Available online at www.sciencedirect.com

‘ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER Journal of the European Ceramic Society 27 (2007) 2995-2999

Extended X-ray absorption fine structure, X-ray diffraction and
Raman analysis of nickel-doped Ba(Mg;,3Tay/3)03

Mei Yu Chen?, P.J. Chang?, C.T. Chia®*, Y.C. Lee®, LN. Lin¢, L.-J. Lin9,
JF. Lee®, H.Y. Lee®, T. Shimada®

2 Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan, ROC
Y Department of Materials Science and Engineering, National Tsing-Hua University, 300 Taiwan, ROC
¢ Department of Physics, Tamkang University, Tamsui Taipei 251, Taiwan, ROC
d Material and Chemical Research Laboratories, Industrial Technology Research Institute, Chutung, Hsinchu 310, Taiwan, ROC
¢ National Synchrotron Radiation Research Center, Hsinchu 300, Taiwan, ROC
f R&D Center, NEOMAX Co. Ltd., 2-15-17 Egawa, Shimamoto, Osaka 618-0013, Japan

Available online 11 December 2006

Abstract

Raman, X-ray diffraction and extended X-ray absorption fine structure (EXAFS) measurements of xBa(Niy;3Tay3)O03 + (1 —x)Ba(Mgy;3Tay3)03
samples with x=0-0.03 were performed to reveal the nickel doping effect on the microwave properties. EXAFS result clearly shows that the
nickel is located on the Mg lattice site. We also found that, as the nickel concentration increases, microwave dielectric constant decreases with the
Ta—O and Ni—O bond distances. X-ray diffraction shows that the 1:2 ordered structure is degraded with the increasing of nickel concentration.
The stretching phonon of the TaOg octahedra, that is A;,(O) phonon near 800 cm™', are strongly correlated to the microwave properties of
xBa(Ni;3Mgy3)0;3 + (1 — x)Ba(Mg;/3Tay3)O3 samples. The large Raman shift and the large width of the A;,(O) imply rigid but distorted oxygen

octahedral structure, therefore, the effect of nickel doping lowers the dielectric constant and the Q x f value of Ba(Mg;,3Tay;3)O5 ceramic.
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1. Introduction

Ba(Mgi,3Tay/3)O03 perovskite ceramic is known for its low
dielectric loss and high Q x f value in microwave region.!
However, the high cost of TayOs powder and the high sin-
tering temperature (above 1600 °C) of Ba(Mg/3Tay/3)O3 raise
the cost price for the industrial application.”> Nomura et al.'3
found the doping of BMT with 1 mol% of Mn not only pro-
motes sinterability by lowering the sintering temperature but
also increases the Q x f value appreciably. Matsumoto et al.*
investigated the SnO;-doped Ba(Mg1,3Taz/3)O3 which had bet-
ter microwave dielectric properties. The internal process and
physics in Ba(Mg/3Taz/3)O3 with small amount of dopants are
still under investigation. Surendran et al.®> sums up the dopant
effect on dielectric properties of Ba(Mgy/3Tay/3)03, and found
that the valence charges and ionic radii of dopants affected the
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microwave dielectric properties of Ba(Mg1,3Taz/3)O3 in a very
different way.> Kim and Yoon® were the first group to inves-
tigate the nickel effect on the microwave dielectric properties
of Ba(Mg/3Tay/3)O3. The results of scanning electron micro-
scope and energy dissipation spectrum have shown that the
grain size decreases with nickel doping concentration, there-
fore, the decrease of microwave dielectric properties may be
attributed to the lower density and smaller grain size. Raman
scattering is an excellent tools to investigate the phonon proper-
ties of 1:2 ordered perovskite materials, and researchers have
found the correlation of phonon modes with the microwave
properties.”® A recent study has shown that stretching vibra-
tion of oxygen octahedral network and 1:2 ordered phonons
of 1:2 ordered structure play an important role on the material
microwave performance.® However, the Raman measurements
yield information that indirectly relate phonon vibrations to the
microwave properties. On the other hand, extend X-ray absorp-
tion fine structure (EXAFS) can probe B”Og local structure
directly, and the structural properties of oxygen octahedra can be
deduced and correlated to the microwave dielectric properties.’
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X-ray diffraction method is also a useful tool to reveal the qual-
ity of 1:2 ordered structure of Ba(Mg;,3Taz/3)O3. In this paper,
we investigate the effect of small amount of nickel doping on
the structural and microwave properties of Ba(Mgj/3Tay/3)O3 by
the Raman scattering, EXAFS and X-ray diffraction methods.

2. Experiment

The conventional mixed oxide process was adopted
to prepare xBa(Nij;3Taz/3)03 + (1 —x)Ba(Mgy3Tay;3)O03 per-
ovskite ceramic samples (hereafter x\BNT + (1 — x)BMT), while
x=0.005, 0.01, 0.015, 0.02, 0.025 and 0.03. The samples were
sintered at 1600 °C with oxygen concentration over than 80%,
and the sintering time was 25 h. The Raman measurements were
performed at room temperature and signals were recorded by
a DILOR XY-800 triple-grating Raman spectrometer equipped
with a liquid-nitrogen-cooled CCD. The 10 mW output of the
514.5-nm line of Ar* ion laser was used as the excitation source.
The obtained Raman spectra exhibited a resolution of 0.5 cm™!
approximately. The dielectric properties were measured by the
TEO11 resonant cavity method using an HP 8722 network ana-
lyzer at a frequency near 6 GHz.!%!! X-ray diffraction results
were analyzed by GSAS program'?!3 to deduce the ordering
parameter of 1:2 order structures. The EXAFS data of Ni K-edge
and Ta Lyj-edge were measured at Wiggler beamline BL.17C
of National Synchrotron Radiation Research Center and ana-
lyzed by FEFF-8 program.!#2! The intensity of the incidence
X-ray was monitored by the ionization chamber and the obtained
absorption signal raised at the absorption edge was used to
deduce the concentration of the absorbing atoms.?® In the follow-
ing, the results of Raman, X-ray diffraction and EXAFS revealed
structural factors that directly affect the microwave performance
are discussed.

3. Result and discussion

Fig. 1 shows the Raman spectra of xBNT + (1 —x)BMT
accompanied by an intense background which decreases with
the Ni doping concentration. Four dominant Raman peaks can
be clearly found, and they are Ag(Ba) + Eg(Ba) near 105 cm™ L,
Eo(O) around 375cm™!, Eg(O) at 431cm™! and the stretch-
ing vibrations of TaOg A1¢(O) near 800 cm~!.8 Beside these
four dominant modes, three weak phonons in between 150 and
300cm™! are observed. In Fig. 2(a), the Raman shift of stretch-
ing mode, A14(O), of TaOg and the dielectric constant are plotted
as a function of nickel concentration. As the nickel concentration
increases, the dielectric constant drops, while the Raman shift
of A1g(O) increases. The Raman shift of the stretching A1(O)
phonon is related to the Ta—O bond strength, hence the lager
Raman shift indicates the rigid TaOg octahedral structure, hence
a larger Raman shift indicates a more rigid octahedron low-
ers the dielectric constant. Similarly, the width of A¢(O) mode
and Q x f value as function of Ni concentration are plotted in
Fig. 2(b). The width of stretching A4(O) phonon of octahedron
increases with Ni concentration, while the Q x f value decrease
with doping concentration. The phonon width is related to the
lifetime of the phonon propagation, and larger widths give short
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Fig. 1. Raman spectra of xBNT + (1 —x)BMT samples with x=0.005-0.03.
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Fig.2. Correlation of A14(O) phonon characteristics with the microwave proper-
ties of xBNT + (1 — x)BMT: (a) the correlation of Raman shift and the dielectric
constant and (b) FWHM and the Q X f value.



M.Y. Chen et al. / Journal of the European Ceramic Society 27 (2007) 2995-2999 2997

Ni core

x=0.03

- x=0,025

I x=0.02

- x=0.015
x=0.01
x=0,005

Intensity (arb. unit)

1 1 1 : 1
8.5 9.0 9.5
(a) Photon Energy (keV)

Ta core

x=0.03

x=0.025

x=0.02

x=0.015

x=0.01

Intensity (arb. unit)

x=0.005

] ) 1 .
10.0 10.5 11.0

(b) Photon Energy (keV)

Fig. 3. (a) Ta Lyj-edge and (b) Ni K-edge EXAFS spectra of xBNT+
(1 —x)BMT.

lifetimes due to poor crystalline. The microwave Q x f value is
also related to the propagation length of the microwave. Raman
result indicates that the structural properties of oxygen octahedra
do have effect on the microwave Q X f, as we found in Fig. 2(b).
However, it is very hard to resolve the structural parameter from
Raman measurement.

The EXAFS measurement of xBNT+ (1 —x)BMT are
showed in Fig. 3, in order to resolve the structure of the TaOgq
and NiOg. The X-ray absorption coefficient of Ni rised at K-
edge near 8333 eV are shown in Fig. 3(a), is proportional to the
Ni concentration as expected. Fig. 3(b) shows the EXASF of
Ta absorption coefficient at Lyjj-edge around 9881 eV. By using
AUTOBK program to remove the backgrounds of the curves
shown in Fig. 3, the interference oscillation which is caused by
backscattering of surrounding atoms of Ni or Ta can be obtained.
Fig. 4(a) shows the k-weighted [k x(k)] EXAFS signals at the
range 3—12 A~ in k space. Fig. 4(b) shows the Fourier transfor-
mation of the k-weighted [&> x(k)] EXAFS signals of Ta and Ni
core atoms, and these two curves are obviously different. This is
the direct evidence that Ni atoms sit at Mg lattice sites. To deduce
the structural parameters of the NiOg and TaOg, backscattering
interference functions from 0.9 to 4.2 A were calculated by using
the FEFF-8.2 program. In Fig. 4, the solid lines are experimental
data, and the hollow lines are fitting curves. The R-factors of fit-
ting are all below 0.03. Fig. 5 shows the average bond distance of
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Fig. 4. The EXAFS signal of 0.005BNT +0.995BMT: (a) momentum k)
weighted EXAFS signal of Ta Lyjj-edge and Ni K-edge in momentum space,
and (b) in R space. The solid lines represent the experiment data, while the
hollow circles are FEFF-8 fitting results.

Ni—O and Ta—O cores and the dielectric constant versus Ni con-
centration. Apparently, the size of the NiOg and TaOg octahedra,
decrease with the Ni concentration, and this is consistent with
the Raman results. When the average sizes of oxygen octahedra
drop, the oxygen octahedra become more rigid. The displace-
ment of B” site atom caused by the applied external microwave is
smaller in rigid oxygen octahedra and lower dielectric constants
are expected.

Fig. 6 shows the XRD pattern of xBNT + (1 —x)BMT sam-
ples. All the peaks were indexed to the 1:2 ordered hexagonal
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Fig. 5. Plot of the Ni—O and Ta—O bond lengths and dielectric constants of
XBNT + (1 —x)BMT ceramics against of Ni concentration.
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Fig. 6. The XRD patterns of xBNT + (1 —x)BMT with x=0.005, 0.01, 0.015,
0.02, 0.025 and 0.03.
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Fig. 7. The plot of the ordering parameters and Q xf values of
xBNT + (1 — x)BMT vs. Ni concentration.

unit cell. The peaks for the second phase were not observed.
The crystal parameters and long-range-order parameter were
obtained by Rietveld method. The long-range-order parameter,
S, of xBNT + (1 —x)BMT which is calculated from both the
occupancy of Mg ions at Mg-site (omg) or Ta ion at Ta-site
(p1a),2% 23 that is:

e —(1/3)  pra—(2/3)
=3 13
The long-range-order parameter represents the degree of the 1:2
ordered structure, and it is directly correlated to the Q x fvalue.
As shown in Fig. 7, the higher long-range-order parameter is the
higher the Q x fvalues are. This result indicates the 1:2 ordered
structures are degraded by the Ni substitution.

4. Conclusion

The characteristics of oxygen octahedron play an important
role for the microwave dielectric properties. The Raman result
show the strongly correlation between stretching vibration of
TaOg octahedron (i.e. A1z(O) mode) and microwave dielectric
properties. Large Raman shift leads to small dielectric constant,
while broad width of A15(O) mode indicates low Q x fvalue. In
the other words, this result indicates a rigid oxygen cage results

in the small dielectric constant and high Q x fvalue. The EXAFS
result shows that Ni sits on the Mg lattice site, and that smaller
volumes of oxygen cage give small dielectric constant. The XRD
result shows that no second phase occurs, but the 1:2 ordering
structure is degraded by Ni substitution. The long-range-order
parameter closely correlates with Q x f value, and indicates the
QO x fvalue is dominated by 1:2 order structures.
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