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Abstract

Non-stoichiometric pyrochlore ceramics with formula Bi; s5,,ZnNb; 507, 5, were systematically investigated. Crystal structures of the
compounds were studied by X-ray diffraction (XRD) technique. The structures were identified as pure cubic pyrochlores when |x| < 0.1. Dielectric
and optical properties of the compositions when x = —0.1, 0 and 0.1 were studied. All samples have high resistivities and low dielectric loss. With
increasing x in Bi; 5,,ZnNb; 507, s,, the lattice constant, permittivity, temperature coefficient of permittivity and thermal expansion coefficient
increased, while dielectric loss decreased. Raman spectra indicated that the intensity of Bi—O stretching become stronger with increasing x. A
vibration mode emerging at 861 cm™" when x = —0.1 means that the B—O coordination environment is significantly more disordered. Absorption
spectra suggested that the bandgap energy become lower from 2.86 to 2.70 eV as lattice constants increased. Strong absorption occurs at
wavelengths from 433 to 459 nm, shows that samples have the ability to respond to wavelengths in the visible light region.
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1. Introduction

A large number of pyrochlore analogs have been synthesized
with an amazing variety of chemical compositions and
exploitable properties. These include dielectric, ferroelectric,
piezoelectric, ferromagnetic, anti-ferromagnetic materials,
temperature-stable high-permittivity properties, catalytic beha-
vior, colossal magneto-resistance (CMR), etc. [1]. In 1931, Von
Gaertner et al. described the structure of the ideal oxide
pyrochlores. The overall formula of pyrochlore is A,B,0-, and
it is often written as A;B,0s0’ to distinguish the oxygen atoms
in the two different networks A,O' and B,0O4. The A,O’
network features four-coordinate O’ ions and two-coordinate A
cations. The B,0g framework consists of [BOg] octahedral
sharing all vertices to form large cavities [2,17]. In 1970s,
bismuth-based pyrochlore compounds of Bi,O3;—ZnO-Nb,Os
(BZN) ternary system for multilayer capacitors were explored
in Chinese industry. And then in 1990s, two pyrochlore phases
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in BZN system were found in our laboratory. One of these is
crystallized as cubic pyrochlore with formula Bi; sZnNb, 50-.
The system attracted much attention for the excellent properties
such as low sintering temperature (below 1000 °C), high
dielectric constant (~150), low loss (~1074) and tunable
temperature coefficient. It is of considerable importance for
numerous applications including capacitive components,
LTCC, multiplied filters, phase shifters and microwave
(MW) passive components [3-6,16].

This paper focuses on non-stoichiometric BZN pyrochlores
with formula Bi; 5,,ZnNb; 507, 5,, Where x = —0.1, 0 and 0.1.
The relationship between the compositions and properties was
investigated. The Raman spectra and the absorption spectra
were measured to obtain more information.

2. Experimental procedure

Bi; 5,,ZnNb; 507, 5, samples were prepared by conven-
tional solid-state powder processing techniques, which includes
mixing, calcining, pulverizing, palletizing and sintering steps.
The samples were sintered at 1000 °C for 3 h. Phase structures
of the sintered ceramics were studied by X-ray diffractometer
(Rigaku, Dmax-2400), Cu Ko, 40 kV-10 mA, 10-80°. The
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Fig. 1. X-ray diffraction patterns of the Bi; 5,,ZnNb; 507,;5, ceramic discs
sintered at 1000 °C.

powder diffraction lines of mixture (Silicon and BZNT) in the
26 range of 60-120° were collected and used for Ilattice
refinement using silicon as an internal standard. The
capacitance versus frequency and temperature characteristics
were measured using HP 4284A impedance analyzer.
Resistance data were obtained using HP 4339A high-resistance
meter under dc voltage of 100V. Thermal expansion
coefficients were measured by NETZSCH DIL 402C diffract-
ometer. Raman spectra were recorded by a Jorbin Yvon HR800
FT-Raman spectrometer in the Raman shift range of 100-
1000 cm ™" with a spectral resolution of 2 cm ™. Reflect spectra
were measured by a JASCO V-570 UV/VIS/NIR spectro-
photometer with ISN-470 integrating sphere accessory at room
temperature.

3. Results and discussion
3.1. Phase structure

The structures of the non-stoichiometric Bi; s, ZnN-
b;50741.5c pyrochlores were evaluated to be single phase
structures when |x| < 0.1. The X-ray diffraction (XRD)
patterns are shown in Fig. 1. All the peaks could be indexed
as cubic pyrochlore with space group Fd3m. The lattice
constant was determined using the relation:

a4 (1)

Vh + i+ P
where d is the interplanar distance in A and h, k, [ are planes.
The value of lattice constant is calculated from 90° to 120°

degree 20 angle peaks. The corrected value of lattice parameter
was extrapolated versus cos> 6(1/6 + 1/sin ), as shown in
Table 1. Increasing Bi** concentration in Bi; 5,,ZnNb; 507, 54
compounds results in the increase of lattice constants. It is due
to the large radius of Bi**.

3.2. Dielectric and thermal properties

The dielectric and thermal properties of the compositions
are shown in Table 1. All the samples exhibit low dielectric
loss and high resistivity. The low dielectric loss is attributed
to the single pyrochlore phase structure [7]. The dielectric
constants are about 150 and the temperature coefficients
are negative around —500 ppm/°C. There is a strong
correlation when Nb* is placed in the center of octahedra
and would result in high ¢ and large negative «, [8]. There is
direct relationship between dielectric properties and Bi’*
concentration. The dielectric constants and negative tem-
perature coefficients of dielectric constants increased with
increasing x.

Thermal expansion coefficients decreased with increasing x.
Ruffa [9] pointed out that thermal expansion coefficient is in
direct proportion to the distance of two adjacent atoms. It is a
parameter closed to the metal-oxide ionic bond length, which is
in direct ratio to the lattice constant.

3.3. Raman spectra

The crystalline samples were also examined by Raman
spectroscopy to search for short-range structural differences.
The Raman spectra of the four samples are shown in Fig. 2. The
shapes of Raman spectra of the samples are similar as they
mainly correspond to the pyrochlore structures [10]. The bands
are assigned to symmetry species in Table 2 compared to the
previously published literatures [11,12]. The bands at 182 and
248 cm ™! are assigned to the A—O stretching. The bands at 760
and 977 cm ™' are associated with the B—O stretching vibration
in the BOg octahedron. Begg et al. [13] regards that a new shift
at 861 cm™' is the vibration mode originating from the
localized short-range disorder of B site atoms. This new
vibration mode emerging at x = —0.1 means that the B-O
coordination environment is significantly more disordered.

With an increase in x value, the Bi** concentration increases
and the intensity of Bi—O stretching become stronger. It is
known that the intensity of Raman diffusion is in direct
proportion to the polarizability, and the polarizability increases
following the lattice constant, which results in the increasing of
Bi-O stretching intensity.

Table 1
Lattice constants and dielectric parameters in series ceramics
Sample (x) a (A) & at tgd at 1 MHz o, at 125°C 1 p (x10" Qycm) TEC at 400 °C E, (eV)
1 MHz (x 107 MHz (ppm/°C) (x107°CO)™
—0.1 10.5481 142 42 —483 5.7 4.85 2.86
0 10.5530 148 6.5 —513 1.0 5.35 2.83
0.1 10.5609 164 2.7 —560 1.8 541 2.70
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Fig. 2. Raman spectra of samples at room temperature.

3.4. Absorption spectra

Reflectance spectra were measured to evaluate bandgap
energy refers to the valence-band to conduction-band edge
transition. Fig. 3 shows the absorption spectra calculated from
the reflectance data. The exponential absorption edge called
Urbach edge is derived from optical phonons and lattice
vibration in most ionic solids [14]. The Urbach edge moving to
the lower photon energy is caused by the extension of lattice
constant [15]. The bandgap energy can be estimated from the
following equation by assuming a direct transition between the
bands [18]:

1/2
oy A(hv — E,) @)
hv

where « is the absorbance coefficient, 4v is photon energy and A
is a constant. The bandgap energy E, was determined by
extrapolating the straight regions of the absorption band to
hv axis at zero absorption value shown in Table 1, suggesting
that the bandgap energy shows appreciate redshift when
increasing x. The absorption wavelength can be calculated
by the following formula:

1240
A == 3
o (nm) E, (V) 3)
The compounds show optical absorption at wavelength
between 433 and 459 nm. This means that the compounds
have the ability to respond to wavelengths in the visible light
region.

Table 2

Observed Raman shift (cm™") and assignment for the samples

Bands Species Assignment

182 By, Bi-O stretching
248 Fag Zn-0 stretching
419 Alg Not defined

522 Ay, O-B-0 bond bend
760 Alg Nb-O stretching
977 Ay, Zn-0 stretching

0.7

0.6

0.5

0.4

0.3

0.2
0.1

0.0

2.0 25 3.0 35 4.0
hu (eV)

Fig. 3. Absorption spectra calculated from the reflectance data of samples.

4. Conclusions

Crystal structure, dielectric and optical properties of
Bi; 5_,ZnNb,; 507_; 5, were studied. The XRD patterns can
be indexed as the single cubic pyrochlore structures when
|x|] <0.1. The lattice constants increase gradually with
increasing x due to the big radius of Bi**. The low dielectric
loss is attributed to the single pyrochlore phase structure. The
dielectric constants and negative temperature coefficients of
dielectric constants increased with increasing bismuth content.
Thermal expansion coefficients decreased as in direct relation-
ship with lattice constant. The intensity of Bi—O stretching in
Raman spectra becomes stronger when increasing the
concentration of bismuth. A new vibration mode emerging
at 861 cm~ ' when x = —0.1 means that the B—O coordination
environment is significantly more disordered. The exponential
absorption edges show appreciate redshift with the extension of
lattice constant suggesting that the bandgap energy become
lower with x increasing. Values of absorption wavelength are
from 433 to 459 nm, suggested that the samples have the ability
to respond to wavelengths in the visible light region.
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