For the
barium and strontium atoms, the pseudopotential of the Los
Alamos group [23] with a corresponding basis set was used.
Crystallographic data were used to represent the initial cubic
phases for BT, ST and BST reported in the literature [24-26].
The vibrational frequencies and Raman intensities were
calculated by setting the second derivatives of the energy with
respect to the Cartesian nuclear coordinates and transforming
to mass-weighted coordinates. Population analysis based on
atomic polar tensors (APT) was utilised for discussion of the
results [27]. All computations were performed using the
Gaussian 09 programme [28].
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4. Results
4.1. Raman spectroscopy

Tetragonal BT single crystals at room temperature (space
group: P4mm) have atomic displacements that exhibit ferroe-
lectricity. In the interval of 120-1460 °C, BT monocrystals
take the paraelectric cubic perovskite structure (space group
Pm3m). The vibrational modes in the cubic structure are
3F1lu+ F2u [29]. Each of the Fu modes is triply degenerate,
and all of them are of odd symmetry with respect to the
inversion. Therefore, RS became inactive. The lowered unit
cell symmetry of the tetragonal BT caused each of the three
Flu modes to split into A1+4E and the F2u mode to split into
B1+E. The symmetric A1 and E modes were Raman active.
Therefore, the tetragonal phase can be distinguished by
displaying Raman active modes in vibrational spectroscopy.

In contrast to BT, ST single crystals at room temperature
have an ideal cubic perovskite structure (space group: Pm3m).
Because all the zone-centre optical phonons are of odd
symmetry, no first-order Raman activity is expected based on
the factor group symmetry analysis; instead, the room tem-
perature spectrum should be dominated by second-order
scattering [30]. However, studies of the Raman spectra of ST
have shown that first-order Raman scattering is observed. This
occurs when the central symmetry is broken due to many
factors, such as strain effects, the presence of impurities or
oxygen vacancies, and even external conditions [31-33].

Fig. la and b shows the Raman spectra of BT (B1 and S1)
and ST (BS5 and S5), respectively, synthesised by two methods,
M1 and M2. Fig. 1a reveals that for both methods, there are
five phonon line characteristics: the broad bands at approxi-
mately 180 cm ' [A1(TO), E(LO)] and 265 cm™ ' [A1(TO)],
sharp bands at approximately 307 cm™' [B1, E(TO+LO)]
520 cm ™! [Al, E(TO)], and 720 cm ™' [Al, E(LO)] are the
characteristic peak active modes of the tetragonal phase of BT
[23]. Chdvez et al. [26] reported that a slight distortion in the
structure of the cubic BT phase led to the appearance of the
characteristic peaks for a tetragonal phase in the Raman
spectrum, which indicates a transition from the cubic to the
pseudotetragonal phase.

In Fig. 1b (iv), for sample BS5, there are five photon lines at
approximately 180, 340, 479, 540, and 796 cm™ ' that are
ascribed to TO,, TOs, LO,, TO, and LO, first-order modes,
respectively. The TO, and TO, phonons are associated with
O-Ti-O bonding. The intensities of the bands ascribed to the
second-order modes present much weaker intensity compared
with the first-order bands [34]. In the S5 sample, five broad
Raman bands are observed at 247 (TO;+TA), 301
[(TO,+TA); (TO,+TOy); (TO4—TOy)], 391 [(TO4+TA);
(TO4+TO,)], 635 (2TO3) and 726 cm ™' (TO4+TO,). The
intensities of the bands are ascribed mainly to the second-order
modes, consistent with the reported data [30] and are shown by
(*) in curve (iii). In this case, the intensities of the bands
ascribed to the first-order modes present much weaker intensity
compared to the first-order peaks (TO,, TO4 and LO,) shown
in curve (iv) [34].
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Fig. 1. Raman spectra of BaTiO; and SrTiO; samples synthesised by two
methods M1 and M2: (i) S1, (ii) B1, (iii) S5 and (iv) BS.

The Raman spectra of the Ba,_,Sr,TiO; powders with
x=0.3, 0.5 and 0.8 (BST) prepared by both methods are
shown in Fig. 2. In general, a broadband structure was
identified, which corresponds to a background for the “sin-
gle-phonon” bands due to the existence of a relaxation process
[35].

For the concentration of Sr to x=0. 3, the characteristic
bands of the BT structure located at ~ 188, 265, 307, 520 and
720 cm ™" in both methods are decreased (bands identified by
¢ in B2 and S2). The decrease is more significant for the
sample grown under M1, and, in both methods, the sample
exhibits broad Raman bands associated with the presence of Sr
(Fig. 2a).

With the increased Sr to x=0.5 in the samples B3 and S3,
the appearance of first-order Raman bands at = 185 (TO,),
340 (TO3), 538 (TO4) and 791 (LOy) cm ™! and 182 (TO,),
342 (TO3), 488 (LO,) and 540 (TOy,) cm~ ! are observed,
indicating a lower crystal symmetry induced mainly by
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Fig. 2. Raman spectra of Ba,Sr;_,TiO3 samples with x=0.3, 0.5 and 0.8
synthesised by two methods: (a) M1 and (b) M2.

Table 2

defects. The Raman selection rule was relaxed in comparison
with the ST bulk [34]. On the other hand, three broad Raman
bands are observed at 238, 294, and 650 cm ! in B3, and five
broad Raman bands are observed at =~ 248, 260, 296, 650, and
720 cm ™ in S3. These bands are assigned to the second-order
modes, consistent with the effects reported in reference [34].

When the concentration of Sr is increased to x=0.8 in
samples B4 and S4, the first-order Raman bands described
above maintain their intensity (TO,, LO,, TO, and LOy),
whereas the intensity for most of the second-order modes
characteristic of Sr show a gradual increase.

The frequencies of the observed phonon bands of the BT
(B1 and S1), ST (B5 and S5) and BST samples grown by the
two methods, M1 and M2, are given in Table 2. The following
phonon modes are present in the spectra of the BST powders
for all Sr concentrations studied: the TO,, LO,, TO3, TO4, and
LO4 modes, respectively. However, the TO; soft mode (A; and
E components) was not distinguished at room temperature in
all compositions of the samples grown under the two methods
[36,37].

4.2. X-ray photoelectron spectroscopy

The XPS results from the BST samples prepared by both
methods (M1 and M2) are summarised in Table 3. The values
of the binding energy (BE) for the Ba 3d doublet of the
samples prepared under M1 (B2 to B4) correspond to Ba
atoms in a non-perovskite structure of BST, also called the
decomposed perovskite structure or the B-component of Ba
[38]. On the contrary, the BE values for the Ba 3d signal of
samples S2 and S3 prepared under M2 are closer to the values
reported for Ba atoms in the perovskite structure of BST, also
called the a-component of Ba [39,40]. Only the values of
the Ba 3d doublet from the sample S4 correspond to the
-component of Ba. On the other hand, the BE values for the
Sr 3d doublet for all samples are attributed to Sr atoms in the
perovskite structure of BST or the a-component of Sr. The
reported BE values for the Sr atoms in the non-perovskite

Frequencies (cm ') of observed lines in the Raman spectra of BST samples prepared by M1 and M2.

BaTiO; B1 and S1 SrTiO; BS ler order  SrTiO; S5 2nd order

Ba;_,Sr,TiO3 X=0.3

Ba,_,Sr, TiO3 X=0.5 Ba,_,Sr, TiO3 X=0.8

B2 S2 B3 S3 B4 S4

180(A;(TO).E(LO)) 180 (TO,) 247(TO, +TA) 181 182 185 182 185 182
265 (A;(TO)) 340 (TO;) 301(TO,+TA); 236 234 237 230 237 253
307(BLE(TO+LO)) 479 (LO,) (TO,+TO,); 294 260 294 260 311 306
520(A;,E(TO)) 540 (TO,) (TO4—TO5) 520 295 541 295 340 376
720(A,,E(LO)) 796 (LO,) 391(TO4+TA); 720 526 650 342 385 539
(TO,4+TO,) 724 790 527 541 618

635 (2TO3) 650 620 655

726(TO,4+TO,) 720 650 683

725 725

794

790
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Table 3
Binding energies data in electron volt of the BST samples prepared by M1 and M2.
Sample Ba Sr Ti " Ti* " o
3d5/2 3d3/2 3d5/2 3d3/2 2p3/2 2p1/2 2p3/2 2p1/2 072 o~

B2 780.4 795.7 1334 135.2 458.8 464.6 457.0 462.8 5304 5324
B3 780.0 795.3 132.6 1344 458.3 464.1 4572 462.9 529.8 531.6
B4 780.5 795.8 133.4 135.2 458.7 464.5 457.0 462.7 530.4 5323
S2 779.5 794.8 132.6 1344 458.2 464.0 456.8 462.6 529.7 531.6
S3 779.6 794.8 132.6 1344 458.2 463.9 457.0 462.6 529.6 531.3
S4 780.0 795.3 132.7 134.5 458.4 464.1 456.7 462.3 529.9 531.6

a b

Ba3d Sr3d

132.6

779.5

780.4

3y,

T T T T T T T T T T T
800 795 790 785 780 775
Binding Energy (eV)

138 136 134 132 130
Binding Energy (eV)

Fig. 3. XPS spectra from the Ba 3d and Sr 3d signals for samples B2 (a, ¢) and S2 (b, d).
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Fig. 4. XPS spectra of the Ti 2p signal for the samples B2 and S2: (a) M1 and (b) M2.

structure (f-component of Sr) have higher values, above 133.7
and 135.5 eV for Sr 3ds;, and Sr 3ds), respectively [39—41],
values that in our synthesised BST were not found. The XPS
spectra from the Ba 3d and Sr 3d signals for the samples B2
and S2 prepared using the same Ba:Sr mole ratio in the
reactants are depicted in Fig. 3. A more-defined Sr 3d doublet
is revealed in sample S2.

Curve fitting was performed on the Ti 2p and O Is signals
because changes in the oxygen oxidation states are strongly
associated with Ti oxidation state changes. The Ti 2p signal
acquired from all samples (B2 to S4) was fitted using two
curves associated with Ti with oxidation states +4 and +3.
A typical fit performed on the spectra is shown in Fig. 4, where
fits for the Ti 2p signal from samples B2 and S2 are depicted.
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Fig. 5. XPS spectra of the O 1s signal for the samples B2 and S2: (a) M1 and (b) M2.

The BEs of the stronger peaks correspond to Ti*™ ions related
to Ti in the perovskite structure of BST (a-Ti) [39,40]. The
BEs of the weak peaks were attributed to Ti®* ions. These
ions correspond to a Ti,O; compound, which is related to the
non-perovskite structure of BST [39,40]. The BE values for
Ti* ™ and Ti* " ions from all the BST samples are summarised
in Table 3. Peaks attributed to Ti*" ions related to TiO were
not detected in the spectra.

The O 1s signal acquired from all samples (B2—-S4) was also
fitted using two curves. A typical fit of the O 1s spectra is
shown in Fig. 5, where the fit results for samples B2 and S2 are
depicted. The stronger peak is associated to O>~ ions related
to oxygen in the perovskite structure of BST, indicating that
the oxygen ions remain coordinated in TiOg octahedra [41].
The weak peak is attributed to an intermediate oxidation state
of oxygen, O"~ (0 <x<2), and it may be related to the
hydroxyl (OH) groups, as well as to defects such as oxygen
vacancies present in the BST structure. The oxidation state
O"™ is ascribed to oxygen in the non-perovskite structure of
BST [42]. This variation of the oxidation state of oxygen is
accompanied by that of Ti, which revealed presence of Ti® "
ions, as shown in Fig. 4. If Ti* ™ ions are located near oxygen
vacancies, they can capture one electron and change to Ti® *
[41]. The BE values of the peaks associated to the 0>~ ions
and OH groups plus oxygen vacancies (0"~ state) are
indicated in Table 3. The presence of this O state
(0 <x<2) by XPS in all BST samples is consistent with the
Raman results acquired from the same set of samples, where
effectively first-order Raman peaks attributed to the defects of
oxygen vacancies were detected, especially in the samples with
compositions of x> 0. 5.

The effect of the preparation method (M1 and M2) on the
oxygen percentage in the oxidation states of O~ and O*~
found in the BST samples is displayed in Fig. 6. This oxygen
percentage was estimated using the value of the area under the
curve (peak area) of the peaks associated with the oxidation
states O~ and O"~ (see Fig. 5) from the O 1s spectrum
acquired for each BST sample. Fig. 6 divulges that the samples
prepared with a Ba:Sr mole ratio in the reactants of 0.7:0.3,

m : O (OH groups and oxygen vacancies)
90 @:0”
— Met 1
= - Met 2 e
o 75- e
O
o) §———— o ————o
o =
c
& 30 e
2 .
% LR
le)
25 +
20 T T T
(B2,S2) (B3,S3) (B4,54)
Samples

Fig. 6. Percentage of 0>~ and O*~ in BST samples prepared by M1 and M2.

samples B2 and S2, have a similar percentage of oxygen
associated with O™, approximately 29% (and 71% of oxygen
associated with O”~). However, the samples prepared with
Ba:Sr mole ratios of 0.5:0.5 and 0.2:0.8, samples B3 and S3
and B4 and S4, respectively, revealed a significant difference
of the O"™ percentage found in the BST compound. For these
samples, the presence of oxygen in state O"~ is greater under
M1 method than M2, with differences exceeding 5%, indicat-
ing, that the M1 method would induce more defects and the
presence of chemisorbed species in the synthesised BST.
Finally, it is important to highlight that the O*~ percentages
(or inversely, the O*~ percentages) from the samples prepared
under M1 are very similar independently of the Ba:Sr mole
ratio in the reactants used in the preparation, as revealed in
Fig. 6.

4.3. Theoretical calculations
To give better support to the experimental results with

regard to the formed phase of Ba; _ S, TiO3, we proceeded to
perform quantum chemical calculations to obtain the
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Ba or Sr

b

Fig. 7. Cluster model structures. (a) cubic, (b) cubic BST, (c) tetragonal distortion and (d) oxygen vacancy.

theoretical Raman spectra for the compounds with composi-
tions of x=0, 0.5, and 1. The electronic and spectroscopic
properties were computed by solving the Kohn—Sham equa-
tions into an atomic basis set formed by Gaussian functions in
a standardised form, as was calculated in a previous study [17].

To simulate the different solid compounds, the cluster
methodology [43-45] was used, i.e., a finite number of atoms
were used to symbolise the different stages. Fig. 7 shows the
cluster models, which represent (a) the initial cubic structure of
perovskite type, (b) cubic BST showing the distribution of Ba
and Sr in the structure, (c) the distorted cubic structure of
tetragonal type, shifting the TiO, plane along the Z-axis by
0.1 A, and (d) structure by oxygen vacancy, for compositions
of x=0, 0.5 and 1. For each of these structures, the simulated
Raman spectra are shown in Fig. 8. The following results were
found. First, deformation of TiO4 plane produces new vibra-
tional frequencies associated with the Ti—O deformation

without significantly changing the intensities of the referential
frequencies of vibration, the cubic structure of the perovskite
type, associated to the theoretical prediction of second-order
modes, Fig. 8(i) in all compounds (BT, ST and BST), as can be
seen in Fig. 8(ii). These new vibrational frequencies are
associated with the first-order modes. Second, the oxygen
vacancy produces drastic changes in the vibrational intensities
with the appearance of intense new vibrational frequencies also
associated with Ti—O deformation in all compounds. The main
new frequencies appear at 165, 340, and 478 cm~' for ST,
201, 354, and 454 cm ™' for BST and 200, 378, and 405 cm ™
for BT. Due to the high intensity of the new frequencies,
approximately six times greater in relation to the main
frequencies, these new frequencies disguise those related to
the second-order modes of cubic structures.

From a previous study [17] we established that the
deformation originated for the shifting of the TiO, plane or
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Fig. 8. Theoretical Raman spectra: (a) ST, (b) BST (x=0.5) and (c) BT, where, (i) without distortion, (ii) tetragonal distortion and (iii) oxygen vacancy.

tetragonal type did not significantly change the oxidation state
of the Ti atom. The oxygen vacancy produces a decrease of the
oxidation state of the Ti atom of almost one unit, i.e., IAQI ~ 1
with “Q” the net charge, showing the possible existence of
Ti*™3 in the structure, a result that is in agreement with our
XPS results.

5. Summary and discussion

1) The Raman results show that the tetragonal phase is formed
for BT. Nevertheless, the spectra are better resolved from
samples synthesised from M2 than from MI1. That is, in
M2, the characteristic peaks of the tetragonal phase present
the highest intensity in comparison to the M1. In addition,
the peak at 307 cm ™! is less defined in M1, the peak that
was established as characteristic of the presence of the
tetragonal phase [26]. Low intensity and loss of the peak at
307 cm ™! is indicative of the dominance of the cubic
phase, the presence of impurities or the deformation of the
microstructure [26].

2) The Raman results show also the dominance of the second-
order modes for ST synthesised under M2. On the other
hand, M1 shows dominance for the first-order Raman
modes for the same compound. Theoretical calculations
showed that the dominance of the first-order modes was
induced mainly by the oxygen vacancies, producing a
masking of the second-order modes. Consequently, the
M2 produces nanoparticles of ST with fewer defects in
the microstructure.

3) The Raman results show the existence of first order modes for
BST compounds, which are in general high in intensity in
comparison with the second order modes. According to Nilsen
et al., the appearance of first-order Raman bands at = 180,
540 and 790 cm™~' in BST compounds indicates a lower
crystal symmetry induced by impurities and defects as oxygen
vacancies, very common in perovskites, and suggests a non-
centrosymmetric occupation of the Ti atom in the TiOg
octahedra [34]. The decreased symmetry may also be
associated with the frozen dipole moments. This polarisation
penetrates into the crystal, giving a local tetragonal structure
and destroying the inversion symmetry [36].

4) The XPS results show the existence of an O~ (0 <x<?2)
oxidation state in all samples associated with chemisorbed
species and the presence of oxygen vacancies. These results
are suggestive of a loss of symmetry with respect to a
perovskite structure, causing the first-order modes in the
Raman spectra. However, the major presence of oxygen in
the O'~ state was detected in the samples prepared
under M1.

5) The theoretical calculations show that oxygen vacancies
produce high intensities of new bands attributed to first
order modes, which mask the second order modes. In
addition, oxygen vacancies induce a decrease of the
oxidation state of the Ti atoms, which a pure tetragonal
distortion does not [17].

6. Concluding remarks

Ba; _,Sr, TiO3 compounds with different compositions and
synthesised using two methods were examined. The analysis
of the structure of the compounds using Raman and supported
by the theoretical calculations was consistent with the presence
of oxygen vacancies in all compounds synthesised. A high
percentage of oxygen vacancies results in an increase of the
intensity of the first-order modes of vibration and a minor
oxidation state of the Ti atom in the structure. In addition, the
oxygen vacancies can produce a distortion of the structure by
shifting the Ti or O atoms, which induces the existence of the
non-perovskite phase. Lastly, we conclude from the standpoint
of the compound synthesis that M2 produces less oxygen
vacancies and therefore, a minor deformation of the compound
lattice.
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