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Abstract

Structure and dielectric properties of cubic pyrochlore Bi; sMgnNb, s 5Og5_ 1.5y (BMN) compositions with N=0.6—1.3 have been studied.
X-ray diffraction (XRD), infrared reflectivity spectra and Raman spectra were employed to analyze the crystal structures and phonon vibration
modes of BMN compositions. The vibration spectra were sensitive to the content of Mg ™ ions, which is caused by the randomness of Mg> ™
ions partially filling both the cubic pyrochlore A and B sites. The intensity of A30 stretching vibrations became stronger with increasing Mg? ™+
content, but B30 stretching vibrations were quite opposite. With the increase of Mg®™ content, the dielectric constant and loss tangent both
increased. Temperature dependent dielectric constant was observed in the samples with N > 0.8. The tendency of the dielectric constant with the
increasing temperature showed a quick drop in the samples with higher Mg ™ content, which seems to be associated with the disorder in the A,O

" network.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the rapid development of communication technologies,
especially mobile communication systems, the miniaturization
of devices are desired. Dielectric films with high permittivity
have been investigated for reducing the size of microelectronic
devices, such as integrated high-density storage devices,
decoupling capacitors, and novel electric-field tunable devices.
For such applications, materials with low dielectric loss and
low temperature coefficient of capacitance (TCC) are also
required. Recently, Bismuth-based pyrochlores have received
considerable attention due to their moderately high permittiv-
ity, small dielectric loss, and good temperature stability [1-5].
As a member of the bismuth-based pyrochlores, the
Bi; sMgNb; sO5 thin films have been reported with medium
dielectric constant (~86-179) [6—10], relatively low dielectric
loss (~0.0018) [6], a modest TCC (—550 ppm/°C), and
especially dielectric tunability of 50% at bias field of
1.5 MV/cm [8], which make the Bi; sMgNb; sO; thin films
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attractive candidates for high frequency voltage tunable filters
and phase shifter applications.

The cubic pyrochlores have a complicated structure, and
many researches show that the dielectric properties of cubic
pyrochlore Bi; sMgNb, sO; have a correlation with its struc-
ture [7—-10]. The cubic pyrochlore, space group Fd3m, has a
formula of B,Og - A,O’ with different types of oxygen ions
[11,12]. The arrangement consists of a three dimensional
network of B,Og octahedra linked with an A,Q’ tetrahedra
in the interstices. In Bi,O;—MgO-Nb,Os system, it can be
predicted that the Bi* ™ ions are inclined to occupy the larger
A sites, the Nb>* ions tend to occupy the smaller B sites,
while the Mg ™ ions can occupy both A and B sites due to the
medium radius of Mg?" ions according to the crystal
chemistry principle [10,13]. In this case, the substitution of
randomly displacive ions makes the system in a disordered
state. The correlative researches showed that the dielectric
properties of bismuth based pyrochlores are closely related to
this disorder [6,14,15].

In order to investigate the correlation of dielectric properties
with the random structure, the cubic pyrochlore bismuth—
magnesium niobate ceramics with different compositions of
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Bil.SMgNNbZSfNO&Sfl.SN (BMN, N=06—13) were per-
formed in this work. The detailed phonon vibration modes in
BMN compositions were described. Their crystal structures
and dielectric properties were also systematically investigated.

2. Experimental procedure

The ceramics of Bi; sMgyNbss_xOgs 15y (N=0.6-1.3)
were synthesized by conventional powder processing techni-
que. The raw materials were Bi,O3, MgO and Nb,Os powders
with purity of >99.5%. The mixture materials in stoichio-
metry were mixed in alcohol media with planetary ball mill for
7 h, then dried and calcined at 950 °C for 2 h. After remilling,
the powders were dried and sintered into discs with diameter of
10 mm and thickness of 1 mm at 1150 °C for 2 h.

The crystalline phase of samples was characterized by X-ray
diffraction (XRD, Bede DI1) instrument. Room temperature
infrared reflectivity spectra were obtained by a Fourier trans-
form spectrometer (Bruker Tensor 27) in the frequency range
of 200-4000 cm~'. Raman spectra in the range of 50—
1000 cm ' were recorded on FT-Raman spectrometer (Jobin
Yvon HR800). For dielectric measurements, low-fire silver
electrodes were used. The dielectric measurements were
performed on an Agilent 4284 A precision impedance analyzer
with a 500 mV test oscillation voltage.

3. Results and discussion

The XRD patterns of BMN ceramics as a function of Mg® "
content are shown in Fig. 1. The main phases were indexed to
cubic pyrochlore with the space group Fd3m, but secondary
phases were detected in the samples with Mg ™ concentration
greater or less than that of the sample with N=1.0. The
secondary phases at N=0.6 were indexed to be Bi; 7Nbg 3053
and MgNb,Og¢ phases. These secondary phases were gradually
decreasing with the increase of Mg” ™ concentration. In bulk
ceramics prepared by the mixed oxide route, Bi,O5; and Nb,Os5
reacted first to form Bi,O3-Nb,Os compounds, while the
formation of pyrochlore phase occurred through the reaction
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Fig. 1. XRD patterns for Bi; sMgnNb, s yOg5_1.55 ceramics.

of bismuth niobate compounds with MgO [16]. The secondary
bismuth niobate phase and magnesium niobate phase coexisted
in the ceramics with N < 1.0 was due to the lack of Mg® ™"
ions, which may result in the cubic pyrochlore structure cannot
be fully formed in stoichiometry. However, the existence of
the MgyNb,Oy phase in the samples with N> 1.0 was a
consequence of the excessive Mg”>™ ions in the form of
magnesium niobate.

Fig. 2 shows the variation of the lattice constant with the
composition N. The lattice constant showed a strong depen-
dence on Mg2+ concentration. That is, lattice constant
increased with the increasing of Mngr concentration until
the N=1, then decreased with the excess Mg2+ concentration.
The ionic radius of Bi** and Nb’* is 0.103 and 0.64 A,
respectively. This indicates that the average radius of B-sites is
larger than that of A-sites. The Mg® ™" ions randomly occupy B
sites to form homogenous solid solution phases may be the
reason for the increase of lattice constant in the samples with
N < 1.0. However, the decrease of lattice constant with excess
Mg>* concentration can be correlated with the A sites.
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Fig. 2. Lattice constants of BMN ceramics as a function of Mg> " content.
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Fig. 3. Raman spectra of Bi; sMgnNbs s nOgs_1.5x ceramics.
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Raman spectroscopy is concerned with the change of
frequency when light is scattered by molecules. The Raman
shifts correspond to vibrational or rotational transitions of the
scattering molecule. There are six Raman active modes
(Alg+E,+4F,,) in ideal pyrochlore structure according to
group theory [17-19]. Raman spectra of BMN ceramics as a
function of Mg>™ content in the range 100-1000cm™ ' are
shown in Fig. 3. The sample with N=0.6 showed the disordered
variation of Raman modes, which was caused by secondary
bismuth niobate phases according to XRD analyses. The mixed
phases increased the number of Raman active modes.

The Raman spectrum of BMN were best fit by eight
Lorentzian oscillators located around 71, 150, 235, 327, 501,
627, 811, and 903 cm ™! as shown in Table 1. The Lorentzian
oscillator parameters were determined by the sum of Lorent-
zian functions: ZAj /[1+4(w—w0j)2/y12], where A; is a band
maximum, o,; is a center frequency, and y; is a band width
[20]. In pyrochlores, the modes below 300 cm ™' are due to the
A0’ network with the values of stretching constant range
from 0.12 to 0.35 Ncm ™. However, only the modes at high
frequencies are attributed to the B3O stretching modes with the
high values of the stretching constant between 1.3 and
1.5Nem ' [18,19]. In BMN systems, Mg>™ ions partially
occupy both A and B sites, therefore the A—O bonds include
Bi—O and Mg—O bonds while B-O bonds include Nb—O and
Mg-0O bonds. Calculated according to the charge—mass general
relationship:

\/ [QMg/mMg] _

B I 1
vV [95:/mai] M
[qu/mMg]
=124 (2)

v anp /]

The charge—mass ratio of the Mg ™ ions is greater than that
of Bi** ions or Nb>* ions. Thus, the bands around 150 cm ™!
are suggested to be attributed to the Mg30 stretching modes,
while the ones around 235 cm ™' are attributed to the Bi30
stretching modes. Similarly the band around 627 cm ™' and
811 cm ! are related to the Mg30 stretching modes in B site
and Nb3O stretching modes, respectively [12,13].

Table 1
Summary of Raman active frequencies and mode assignment.

The lowest frequency around 70 cm~ ' exhibits couplings of
the O'-A30’ bending modes, which has also been observed
previously in Bi; sMgNb; s0; [20]. The A,O’ network is
perturbed: A cations and O’ may be displaced from their ideal
positions, which result in a large variation in the A30 bonds
lengths and chemical environment. This fact can explain the
observation of low frequency modes [18]. However, the band
around 327 cm™' and 501 cm™' may correspond to the
03B30 bond bending.

The band at 903 cm ™' were observed in the samples with
N <1, which deems as A;; mode and corresponds to the
breathing mode of the O octahedra [12,21,22]. This band
intensity decreased with the increase of Mg?" content.
In addition, the 150 cm™' band was found in the samples
with N> 1 and the intensity increased with the increase of
Mg®™ content. According to the Raman active mode assign-
ment in Table 1, all of these above indicate that the Mg2+ ions
are inclined to occupy B sites first and then enter A sites after
the B sites are fully occupied. The Raman bands showed some
shifts to red or blue directions as shown in Fig. 3. This is due
to the difference in force constants of the A30, A30’, and
B30 vibrational modes, which is caused by the cation ionic
radius of A and B sites [23]. A relationship between the
frequency of the A, vibrational band and B ion radius in
pyrochlore oxides were previously reported [24]. With the
same A ion, the larger the B ion radius the higher the A,
vibrational band. The A,, vibration increased from 782 to
811 cm ™', which agree with the more Mg®" ions in the B
sites. However, the A;, mode associated with O3B30 bond
bending decreased from 516 to 501 cm_l, indicating the
excess Mg” ™ ions were not in the B sites anymore. While,
the F», mode around 150 and 235 cm ™' confirmed the excess
Mg® " ions entered the A sites.

The infrared reflectivity spectra of the investigated BMN
compositions in the range 400-1500 cm ™' at room temperature
are shown in Fig. 4. A dramatic change appeared in the samples
with N> 1. The intensity of the vibration at 483 cm™ ',
556.cm™ "' and 639 cm™ ' increased sharply. The vibrations at
483 cm™' are assigned to A30’ stretch mode, while the
556 cm ™' and 639 cm ™! bands are related to B3O stretch mode
[25,26]. The increase of the A30’ stretch mode with increasing
Mg” " content indicating more and more Mg” " ions entered A

Mode assignment Species Resonant frequency @ (cm™")

N=0.7 N=0.8 N=09 N=1.0 N=1.1 N=12 N=13
0O'3A30’ bond bending Fiu 66 66 68 70 70 71 71
A30 stretching Fa, - - - 154 151 150 150
A30 stretching Fo, 207 209 218 223 228 231 235
0O3B30 bond bending E, 318 - - - 326 326 327
03B30 bond bending Ay, 516 510 511 510 508 506 501
B30 stretching Fa, 602 - - 614 619 622 627
B30 stretching Ay, 782 782 783 784 799 809 811
B3O stretching Ay 905 904 903 - - - -
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Fig. 4. Infrared reflectivity spectra of Bi; sMgnNb, s nyOg.s_ 155 ceramics.

sites. While, the sharp increase of the B30 stretch mode in the
sample with N> 1 is attributed to the ordered phase with
antiphase tilt of the oxygen octahedra caused by the excess
Mg®* ions. Thus, the phase transformation results in the
modification of the polar modes of the lattice vibration [22,27].

Fig. 5 presents the room temperature dielectric properties of
the samples versus the compositions of the specimens. It can be
seen that the dielectric behavior varies drastically with the
amount of the Mg ™ content. The dielectric constant increased
with the increase of Mg”>™ concentration and reached the
highest value at N=1.1, then decreased slightly with the higher
Mg® " content. Dielectric properties were usually proportional
to the polarizability of the constituents. Thus, the substitution of
Nb>* (ionic radius 0.64 A) by larger polarizability of Mg”™
(ionic radius 0.66 A) can increase the polarizability in the
system, which was also evidenced by infrared reflectivity
spectra. The dielectric constant decreased in the samples with
N> 1.1 may be related to the increasing secondary phase of
MgyNb,Og which have a lower dielectric constant (~ 12.8).
Another possible reason for the decrease of dielectric constant is
the changes of lattice parameters [28,29]. The lattice constants
showed an upward tendency with the increase of Mg®™"
concentration, but decreased after N > 1.1 as shown in Fig. 2.

All of the samples exhibited low dielectric loss values
shown in Fig. 5. It is found that the dielectric loss increased
with Mg?™ content except for N=0.6. The dielectric loss was
a little large at N=0.6, which may be due to its multiphase
structure. When N=0.7, the dielectric loss of the sample
sharply decreased to smaller values, stayed approximately
0.0001 up to N=1.0 and then gradually increased with the
Mg?* content. Because the increase of disorder in the system
allows the phonon—phonon interactions and thereby opens up
many loss mechanisms [22,30]. Hopping of oxygen ion is also
a possible reason for the increase of dielectric loss. These
defects will absorb the photons by generating acoustic
phonons, which results in higher dielectric loss.

The dielectric constant as a function of temperature for
BMN ceramics is shown in Fig. 6. The dielectric constant
showed no change in the samples with N=0.7. With the
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Fig. 5. Dielectric properties of Bij sMgnNbys_ nOgs_ 15y, measured at
1 MHz with 500 mV oscillation at room temperature.
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Fig. 6. The temperature dependence of dielectric constants of BMN ceramics
at 1 MHz.

increase of N value, the dielectric constant dropped quickly
with temperature. In general, the temperature dependence of
dielectric constant may be related to polarization. This can be
explained by the disorder in the A,O’ network. From the
studies by Raman spectra and infrared reflectivity spectra, the
additional A30 vibration modes were found in the samples
(N > 1) with high Mg™ content, and their vibration intensities
increased with Mg® " content. This indicates that the A30
coordination environment is significantly more disordered, and
the change in A,O" network would make the polarization
easier in the samples with higher Mg® " concentration. There-
fore, the dielectric constant of Mg " -rich samples appeared to
be sensitive to temperature.

4. Conclusion

The microstructures and dielectric properties of BijsMgy
Nby5_AOgs_1sy (With N=0.6-1.3) ceramics were investigated.
The pure single cubic pyrochlore structure was found in the sample
with N=1.0 by XRD. The Raman vibration spectra revealed that
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the Mg ™ ions occupied B sites first and then entered A sites after
the B sites were fully occupied. The microstructure significantly
affected the dielectric properties of the samples. It was found that
the dielectric constant and dielectric loss of samples increased with
the Mg” " content, but the dielectric constant showed a slight
decrease when N > 1.1. This may result from the polarizability
variation and structure disorder caused by the change of Mg* ™"
content, which was verified using Raman and infrared reflectivity
spectra. The dielectric constant was nearly temperature independent
at lower Mg2+ content (N < 0.8), but then it showed a tendency to
decrease with the increasing temperature at higher Mg content,
which was found to be related to the disorder in the A sites.
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