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Crystal structure and dielectric property of tungsten-bronze type microwave dielectric
ceramics, i.e., BaOLa2O34TiO2 and Ba6−3x(Nd, M)d8+2xTi18O54 (M=Y, Bi and x = 0.5, 0.7), are
analysed. The optimum properties obtained in Ba(Nd1−xBix)2O34TiO2 were εr= 89–92,
Qf = 5855–6091 GHz, and τf=−7–+7 ppm/◦C x = 0.04–0.08. The Y-substitution in
BaO(Nd1−xYx)2O34TiO2 reduces the dielectric constant εr. Both the Y and Bi substitutions
make τεr positive. The relative dielectric constant εr and temperature coefficient τεr are 109.5
and −180 ppm/◦C in BaOLa2O34TiO2, 76 and +40 ppm/◦C in BaO(Nd0.77Y0.23)2O34TiO2,
respectively. The crystal structures were refined by Rietveld method using x-ray and
neutron diffraction data. The most reliable results were obtained by refining the cation
positions using the x-ray data and the oxygens from the neutron with a superlattice
structure model Pnam(c-axis ≈7.6 Å). The refined structures show that the a/c ratios are
related to the apical oxygen displacements of the Ti O octahedra. The substitution of the
small radius atom, Y, produced a structure of severely tilted and distorted Ti O octahedra
and large a/c ratio, while the large radius atom, La, small a/c ratio. Differential scanning
calorimetry analysis showed heat anomaly indicating suspected phase transition in these
materials. The relation between τεr and octahedron tilting in tungsten-bronze type material
is discussed in relation with complex perovskite structure. C© 2000 Kluwer Academic
Publishers

1. Introduction
Dielectric ceramics in BaO-R2O3-TiO2 (R= rare earth)
ternary system have been commercially utilized as mi-
crowave ceramic resonators as well as ceramic capac-
itors [1, 2]. In spite of the practical importance of this
dielectric ceramic, the crystal structural characteristics
have not been known clearly even with many stud-
ies reported concerning the BaO-Nd2O3-TiO2 system.
Lately Ohsatoet al. [3] reported that the dielectric ce-
ramics form the Ba6−3x R8+2xTi18O54 (R= rare earth)
solid solution. The BaONd2O34TiO2 ceramics reported
by Takahashiet al. [4] and the Ba3.75Pr9.5Ti18O54 re-
ported by Mateevaet al. [5] correspond exactly to
x= 0.5 and 0.75 of the solid solution compounds,
respectively. The other ceramic compositions, such
as BaONd2O35TiO2 and 4BaO5Nd2O318TiO2 [6, 7]
slightly deviate from the solid solution formula.

The crystal structure refinement with fundamental
lattice model of Pba2 space group was originally done
by Mateevaet al. [5] for the Ba3.75Pr9.5Ti18O54. The
crystal structure is a tungsten bronze-type with 2× 3

perovskite blocks and pentagonal channels formed by
the infinite Ti O octahedron chains along thec-axis.
Mateevaet al.’s refinement has been provided the ba-
sic understandings of the crystal structure until now,
even though considerable ambiguities remained in the
refinement results which will be discussed in this paper.
Recently, Azoughet al.[8] tried a structural refinement
using the superlattice model with Pnam space group
derived from transmission electron diffraction work.
However, their results was not successful due to that
the atomic positions and other atomic variables were
incorrectly set for the structure refinement by Rietveld
method.

The dielectric properties of the BaO-R2O3-TiO2 ce-
ramics, especially the temperature coefficient of dielec-
tric constantτεr, critically depends on the composition
and the additives. Early works include the substitutions
of Pr2O3, Sm2O3, Gd2O3, and La2O3 for the Nd2O3
and the addition of small amount additives, such as
WO3, MnO, SrO, Bi2O3 and PbO [8–11]. The Bi2O3
addition reported to narrow down the temperature

0022–2461 C© 2000 Kluwer Academic Publishers 1487



coefficient of resonant frequencyτf to 0–10 ppm/◦C
in the BaO-Nd2O3-TiO2 ceramics. Durand and Boilot
[12] added 10 wt% 2Bi2O33TiO2 to BaONd2O34TiO2
to produce theτf of 8 ppm/◦C. Wersing [13] improved
the τf to 10 ppm/◦C by substituting small amount of
Bi2O3 for the TiO2 in the BaONd2O35TiO2. How-
ever, these reports did not clearly show for which sites
the Bi substitutes in the Ba6−3xR8+2xTi18O54. Mizuta
et al. [14] reported in (Ba6−3xSn8+2x)αTi18−yAl yO54
(α= 1+ y/36) thatτf decreased to negative value with
increase ofx and/ory, and the structural change of Ti-
O octahedron tilting was suggested for theτf change.
However, any detailed explanation to theτεr or τf
change with the substitution of varying elements has
not been given due to the complexity of the crystal
structure.

In this study, the effect of ionic size of substitution
atom on the dielectric properties and crystal structure
were systematically investigated: The ionic radii (A-IR)
of the substitutes, Y, Bi, Nd, and La are 0.92, 0.96, 1.04,
1.14 Å, respectively [15]. Especially, the relation be-
tweenτεr and Ti O octahedron tilting observed in the
tungsten-bronze type structure is discussed in relation
with complex perovskite materials. This study also re-
ports a suspected phase transition phenomenon in the
Ba6−3xRe8+2xTi18O54 observed by DSC analysis. The
crystal structures are analysed using Rietveld refine-
ment method in relation with the dielectric properties.

2. Experimental procedure
Starting materials were high purity BaCO3, TiO2,
Bi2O3, Y2O3, La2O3 and Nd2O3. The powders were
weighed in appropriate ratios to yield following sam-
ples:

– Ba6−3xNd8+2xTi18O54 [BNT: x= 0.5, BNV: x=
0.7]

– BaO[(Nd1−xBix)2O3]4TiO2 [x= 0–0.2, B(NB)T:
x= 0.09]

– BaO[(Nd1−xYx)2O3]4TiO2 [x= 0–0.3, B(NY)T:
x= 0.23]

– BaOLa2O34TiO2 [BLT]

Each batches of powder was ball milled for 20 hours,
calcined at 1000◦C for 3 hours, and then ball-milled
again for 15 hours with 1 wt% PVA. The resulting
slurries were dried and pressed at 1 ton/cm2 into pel-
lets of 12 mm diameter and thickness of 1–5 mm.
The pressed pellets were sintered at 1320–1360◦C for
2 hours in air. Dielectric properties were measured ei-
ther at 4.5–5.2 GHz using a network analyzer (Hakki
Coleman method [16]) or at 1 MHz using impedance
analyzer (HP4192A). Temperature coefficient of reso-
nance frequencyτf was calculated using the following
equation.

τf = −τεr
2
− αi (1)

whereτεr andαi are the temperature coefficients of rel-
ative dielectric constant measured at 1 MHz and ther-
mal expansion coefficient of the material (≈10−5/K)

respectively [13]. Sintered densities were measured by
Archimedes method.

The x-ray powder diffraction data for the Rietveld
analysis were collected using the Rigaku Dmax-
100 diffractometer with parameters as followings:
diffracted beam monochromator, Cu Kα radiation,
40 kV-40 mA, 0.04◦ step-scan, 2 sec fixed time at each
step, iteration= 2 (or 1) and slits of DS= 1.0◦ (or 2.0◦),
SS= 1.0◦, RS= 0.15 mm. The data collection angle
2θ was in the range of 15–80◦. Neutron powder diffrac-
tion data of the samples were obtained at room temper-
ature using the high-resolution powder diffractometer
HRPD at KAERI (Korea Atomic Energy Research In-
stitute). Neutrons from the ST2 channel of the reac-
tor HANARO was monochromatized by a vertically
focusing composite Ge monochromator at 90 degree
take-off position to a wavelength of 0.18339 nm. The
data was collected in the range of 0 to 160 degree and
0.05 deg/step with about a 10 g sample in a vanadium
can which was supported in the neutron beam on a rotat-
ing cadmium rod to minimize any preferred orientation
effect in the powder and signal-to-noise ratio. The Ri-
etveld refinements were performed using DBWS 9411
for the x-ray data and Full-prof for the neutron data.

3. Results and discussion
3.1. Crystal structure
Rietveld analyses have been carried out on the several
samples: BNT, BNV, B(NB)T, B(NY)T, and BLT. Both
the fundamental lattice with space group Pbam and the
superlattice with Pnam model were tested for the crys-
tal structure refinement. The fundamental lattice model
followed Mateevaet al.’s [5] results. The superlattice
parameters and the space group are based on the trans-
mission electron diffraction reported by Azoughet al.
[8] and x-ray single crystal diffraction work by Ohsato
et al.[10]. In the latter work, only the lattice parameter
and the space group were provided without structure
refinement.

The refinement results on the B(NB)T and that of
Mateevaet al.’s results on Ba3.75Pr9.5Ti18O54 [5] using
x-ray data and the fundamental lattice model Pbam are
shown in Table I. Some TiO bond lengths are found in
the range of 1.5–1.7̊A which are extraordinarily short
for the normal Ti-O bond length of 1.8–2.0Å. This false
result is ascribed to the improper space group or incor-
rectly refined oxygen positions due to small scattering
factor of oxygen compared to the cations. The super-
lattice structure with doubledc-axis parameters was
tested using Pnam space group for BLT and B(NY)T.
In Tables II–V are summarized the refinement results.
In Table II the refined lattice parameters and a/c ra-
tios are shown with ceramic compositions. In Table III
“goodness of fitnessχ ” and “R-factors” are compared
for the two samples obtained from the x-ray, neutron,
“combined” method. The “combined” method implies
the refinement of the cation positions from the x-ray
data and the oxygen positions by neutron data. The
χ and R-factors from the x-ray data were relatively
high compared to the neutron and “combined” method.
Table IV shows the positional, thermal, and occupa-
tional parameters by the “combined method” of BLT.
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TABLE I Summary of structural refinement; some selected bond lengths are compared to Mateevaet al.’s results

Composition Ba3.75Pr9.5Ti18O54
a B(NB)T[(0.91Nd2O30.09Bi2O3)]

Rp, Rwp, Sb, space group 9.0, –, –, Pba2 7.57, 10.13, 2.01, Pbam
a, b, c (Å) 22.360, 12.181, 3.832 22.306, 12.177, 3.835

Ti O bond lengthsc

Ti1 –O8, –O8 1.567, 2.265 1.924, 1.924
–2O9, –2O11 1.944, 1.988 1.988, 1.764

Ti2 –O5, –O6 2.061, 1.813 2.047, 1.970
–O6, –O10 2.091, 1.831 1.970, 1.594
–O11, –O1 2.061, 1.870 2.209, 1.959

Ti4 –O1, –O1 1.894, 1.984 1.945, 1.945
–O3, –O7 1.869, 1.911 1.856, 2.046
–O9, –O13 2.129, 1.945 1.920, 2.206

Ti5 –O2, –O3 1.832, 2.010 1.919, 1.889
–O4, –O4 1.718, 2.184 2.008, 2.008
–O10, –O13 2.387, 1.915 2.692, 1.701

aCalculated from Mateevaet al.’s atomic parameters.
bGoodness of fitness.
cAtomic notation followed the Mateevaet al.’s atomic parameters.

TABLE I I Lattice parameter (̊A), a/c ratio, and transition tempera-
tures with composition change in Ba6−3xNd8+2xTi18O54

Composition a b c a/c Tc (◦C)a

Ba4.5Nd9Ti18O54

BNT (x= 0.5) 22.3294 12.1964 7.6924 2.903 291
Ba3.9Nd9.4Ti18O54

BNV (x= 0.7) 22.3088 12.1783 7.6716 2.908 295
0.77Nd2O30.23Y2O3

B(NY)T (x= 0.5) 22.2988 12.1462 7.6616 2.910 310
0.91Nd2O30.09Bi2O3

B(NB)T (x= 0.5) 22.3364 12.1982 7.6985 2.901 282
BLT 22.4123 12.2777 7.7526 2.8909 —

aMeasured by DSC.

T AB L E I I I Refined R-factors from the x-ray, neutron, and
“combined”

BLT B(NY)T

‘R’ Rp Rwp Rb χ2 Rp Rwp Rb χ2

X-ray 7.37 9.59 3.99 3.39 7.10 9.84 4.99 9.18
Neutron 5.10 6.65 4.35 1.68 4.83 6.32 4.94 1.90
Combined 5.47 7.20 5.17 1.96 5.42 7.11 6.48 2.38

The full occupancies of Ba and La sites are 0.5. The oc-
cupancies of La sites in the range of 0.425–0.462 imply
partially vacant by about 10%, which is expected from
the chemical formula Ba6−3xLa8+2xTi18O54. At x= 0,
Ba and La sites are fully occupied and with increasing
x becomes partially vacant to make charge balance.

In Table V the credibility of the refined positional
parameters of Table IV are tested by applying “the va-
lence sum rule” and the “bond valences” [17] for each
atoms and calculated using following equation.

BVi =
∑

j

Si j =
∑

exp

(
r ′o − ri j

B

)
(2)

where,BVi is bond valence of ith ion,r ′o experimental
and calculated bond distances of each ions,B constant
with 0.37,ri j refined ionic distance between thei and j

TABLE IV Positional and thermal parameters refined by the “com-
bined” method of BaOLa2O34TiO2

Atoms x y z B Occup.

Ba1 0.3106 0.0944 0.2500 0.507 0.513(20)
Ba2 0.8042 0.4086 0.7500 0.518 0.485(20)

La1 0.0540 0.2058 0.2500 0.524 0.425(13)
La2 0.4538 0.7008 0.2500 0.524 0.453(14)
La3 0.4980 0.0009 0.2500 0.524 0.442(7)
La4 0.3800 0.4028 0.2500 0.524 0.453(12)
La5 0.6192 0.5907 0.2500 0.524 0.462(13)

Ti1 0.5000 0.5000 0.0000 1.360(96) 0.500
Ti2 0.4349 0.1984 −0.0070 1.360(96) 1.000
Ti3 0.1105 0.3976 0.0039 1.360(96) 1.000
Ti4 0.1646 0.1138 0.0116 1.360(96) 1.000
Ti5 0.2620 0.3367 0.0142 1.360(96) 1.000

O1 0.1656(6) 0.1035(13) 0.2500 1.063(44) 0.500
O2 0.1452(6) 0.0944(13) 0.7500 1.063(44) 0.500
O3 0.1943(3) 0.4199(6) 0.0038(23) 1.063(44) 1.000
O4 0.2395(3) 0.1839(6) −0.0181(18) 1.063(44) 1.000
O5 0.2748(8) 0.3200(17) 0.2500 1.063(44) 0.500
O6 0.2733(7) 0.3297(17) 0.7500 1.063(44) 0.500
O7 0.0209(4) 0.3646(6) −0.0025(20) 1.063(44) 1.000
O8 0.4479(7) 0.2182(11) 0.2500 1.063(44) 0.500
O9 0.4390(7) 0.1864(12) 0.7500 1.063(44) 0.500
O10 0.1172(3) 0.2432(7) 0.0099(17) 1.063(44) 1.000
O11 0.4860(7) 0.4885(13) 0.2500 1.063(44) 0.500
O12 0.0787(3) 0.0469(7) 0.0316(14) 1.063(44) 1.000
O13 0.3602(3) 0.2628(6) −0.0068(20) 1.063(44) 1.000
O14 0.4728(4) 0.3470(7) −0.0314(14) 1.063(44) 1.000
O15 0.4052(4) 0.0508(6) 0.0325(16) 1.063(44) 1.000
O16 0.3118(3) 0.4656(2) 0.0074(20) 1.063(44) 1.000
O17 0.1006(6) 0.4135(12) 0.2500 1.063(44) 0.500
O18 0.1031(7) 0.3859(13) 0.7500 1.063(44) 0.500

atoms. Ther 1 of the “global instability index”〈r 1〉rms
in Table V means (6 jSi j − Vi ) and indicates the devia-
tion parameters of the bond valence6 jSi j from the for-
mal valenceVi . The refinement results with low value
of 〈r 1〉rms imply high reliability. Therefore the result
by the “combined” method with the smallest value is
the most reliable. For the case of the neutron, B(NY)T
showed the largest value of〈r 1〉rms while that of BLT
was smaller than x-ray as shown in Table V. The most
reliable result from the “combined” is ascribed to that
the x-ray provides an advantage for the cation position
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TABLE V Calculated bond valences of BaOLa2O34TiO2 and BaO(Nd0.77Y0.23)2O34TiO2

BaO(Nd0.77Y0.23)2O34TiO2 BaOLa2O34TiO2

Atom X-ray Neutron Combined X-ray Neutron Combined

Ba1 2.57 2.98(10) 2.25(4) 2.51 1.93(3) 2.03(2)
Ba2 2.11 2.42(5) 1.87(3) 1.54 2.15(4) 2.19(3)
La1 4.42 3.49(9) 2.86(4) 3.29 2.90(4) 3.10(4)
La2 2.38 4.25(12) 3.48(6) 2.56 2.99(5) 3.14(3)
La3 3.34 3.77(9) 3.02(5) 2.43 2.79(4) 2.79(3)
La4 3.45 3.65(9) 2.91(5) 3.25 2.68(4) 2.98(4)
La5 3.15 3.57(9) 3.02(5) 2.26 3.04(5) 2.96(3)
Ti1 5.23 5.20(8) 4.17(6) 4.72 4.04(4) 4.18(4)
Ti2 3.40 4.93(17) 3.92(5) 3.97 3.97(9) 3.93(3)
Ti3 4.32 5.11(17) 3.99(5) 4.46 4.21(9) 4.11(3)
Ti4 4.18 5.13(16) 4.13(6) 3.84 3.94(9) 4.10(3)
Ti5 3.53 4.87(17) 4.04(9) 3.83 3.64(8) 3.86(3)
O1 2.10 2.18(10) 1.91(3) 2.34 1.79(6) 2.27(2)
O2 1.77 2.80(12) 1.97(4) 1.49 2.08(7) 1.71(2)
O3 2.32 2.46(10) 2.19(6) 2.09 2.00(5) 2.11(3)
O4 2.14 3.08(12) 2.24(6) 2.21 2.11(5) 2.10(3)
O5 2.13 2.94(15) 2.03(4) 2.28 1.45(5) 2.24(2)
O6 1.71 1.74(9) 1.66(3) 1.36 2.13(7) 1.43(2)
O7 1.99 2.39(8) 1.87(4) 1.77 1.82(4) 1.82(2)
O8 1.80 2.23(10) 1.79(3) 1.72 1.74(5) 1.75(2)
O9 2.15 2.96(16) 2.12(3) 2.12 2.29(9) 2.13(1)
O10 2.25 3.32(14) 2.21(5) 2.13 2.25(6) 2.25(3)
O11 2.04 2.45(5) 1.93(3) 1.99 2.03(3) 1.97(2)
O12 2.13 2.35(7) 2.03(4) 1.97 2.01(3) 2.04(2)
O13 2.65 2.43(7) 2.13(4) 2.10 1.92(5) 1.80(2)
O14 2.01 2.43(7) 1.75(4) 1.83 1.87(4) 1.96(3)
O15 2.09 2.06(9) 2.07(4) 2.00 1.87(5) 1.98(2)
O16 2.22 2.53(10) 2.08(6) 2.23 2.05(5) 2.12(2)
O17 1.98 2.20(9) 1.91(3) 2.19 1.41(4) 2.05(2)
O18 2.13 2.65(12) 2.10(3) 1.78 2.70(8) 1.83(2)
〈r1〉rmsa 0.445 0.753 0.169 0.352 0.249 0.184

aGlobal instability parameters〈r 1〉rms (rms: root mean square).

refinement, while the neutron does for the oxygen po-
sition due to large scattering power for oxygen. The
calculated bond lengths from the refined structure of
B(NY)T by the x-ray, neutron, and “combined” meth-
ods show that both in the x-ray and neutron results some
bond lengths with smaller than 1.8̊A are found which
is abnormally small for Ti O bond, while in the “com-
bined” all the bond lengths are larger than 1.8Å. The
calculated Ti O bond lengths from the refined struc-
ture also imply that the “combined” method is the most
reliable one.

Fig. 1 shows the refined crystal structure of BLT. The
doubling ofc-axis can be seen to be produced by the
Ti O octahedron distortion and consequent displace-
ments of cations, La and Ba, inx-y plane.

3.2. Physical properties
X-ray powder diffraction analyses on the specimens,
Ba6−3xNd8+2xTi18O54 [x= 0.5, x= 0.7] and BaO
[(Nd1−xBix)2O3]4TiO2 [x= 0–0.2] showed a single
phase pattern. Fig. 2 shows the variation of appar-
ent densities of BaO(Nd1−xBix)2O34TiO2 sintered at
1340◦C for 2 hours. The density increased steeply with
the addition of Bi untilx= 0.04. Theεr and Q f of
BaO(Nd1−xBix)2O34TiO2 are shown in Fig. 3. Theεr
increased continuously with increasing Bi-substitution.
Q f (GHz) showed a maximum atx= 0.04 and de-

Figure 1 Refined crystal structure of the BLT with a superlattice struc-
ture.

creased withx> 0.04. The effect of Bi-substitution on
τεr andτf are shown in Fig. 4. Theτεr approaches to
near zero atx= 0.08, and changes to positive values
with further increasingx. Theτf was calculated based
on the measuredτεr using the equation 1.

With Y2O3 substitution dielectric constantεr de-
creases and reaches a minimum atx= 0.15 as shown
in Table VI. Theτεr is +14 ppm/◦C at x= 0.23. The
loss factor increases withx and the solubility limit is
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Figure 2 Variation of sintered densities of BaO(Nd1−xBix)2O34TiO2 at
1340◦C for 2 hours.

Figure 3 Dielectric properties of BaO(Nd1−xBix)2O34TiO2 sintered at
1340◦C for 2 hours.

x≈ 0.23. At x= 0.3, the XRD pattern showed an im-
purity phase Y2Ti2O7. There is some discrepancy in
εr values of the BNT between that in Table VI and in
Fig. 3. This discrepancy is ascribed to the differences
in the τεr measurement chamber used. The BLT with
large ionic size substitute has largeεr and negativeτεr.

In the Ba6−3xNd8+2xTi18O54 a phase transition can
affect theτεr as suggested by Wersinget al. The phase
transition was analysed using differential scanning
calorimetry (DSC), Dupont 2100 model, at a heating
rate of 3◦C/min in the temperature range up to 500◦C.
Four samples i.e., B(NB)T, BNT, BNV and B(NY)T
were tested. The results are shown in Fig. 5. Each sam-
ples was run for two times and showed the same re-

Figure 4 Temperature coefficients of dielectric constantτεr and reso-
nance frequencyτf of the materials in Fig. 3.

sults. In the B(NY)T a heat anomaly indicating phase
transition clearly appears at about 310◦C. The heat
anomalies of the B(NB)T, BNT and BNV are also ob-
served at 282◦C, 291◦C and 295◦C, respectively. The
strong heat anomaly of the B(NY)T indicates the struc-
tural change is a first order transition characteristic.
And those of the B(NB)T, BNV, and BNT with rel-
atively small are more of second order characteristic
than the B(NY)T. The measured phase transition tem-
perature Tc is considered to be related with the a/c val-
ues shown in Table II. TheTc increases with a/c ratio
increase by the substitution of small radius atom, Y,
while theTc decreases with the a/c decrease by the Bi-
substitution. However, the transition temperatures are
considered to be rather high to affect theτεr. Further
study is needed for the nature of the suspected phase
transition. The variation ofτεr with the ionic radius of
the substitutes will be discussed in relation to the crystal
structure.

3.3. Relation between physical properties
and crystal structure

In Ba6−3xR8+2xTi18O54 ceramics, any appropriate ra-
tionale has not been known for the change ofτf with
ceramic compositions. Wersing [13] found some di-
electrics, such as LaAlO3, SrZrO3, BaO-Nd2O3-TiO2
ceramics to deviates from the theoretically predicted
relation betweenτεr and εr for non-ferroelectric per-
ovskites, which is represented asτεr ≈ −αi εr. A struc-
tural phase transition was assumed and suggested as
the reason for the deviation. Concerning the relation
between the crystal structure andτf , Ohsatoet al.sug-
gested that TiO octahedral shrinkage by vacancy in-
crease withx in Ba6−3xSm8+2xTi18O54 (0.3≤ x≤ 0.7)
can give rise to negativeτf value. And Mizutaet al.
[14] also suggested TiO octahedron tilting by the
cation substitutiony in (Ba6−3xSm8+2x)αTi18−yAl yO54
(α= 1+ y/36) can changeτf to negative value.
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TABLE VI Dielectric properties of BaO(Nd1−xYx)2O34TiO2 and BaOLa2O34TiO2

Composition εr τεr (ppm/◦C) tanδ Phase

BaO(Nd1−xYx)2O34TiO2

x= 0 (BNT) 99.8 −95 3× 10−4 Single phase
x= 0.15 85.0 −43 1× 10−3 Single phase
x= 0.23 89.8 +14 2× 10−3 Single phase
x= 0.3 93.6 +165 2× 10−3 Y2Ti2O7 impurity

BaOLa2O34TiO2 (BLT) 109.5 −180 5× 10−4 Single phase

Figure 5 Differential scanning calorimetry (DSC) analysis results of the B(NB)T (a), BNT (b), BNV (c), and BaO((Nd0.77Y0.23)2O3)4TiO2(d).

The relation betweenτεr and Ti O octahedron tilt-
ing in the complex perovskite had been reported by
Reaneyet al. [18]. In this report,τεr decreased with
decrease of ‘tolerance factor’t in ‘no-tilting’ region of
perovskite structure, and reaches a minimum in ‘an-
tiphase tilting’ region. With further decrease oft , τεr
increases and reaches a maximum in the ‘3-tilt’ system
region with ‘in-phase’ and ‘anti-phase’ tiltings. Since
the perovskite blocks are mainly consisted in the crystal
structure of the tungsten-bronze type, the relation be-
tweenτεr and Ti O octahedron tilting found in complex
perovskite would be applicable to the tungsten bronze
system.

In Fig. 6 are shown some selected TiO bonds depict-
ing octahedron tilting and distortion. The tilting mode

Figure 6 Selected Ti O octahedra from Fig. 1 depicting the oxygen
displacements and bond angles.

in this tungsten bronze structure does not simply follow
Glazer’s model [19] for complex perovskite. The api-
cal oxygens indicated by arrows coordinating Ti5 (i.e.,
O4, O16, O5, O6), Ti2(i.e., O8, O9, O14, O15), and
Ti3 (i.e., O17, O10, O15) can be seen to be substan-
tially displaced in the direction of the arrows. This type
of cooperative oxygen displacements, consequently, in-
creases the bond lengths of Ti5O13, Ti2 O7, Ti3 O7
while reduces those of Ti5O3, Ti2 O13, Ti3 O3
bond lengths due to the electrical repulsion induced
by the oxygen displacements as indicated by arrows.
The reduced and lengthened bond lengths by these dis-
placements are shown in Table VII.

These cooperative oxygen displacements give rise
to the “crumpled” Ti O octahedron structure, and re-
duce thec-axis length compared to untilted perovskite

TABLE VI I Some selected bond lengths of BLT and B(NY)T refined
by “combined” method

Bond type BaOLa2O34TiO2 BaO(Nd0.77Y0.23)2O34TiO2

Ti5 O3 1.8305(79) 1.8149(201)
Ti5 O13 2.3867(84) 2.3853(196)
Ti2 O7 2.0785(93) 2.0455(148)
Ti2 O13 1.8513(83) 1.8873(125)
Ti3 O3 1.8987(81) 1.9000(134)
Ti3 O7 2.0479(94) 2.0613(152)
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structure. The distortion mode of oxygen octahedra
both in BLT and B(NY) is similar. Most significant
difference in the two crystal structures is found in the
extent of octahedron tiltings and distortion i.e., bond an-
gles of Ti O Ti and O Ti O. In Table VIII are shown
the bond angles of OTi O. Except some OTi O
bonds (marked with *) existing intimately near Ba-
filled pentagon-channels where the periodicity of TiO
octahedra arrangement are interrupted, all the OTi O
angles decrease with the ceramic composition change
from BLT to B(NY)T as shown in Table VIII. Table IX
shows the bond angles of TiO Ti indicating the extent
of octahedron tilt. The larger the deviation from 180◦
the larger the tilting of octahedra. All the TiO Ti
bond angles are smaller in B(NY)T than BLT except
some Ti O Ti bonds (marked with *) existing near
the pentagon channels similarly to the OTi O bonds.

TABLE VI I I Bond angles in Ti O6 octahedrons of
BaOLa2O34TiO2 and BaO(Nd0.77Y0.23)2O34TiO2

Bond angle (degree)

Bond type BaOLa2O34TiO2 BaO(Nd0.77Y0.23)2O34TiO2

O11 Ti1 O11 179.97(26) 179.97(47)
O12 Ti1 O12 180.00(80) 179.97(14)
O14 Ti1 O14 180.00(89) 180.00(13)
O7 Ti2 O13 176.46(82) 176.21(13)
O8 Ti2 O9 168.62(17) 163.36(34)
O14 Ti2 O15 173.92(83) 171.90(12)
O3 Ti3 O7 176.54(80) 167.75(13)
aO10 Ti3 O15 170.76(82) 173.41(12)
O17 Ti3 O18 168.53(14) 167.10(31)
O1 Ti4 O2 164.61(18) 164.41(39)
O4 Ti4 O12 175.13(77) 166.89(12)
aO10 Ti4 O16 161.82(67) 163.32(14)
O3 Ti5 O13 166.70(71) 166.37(13)
aO4 Ti5 O16 158.02(64) 161.00(16)
O5 Ti5 O6 161.76(14) 156.85(33)

aItalic letters: O Ti O bonds around the pentagon-channels ina-b
plane.

TABLE IX Selected tilt angles of Ti-O6 octahedrons of
BaOLa2O34TiO2 and BaO(Nd0.77Y0.23)2O34TiO2

Angle (degree)

Bond type BaOLa2O34TiO2 BaO(Nd0.77Y0.23)2O34TiO2

Ti1 O11 Ti1 159.95(12) 154.22(21)
Ti1 O14 Ti2 165.77(40) 158.99(56)
Ti1 O12 Ti4 167.21(34) 155.18(57)
Ti2 O9 Ti2 169.41(6) 165.74(13)
Ti2 O8 Ti2 158.42(12) 149.22(23)
Ti2 O15 Ti3 160.14(35) 156.99(54)
Ti3 O17 Ti3 162.39(10) 162.01(14)
Ti3 O18 Ti3 167.31(7) 158.36(20)
Ti3 O10 Ti4 150.81(38) 149.31(57)
aTi3 O3 Ti5 137.67(35) 138.75(115)
Ti4 O1 Ti4 172.07(5) 163.42(14)
aTi4 O4 Ti5 130.25(37) 135.57(117)
aTi4 O16 Ti5 160.78(21) 161.69(125)
Ti5 O5 Ti5 158.01(16) 152.50(49)
Ti5 O6 Ti5 165.16(9) 159.32(42)

aItalic letters: Ti O Ti tilted bonds lying ina-b plane around the
pentagon-channels.

Therefore, the bond angle changes in Tables VIII and
IX show that the octahedra in the B(NY)T are more
severely tilted and distorted.

Collaet al. [18] derived an expression forτεr at con-
stant pressure as following:

τεr = (ε − 1)(ε + 2)
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(
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)
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+ 1
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(
∂αm

∂v

)
T

(
∂v

∂T

)
P

− 1

v

(
∂v

∂T

)
P

]
(3)

whereαm is polarizability,v volume, andεr relative di-
electric constant. The first term in the bracket in Equa-
tion (3) is related with crystal structure and normally has
negative value. With more severely tilted octahedron
structure, this term becomes less important andτεr de-
pends mainly on the last two terms. Hence perovskite
ceramics with small A-site cations tend to have near
zero or positiveτεr. Both the BLT and B(NY)T have
tilted and distorted octahedra as discussed previously,
and B(NY)T with small rare earth atoms, Nd and Y, is
more severely tilted than those of BLT with large atom,
La. Therefore,τεr change to positive value with the sub-
stitution of small atoms on R site in Ba6−xR8+2xTi18O54
is in consistent with the complex perovskite, where the
τεr also increases to positive value with the decrease of
tolerance factor in the 3-tilt region.

4. Conclusion
1. The tilting and distortion of Ti-O octahedra and
cation displacements in the pentagon-channel gave rise
to the superlattice structure with a space group Pnam
of doubledc-axis (c-axis≈7.6Å).

2. By refining the cation positions from the x-ray
data and the oxygen from the neutron the most reliable
refinement results was obtained in the aspect of the
valence sum rule and calculated Ti-O bond lengths.

3. With the substitution of small size atom on the
R-sites in BaOR2O34TiO2 the crystal structure had
more severely tilted and distorted octahedra. Theτεr
of tungsten-bronze structure critically depends on the
extent of the tilting and distortion of the octahedra in a
similar manner to complex perovskite.

4. The dielectric properties ofεr= 89–92, Qf=
5855–6091 GHz are obtained in the range ofx≈
0.04–0.08 in BaO(Nd1−yBiy)2O34TiO2. With Y-sub-
stitution dielectric properties ofτεr=+14 ppm/◦C
and tanδ= 2× 10−3 were obtained at BaO (Nd0.77
Y0.23)2O34TiO2 composition.

5. Suspected phase transitions are observed by
DSC analysis in the temperature range of 280–
310◦C, and the heat anomaly was the most strong in
BaO(Nd0.77Y0.23)2O34TiO2.
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