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Abstract

Ba,_,Ca (Mg;;sNb,;;)O0; (0 <x<0.02) perovskite ceramics were prepared by the solid-state reaction method. The phase
composition and microstructure were characterized by XRD and SEM, respectively. The result showed that all ceramics
exhibited the 1:2 ordered perovskite structure, and the grain size decreased first and then increased with different substitution
amount of Ca>* for Ba2*. The dielectric properties were examined by Vector network analyzer, and the Raman spectra was
used to interpret the dielectric properties of Ba,_,Ca,(Mg;3sNb,,3)O5 ceramics. The dielectric constant (e,) were strongly
depended on the Raman shift of A,,(O) stretch mode, and the quality factor (Q X f) manifested great correlated with the full
width at half maxima (FWHM) of A,,(O) stretch mode. The Ba, _,Ca, (Mg, 3Nb,,3)O; ceramics substituted of Ca** for Ba**
in x=0.005, which possessed the narrowest FWHM and the highest degree of 1:2 ordering, showed the best microwave
dielectric properties: €,=31.64, QX f=74421 GHz, 7,= 14.59 ppm/°C.

1 Introduction

The remarkable 1:2 ordered perovskite ceramics, such
as Ba(Mg,;3Ta,;;)O5 [1], Ba(Zn,;3Ta,;;)O5 [2] and
Ba(Mg,;;Nb,;3)O; [3] and so on, have great potential for
microwave communication application. For practical
application, such as the filter and resonator, the ceramics
are required simultaneous with high quality factor (Q X ),
appropriate dielectric constant (¢,) and near-zero tempera-
ture coefficient of resonant frequency (7). The research for
these ceramics with high-performance in microwave com-
munication is still in progress, and the key factors influ-
encing on the dielectric properties of ceramics are not well
understand. Recently, Raman spectra was found to become
one of the useful tools for the analysis of ceramics crystal
structure, and the Raman spectra had succeed to be used to
interpret the dielectric properties of ceramics [4, 5].
Ba(Mg,3Nb,3)O; (hereafter abbreviated as BMN), as a
Nb-based perovskite ceramics, is known to possess mod-
erate dielectric constant ¢, (=32) and high Q Xf value
(=56,000 GHz) [6]. However, the BMN ceramics have a
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relatively high positive temperature coefficient of resonant
frequency 7, (=33 ppm/°C), and its quality factor (Q XJ)
have not run up to the performance levels of the Ta-based
perovskite ceramics [7]. In the BMN-type ceramics, two
kinds of ordered structures have been found as follows: 1:2
ordered hexagonal structure and 1:1 ordered cubic struc-
ture [8], whose difference are closely associated with the
arrangement of B-site cations. For the pure BMN, which
has a 1:2 ordered hexagonal structure. The previous research
of BMN-type ceramics aimed at examining the structure
transformation from 1:2 ordered hexagonal structure to 1:1
ordered cubic structure, which could be achieved by modify-
ing the degree of B-site cations ordering through different
amounts of A-site or B-site substitutions. Akbas et al. [9]
reported that the A-site substitutions of La** for Ba®* in
Ba,_,La[Mgq,,sNb,_,)310; (x=0, 0.05, 0.1, 0.15, 0.25,
0.5, 0.75) induced a transformation from 1:2 ordered struc-
ture to 1:1 ordered structure, and tuned the 7 of BMN to a
zero value. Zhang et al. [10] discussed the crystal structures
of Ba[Mg,_,)3Zr,Nby;_,15]05 (x=0, 0.05, 0.1, 0.15) by
the XRD and Raman spectra, whose results showed that the
distortion of oxygen octahedron occurred where x =0.05,
and the ordered phase transformed from 1:2 ordering to
1:1 ordering. In addition, Tian et al. [11] used the B-site
substitutions of W* cation in BaWO, for Nb>* cation in
Ba(Mg,;Nb,,3)O; enhanced the degree of B-site cation
ordering of Ba(Mg,;;Nb,/3)O; and obtained outstanding
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microwave dielectric properties: €,=32, 0 Xf=82,300 GHz
and 7,=28 ppm/°C. However, the BaWO, and BasNb,O5
phases consisted in all ceramics. Bisht et al. [12] investigated
the microwave dielectric properties of (1 —x)Ba(Mg,;Nb,,3)
O;—xBa(Mg,sNb;,)05 (x=0, 0.005, 0.01 and 0.02) solid
solutions and obtained the maximum Q X f of 74,000 GHz
when x=0.005. Meanwhile, the 7 reached the minimum
value (=21 ppm/°C) and the Raman spectra was indicative
of the presence of 1:2 ordered structure for all ceramics.

In this work, the synthesis of Ba,_,Ca (Mg;;;Nb,,3)
O; ceramics using a solid-state reaction method was pre-
sented, and the substitution amount of Ca* for Ba* was
designed in the relatively small range of (x=0, 0.005, 0.01,
0.015, 0.02). By these less substitution amount of Ca>* for
Ba?*, we expected the Ba,_ Ca (Mg, ;Nb,,;)0; ceramics
to keep 1:2 ordered structure and not be transformed into
1:1 ordered structure. As we all know, the Ba(B'5sB",/3)0;
ceramics with 1:2 ordered structure exhibit better O X f[13].
In the lattice of BMN ceramics, the 1:2 ordered structure
comprises single layers of octahedral B-site Mg?* cations
alternating with double layers of Nb>* cations perpendic-
ular to the (111) direction of the cubic subcell, which
can be identified by using XRD and Raman spectra [14].
The effect of substitution amount of Ca>* for Ba** on the
phase composition, microstructure and sintered properties of
Ba(Mg,/3Nb,,3)O; ceramics were discussed. The dielectric
properties of Ba,_,Ca (Mg, sNb,;)O; ceramics were exam-
ined by Vector network analyzer, and the Raman spectra was
used to interpret the dielectric properties, whose results shed
light on the correlation between vibration characteristics of
ceramics and dielectric properties.

2 Experimental procedure

Ba,_,Ca (Mg, ;3Nb,;3)O5 ceramics (x=0, 0.005, 0.01, 0.015,
0.02) were prepared by the conventional solid-state reaction
method. The starting materials BaCO;, CaCO3;, MgO and
Nb,O5 with high-purity grade (>99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
The starting materials were mixed according to the designed
composition, then milled in nylon jars with ZrO, balls and
deionized water for 20 h. After drying, the powders were cal-
cined at 1300 °C for 3 h first. The resulting powders were re-
milled for 10 h. After that, the dried and re-milled mixtures
were granulated with appropriate poly vinyl alcohol (PVA)
as binder. The samples for test were pressed into cylinders
(®15x7 mm) under 200 MPa uniaxial pressure, and sintered
in air at 1500 °C for 4 h.

The phase of as-prepared samples were indexed by
X-ray diffraction (XRD; Bruker D8 Advanced, Germany)
using CuKo radiation. Microstructure of the samples
were observed by a scanning electron microscopy (SEM;

Hitachi-SU8010, Japan). The grain size distribution and the
average grain size were calculated by a Nano Measurer soft-
ware (Fudan University, China), which can count the size
and number of different grains in the SEM photographs, and
then make the columnar statistical distribution map [15].
The bulk densities of the sintered samples were measured
by Archimedes method. Raman spectra were excited with
532 nm He—Ne laser and recorded using a Raman spectrom-
eter (Renishaw InVia, England). The microwave dielectric
properties were measured using a Vector network ana-
lyzer (Advantest R3767C, Japan) at microwave frequency
(~6 GHz), while the Hakki and Coleman’s dielectric reso-
nant method was used under TE,;; and TE;;5 modes [16,
17]. The 7, values were measured at microwave frequency
in the temperature range of 25-85 °C according to the fol-
lowing formula:

_ Jyo— s
7= 7480 =25) @)

where f,5 and fg, were the resonant frequencies at 25 and
80 °C, respectively. In BMN-type structure, the degree of
ordering was evaluated by calculating the B-site ordered
parameter (S) through the XRD, which was defined as fol-
low [18]:
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3 Results and discussion

The results of the crystallographic analyses of
Ba,_,Ca (Mg, 3Nb,/3)O; ceramics sintered at 1500 °C, are
shown in the X-ray diffractograms in Fig. 1. The BMN phase
with the perovskite structure was predominantly formed,
and all of the peaks were well indexed to the P3ml space
group of hexagonal structure. The weak peaks located at
17.6° caused by 1:2 ordered superlattice structure could be
observed in the part I, which resulted in the splitting in (422)
and (226) diffraction peaks as shown in the part II [20].
In addition, being highly sensitive to short-range ordering,
Raman spectra succeeded in probing the 1:2 ordering, even
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Fig. 1 The XRD patterns of Ba,_,Ca (Mg;;Nb,;;)O; ceramics sin-
tered at 1500 °C

in the samples in which XRD failed to probe the 1:2 order-
ing [21]. Furthermore, the (422) diffraction peak shifted to
a higher 20 angle with the increasing of substitution amount
of Ca2* for Ba2*, which could be the reason that the ionic
radius of Ca2* (1.34 A) was smaller than Ba?* (1.6 A) [22],
indicating the formation of Ba,_,Ca (Mg, ,3Nb,,3)O; solid
solutions. Table 1 lists the lattice parameters obtained from
the refinement of XRD patterns shown in Fig. 1. The cell
volume showed the trend of decreasing with the increasing
of substitution amount of Ca>* for Ba>*, which was reflected
in the shift of the (422) diffraction peak. The ordered param-
eters S of Ba;_ Ca (Mg,;;Nb,,;)O; ceramics sintered at
1500 °C are presented in Fig. 2. Generally, the degree of
B-site cations ordering or the degree of lattice distortion had
great influenced on the dielectric properties of the ceramics,
and the dielectric loss would be decreased with the increas-
ing of degree of lattice distortion [23]. The maximum values
of ordered parameters (S =88.4%) occurred where x=0.005,
while the Ba,_ Ca (Mg, 3Nb,,;)O; ceramics had the largest
QO X fvalue.

The SEM photographs of Ba,_.Ca (Mg;,3Nb,;3)0;
ceramics sintered at 1500 °C are shown in Fig. 3, and
the calculated grain size distributions for all SEM photo-
graphs are plotted in Fig. 4. Overall, the SEM photographs

Table 1 Lattice parameters obtained from the refinement of XRD
patterns shown in Fig. 1

x a(A) c(A) Vaicent (A
0.0 5.7740 7.0941 204.82
0.005 5.7793 7.0956 205.24
0.01 5.7819 7.0941 205.25
0.015 5.7735 7.0925 204.74
0.02 5.7734 7.0893 204.64
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Fig.2 The ordered parameters S of Ba,_ Ca (Mg, ;;Nb,,3)O; ceramics
sintered at 1500 °C

revealed the evolution process of grain growth in the
Ba,_,Ca,(Mg,5Nb,,;)O5 ceramics with different substi-
tution amount of Ca2* for Ba?*. The grain size of the
Ba,_,Ca (Mg, ,3Nb,,3)O; ceramics tended to decrease with
the increasing of substitution amount of Ca>* for Ba’* in
the range of (0<x<0.015) as shown in Fig. 3a—d, which
indicated that a small substitution amount of Ca®* for Ba>*
could refine the grain of ceramics by the formation of solid
solutions and decreasing the activation energy required for
the reaction [24]. However, the grains size became obvi-
ously larger when the substitution amount of Ca>* for Ba>*
reached x=0.02, as shown in Fig. 3e. It could be the reason
that the diffusion rate of Ca®* is much faster than that of
Ba®", as the fact that the Ba atomic weight (137.33 g/mol)
is much heavier than the Ca atomic weight (40.08 g/mol),
which enhances the sinterability of ceramics when adding a
large number substitution amount of Ca** for Ba** [25]. The
bulk density and relative density of Ba,_,Ca (Mg, ;Nb,,3)O;
ceramics with different substitution amount of Ca>* for Ba>*
sintered at 1500 °C are shown in Fig. 5. The relative density
of ceramics were calculated by the ratio of the experimen-
tally measured density to the theoretical one of the sintered
ceramics. It was clearly seen that all samples have been sin-
tered compactly and their relative density were above 95%,
which was in good agreement with SEM characterization
as shown in Fig. 3.

The Raman spectra of Ba;_,Ca,(Mg,sNb,3)O; ceram-
ics sintered at 1500 °C are shown in Fig. 6. In the Raman
spectra, we could observe four prominent peaks as follows:
the Fzg(Ba) phonon mode near 104 cm™, the Fzg(O) phonon
mode near 385 cm™!, the Eg(O) phonon mode near 436 cm™!
and the Alg(O) stretch mode near 789 cm™!, which were
related to the ordered structure of Ba,_,Ca (Mg;;Nb,/3)
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Fig.3 The SEM images of
Ba,_,Ca (Mg, sNb,,3)O5 ceram-
ics sintered at 1500 °C

O; ceramics [26]. Among them, the Fzg(Ba) phonon mode
is superimposed mode of A,,(Ba) and E,(Ba), while the
F,,(O) phonon mode is superimposed mode of A;,(O) and
E,(O). The three weak phonon modes at the 170-300 cm™!
range were associated with the E,(O), E,(Nb) and A,,(Nb)
modes, whose intensities of phonon modes could be used to
determine the degree of 1:2 ordering [27]. Furthermore, the
A;,(O) stretch mode possessing the strongest energy, could
provide important information on the correlation between
vibration characteristics of the microwave dielectric ceram-
ics and the dielectric properties [28].

The correlation of dielectric constant with Raman shift
of A4(O) stretch mode of Ba,_,Ca,(Mg,;3Nb,/3)O; ceram-
ics are illustrated in Fig. 7. It could be seen that the Raman
shift kept positive correlation with the dielectric constant
with the increasing of substitution amount of Ca>* for Ba>*.
The Raman shift was closely related to the rigidity of the
oxygen octahedral. For rigid oxygen octahedra, the relative
motion of Ba** cation to NbOg anions induced by micro-
wave energy is smaller. A lower Raman shift implied a more
rigid oxygen octahedron and a lower polarizability, which
resulted in the lower dielectric constant [29]. The correlation
of O X f value with the FWHM of Alg(O) stretch mode of

Ba,;_,Ca (Mg,;;Nb,,;)O; ceramics are shown in Fig. 8. The
FWHM showed the negative correlation with Q X f value.
The large FWHM indicates a poor crystalline structure and a
short phonon lifetime [5]. Similarly, the narrowed FWHM of
A;,(O) mode indicates the highly ordering and rigid oxygen-
cage structure; therefore, the decay time of the propagation
of the microwave energy is longer, and this implies the mate-
rial possesses high Q X f value. The relationship between
QO X f value and FWHM was reported before by Chen et al.
[30].

The variation of 7, in the Ba,_,Ca,(Mg,;3Nb,;3)0;
ceramics sintered at 1500 °C are illustrated in Fig. 9. In
the beginning, the 7, decreased slowly with the increasing
of substitution amount of Ca>" for Ba** in the range from
x=0tox=0.01. As we know, the distortion degree of oxy-
gen octahedral in the BMN host crystal will be increasing
with substitution amount of Ca?* for Ba** increased, which
decreased the symmetry of the crystal structure of BMN
ceramics and result in the decreasing of Ty value [31]. How-
ever, with the further increasing of substitution amount of
Ca”" for Ba®*, the 7, value increased quickly as for the fur-
ther decreasing of the degree of oxygen octahedral distor-
tion, which was closely related to degree of 1:2 ordering.

@ Springer
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Fig.4 Grain size distribution of
Ba,_,Ca (Mg, sNb,,3)O5 ceram-
ics, corresponding to Fig. 3: a
x=0,b x=0.005, c x=0.01,

d x=0.015, e x=0.02; f grain
average size

Usually, the distortion of oxygen octahedral was the major
factor which influenced the behaviour of the temperature
coefficient of resonant frequency (rf) [32-34].

4 Conclusions

In this paper, the microwave dielectric properties of
Ba,_,Ca,(Mg,;;Nb,,;)O; ceramics were revealed by XRD,
SEM, Vector network analyzer and Raman spectrometer,
respectively. The substitution amount of Ca** for Ba*" in
Ba,_,Ca (Mg, 3Nb,;;)O; ceramics had great influence on the

@ Springer

degree of 1:2 ordering. The ¢, and Q X f showed strong cor-
relation with the characters of A, g(O) stretch mode, includ-
ing Raman shift and FWHM. The rigid oxygen octahedra
revealed by Raman shift of Alg(O) stretch mode were related
to the low dielectric constant. The ceramics with the narrowest
FWHM of the A,,(O) stretch mode and the highest degree of
1:2 ordering achieved the highest O X f value. The best micro-
wave dielectric properties (e,=31.64, O Xf=74,421 GHz,
7,=14.59 ppm/°C) of Ba,_,Ca, (Mg, 5Nb,3)O5 ceramics were
obtained while the substitution amount of Ca>* for Ba>* was
x=0.005 and sintered at 1500 °C.
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Fig.7 The correlation of dielectric constant with FWHM of A, L0)

Fig.5 The bulk density and relative density of Ba,_ Ca (Mg, sNb,;) stretch mode of Ba;_,Ca (Mg, sNb,;3)O; ceramics sintered at 1500 °C

O; ceramics sintered at 1500 °C

Fig.8 The correlation of QX[ value with FWHM of A, (O) stretch
mode of Ba;_,Ca (Mg, 3sNb,;3)O; ceramics sintered at 1500 °C

Fig.6 The Raman spectra of Ba,_,Ca (Mg,,;Nb,;;)O; ceramics sin-
tered at 1500 °C

Fig.9 The variation of 7; in the Ba;_,Ca (Mg;;3Nb,;)O; ceramics
sintered at 1500 °C
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