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Abstract

The effects of strontium substitution for barium on the structure and microwave dielectric properties of BasNbsO;s compounds is investigated
using X-ray diffraction, Raman spectroscopy, and microwave dielectric properties measurement. The symmetric stretching vibration of Ba-rich
compounds splits into two narrow Raman-active modes and indicates the existence of a strong anharmonic lattice. Nevertheless, the symmetry
changes from P3m1 to P3c1 for the Sr-rich compounds. The relative permittivity (g;) and temperature coefficient of resonant frequency (t¢)
increases linearly with an increase of strontium content in Ba-rich compounds, but decreases in Sr-rich compounds. The transition of symmetry
influences the variation of &, and 7y The behavior of ¢, and 7; can also be correlated to the variation of symmetric stretching vibrations of NbOg

octahedra and (c/a) ratio of lattice parameter in the unit cell.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The AsB4O;5 (A=Ba, Sr, Mg, Ca; B=Nb, Ta) dielectric
ceramics have good microwave dielectric properties, including
high relative permittivity (&;), high quality factor (Q), and low
temperature coefficient of resonator frequency (t¢). The ceram-
ics show ¢; in the range of 11-51, Q x f=2400-88,000 GHz and
7 in the range —73 to +232 ppm/°C.!=3 This type of materials
is called cation-deficient perovskites if written in the perovskite
form (ABO3), and AsB40O1s5 is reduced to ABggOs. There is
a vacancy of 0.2B cation per 1A cation, i.e., overall 1B cation
vacancy per 5A cations. Galasso et al.* showed that these com-
pounds have hexagonal structure and crystallized them in the
P3m1 space group. They also have the closest packing of oxy-
gen and barium ions into five layers. The tantalum or niobium
ions are located in the octahedral holes between layers. One
layer of the octahedral hole does not have tantalum or nio-
bium ions to obtain the charge neutrality. Therefore, there is
an empty octahedra, which results in the loss of face shar-
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ing on the NbOg sublattice, and this structure implies strong
anharmonicity.

Jawahar et al.! showed that a considerable distortion can
be noted in the empty octahedra which has the great elec-
trostatic valence imbalance. The BasNbsO15 shows a hexago-
nal structure where &, =39, Q x f=23,700 and 7¢="78 ppm/°C.
The BasTasO;s5 has a lower ¢ =28 than that of BasNbsOjs,
even though its tantalum has larger ionic polarizability. This
is because the lattice of BasTasO;5 is stable whereas that of
BasNb4Oj5 could collapse to a lower symmetry. Lattice anhar-
monicity causes a relatively higher permittivity for BasNb4O15
compound.

Massa et al.” showed that BasNbsOj5 compound is charac-
terized by such a strong anharmonic lattice where the symmetric
stretching vibration of the empty octahedra splits into two
narrow Raman-active modes. This indicates that the lattice
of BasNbsO;5 has a small local departure from the reported
centrosymmetric D%d — P3m1 space group and it is close to
collapsing into a lower symmetry structure. Shannon et al.®
showed that the octahedral environment of the tantalum atoms
become distorted because of the required local charge balance
in BasTasO15 compound. The shortest and longest Ta—O
distance in the octahedra are 1.86+0.02 A and 2.22 £0.03 A,
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respectively. Pagola et al.” showed that the polyhedra at both
metal positions can be described as very distorted octahedra and
their bond distances range from 1.93 to 222 A in MgsNb4Og5
and MgsTasO15 compounds. Moreover, the distortion and
anharmonic lattice were found in the cation-deficient per-
ovskites from previous investigation. Meanwhile, the effect of
structure transition on microwave dielectric properties has not
been clarified in previous investigation.

Kim et al.®!! proposed that the addition of B,O3 to
BasNb4Oj5 results in lowering the sintering temperature from
1400 to 925 °C. This is due to the formation of liquid phase such
as BaB,Og4. Furthermore, the 7¢ of low-fired BasNb4O1 5 is mod-
ified to O ppm/°C by the formation of second phase BaNb;Og
because it has a large and negative t¢, —800 ppm/°C. This means
that the BasNb4O15 compound has excellent dielectric proper-
ties that make it suitable for microwave communication system
and low-temperature co-fired ceramic (LTCC).

Compounds with (Baj_,Sry)sNbsO15 composition have
been reported to show high permittivity and low loss in
microwave frequency region!?. The & and 7; seem to
show a remarkable relation with the Sr’* substitution in
(Baj—,Sry)5NbsO15 system. Ratheesh et al.13 proposed that the
relative permittivity of (Bas_,Sr,)NbsO15 system can be corre-
lated to the variation of symmetric stretching vibration of NbOg
octahedra from Raman analysis. Several authors!#~1¢ have used
the analysis of vibration spectra to study the lattice distortion
of microwave dielectric ceramics, and investigate the origin of
relative permittivity.

In this investigation, the (Baj_,Sry)sNbsO;s5 ceramic was
prepared and the crystal structure was refined by Rietveld
method to clarify the relation between structure and microwave
dielectric properties with XRD patterns and Raman spectra.

2. Experimental procedure

Samples of (Baj_,Sry)sNbsOy5 system with x=0, 0.1, 0.2,
0.4, 0.6, 0.8 and 1 were prepared using conventional solid-state
reaction. BaCOj3, SrCO3 and Nb,Os (which have 99.5% purity)
were mixed with ball milling method by ethanol and yttrium-
stabilized zirconia ball for 3 h. The slurry was dried and calcined
at 1250 °C for 12 h in air. The calcined powder was milled again
for 6 h, dried, sieved and compacted in cylinders and sintered at
1450 °C for 4 h. The phase composition was investigated by X-
ray diffraction (Siemens D5000) using graphite-filtered Cu K;
(1 =1.5406 A) radiation between 26 = 10° and 100°, a step size
of 0.02° 26/s and a sampling time of 8 s/step. The XRD diffrac-
tion patterns were analyzed by the Rietveld method using the
GSAS program.!” A pseudo-Voigt function was used to gener-
ate the line-shape of the diffraction peaks. The microstructures
of the polished samples were investigated and analyzed using
SEM (HitachiS4100). Raman spectra were measured by Dilor
XY Raman spectrometer, detecting time of 10 s, and resolution
of 1cm™!. Samples were excited by Ar ion laser beam with a
wavelength of 515 nm and power output of 100 mW.

The relative permittivity (e;) and quality factor (Q) at
microwave frequency were measured with the Hakki-Coleman
dielectric resonator method, using a HP8757D network analyzer

and a HP8350B sweep oscillator. The Q values were measured
using a TEp1; resonant peak, and ty was obtained by measuring
the resonant frequency in the temperature range of 25-85 °C.
The t¢ value (ppm/°C) was calculated by noting the change in
resonant frequency.

3. Results

Fig. 1 shows the X-ray diffraction pattern of the
(Baj_,Sry)sNbsO15 system that shows the single phase and
isostructural nature of the said compounds. The patterns were
indexed based on hexagonal symmetry for BasNbsO;5 com-
pound. The Sr%* ion can fully substitute into the Ba-site without
the occurrence of the second phase.

Fig. 2 shows the typical microstructures of
(Baj_,Sry)sNbsO15 ceramics, which have elongated grains.
The abnormal grain growth and elongated grain caused the
sintered density to reach only below 96%. The relative density
reached above 93% while sintering at 1450 °C/4 h. The grain
size seemed to decrease with Sr’* substitution and showed a
bi-model distribution in the microstructure.

In order to clarify the effect of strontium substitution for bar-
ium ion in the structure, the lattice parameter and symmetry
were determined by Rietveld analysis. Weiden et al.!® found
that the SrsNbsO15 compound develops a monoclinic distortion
which leads to a unit cell with symmetry P2/m with twice the
volume of the hexagonal cell. Ratheesh et al.'3 concluded that
SrsNbsO15 has a hexagonal structure in accordance with the
report of Whiston.!® However, the structure determination of
SrsNb4O5 started with the presumption that it would crystal-
lize in a similar structure with BasNb4O15 hexagonal compound
with P3m1 pace group. The refinements were successfully per-
formed by the symmetry of space group P3m1 and P3cl for
Ba-rich and Sr-rich compounds, respectively. The symmetry of
SrsNbsO15 showed a P3cl space group with better reliabil-
ity factors and goodness of fit indicator as shown in Table 1.
The refinement of SrsNbsO;5 was consistent with the report of
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Fig. 1. X-ray diffraction patterns of the (Baj_,Sr,)sNbsO15 compounds.
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Fig. 2. Microstructure of the (Baj_,Sry)sNbsO;5 compounds.

Teneze et al.?® and it was confirm to have hexagonal symmetry.
The c-parameter is doubled due to an anti-tilting of octahedra
(~15°) around the c-axis. Fig. 3 shows the excellent agreement
between the observed and calculated profile of the XRD pat-
terns for BasNbsO15 and SrsNbsO;5 compound. The refined
lattice parameters, unit cell volumes, reliability factors, and
goodness of fit indicator are listed in Table 1. The symmetry
of crystal structure was changed from P3m1 to P3cl while
strontium substitution increased to Sr-rich compounds. There-
fore, the X-ray diffraction patterns in Fig. 1 were indexed with

P3m1 and P3c1 symmetry for Ba-rich and Sr-rich compounds,
respectively.

Fig. 4 shows the crystal structure of BasNbsO;5 compound
with refined data. The structure consisted of five BaO3 close-
packed layers and niobium ions located in corner-sharing octa-
hedral holes between layers. No niobium ion was observed
between the third and the fourth layer. The bond angle of
O(3)-Nb(2)-0(3) showed great departure from the angle of 90°
expected for an ideal octahedra. The bond lengths of niobium-
oxygen showed great variation for O(3) than for the O(2) and
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Table 1
The refined lattice parameters, unit cell volumes, reliability factors and goodness of fit indicator for (Baj_,Sr,)sNbsO15 compounds
Composition (x) Space group Lattice parameters Unit cell volume (A3) Ruwp Ry X2
a (&) c(A)
0.0 P3m1 5.7948 (0) 11.7887 (1) 342.8210 11.99 7.58 1.8210
0.1 P3m1 5.7798 (0) 11.7741 (1) 340.6350 10.79 7.08 1.4580
0.2 P3ml 5.7639 (0) 11.7558 (1) 338.3310 10.30 6.93 1.3360
0.4 P3m1 5.7351 (0) 11.7193 (1) 333.8190 10.28 6.72 1.3550
0.6 P3m1 5.7095 (0) 11.6642 (1) 329.2960 12.09 7.44 1.9150
P3cl 5.7123 (0) 11.3393 (1) 659.5460 10.26 8.30 1.5266
0.8 P3m1 5.6833 (0) 11.5757 (1) 323.8030 11.33 6.87 1.6960
P3cl 5.6855 (0) 11.1589 (1) 648.3130 7.85 7.15 1.2071
1.0 P3ml 5.6567 (0) 11.4599 (1) 317.5720 13.64 8.23 2.2310
P3cl 5.6852 (0) 11.9158 (1) 641.4410 7.72 7.15 1.1674

Ryp: the reliability factor of weighted patterns; R;,: the reliability factor of patterns; x%: goodness of fit indicator = (pr/Repr)z.

O(1) oxygen ions. A considerable distortion was noted with
the O(3) position, which may be due to the great electrostatic
valency imbalance at this position. The Nb(2) octahedra were
noted to have large differences of 1.871 and 2.266 A for the
bond length of Nb(2)-O(3) and Nb(2)-O(2), respectively. Fig. 5
shows the crystal structure of SrsNbsO{5 compound with P3¢l
symmetry. The c-parameter was doubled with two formula
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Fig. 3. Observed (cross), calculated (solid lines), and difference (bottom) X-ray
diffraction patterns for BasNbsO;5 and SrsNbsO5compound.

units per cell (Z=2). The bond lengths and angles of NbOg
octahedra in SrsNb4O;s showed great departure from that of
ideal octahedra and indicated larger distortion than BasNb4O1;
compound.

The lattice parameter, ¢ and a, decreased linearly with the
increase of Sr’* substitution because the ionic radius of Sr**
(1.54 A) was smaller than Ba** (1.74 A). Fig. 6 shows the lattice
parameter as a function of strontium substitution. This indicates
that the cell volume and lattice parameter, ¢ and a, decreased
linearly with the increase of strontium content in Ba-rich com-
pounds. Nevertheless, a linear increase of (c/a) ratio with stron-
tium substitution showed that the unit cell has a stretch along the
c-axis in Ba-rich compounds. However, the lattice parameter (c,
a and c/a ratio) and cell volume decreased with the increase of
strontium content in Sr-rich compounds with P3c1 symmetry.

The microwave dielectric properties of (Baj_,Sry)sNbsO15
ceramics are described in Fig. 7. It was evident that the ¢, and
77 increased with an increase of strontium content to x=0.4
(BazSroNb4Og5s), and then decreased later on. Similarly, a dis-
tinct correlation was noted between symmetry transition of
crystal structure and microwave dielectric properties (¢ and ty).
Nevertheless, the substitution of Sr>* ions at the Ba-sites drasti-
cally reduced the quality factor. Higher loss of grain boundaries
with smaller grain size could be one of the reasons for the degra-
dation of quality factor. However, the grain size did not cause
any obvious influence on the &, and 7.

The spectra of (Baj_,Sry)sNbsO15 compounds were very
similar to those of pure compounds with x=0 and 1, as shown
in Fig. 8. The structure of SrsNbsOi5 should be similar to
BasNbsO;s with hexagonal symmetry. Two groups of strong
Raman active modes were observed at 800 and 310 cm™!. They
were assigned to the symmetric stretching modes and bend-
ing modes of NbOg octahedra with Oy, symmetry, respectively.
However, the departure from Oy symmetry resulted in the line
broadening or splitting of Raman spectrum.

The strongest band at 800cm™! could be associated with
short niobium—oxygen bond distances. The large splitting was
observed for the symmetric stretching region of Az mode for
Ba-rich compounds. In the Raman spectrum of BasNbsOq;
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Fig. 4. (a) Crystal structure of BasNbsO15 compound with refined XRD data. (b) Description of bond lengths and angles in NbOg octahedra for BasNb4O15

compound.

(x=0), symmetric stretching mode of NbOg octahedra was split
into two modes at 773 and 846 cm~!. This doublet was shifted
toward higher wave-number region with the increase of stron-
tium substitution at x <0.4. This indicates that the distortion
of NbOg octahedra exists stably in the Ba-rich compounds,
and the bond strength of Nb—O becomes stronger with a struc-
ture containing strontium. Furthermore, the splitting of A,
mode disappeared gradually in Sr-rich compounds at x> 0.6.

(a)

o

The wave number of Az mode for Sr-rich compounds was
observed to be almost constant at 802-805 cm™!.

The F»; mode showed a narrow splitting at 306 and 318 cm™!
for BasNbsO15 compound. This narrow doublet was due to the
empty octahedra and it was caused by a small local departure
from the P3m1 space group.’ The behavior of F2, active modes
indicated that its centrosymmetry was locally lost in BasNb4O135
compounds. This narrow doublet gradually disappeared with an

(b)

Fig. 5. (a) Crystal structure of SrsNbsO15 compound with refined XRD data. (b) Description of bond lengths and angles in NbOg octahedra for SrsNbsO;5 compound.



2278 C.-T. Lee et al. / Journal of the European Ceramic Society 27 (2007) 2273-2280

23.4 P3c1

23.2

23.0

13%07
11.75 [
11.70 F
11.65 |
11.60 E
5.80

5.78
5.76

574 |
5.724

¢ (angstrom)

5.70 |-

a (angstrom)

5.68

4.08 |
4.06
4.04 |
402 |
4.00,]
2.044

2.040 [
2.036 -

2.032

cla

1 2 1 1 " 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Strontium substitution (X)
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increase of strontium content in Ba-rich of composition, x < 0.4.
However, the splitting of F»; mode was present again in Sr-rich
compounds and shifted to higher wave-number of region with
the increase of strontium content. The splitting of F»; mode was
located at 317 and 331cm™! for SrsNbsOys compound. The
transition of symmetry from P3m1 to P3c1 space group also
could be probed from above variation of Fog mode.

4. Discussion

The Nb>* was too small to form regular NbOg octahedra and
therefore resulted in the distortion. The local charge imbalance
of empty octahedra in the cation-deficient perovskites com-
pound also caused the distortion of oxygen octahedra. The bond
distance of Nb(2)-O(3) ions became shortened and was com-
pensated by the lengthening of Nb(2)-O(2) bonding distance to
maintain the structure of NbOg octahedra. The presence of dif-
ferent Nb—O bond lengths may be the reason for large splitting
of symmetric stretching mode of oxygen octahedra. The analy-
sis of Ag and F2; modes in Raman spectra indicates a structure
transition between Ba-rich and Sr-rich compounds. This result
confirms the study of Rietveld analysis for X-ray diffraction
patterns where the symmetry of crystal structure changed from
P3m1 to P3c1 space group in Sr-rich compounds.

Dielectric constant is determined by the ionic and electronic
polarization in the microwave region, and ionic contribution is
the most important for the higher dielectric constant of com-
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Fig. 7. Variation of &, and t¢ as a function of Sr2* substitution (x).

pounds. The experimental permittivity data was used to compare
the dielectric polarizability with that predicted by the ion addi-
tivity rule reported by Shannon.?! The experimental dielectric
constant was corrected for the porosity of the ceramics to calcu-
late the dielectric polarizability and compare the values to those
obtained from the sum of Shannon’s polarizabilities:

24P
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Er,corr = Erexp. X
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Fig. 8. Raman spectra of the (Baj_,Sr,)sNbsO15 compounds.
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Table 2

Calculated and predicated dielectric polarizability of (Baj_,Sr,)sNbsO15 compounds

Compound Space group Erexp. Density (% theor.) Ercorr Vm (A3) Qexp. (A3) Shannon-(A3)
BasNbsOjs P3ml 38.6 92.1 43.63 342.82 76.46 78.03
Bay 5Sr9sNbyOy5 P3m1 41.2 93.2 45.85 340.64 76.22 76.95
BaySriNbyOy5 P3ml 439 93.5 48.48 338.33 75.97 75.87
Ba3SryNby O P3m1 475 93.0 52.86 333.82 75.34 73.71
Ba,Sr3NbyOg5 P3cl 459 92.5 51.48 329.77 74.31 71.55
Ba;SryNbsO5 P3cl 439 94.5 47.73 324.16 72.72 69.39
SrsNbsOs P3cl 41.2 96.1 43.78 320.72 71.55 67.23

where & corr is the corrected permittivity, &exp. the measured
permittivity and P is the porosity.

This calculation of dielectric polarizability was conducted
using the Clausius—Mossotti equation:

o= l |:(Vm)(<9r,corr - 1)]
b Ercorr T 2

where Vy,, is the molar cell volume (=V it cenn/Z) and b =4m/3.

The Ba-rich compounds have one formula unit per Bravais
cell (Z=1) in the hexagonal system with space group of P3m1.
The Sr-rich compounds with P3c1 space group showed that
Z=2.If large deviations would occur between &, ¢,1c and &rexp..,
it would generally reflect a situation similar to inaccurate dielec-
tric constant, ionic or electronic conductivity, the presence of
“rattling” or “compressed” cation having large or small polar-
izabilities, or the presence of dipolar impurities. Vineis et al.??
showed that the dielectric polarizability of BasNb4O15 calcu-
lated from experiment is 76.35 A3 which is in agreement with
the sum of the ion polarizabilities. Table 2 shows that the polar-
izability of BasNb4O15 for our experiment was 76.46 A3, which
coincided with the previous investigation.

Table 2 indicates that dielectric polarizability of these com-
pounds calculated from experiment was in reasonable agreement
with the sum of the ion polarizabilities proposed by Shan-
non. The above special situations should not happen in the
(Baj—,Sry)5NbsO15 system. It was evident that the polarizabil-
ities of dtexp. and ashannon Were both decreased linearly with an
increase of strontium content. This was due to the smaller ionic
polarizability for strontium than that of barium ion.

The Ba-rich compounds are characterized by a strong anhar-
monic lattice where the symmetric stretching vibration, Ajg
mode, splits into two narrow Raman-active modes. This indi-
cates that the lattice had a small local departure from the reported
centrosymmetric ng — P3m1 space group, and changed into a
lower symmetry structure. The splitting A, modes in anhar-
monic lattice gradually shifted to high wave-number region in
Ba-rich composition from Raman analysis. However, the &,
and 77 linearly increase in Ba-rich compounds and decrease
in Sr-rich compounds with an increase of strontium content.
This showed a distinct correlation between the magnitude of &,
and the (c/a) ratio of lattice parameter in Ba-rich compounds.
The increase of (c/a) ratio showed the stretch of crystal struc-
ture along the c-axis with strontium substitution. Based on the
observation, lattice anharmonicity increased with the increase
of lattice parameter (c/a) ratio and upward shifting frequency of

symmetric stretching modes, Ajg. This resulted in an increase
of &; in Ba-rich compounds even though the ionic polarizability
decreased gradually with strontium substitution. However, the
structural transition from P3m1 to P3cl caused the decrease
of &;. The (c/a) ratio and ionic polarizability decreased and this
resulted in the decrease of &, with an increase of strontium con-
tent in Sr-rich compounds.

The t¢ is related to the temperature coefficient of relative
permittivity (7g):

1

= —Erg -
where « is the thermal expansion coefficient. The t¢ was directly
influenced by 7., since the magnitude of o was generally con-
stant and insignificant compared to that of . :

__(e=DE+2)
£ 3¢

The (A) term represents a direct dependence of the polarizability
on temperature. Colla et al.>? suggested that the (A) term gener-
ally determines the sign and magnitude of t,. This depends on
the structure of the compounds rather than their compositions.
Fig. 7 show that the 7y abruptly decrease at x=0.6. This indi-
cates that the transition of symmetry from P3m1 to P3c1 space
group influenced the 7, and resulted in the abrupt decrease of t¢
in Sr-rich compounds. Reaney et al.>* showed that the onset of
tilting transition was the major factor that influenced the behav-
ior of 7. The tilting of oxygen octahedra has been investigated
in conjunction with 7. The decrease in tolerance factor by cation
substitution induced the tilting of oxygen octahedra and caused
the transition of t¢ as a function of composition. The c-parameter
is doubled due to an anti-tilting of octahedra around the c-axis in
Sr-rich compounds with P3c1 symmetry. The transition of sym-
metry that involved with the tilting of NbOg octahedra resulted
in the decrease of 7 and this phenomenon was coincided with
the investigation of Reaney.

(A+B+0C)

5. Conclusion

A considerable distortion of NbOg octahedra was observed,
which indicates that lattice anharmonicity exists in the structure
of (Baj_,Sr,)sNbsOy5 system. The symmetry of crystal struc-
ture changed from P3m1 to P3c1 with strontium substitution
from the Rietveld analysis of X-ray diffraction patterns.

The linear increase of ¢, and ty was observed by accom-
panying the increase of lattice parameter (c/a) ratio and the
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upward frequency shifting for the symmetric stretching vibration
of NbOg octahedra in Ba-rich compounds. However, the Sr-rich
compounds with P3c1 symmetry show a decrease in (c/a) ratio
and ionic polarizability, which results in the gradual decrease
of &, with strontium substitution. The transition of symmetry
from P3m1 to P3c1 space group resulted in the tilting of oxy-
gen octahedra and caused the abrupt decrease of t¢ in Sr-rich
compound.
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