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Oxygen-deficient tungsten bronze ceramics with general formula SrsSmTiz,2,Nb7_ 5,030 (x =0, 0.1, 0.25)
are prepared. The effects of oxygen deficiency on the crystal structure, dielectric and ferroelectric
properties are investigated. With increasing oxygen deficiency, the crystal structure becomes less stable
and the lattice shrinks, while the ferroelectricity is weakened, and the low temperature relaxation
enhanced. Commensurate superlattices observed in SrsSmTizsNb;Ozq, corresponding to the onset of the
ferroelectric transition as reported previously. In compositions with x = 0.1 and 0.25, two factors that A-
site cross occupancies and disturbance of oxygen vacancies on the ferroelectric order are noticed and
related to the change from ferroelectric behavior to diffuse one. Three orders of incommensurate
superlattice reflections are observed in x = 0.1 and 0.25 compositions. The first-order incommensurate
superlattice reflections appear at positions (h + 1/4 — 6, k + 1/4 — 6, | + 1/2), reflecting the common
feature in tungsten bronzes with relaxor or diffuse ferroelectric nature. The second-order
incommensurate superlattice reflections are observed on the (00() ({ = 0, 1, 2, 3, ...) planes around the (h

+ 1/2, k + 1/2, 1) positions, while the third-order incommensurate superlattice reflections are observed
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DOI: 10.1035/c7ra03870d on the (000 ({ = 1/2, 3/2, ...) planes, by the side of the first-order ones. The appearance of higher-order
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1. Introduction

The tungsten bronze structure is composed of ten distorted
octahedra sharing corners in such a way that three different
interstices (2 tetragonal A1, 4 pentagonal A2, and 4 triangle C)
are available for cation occupancy in the general formula
(A1),(A2),(C)4(B1),(B2)sO030, which can be obtained from the
perovskite structure by rotation of the BO, octahedra."” The
chemical composition of tungsten bronzes is very flexible and
according to the occupation of the interstices, three types of
tungsten bronzes can be defined, such as full-filled (all inter-
stice sites full, exp. K3Li,NbsO;;), filled (C site empty, Ba,-
NaNbsO;5) and un-filled (A site partially occupied and C site
empty, (Sr,Ba; ,)Nb,Og) tungsten bronzes. The two kinds of
octahedral B sites can by occupied by the same or different
cations, like Ti, Fe, Nb, Ta, etc.

In recent years, a number of Pb-free ferroelectrics have been
determined in tetragonal filled tungsten bronze family of
Ms_,R,Tis,Nbg_ ;O30 (p = 1, 2; M = Ba or Sr; R = rare earth).>™**
In these materials, a ferroelectric transition followed by up to
three low-temperature dielectric relaxations are generally
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is believed to reduce the high structural energy induced by the oxygen deficiency.

detected with decreasing temperature. Zhu et al. reported the
ferroelectric transition changes from the normal one to relaxor
through diffuse one with decreasing the radius difference
between Al- and A2-site ions, Ar.* A crystal-chemical model is
proposed recently to explore the composition and local struc-
ture influence on the relaxor or ferroelectric behavior.* The
model considers two competing driving forces: large average A-
site cation size extends the BOg octahedra which enhances
polarizability, while low A1 tolerance factor favors modulated
tilt pattern of commensurate superstructure and is always
associated with normal ferroelectric behavior.

Besides the modulation of positive ions, creation of oxygen
vacancies is also an effective way to manipulate the properties of
oxides, and oxygen deficiency has been drawing considerable
attention in many perovskite oxides.'** Oxygen vacancies can
be created by doping or atmospheric reduction.*®** According to
the authors’ experience, for tungsten bronzes Mg_,R,Tis:p
Nbg_,030, O, or N, atmosphere annealing has no obvious effect
on the dielectric and ferroelectric properties. This might be one
possible reason why the effects of oxygen vacancies in tungsten
bronzes have rarely been studied. Recently, effects of oxygen
vacancies on the electrical properties in filled tungsten bronze
Ba,Nd,Fe,NbgO;, have been reported.”® The sensitivity of
oxygen vacancies in Ba,Nd,Fe,NbgO;, to O, or N, atmosphere

This journal is © The Royal Society of Chemistry 2017
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annealing is attributed to the B-site Fe cations with variable
valance. For the titanium niobate systems, in order to create
oxygen vacancies, a new family of tungsten bronze ceramics
Bay,Nd,Tis0Nbg_2x030_x has been synthesized and investi-
gated.”® With increasing x, the dielectric properties shows
a transition from classic ferroelectric behavior with x = 0 to
a relaxor-like behavior with x = 1, reflecting the disturbance of
oxygen vacancies on the ferroelectric order. These researches
suggest the possibility and significance for studying the effects
of oxygen vacancies in tungsten bronzes.

In the present work, chosen Sr-based filled tungsten bronze
SrsSmTi;Nb,O3, as the ferroelectric endpoint, oxygen deficient
tungsten bronze ceramics Sr5Sm;Tiz.,Nb; 5,030, (x = 0, 0.1,
0.25) has been prepared, and the crystal structure, dielectric and
ferroelectric properties are studied.

2. Experimental procedure

SrsSmMTizio,Nb; 5,030 (¥ = 0, 0.1, 0.25) ceramics were
prepared by a standard solid-state reaction, using reagent grade
SrCO; (99.95%), Sm,0; (99.99%), TiO, (99.9%), and Nb,Os
(99.99%) powders as the raw materials. The weighed raw
materials were mixed by ball milling with zirconia media in
deionized water for 24 h. Because of the hydration of Sm,0;, it
was additionally preheated at 900 °C for 30 minutes before
weighing. The three mixtures were calcined in high-purity
alumina crucibles at 1300 °C in air for 3 h followed by
a second grinding to reach a homogeneous granulometric
distribution. Adding with organic binders (8 wt% polyvinyl
alcohol), the reground powders were pressed into cylindrical
compacts of around 12 mm in diameter and around 1.2 mm in
thickness under the pressure of about 98 MPa. The disks were
sintered at 1250-1350 °C in air for 3 h to find the best sintering
condition for the present ceramics. After sintering, the disks
were cooled to 1000 °C at a rate of 2 °C min and further cooled
inside the furnace.

The crystalline phase constitution was identified using
powder X-ray diffraction (XRD, LabX XRD-6000, SHIMADZU Co.,
Japan) analysis with Cu Ko radiation. The bulk density of the
ceramics was calculated by measuring its mass and diameter.
The microstructure of the polished and thermally etched
surfaces of the sintered disks was characterized using scanning
electron microscopy (SEM, SIRION-100, FEI, Netherlands).
Thermal etching was conducted at 1100 °C for 20 min. The XRD
data for Rietveld analysis was collected over the 26 range of 8° to
130° with steps of 0.02° and a count time of 2 s (D/max 3B,
Rigaku Co., Tokyo, Japan). The Rietveld structure calculation
was carried out using the FULLPROF program. The bulks were
thinned around several micrometers mechanically and then
polished by ion beam for transmission electron microscopy
(TEM) observation. Selected area electron diffractions (SAED)
were carried out using a TEM (Tecnai G2 F20 S-TWIN, FEI Co.,
Hillsboro, USA). Dielectric properties in the range of 173 K to
573 K were measured with a broadband dielectric spectrometer
(Turnkey Concept 50, Novocontrol Technologies., Hundsangen,
Germany) over a frequency range of 1 Hz to 5 MHz. P-E
hysteresis loops are evaluated at room temperature 1 Hz by
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a Precision Materials Analyzer (RT Premier II, Radiant Tech-
nologies, Inc., NM, USA). The applied electric field increased

from 10 kV em™* to 100 kV em ™.

3. Results and discussion

Dense SrsSmTisz,Nb; 5,030, (x = 0, 0.1 and 0.25) ceramics
with relative density above 95% are obtained. The relative
density of the present ceramics decreases with increasing x
value, which is due to more oxygen vacancies. The SEM images
are shown in Fig. 1, indicating columnar grains for all
compositions.

Fig. 2 shows the X-ray diffraction patterns for SrsSmTis,y-
Nb; 5,030 (x =0, 0.1 and 0.25) ceramics. Tetragonal tungsten
bronze structure with space group P4bm is determined by
indexing the XRD peaks according to the JCPDS (Joint
Committee for Powder Diffraction Standards) card no. 54-0777.
Very small amount of secondary phase (cubic SrTiO; with space
group of Pm3m) is detected in the compositions of x =
0.1(4.33%) and x = 0.25(8.01%), which is due to the structure
instability induced by the oxygen deficiency. The structure
parameters of SrsSmMTiz,Nb; 5,030 (x = 0, 0.1 and 0.25) are
listed in Table 1. The unit cell of the three compositions shrinks
with increasing x, reflecting the increasing oxygen vacancies.

However, the situation is quite different in SrsSmTi; ,Nb s-
0,99, Where a small amount of A2-site Sr cations entered into
the smaller A1 site by exchanging equal Al-site Sm cations into
A2 site. [001] projection of the unit cell of SrsSmTi; ,Nbg §029.9
shows that Os and O; are the nearest and next nearest oxygen
ions around A1 sites (see Fig. 3(b)). According to ref. 26, in the
oxygen-deficient tungsten bronzes BasNd,TizisxNbg_5,030_x,
oxygen vacancies locate preferentially in the coordination
sphere of Nd and Ti/Nb(2) atoms, which correspond to the areas
around Al sites. It could be suggested that in SrsSmTi; ,Nbg g-
0,9.9, OXygen vacancies also prefer to locate at O; and Os sites,
and more Sr cations occupying the Al sites probably aims to
stablize the tetragonal tungsten bronze crystal structure.

The Rietveld refinement using FULLPROF program is per-
formed for the XRD data of composition with x = 0.1 (Srs-
SmTi; ,Nbg 50,9 ) to get more structure information. The final
difference between the experimental data and the calculated
data is shown in Fig. 3(a) and final atomic positions and
thermal parameters are summarized in Table 2. Relatively
higher residuals are obtained (R, = 5.77, Ryp = 7.72, Rexp = 2.58
andy® = 8.93), compared with that for SrsSmTizNb,O5o Ry =
0.0571, R, = 0.0796, and x> = 1.95)."* Moreover, other anom-
alies are found in the atomic distribution of Sr and Sm cations
in the A sites and the ultra high thermal parameters (Bjs, value)
obtained for O, O; and Os, as shown in Table 2. In SrsSmTis-
Nb,03,, 4 Sr cations occupy larger pentagonal A2 sites and extra
Sr occupies tetragonal A1 sites together with Sm, as reported in
ref. 11. According to Ba;Nd,Tis»Nbe_2,030_x, the oxygen
vacancies are likely to present associated with O3 and Os, which
will induce instability in these O sites with higher B;y, values.
Thus, high Bjg, values for O;, O; and Os here obtained in the x =
0.1 composition may also suggest the location of oxygen
vacancies.
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Fig. 1 SEM micrograph of thermal etching surface for SrsSmTiz, >xNbs_ 2,030, ceramics: (a) x = 0; (b) x = 0.1; (c) x = 0.25.
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Fig. 2 XRD patterns of SrsSmTiz xNbs_5,0z0_x (x = 0, 0.1, 0.25)
ceramics.

Table 1 Unit cell parameters and effective tolerance factors for
SrsSMTizy2xNb7_ 2,030«

Fig. 4(a)—(c) is the selected area electron diffraction (SAED)
patterns of SrsSmTizio,Nb; 5,030 (x = 0, 0.1 and 0.25)
ceramics taken along [110] zone axis at ambient temperature.
The fundamental reflections in all patterns of these compounds
could be indexed on the tetragonal tungsten bronze (TTB) cell
Pibm. For SrsSmTisNb,O;, (x = 0), commensurate satellite
reflections appears at %/2, k/2, I/2 positions (Fig. 4(a)), which is
consistent with the previous report,' and the pattern could be
indexed wusing a unit cell with Ima2 symmetry
a = \/2ars,b = V2arrs and 2¢ = 2¢ypp according to Levin et al.®
and Stennett et al.° As shown in Fig. 4(b) and (c), up to three-
order incommensurate superlattice (ICS) reflections are
observed for compositions with x = 0.1 and 0.25. The first-order
incommensurate superlattice reflections are observed at posi-
tions (h + 1/4 — 6, k+ 1/4 — ¢, [ + 1/2). The incommensurability
parameter ¢ is the measure of the deviation from commensu-
rate periodicity that is defined as 6 = (x — y)/(x +y), where x and
y is the distance of the neighboring incommensurate super-
structure spot.”” The value of ¢ here is determined as about 0.16
for x = 0.1, and 0.10 for x = 0.25, which are similar to the é value
determined in SrsLaTi;Nb,O3, (6 = 0.12),* but higher than 6 =
0.04 reported for Ba,La,Ti;NbeO3,.°> Actually, 6 value of the
incommensurate modulation in tungsten bronzes is found to
vary in a considerable range. For example, ¢ value is determined
to be 0.050 to 0.034 at 473 to 100 K for Ba,La,Ti,Nb¢O;,,> and
0.059 for BasLaTi;Nb-O;,.** For Sr,_,Ba,Nb,O,* the ¢ value is
decreased from 0.185 to 0.170 as the Ba content increases from
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Fig. 3 Crystal structure of SrsSmTiz 2Nbg sO29 9 (x = 0.1) (a) Rietveld analysis results of XRD patterns (experimental data: circles; calculated data:
upper lines, and difference: bottom lines). (b) [001] Projection of the unit cell. Ti,Nb(1)Og and Ti,Nb(2)Og octahedra are shown in blue and gray
blue, respectively. Oxygen sites 1 to 5 and cation sites Al, A2, B1, B2, and C are indicated.
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Table 2 Final atomic positions and thermal parameter of SrsSmTiz 2Nbg gO29.9

Atom Wyckoff position x/a yIb z/c Biso (A%) Occupancy
Sm, 2a 0.00000 0.00000 1.0(4) 1.77(5) 0.1133

Sty 2a 0.00000 0.00000 1.0(4) 1.77(5) 0.1367

Sm, 4c 0.17083(1) 0.67083(1) 1.0(4) 4.03(7) 0.0117

Sr, 4c 0.17083(1) 0.67083(1) 1.0(4) 4.03(7) 0.4883
Ti;/Nby 2b 0.00000 0.50000 0.5(4) 2.11(9) 0.0786/0.1714
Ti,/Nb, 8d 0.07570(1) 0.21475(1) 0.5(4) 1.44(3) 0.3216/0.6784
0, 2b 0.00000 0.50000 1.1(4) 5.0(2) 1.0

0, 4c 0.2771(5) 0.7771(5) 0.6(4) 0.2(2) 1.0

0, 8d 0.0739(8) 0.1998(6) 1.0(4) 5.0(2) 1.0

(N 8d 0.3370(6) 0.0080(5) 0.6(4) 0.57(2) 1.0

O; 8d 0.1314(7) 0.0627(8) 0.6(4) 5.0(2) 1.0
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Fig.4 The SAED patterns taken along [110] zone axis from a single grain of SrsSmTiz, >xNb;_ 5,030 _4, (@) x = 0; (b) x = 0.1; (c) x = 0.25. (d)—-(f) Are
the corresponding line profiles of the satellite reflections in the rectangular boxes. The arrows indicate the appearance of the satellite reflections
for commensurate modulation in (a), and incommensurate modulation in (b) and (c). (g)—(i) Schematic diffraction patterns in [110] projection.

0.25 to 0.75. According to Glass,” in Sr;_,Ba,Nb,O¢, the
increase of Ba/Sr ratio lowers the structure entropy and the
development of the incommensurate modulation is believed to
reduce the structural energy.” Thus, the larger ¢ value reflects
relatively instable structure and disordered cation distribution
in tungsten bronze compounds. In the case of commensurate
modulation, the ¢ value is 0. Based on the above analysis, it
could be considered that the oxygen deficiency in the present

This journal is © The Royal Society of Chemistry 2017

tungsten bronze family induces structure instability and cation
disorder, and then results in the incommensurate modulation
with similar 6 values to that in SrsLaTi;Nb,O3,.

Besides, the high structural energy induced by the oxygen
deficiency also generates higher-order incommensurate reflec-
tions. The commensurate and incommensurate reflections
observed in SrsSmTiszs,Nb; 5,030, (x = 0, 0.1 and 0.25) are
furthered verified with line profiles in Fig. 4(d)—(f), respectively,

RSC Aadv., 2017, 7, 27370-27376 | 27373
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and corresponding schematic patterns are shown in Fig. 4(g)-
(i)). The second-order incommensurate superlattice reflections
are observed on the (00/) (=0, 1, 2, 3, ...) planes around the (7 +
1/2, k + 1/2, ) positions for both x = 0.1 and 0.25, while the
third-order incommensurate superlattice reflections are
observed on the (00/) (I = 1/2, 3/2, ...) planes, only for x = 0.25.
Similar high order incommensurate reflections are reported in
Sro.6Bay 4Nb,Og (SBN) with huge large grains and is believed to
result from the orthorhombic distortion associated with
a shortened c¢ axis, which is originated from the unfavorable
occupation of A1l site by some trapped Ba cations during the
rapid cooling process, as in the quenched SBN single crystal,*®
and planar defects are detected and is suggested to localize the
increase structural energy caused by the orthorhombic distor-
tion and thus stablize the incommensurate phase.** According
to the results of X-ray diffraction, cross distribution of Sr and
Sm cations in the A1 and A2 sites exists in the x = 0.1 and 0.25
compositions. The A1 and A2 sites on the ¢ = 1 planes, con-
nected directly with Os, the sites where the oxygen vacancies are
preferred, therefore result in a severe distortion of oxygen
octahedra. The appearance of higher-order incommensurate
reflections in x = 0.1 and 0.25 compositions reduces the high
structure energy caused by the unusual A-site cation distribu-
tion, oxygen vacancies and consequently the distortion of
oxygen octahedra.
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Temperature dependences of dielectric characteristics are
collected for SrsSmTis ,Nb;_,,030_,with x = 0, 0.1 and 0.25,
and shown in Fig. 5(a)-(c). For x = 0 composition (Fig. 5(a)), the
dielectric permittivity exhibits a sharp peak at about 470 K and
a weak relaxation at lower temperature around 250 K, which is
consistent with the previous report,”** and indicate a ferro-
electric transition with an endothermic peak on heating in the
DSC curve shown in Fig. 5(d). For both x = 0.1 and 0.25
compositions, a diffuse dielectric peak is observed around 500 K
together with an enhanced low temperature relaxation around
200 K. Thus, a wide temperature range (200-500 K) with a stable
dielectric constant (~300) is formed and suggests these two
compositions as potential temperature stable dielectrics. No
DSC peak is observed for these two compositions (see Fig. 5(d)).
The low temperature dielectric relaxation can also been
observed in the dielectric loss curves with similar intense of
tan 6 ~ 0.07 for all the three compositions, and shift to lower
temperature with increasing x value. For the relaxation, the
frequency dependency of T, obtained from the dielectric loss
(tan 6(7)) curves can be fitted to the Vogel-Fulcher relationship:

F = fy exp[— EJk(Ty — Ty)]

where f is the applied ac field frequency, f, is the Debye
frequency, Ty is the static freezing temperature, E, is the
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Fig. 5 Dielectric constant ¢ and dielectric loss tan ¢ of SrsSmTiz, »,Nb7_»,030_, ceramics as functions of temperature and frequency: (a) x = 0;
(b) x =0.1; (c) x = 0.25, and (d) DSC curves of SrsSmTiz, »xNb7_5,030_4 On heating.
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Fig. 7 Polarization electric-field (P—E) curves measured at ambient temperature with a triangular wave form at 1 Hz of SrsSmTiz, »,Nb7_2,O30_4,

(@) x=0; (b) x=0.1; (c) x = 0.25.

activation energy of the polar clusters and % is the Boltzmann's
constant.*> The Vogel-Fulcher relationship is interpreted as
a normal Debye relaxation with a temperature-dependent acti-
vation energy, and indicates the increasing interaction between
local random dipolar regions.** As shown in Fig. 6, the fitting
parameters obtained for x = 0 suggesting a freezing process of
some low temperature polarization, which is usually observed
in tungsten bronze ferroelectrics.* However, ultrahigh f; values
are obtained for the oxygen deficient compositions with x = 0.1
and 0.25, which seem unreliable and without physical mean-
ings. Therefore, the low temperature relaxations in composi-
tions with x = 0.1 and 0.25 are not a Vogel-Fulcher type
relaxation, reflecting the effect of the oxygen deficiency. The
weakened ferroelectricity and enhanced relaxation in Srs-
SmTiz 5, Nb;_5,030_, with x = 0.1 and 0.25 should be related to
the random cross distribution in the A sites and the oxygen
vacancies induced by the oxygen deficiency.

P-E hysteresis loops for SrsSmTiz,Nb; 5,030, are shown
in Fig. 7. Compared with the classic ferroelectric loop obtained
for SrsSmTi;Nb,0;, (Fig. 7(a)), almost linear P-E loops are ob-
tained for both x = 0.1 and 0.25 when the applied electric field
increases up to above 100 kV em ™" (Fig. 7(b) and (c)), reflecting
the weakened ferroelectric nature.

Generally, the relation between structure modulation and
ferroelectricity in SrsSmTiz.Nb; 5,030, indicates that the
normal ferroelectrics exhibit the commensurate modulation (x

This journal is © The Royal Society of Chemistry 2017

= 0), while the incommensurate modulation corresponds to the
diffuse or relaxor behaviors (x = 0.1 and 0.25),as confirmed in
many tungsten bronzes, where the structure modulation is
dominated by radius difference between A1 and A2 sites.>* In
SrsSmTiz.,,Nb; 5,030, With x = 0.1, cross occupancy of Sr and
Sm cations in the A1 and A2 sites makes more Sr cations in the
A1 sites, leading to smaller radius difference between A1 and A2
sites and thus incommensurate modulation. This is quite
different from the situation in Bay,Nd,Tis»Nbg_»,030_, Where
the A site occupancies are unchanged.”® Similar to Ba,Nd,-
TigoxNbg 5,030y, there appears to be a change in the non-
statistical occupancy of B sites, and the oxygen vacancies are
present primarily associated with O; and Os, which are exclusive
to B2 site coordination. Then the B2-site Ti cations only have
coordination 5 instead of octahedral, and the 5-coordination Ti
cannot forms the polar center,” thus disrupt the ferroelectric
polar domains and dominating the diffuse and relaxor behav-
iors in SrsSMTi;, 5, Nbs_5,050_x with x = 0.1 and 0.25. The cross
occupancy of Sr and Sm cations in the Al and A2 sites is
probably due to the less stable structure of Sr-based tungsten
bronze than the Ba-based one.

4. Conclusions

Oxygen-deficient SrsSmTiz.p,Nb; 5,030, (x = 0, 0.1, 0.25)
ceramics with tetragonal tungsten bronze structure have been

RSC Aadv., 2017, 7, 27370-27376 | 27375
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synthesized and characterized. With increasing oxygen defi-
ciency, the crystal structure become less stable and the lattice
shrinks, while the ferroelectricity is weakened, and the low
temperature relaxation enhanced. Commensurate modulation
is observed in the ferroelectric SrsSmTi;Nb,03, (x = 0), while
three orders of incommensurate satellite reflections are
observed for compositions with x = 0.1, 0.25, and is believed to
reduce the structural energy induced by the oxygen deficiency.
Two factors are considered to understand the change from
ferroelectric behavior to diffuse one. Firstly, the A site cross
occupancy leads to smaller radius difference between A1 and A2
sites. Secondly, non-polar 5-coordination Ti cations caused by
the O(3,5) vacancies interrupt the ferroelectric polar domains.
Moreover, SrsSmMTiz.Nb,_»,030_, ceramics with x = 0.1 and
0.25 may be very good candidates for temperature-stable
dielectrics with dielectric constant ~300, and very low tan ¢ <
0.02 in a wide temperature range from 200 K to 500 K.
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