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Abstract:  In  this  paper,  the  effect  of  boron  doping  on  dielectric  properties  was  investigated  using
BaTa2O6:xSm3+, yB3+ (x=5 mol%, y= 0, 5, 15, 30, 50, 70, 100 mol%) and BaTa2O6:xDy3+, yB3+ (x=10 mol%,
y= 0, 5, 15, 30, 50, 70, 100 mol%) tungsten bronze ceramics fabricated by the conventional solid-state
synthesis. XRD (X-ray diffraction) results revealed a single BaTa2O6 phase with space group P4/mbm (127)
for both series. Additionally, in both series, there was an increase in crystallite sizes and cell parameters
with  increasing B3+ concentration.  SEM (scanning electron  microscopy)  examinations  indicated that  the
increase  of  boron  promoted  grain  growth  and  grain  elongation.  In  impedance  results,  in  both  series,
increasing boron concentration up to 100 mol% increased the dielectric constant. Moreover, the presence of
boron was associated with a relaxing transition in the B-site substitution of RE3+ (RE=Sm, Dy) ions and a
contribution to the dielectric permittivity, while the increase in tetragonality or c/a ratio for both series was
ascribed to the increase in the ferroelectric Curie temperature. In both series, a decrease in dielectric loss
(tan δ) occurred, which was explained by the increasing sintering temperature effect with increasing boron,
reducing the mobility of oxygen vacancies.
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1. INTRODUCTION

Tetragonal  tungsten bronze (TTB) oxides compose
the  largest  dielectric  family  just  next  to  the
perovskites (AMO3), and they exhibits chemical and
magnetic  stability  with  excellent  crystal  structure
(1-4).  TTB  structures  can  generally  have  very
important  and  advantageous  electrical,  magnetic,
optical  and  photocatalytic  properties  with  various
applications  in  the  electronics,  chemistry  and
energy conversion areas. Therefore, research on the
electrical properties of TTB materials will contribute
significantly to the development of  multifunctional
optoelectronic  devices  in  the  future  (5-8).
Luminescent-ferroelectrics  can  be  obtained  from
ferroelectric  host  materials  doped  with  RE  ions.
Among trivalent rare earths (RE3+), when doped into
various  inorganic  hosts,  Sm3+ ions  exhibit  4f–4f
transitions  mainly  from  the  4G5/2  excited  state  to
6H5/2, 6H7/2,  6H9/2, and  6H11/2  energy levels, leading to
the  orange-red  emission  (9,10),  while Dy3+ ions

show energy  levels  of  6H15/2, 6H13/2,  6H11/2,  and  6H9/2
mainly  resulting  from  4F9/2 excitation,  leading  to
blue-yellow-red emission (11-13).

TTB crystal  symmetry  can be derived  from an A-
cationic deficient perovskite structure by cylindrical
rotation of a square group consisting of four corner-
sharing  octahedra  through  45°,  and  they  may
exhibit  large  spontaneous  polarization  and  high
dielectric constants due to its structure consisting of
corner-sharing MO6 (M=Ta, Nb etc) octahedra arrays
and three different tunnels (or sites) for cation filling
(14-16). BaTa2O6 exhibits  excellent  ferroelectric
properties, and it has orthorhombic, tetragonal and
hexagonal polymorphs,  in  which  the  tetragonal
polymorph has TTB-type structure (17,18). BaTa2O6
is  reported  due  to  luminescence,  dielectric,
thermodynamic, and photocatalytic  properties (19-
22). Boron is  widely  used  to  reduce  the  sintering
temperature of ceramics and to improve optical and
dielectric  properties  as  well  as  structural  features
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such  as  morphology  and  crystallinity  (23-26).
Moreover, there are studies on the effect of boron
on  grain  morphology  and  its  improvement  in
dielectric  properties  in  which the doping of  boron
has the effect of increasing the bulk properties to
some extent and can reduce the grain boundaries in
the structure (27-29).

In the study, the structural and dielectric properties
of  Sm3+,  B3+ co-doped  BaTa2O6  and  Dy3+,  B3+ co-
doped BaTa2O6 ceramics  were  investigated.  The
structural  and  dielectric  characterizations  of  the
samples  were  carried  out  by  XRD,  SEM,  and
impedance analyses.

2. EXPERIMENTAL

BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50,
70 and 100 mol%) and  BaTa2O6:xDy3+,  yB3+ (x=10
mol%,  y=0,  5,  15,  30,  50,  70  and  100  mol%)
ceramic  samples  were  fabricated  by  solid-state
reaction.  Barium  carbonate  BaCO3 (Sigma-Aldrich,
99%), niobium oxide (Nb2O5: Alfa Aesar, 99.9%), and
tantalum oxide (Ta2O5: Alfa Aesar, 99.9%) powders
were  used  as  starting  materials  in  calculated
stoichiometric  amounts.  Dysprosium oxide  (Dy2O3:
Alfa  Aesar,  99.9%)  samarium  oxide  (Sm2O3:  Alfa
Aesar,  99.9%)  and  boric  acid  (H3BO3:  Kimyalab,
%99.9)  were  used  as  dopant  materials.  The
stoichiometric  amounts  of  BaTa2O6:0.05Sm3+ and
BaTa2O6:0.10Dy3+

 starting  materials  were  weighed
and  mixed  in  an  agate  mortar  to  provide
homogeneity. Then, by adding different amounts of
boric acid (H3BO3), the final mixture of the powders
was  thoroughly  mixed  and  ground  in  an  agate
mortar  for  the  last  time  to  provide  more
homogeneity.  For  sintering  process,  the  sufficient
amount of mixture was taken an alumina crucible at
1425 °C for 10 h after pelleting.

The phase structure of  the ceramic samples were
examined  by  (X-ray  diffractometer;  Panalytical
Emperial, Malvern Panalytical Ltd., United Kingdom)
using Cu-K (1.5406 Å) radiation in between 2θ=20-
65  °C  with  scan  speed 2  °C/min. The  grain
morphology  of  the  ceramic  samples  was
investigated by scanning electron microscopy (FE-

SEM; Gemini 500, Zeiss Corp., Germany). The lattice
parameters  were  found  from  (001)  and  (400)
reflections.  The  average  crystallite  sizes  were
calculated using (101), (210), and (311) reflections
from Scherrer Eq. (1) (30):

D= k · λ
B·cosθ (2)

where D stands for particle size in nanometers, with
k assumed to be a constant (usually taken as 0.9).
CuKα represents the wavelength (λ = 0.15406  Å),
and B is the full width at half maximum in radians.
Frequency-dependent  changes  of  real  and
imaginary permittivity and loss factor were defined
using dielectric Eq. (2) and Eq. (3) respectively:

ε '= C
C 0
, ε ' '= G

ωC0
,C0=ε0

A
d (2)

tanδ= ε
' '

ε '
(3)

where C0 is vacuum capacitance, C is capacitance, w
is  angular  frequency  and  G is  conductance.  The
dielectric  properties  of  the  ceramic  samples  were
carried  out  using  an  impedance  analyzer  (HIOKI,
LCR Hitester 3532-50; between frequency 20 Hz–106

Hz, UK) at room temperature.

3. RESULTS AND DISCUSSION

3.1.  XRD-SEM Results of  BaTa2O6:xSm3+,  yB3+

and BaTa2O6:xDy3+, yB3+ Ceramics
Figure  1  and  Figure  2  show  the  XRD  results  for
BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50,
70 and 100 mol%) and  BaTa2O6:xDy3+,  yB3+ (x=10
mol%, y=0, 5, 15, 30, 50, 70 and 100 mol%) series,
respectively. In both series, X-ray diffractions of all
the sintered samples from 0 to 100 mol% B3+ have
BaTa2O6 pattern.  The single-phase TTB (tetragonal
tungsten  bronze)  type  structure  of  BaTa2O6
identified by XRD peaks JCPDS card no. 17-0793 and
P4/mbm (127) space group (9,10).
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Figure 1: X-ray diffractions of BaTa2O6:xSm3+, yB3+
 (x=5 mol%, y= 0, 5, 15, 30, 50, 70 and 100 mol%)

ceramic series.

Figure 2: X-ray diffractions of BaTa2O6:xDy3+, yB3+
 (x=10 mol%, y= 0, 5, 15, 30, 50, 70 and 100 mol%)

ceramic series.
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Figure 3 shows the schematic view of TTB-BaTa2O6
structure expressed with the formula A4B2C4M10O30.
Accordingly,  A  tunnels  are  pentagonal  with  a
coordination number (CN) of 15, the B tunnels are
square  with  a  CN  of  12,  and  the  C  tunnels  are
triangular with a CN of 9, while the octahedral  Ta
sites  in  the  structure  have  a  CN of  6  (19,24).  In
addition,  as  seen  in  Figure  3,  the  BaTa2O6 is
composed  of  a  structure  of  adjacent  octahedral-
sharing corners  where the pentagonal  A sites  are
occupied  by  Ba2+,  the  square  B  sites  by  Ba2+ or
empty, and the small triangular (C) sites are empty,
where Ba2+ cations have ionic radii of 1.61 Å for 12
CN, and 1.47 Å for 9 CN. Based on the suitability of
sites A and B for RE3+ (RE=Sm, Dy) occupation, for
Sm3+ ions (r=1.24 Å for CN 12 and r=1.132 Å for CN
9) and Dy3+ (r=1.083 Å for CN 9) ions will be able to
occupy  the  A  and  B  sites,  respectively.
Consequently, the absence of a secondary phase in
the XRD peaks for the 5 mol% Sm3+ doped series
and the  10 mol% Dy3+ doped  series  showed that
RE3+ ions were incorporated in the A and B sites as
interstitial  atoms  in  the  structure.  Moreover,  the
absence  of  a  secondary  phase  indicated  that  B3+

ions were dissolved in the three-tunnel structure of
BaTa2O6. Similar results have been reported in the
study on  the luminescence  of  β-SrTa2O6:Eu3+,  B3+,
and XPS results confirm that boron is incorporated
in the tungsten bronze structure (23). On the other
hand, as seen in Figure 1 and Figure  2, increasing
B3+ concentration caused an increase in (001) and
(002) peaks. In the study reported by Gardner and
Morrison  (31),  the  increased  splitting  in  (001)
reflections and the B-site cation size RE (RE = La,
Nd,  Sm,  Gd,  Dy,  Y)  decreases. Additionally,  in
luminescence  on  BaTa2O6:Eu3+,  B3+ phosphor

conducted by İlhan et al  (24), the (001) reflection
increases  with  the  increase  in  B3+,  while  the
asymmetry ratio, which is related to increased Eu3+

activation in B sites,  decreases.  This issue will  be
discussed in detail in the dielectric section.

The cell data and crystallite sizes of BaTa2O6:xSm3+,
yB3+ and BaTa2O6:xDy3+, yB3+ series are tabulated in
Table  1  and  Table  2,  respectively.  The  lattice
parameters  from 0  to  100  mol%  B3+ changed  to
a=12.5544  Å,  c=3.9377  Å,  V=620.64  Å3,  and
a=12.6151  Å,  c=3.9799  Å,  V=633.37  Å3 (for
BaTa2O6:xSm3+,  yB3+);  a=12.5427  Å,  c=3.9377  Å,
V=619.48  Å3,  and  a=12.6049  Å,  c=3.9798  Å,
V=632.33 Å3 (for  BaTa2O6:xDy3+,  yB3+) respectively.
The  cell  parameters of  tetragonal  BaTa2O6 are
reported as a=12.52 Å, b= 3.956 Å, V=620.10 Å3 by
Layden (18), and it appears the  lattice data in the
study are compatible with the literature. In addition,
the  c/a  ratio,  which  expresses  tetragonality,
decreased with increasing B3+  concentration in both
series. In Table 1 and Table 2, the c/a ratios for the
BaTa2O6:xSm3+,  yB3+ and BaTa2O6:xDy3+,  yB3+ series
were found 0.3137-0.3155 and 0.3139-0.3157 for 0
and  100  mol%  B3+,  respectively.  The  increase  in
boron led to an increase in crystallite size, while the
sizes  changed  to  33.54-50.30  nm  (for
BaTa2O6:xSm3+,  yB3+)  and  30.05-48.71  nm  (for
BaTa2O6:xDy3+,  yB3+)  from  0  to  100  mol%  B3+,
respectively.  Since  the  temperature  effect  will
increase  with  the  increase  of  boron  and  the
nucleation  rate  will  slow  down,  therefore  the
increase  in  crystal  size  can  be  attributed  to  the
decrease in nucleation and also the change in the
charge balance of cell.

Figure 3: Schematic illustration of TTB-BaTa2O6 crystal structure.
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Table 1: Cell parameters and average crystallite sizes for BaTa2O6: xSm3+, yB3+ ceramics.

Sample
(mol%)

Lattice parameters
Crystallite size (D)

(nm)a
(Å)

c
(Å)

V
(Å3) c/a

0 B3+, 5 Sm3+ 12.5544 3.9377 620.64 0.3137 33.54

5 B3+, 5 Sm3+ 12.5654 3.9445 622.79 0.3139 35.41

15 B3+, 5 Sm3+ 12.5711 3.9491 624.08 0.3141 37.49

30 B3+, 5 Sm3+ 12.5825 3.9536 625.93 0.3142 39.83

50 B3+, 5 Sm3+ 12.5939 3.9627 628.52 0.3147 42.48

70 B3+, 5 Sm3+ 12.6111 3.9745 632.10 0.3152 45.51

100 B3+, 5 Sm3+ 12.6151 3.9799 633.37 0.3155 50.30

Table 2: Cell parameters and average crystallite sizes for BaTa2O6: xDy3+, yB3+ ceramics.

Sample
(mol%)

Lattice parameters
Crystallite size (D)

(nm)a
(Å)

c
(Å)

V
(Å3) c/a

0 B3+, 10 Dy3+ 12.5427 3.9377 619.48 0.3139 30.05

5 B3+, 10 Dy3+ 12.5540 3.9402 620.98 0.3139 31.82

15 B3+, 10 Dy3+ 12.5654 3.9468 623.15 0.3141 34.65

30 B3+, 10 Dy3+ 12.5825 3.9513 625.57 0.3140 39.97

50 B3+, 10 Dy3+ 12.5882 3.9605 627.58 0.3146 42.13

70 B3+, 10 Dy3+ 12.5996 3.9719 630.54 0.3152 44.54

100 B3+, 10 Dy3+ 12.6049 3.9798 632.33 0.3157 48.71

Figure  4(a-g)  and  Figure  5(a-g)  show  the  SEM
micrographs  of  BaTa2O6:xSm3+,  yB3+ (x=5  mol%,
y=0, 5, 30, 50, 70, 100 mol%) and  BaTa2O6:xDy3+,
yB3+ (x=10 mol%,  y=0, 5,  30,  50,  70,  100 mol%)
samples,  respectively,  at  2000×  magnifications
under  2  kV  accelerating  voltage.  In  the  SEM
micrographs  of  both  series,  grains  were  shapless
and  roundish  at  low  B3+ concentration,  while
increasing boron concentration caused grain growth
and rod-like shape in grains. As is well known, boron
has a reducing effect on the sintering temperature
due  to  the  flux  effect.  Therefore,  the  increase  in
grain  size  can  be  explained  by  the  increasing
temperature effect of boron addition, which releases
the energy stored in the grains and thus causes the
grain  size  to  increase  (32,33).  In  Figure  4a  and
Figure 5a,  the undoped B3+ samples have a small
grain  size  and  a  round-like  irregular  grain-shaped
morphology in both series. For BaTa2O6:xSm3+,  yB3+

series, in Figure 4b, the grains to grow and elongate
began to occur in the sample co-doped with 5 mol%

B3+, and it became more pronounced at 15 mol% B3+

(Figure 4c). In Figure 4d, the grain shape of the 30
mol% B3+ doped  sample had  almost  rod-like,  and
showing thick-grain formations while the growth and
elongation trend in the grains continued as seen in
Figure  4(e-g).  In  Figure  4e,  the  fine  grain
morphology was considerably decreased at 50 mol
% B3+, and it completely disappeared at 70 (Figure
4f)  and 100  mol% (Figure 4g)  B3+ concentrations.
For  BaTa2O6:xDy3+,  yB3+ series,  similar  to  the
BaTa2O6:xSm3+,  yB3+ series  in  Figure  5b,  grain
growth occurred in the sample doped with 5 mol%
B3+, while it continued at 15 (Figure 5c), 30 (Figure
5d), 50 (Figure 5e), 70 (Figure 5f), and 100 (Figure
5g)  mol%.  Also,  thickening  was  evident  in  the
BaTa2O6:xDy3+,  yB3+ series. The grain sizes for the
undoped B3+ sample usually range of 0.2-1.5 m (for
BaTa2O6:xSm3+,  yB3+)  and  0.3-3  m  (for
BaTa2O6:xDy3+,  yB3+).  The thicknesses  and lengths
at 100 mol% reached the range of 2-15 m and 5-40
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m (for BaTa2O6:xSm3+, yB3+) and 2.5-30 m and 6- 50 m (for BaTa2O6:xDy3+, yB3+), respectively.

Figure 4: SEM micrographs of 5 mol% Sm3+ and (a) 0, (b) 5, (c) 15, (d) 30, (e) 50, (f) 70 and (g) 100 mol%
B3+ co-doped BaTa2O6 ceramics, at 10000× magnification and 5 kV acceleration voltage.
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Figure 5: SEM micrographs of 10 mol% Dy3+ and (a) 0, (b) 5, (c) 15, (d) 30, (e) 50, (f) 70 and (g) 100 mol%
B3+ co-doped BaTa2O6 ceramics, at 10000× magnification and 5 kV acceleration voltage.
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Figure 6: Dielectric constants (ε') for (a) BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50, 70, 100 mol
%), and (b) BaTa2O6:xDy3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%) ceramics.

3.2.  Dielectric  Properties  of  BaTa2O6:xSm3+,
yB3+ and BaTa2O6:xDy3+, yB3+ Series
Figure 6(a,b) show the dielectric constants (ε') with
frequency for BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0,
5, 15, 30, 50, 70 and 100 mol%) and BaTa2O6:xDy3+,
yB3+ (x=10 mol%,  y=0, 5, 15, 30, 50, 70 and 100
mol%)  samples,  respectively.  In  Figure  6a,  the
dielectric  constants  of  BaTa2O6:xSm3+,  yB3+ series
from  0  to  100  mol%  B3+ changed  approximately
21.1 and 49.4 at 20 Hz, respectively. In Figure 6b, at
the same range and 20 Hz,  the ε'  values  for  the
BaTa2O6:xDy3+,  yB3+ series  were  21.3  and  48.9,
respectively.  However,  the  dielectric  constant  did

not change in the high frequency or over 103 Hz. As
the  frequency  increases,  the  ability  of  electron
exchange to follow the applied field decreases, and
thus the dielectric constant decreases. At very high
frequencies, the field reverses before the movement
of space charge carriers, and as a result, it does not
contribute to polarization (34-40), so the dielectric
constant  almost  stayed  unchanged  at  the  high-
frequency range. Moreover, as seen in Figure 6(a,b)
there  is  an  increase  in  polarization  or  dielectric
constant from 0 to 100 mol% B3+ in both series This
increase  may  be  explained  based  on  Maxwell-
Wagner external  factors  theory (41,42).  According
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to  this  theory,  the  dielectric  constant  is  directly
proportional to the grain size of the sample, where
an increase in grain size leads to an increase in the
polarizability of the atoms, and causes an increase
in  dielectric  constant  (41-45).  In  the  SEM
micrographs  in  Figure  4(a-g)  and  Figure 5(a-g),  it
was  previously  noted that  there  is  an  increase  in
grain  size  with  increasing  B3+ concentration.
Therefore,  this  situation  may be explained  by the
decreasing presence of the grain boundaries in both
series,  and  thus  the  increase  in  the  polarizability
and ε' value of the atoms in the structure. Moreover,
in  Table  1 and Table  2,  the enhancing  crystalline
sizes support the improvement in bulk property and
increase in dielectric constant (46,47). On the other
hand,  as  highlighted  in  many  studies,  TTB-type
compounds  can  be  expected  to  contribute  to
paraelectric  behavior  due  to  their  ferroelectric
properties.  In the studies,  it  has been shown that
centrosymmetric  B-site  substitution  affects  the
ferroelectric  properties  of  TTB  compounds  where
the  A-site  size  is  fixed  (48-50).  The  B-site
substitution  can  lead  to  a  relaxor  transition  and
improve the dielectric permittivity, indicating that B-
site substitution is an excellent method to improve
the dielectric  properties of TTB (31,51). As is well
known, the  5D0→7F2 transition in Eu3+ luminescence
is  a  “hypersensitive  transition” and  provides
information about  the environmental  symmetry  of
the  Eu3+ ion.  In  this  context,  the  non-
centrosymmetric  A-sites  and  centrosymmetric  B-
sites in TTB structure are related to the 5D0→7F2 and
5D0→7F1 transitions  of  Eu3+,  respectively.  So,  the
5D0→7F2/5D0→7F1  ratio  or  asymmetry  ratio  indicates
the  occupancy of  A and B sites where decreasing
ratio is associated with the B-site (24,52). Relatedly,
the  structural,  morphological  and  luminescence
properties BaTa2O6:xEu3+, yB3+ (x=10 mol%, y=0, 5,
15,  30,  50,  70,  and  100  mol%)  phosphors  are
studied,  in  which  the  asymmetry  ratio  decreased
approximately  70%  up  to  100  mol%  boron
concentration,  indicating Eu3+ activation  in B sites
(24).  Moreover,  the  structural  and  morphological
results of BaTa2O6:xEu3+, yB3+ show close similarities
to the Sm3+ and Dy3+ ions examined in this study.
Consequently,  it  is  possible  that  boron
concentration shows a similar behavior for Sm3+ and
Dy3+ ions  in  tungsten bronze  structure,  causing  a
relaxing  transition  in  B  site  substitution  and
contributing  to  the  dielectric  permeability.
Furthermore, regarding TTB structures in relation to
B-site occupation, there are some papers on Curie
temperature  (TC)  and  c/a  ratio  (tetragonality).
Gardner  and  Morrison  (31)  highlighted  the
ferroelectric  Curie  temperature  (TC)  for  the  TTB-
Ba4R0.67Nb10O30 (R = La, Nd, Sm, Gd, Dy, Y) increases
with the increase in tetragonality, and RE cation size
is decreasing. Similarly, Stennett et al (51) reported
an increase  in  Curie  temperature  with  decreasing
ionic  radius  M  in  the  B-site  of  TTB-Ba2MTi2Nb3O15
(M=Bi,  La,  Pr,  Nd,  Sm,  Eu,  Gd,  Dy),  in  which
tetragonality increases. As  seen  in  Table  1  and
Table 2, the c/a ratio of both series increased up to
100  mol%  B3+ concentration.  According  to  these
findings, the increase in B3+ availability resulting in
an  increase  in  tetragonality  may  be  linked  to  an
increase  in  the  ferroelectric  Curie  temperature.
Moreover,  in  Table  1  and  Table  2,  when  the  c/a
ratios  are  compared,  the  c/a ratios  of  the  Dy3+

cation with a smaller ionic radius are relatively high.

Thus,  a  decreasing  radius  indicates  increasing
tetragonality  and  Curie  temperature,  which  is  in
agreement with References (31) and (51).

Figure 7(a,b) show the dielectric losses (tan δ) with
frequency for BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0,
5, 15, 30, 50, 70 and 100 mol%) and BaTa2O6:xDy3+,
yB3+ (x=10 mol%,  y=0, 5, 15, 30, 50, 70 and 100
mol%)  samples,  respectively.   In  Figure  7a,  the
dielectric loss of  BaTa2O6:xSm3+,  yB3+ series from 0
to 100 mol% B3+ changed approximately 0.40 and
0.02  at  20  Hz,  respectively.  In  Figure  7b,  at  the
same  range  and  20  Hz,  the  ε'  values  for  the
BaTa2O6:xDy3+,  yB3+ series  were  0.45  and  0.01,
respectively.  Additionally,  both  series  exhibited  a
dielectric  loss  below  approximately  0.10  in  the
range of 5-100 mol% and at 20 Hz. In Figure 7(a,b),
the  dielectric  loss  decreases  continuously  as  the
frequency  increases.  In  the  low  frequency  range
corresponding  to  high  resistance,  more  energy  is
required for polarization due to the grain boundary,
whereas in the high frequency range corresponding
to low resistance, very little energy will be needed
for electron transfer due to the grain boundary, and
the energy loss will be less (53,54). Moreover, the
dielectric  loss  factor  for  both  sample  series
decreases  with  increasing  B3+.  In  the  literature,
different  studies  highlight  oxygen  vacancies  as
responsible for dielectric loss or leakage current in
ferroelectrics (55-61). In the study of Kumar and Kar
(55), the substitution of Ti4+ into BiFeO3 significantly
reduces oxygen vacancies and leakage current for
tan  δ.  Similarly,  Sati  et  al  (56)  attributed  the
decreased  dielectric  loss  with  Eu  substitution  to
BiFeO3 to the decrease in oxygen vacancies. Liu et
al (57) investigated the dielectric loss and oxygen
vacancy relation by fabricating TTB-Ba4Nd2Fe2Nb8O30
ceramics  at  different  annealing  and  sintering
temperatures as well as in O2 and N2 atmospheres,
in  which  the  increase  in  temperature  reduces
oxygen  vacancies  and  electrical  conductivity.  The
consequences  of  the  temperature  effect  resulting
from the increase in boron were mentioned in the
structural  section.  In  this  context,  the  increased
boron concentration  will  not  only cause  a  greater
temperature effect on the material, but also have an
effect  on  oxygen  vacancies.  Consequently,  the
decrease in the dielectric loss factor in both series
may  be  attributed  to  the  suppression  of  oxygen
vacancies by the temperature effect that increases
with the increase in B3+.

4. CONCLUSION

The effect of boron on the structural and dielectric
properties was studied by using Eu3+, B3+ co-doped
tetragonal  tungsten  bronze  BaTa2O6:xSm3+,  yB3+

(x=5 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%) and
BaTa2O6:xDy3+,  yB3+ (x=10 mol%,  y=0,  5,  15,  30,
50,  70,  100  mol%)  ceramics.  The  single-phase
structure  was  preserved  in  XRD  results  of  both
series,  while  the  crystallinity  of  the  samples
increased  with  boron  concentration.  SEM
micrographs of Sm3+, B3+ co-doped and Dy3+, B3+ co-
doped samples showed that boron supported grain
growth and elongation.  The dielectric constants (ε')
for  BaTa2O6:xSm3+,  yB3+,  and  BaTa2O6:xDy3+,  yB3+

series were measured in the range of 21.1-49.4 and
21.3-48.9 at 20 Hz, respectively. For both series, the
increasing dielectric  constant up to 100 mol% B3+

1119



İlhan M et al. JOTCSA. 2024; 11(3): 1111-1124 RESEARCH ARTICLE
concentration  was  associated  with  the  improving
grain size and crystallinity. The dielectric loss factor
for  both  series  decreased  with  increasing  B3+

concentration,  while  the  tan  δ for  BaTa2O6:xSm3+,
yB3  and  BaTa2O6:xDy3+,  yB3  changed  as  0.40-0.02
and 0.45-0.01 at 20 Hz, respectively.  The dielectric
loss decrease in both series with the increasing B3+

concentration was attributed to the suppression of
oxygen  vacancies  with  the  increased  presence  of
B3+.  The  study  may  be  useful  in  evaluating  the
dielectric  properties of  tetragonal  tungsten bronze
ceramics,  in  terms  of  controlling  the  grain
morphology and crystallite size.

Figure 7: Dielectric losses (tan δ) for (a) BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50, 70, 100 mol
%), and (b) BaTa2O6:xDy3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%) ceramics.
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	Figure 4: SEM micrographs of 5 mol% Sm3+ and (a) 0, (b) 5, (c) 15, (d) 30, (e) 50, (f) 70 and (g) 100 mol% B3+ co-doped BaTa2O6 ceramics, at 10000× magnification and 5 kV acceleration voltage.
	Figure 5: SEM micrographs of 10 mol% Dy3+ and (a) 0, (b) 5, (c) 15, (d) 30, (e) 50, (f) 70 and (g) 100 mol% B3+ co-doped BaTa2O6 ceramics, at 10000× magnification and 5 kV acceleration voltage.
	
	Figure 6: Dielectric constants (ε') for (a) BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%), and (b) BaTa2O6:xDy3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%) ceramics.
	3.2. Dielectric Properties of BaTa2O6:xSm3+, yB3+ and BaTa2O6:xDy3+, yB3+ Series
	Figure 6(a,b) show the dielectric constants (ε') with frequency for BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50, 70 and 100 mol%) and BaTa2O6:xDy3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70 and 100 mol%) samples, respectively. In Figure 6a, the dielectric constants of BaTa2O6:xSm3+, yB3+ series from 0 to 100 mol% B3+ changed approximately 21.1 and 49.4 at 20 Hz, respectively. In Figure 6b, at the same range and 20 Hz, the ε' values for the BaTa2O6:xDy3+, yB3+ series were 21.3 and 48.9, respectively. However, the dielectric constant did not change in the high frequency or over 103 Hz. As the frequency increases, the ability of electron exchange to follow the applied field decreases, and thus the dielectric constant decreases. At very high frequencies, the field reverses before the movement of space charge carriers, and as a result, it does not contribute to polarization (34-40), so the dielectric constant almost stayed unchanged at the high-frequency range. Moreover, as seen in Figure 6(a,b) there is an increase in polarization or dielectric constant from 0 to 100 mol% B3+ in both series This increase may be explained based on Maxwell-Wagner external factors theory (41,42). According to this theory, the dielectric constant is directly proportional to the grain size of the sample, where an increase in grain size leads to an increase in the polarizability of the atoms, and causes an increase in dielectric constant (41-45). In the SEM micrographs in Figure 4(a-g) and Figure 5(a-g), it was previously noted that there is an increase in grain size with increasing B3+ concentration. Therefore, this situation may be explained by the decreasing presence of the grain boundaries in both series, and thus the increase in the polarizability and ε' value of the atoms in the structure. Moreover, in Table 1 and Table 2, the enhancing crystalline sizes support the improvement in bulk property and increase in dielectric constant (46,47). On the other hand, as highlighted in many studies, TTB-type compounds can be expected to contribute to paraelectric behavior due to their ferroelectric properties. In the studies, it has been shown that centrosymmetric B-site substitution affects the ferroelectric properties of TTB compounds where the A-site size is fixed (48-50). The B-site substitution can lead to a relaxor transition and improve the dielectric permittivity, indicating that B-site substitution is an excellent method to improve the dielectric properties of TTB (31,51). As is well known, the 5D0→7F2 transition in Eu3+ luminescence is a “hypersensitive transition” and provides information about the environmental symmetry of the Eu3+ ion. In this context, the non-centrosymmetric A-sites and centrosymmetric B-sites in TTB structure are related to the 5D0→7F2 and 5D0→7F1 transitions of Eu3+, respectively. So, the 5D0→7F2/5D0→7F1 ratio or asymmetry ratio indicates the occupancy of A and B sites where decreasing ratio is associated with the B-site (24,52). Relatedly, the structural, morphological and luminescence properties BaTa2O6:xEu3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70, and 100 mol%) phosphors are studied, in which the asymmetry ratio decreased approximately 70% up to 100 mol% boron concentration, indicating Eu3+ activation in B sites (24). Moreover, the structural and morphological results of BaTa2O6:xEu3+, yB3+ show close similarities to the Sm3+ and Dy3+ ions examined in this study. Consequently, it is possible that boron concentration shows a similar behavior for Sm3+ and Dy3+ ions in tungsten bronze structure, causing a relaxing transition in B site substitution and contributing to the dielectric permeability. Furthermore, regarding TTB structures in relation to B-site occupation, there are some papers on Curie temperature (TC) and c/a ratio (tetragonality). Gardner and Morrison (31) highlighted the ferroelectric Curie temperature (TC) for the TTB-Ba4R0.67Nb10O30 (R = La, Nd, Sm, Gd, Dy, Y) increases with the increase in tetragonality, and RE cation size is decreasing. Similarly, Stennett et al (51) reported an increase in Curie temperature with decreasing ionic radius M in the B-site of TTB-Ba2MTi2Nb3O15 (M=Bi, La, Pr, Nd, Sm, Eu, Gd, Dy), in which tetragonality increases. As seen in Table 1 and Table 2, the c/a ratio of both series increased up to 100 mol% B3+ concentration. According to these findings, the increase in B3+ availability resulting in an increase in tetragonality may be linked to an increase in the ferroelectric Curie temperature. Moreover, in Table 1 and Table 2, when the c/a ratios are compared, the c/a ratios of the Dy3+ cation with a smaller ionic radius are relatively high. Thus, a decreasing radius indicates increasing tetragonality and Curie temperature, which is in agreement with References (31) and (51).
	Figure 7(a,b) show the dielectric losses (tan δ) with frequency for BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50, 70 and 100 mol%) and BaTa2O6:xDy3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70 and 100 mol%) samples, respectively. In Figure 7a, the dielectric loss of BaTa2O6:xSm3+, yB3+ series from 0 to 100 mol% B3+ changed approximately 0.40 and 0.02 at 20 Hz, respectively. In Figure 7b, at the same range and 20 Hz, the ε' values for the BaTa2O6:xDy3+, yB3+ series were 0.45 and 0.01, respectively. Additionally, both series exhibited a dielectric loss below approximately 0.10 in the range of 5-100 mol% and at 20 Hz. In Figure 7(a,b), the dielectric loss decreases continuously as the frequency increases. In the low frequency range corresponding to high resistance, more energy is required for polarization due to the grain boundary, whereas in the high frequency range corresponding to low resistance, very little energy will be needed for electron transfer due to the grain boundary, and the energy loss will be less (53,54). Moreover, the dielectric loss factor for both sample series decreases with increasing B3+. In the literature, different studies highlight oxygen vacancies as responsible for dielectric loss or leakage current in ferroelectrics (55-61). In the study of Kumar and Kar (55), the substitution of Ti4+ into BiFeO3 significantly reduces oxygen vacancies and leakage current for tan δ. Similarly, Sati et al (56) attributed the decreased dielectric loss with Eu substitution to BiFeO3 to the decrease in oxygen vacancies. Liu et al (57) investigated the dielectric loss and oxygen vacancy relation by fabricating TTB-Ba4Nd2Fe2Nb8O30 ceramics at different annealing and sintering temperatures as well as in O2 and N2 atmospheres, in which the increase in temperature reduces oxygen vacancies and electrical conductivity. The consequences of the temperature effect resulting from the increase in boron were mentioned in the structural section. In this context, the increased boron concentration will not only cause a greater temperature effect on the material, but also have an effect on oxygen vacancies. Consequently, the decrease in the dielectric loss factor in both series may be attributed to the suppression of oxygen vacancies by the temperature effect that increases with the increase in B3+.
	4. CONCLUSION
	
	Figure 7: Dielectric losses (tan δ) for (a) BaTa2O6:xSm3+, yB3+ (x=5 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%), and (b) BaTa2O6:xDy3+, yB3+ (x=10 mol%, y=0, 5, 15, 30, 50, 70, 100 mol%) ceramics.

