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The Ba12ReNb9O36 (Re]Yb, Ce, Tm, Er, Y, Ho, Dy, Gd) ceramics are synthesized by solid-phase reaction
method. The phase composition, crystal structure, microstructure, and microwave dielectric properties of
the ceramics are investigated by X-ray diffraction, X-ray photoelectron spectroscopy, Scanning electron
microscopy and Raman spectrum. The optimal microwave dielectric properties (εr ¼ 37.23,
Q � f ¼ 36600 GHz, and tf ¼ 34 ppm/�C) are obtained for Ba12YbNb9O36 ceramic sintered at 1420 �C for
6 h. In this system, the variation of dielectric constant is dominated by polarizability. The Q � f is mainly
affected by internal strain/fluctuation of d-spacing. The variation of tf is related to the temperature
coefficient of dielectric constant and the oxygen octahedron distortion. Furthermore, the reduction of
Ce4þ ions, the relative density, linear thermal expansion coefficient, and the second phase are also
important factors affecting microwave dielectric properties.

© 2021 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over decades, microwave dielectric ceramics (MWDCs) have
attracted substantial attention in the wake of the booming devel-
opment of aerospace, internet of things, communication, medical,
and automotive drive [1]. MWDCs have been used to fabricate fil-
ters, transmission lines, resonators, and oscillators commercially
[2]. In order to obtain materials with a suitable dielectric constant
(εr), low dielectric loss (Q ¼ 1/tand) and near-zero temperature
coefficient of resonant frequency (tf), researchers have conducted
extensive investigations on microwave dielectric ceramics and
focused on revealing the relationship between preparation process,
structure, and properties.

Ceramics with a perovskite structure have been receiving much
attention. As an important member of the perovskite family, the
hexagonal perovskite has a wide application potential in various
fields, such as oxide ion conducting materials, photoluminescence
materials, and magnetic oxides [3e5]. Interestingly, the hexagonal
eramic Society.
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perovskite also shows reliable microwave dielectric properties. In
MWDCs, the hexagonal perovskite mainly includes: AnBnO3n, AnBn-

1O3n and AnBn-2O3n. Low-loss microwave dielectric materials (i)
AnBnO3n such as Ba3(B'Ta2)O9 (B0 ¼ Mg and Zn) [6,7], Ba4(LiTa2Sb)
O12 [8], and Ba4(LiTa3)O9 [9] ceramics and (ii) AnBn-1O3n such as
SrLa4Ti4O15 [10], Ba8(MTa6)O24 (M ¼ Co, Ni, Zn) [11,12], and
Ba8(MNb6)O24 (M ¼ Ni, Zn) [13,14] ceramics have been reported.
However, few works on AnBn-2O3n typological compounds were
reported. Therefore, this paper focuses on the study of hexagonal
perovskite with the general formula AnBn-2O3n.

For complex perovskite ceramics with the formula of
A2þðB01þ1=4B005þ3=4ÞO3, using trivalent ions to completely replace the

monovalent ions at the B0-site is reckon as a reasonable method to
synthesize hexagonal perovskite (A2þðB03þ1=12B005þ3=4ÞO3; or

A12B0B00
9O36) with AnBn-2O3n type. Based on this, Ba12B'Nb9O36 ce-

ramics is designed to understand the effect of trivalent cation
substitution at the B0-site on the Ba4(B0þ)Nb3O12 compound. Ac-
cording to previous work, doping rare earth (Re) element into
ceramic system has been illustrated to be valid for improving mi-
crowave dielectric properties, such as Ca0.66Ti0.66R0.34Al0.34O3 (Re¼
La, Sm, Nd), and ReVO4 (Re ¼ Nd, Sm) systems, etc [15,16]. Besides,
er B.V. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. (a) XRD diagrams of Ba12ReNb9O36 (Re]Yb, Ce, Tm, Er, Y, Ho, Dy, Gd) ceramic
sintered at 1400e1500 �C for 4h; (b) XRD diffraction profile at hkl ¼ 110 in the region
of 2q ¼ 30e31.2� .
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in RETiTaO6 (RE¼ La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er, Yb) and
SrRE4Si3O13 (RE ¼ La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb, and Y)
systems, the introduction of rare earth ions with different radius is
helpful to modify the temperature coefficient [17,18]. In this work,
the Ba12ReNb9O36 (Re]Yb, Ce, Tm, Er, Y, Ho, Dy, Gd) ceramics are
synthesized by solid-phase reaction method, and the relationship
between structure and microwave dielectric properties is investi-
gated systematically.

2. Experimental

The solid-state reaction method is carried out to prepare
Ba12ReNb9O36 ceramics. The starting raw BaCO3 (99%, aladdin),
Nb2O5 (99%, aladdin), RexOy (99%) (Yb2O3, CeO2, Tm2O3, Er2O3,
Y2O3, Ho2O3, Dy2O3, Gd2O3, Nanjing Reagent) are weighed by
stoichiometry. These powders are ground for 4 h in a ball grinder
with 220-rotate speed by blending zirconia balls and ethyl alcohol.
Then, dried (85 �C) and sieved (60-mesh) mixtures are calcined at
1100 �C for 4 h. The powders are re-milled, dried, and granulated
with 5 wt% polyvinyl alcohol. After being pressed into cylinders at
20 MPa. The specimens are sintered at 1400�Ce1500 �C for 6 h.

The Ba12ReNb9O36 phase is checked by an X-ray diffraction
(Philips x'pert Pro MPD, Netherlands) instrument with CuKa radi-
ation. The network analyzer (Agilent Technologies E5071C, the
USA) is performed to measure microwave dielectric properties
based on the Hakki-Coleman dielectric resonator method [19].
Ceramic morphologies are obtained by scanning electron micro-
scopy (SEM). The Raman spectra (50-900 cm�1) are obtained by a
Raman spectrometer (RENISHAW, London, UK), and the existing
line is HeeNe laser at 514 nm. Thermal expansion data are tested by
using a thermal analyzer (NETZSCH STA449C). Room temperature
X-ray photoelectron spectroscopy (XPS) are executed, a step of
0.1 eV, using the Al Ka (nonmonochromatic) radiation of an Escalab
250Xi (Thermo Fisher Scientific) spectrometer operated in the fixed
analyzer transmission. The Archimedes method is implemented to
measure bulk density. The tf value is obtained by the following
formula [20]:

tf ¼
f85 � f25

f25ð85� 25Þ � 106ðppm=�CÞ (1)

where f25 and f85 are the resonant frequency at 25 �C and 85 �C,
respectively.

3. Results and discussion

3.1. Phase composition and crystal structure

The Ba12ReNb9O36 (Re]Yb, Ce, Tm, Er, Y, Ho, Dy, Gd) ceramics
are prepared via traditional solid-phase reaction method. The X-ray
diffraction patterns of Ba12ReNb9O36 ceramics with different Re
ions sintered at 1400e1500 �C are shown in Fig.1(a). The diffraction
peaks of Ba12ReNb9O36 (Re¼ Yb, Ce, Tm, Er, Y, Ho, Dy) are well
matched with the standard card (Ba4Lu1/3Nb3O12: JCPDS
#76e0014). Ba2GdNbO6 (JCPDS #24e1142) phase appeared after
introducing Gd ions. As shown in Fig. 1(b), the diffraction peak
corresponding to (110) lattice plane shifts toward low angle with
the increase of ion radius, illustrating the increase of cell volume.
However, there is an abnormal phenomenon for Ba12CeNb9O36
ceramic, as displayed in Fig. 1(b) with the blue part. It may be
caused by the reduction of partial Ce4þ ions (CN ¼ 6, R ¼ 0.87 Å) to
Ce3þ ions (CN ¼ 6, R ¼ 1.01 Å) at high temperature. Based on this
speculate, X-ray photoelectron spectroscopy (XPS) measurement
was adopted for etched surfaces of Ba12CeNb9O36 ceramic. The
survey spectrum in Fig. 2(a) indicates the presence of Ba, Ce, Nb, O,
2

and C from contamination carbon. As seen in Fig. 2(b)e(d), The
peaks located at 778.7 eV and 794.3 eV are assigned to Ba 3d of Ba2þ

ions [21,22]. The Nb5þ ions of 3d3/2 and 3d5/2 spin-orbital splitting
photoelectrons are located at 205.7 and 208.5 eV, respectively [23].
The characteristic XPS signals of Ce3þ 3d5/2, and Ce4þ 3d5/2 elec-
tronic states are observed at 881 eV, 885 eV, and 888.6 eV,
respectively. The three peaks at 899.1 eV, 902.9 eV, and 904.8 eV are
assigned to Ce3þ 3d3/2, and Ce4þ 3d3/2, respectively. The result is
consistent with the analysis reported by Eric and Janek et al. (Ce3þ

3d5/2: 880.9 ± 0.2 eV, 885.2 ± 0.2 eV, Ce4þ 3d5/2: 888.6 ± 0.2 eV)
[24,25]. The analysis confirms that Ce4þ ions are reduced to Ce3þ,
and the mechanism of Ce4þ ion reduction can be described as:

Oo /V$$
o þ 2e0 þ 1

2
O2 (2)

Ce4þ þ e0/Ce3þ (3)

The Rietveld refinement is carried out to verify the variation of
lattice parameters. The refined result of Ba4Yb1/3Nb3O12 ceramic is
presented in Fig. 3(a) as an example. The discrepancy factors of Rp,
Rwp, and c [2] are 7.65%, 5.21% and 4.324, respectively. The structure
parameters of Ba12YbNb9O36 ceramic are calculated as
a ¼ b ¼ 5.825 Å, c ¼ 42.605 Å, and the cell volume V ¼ 1251.883 Å3.
Refined results of Ba12ReNb9O36 ceramics are listed in Table 1. The
crystal structure obtained by refinement is shown in Fig. 3(b). The
cell parameters as a function of ionic radius are depicted in
Fig. 3(c)e(e). As the ionic radius increases from 0.868 Å to 0.938 Å,
the lattice parameters a, b, c, and cell volume gradually increase.
According to the Bragg's equation (2dsinq ¼ l) of the hexagonal
system and the relationship between d-spacings and indices of
crystal face, the mechanism of diffraction peak shifting can be
described as:

sin 2 q¼ l2

4

 
4
3
h2 þ hkþ k2

a2
þ l2

c2

!
(4)

Based on Equation (4), the q of the (110) diffraction peak is
inversely proportional to the lattice parameter of a. Thus, the (110)
diffraction peak shifts to the low angle. Furthermore, the calculated
lattice parameter a ¼ 5.834 Å of Ba12CeNb9O36 ceramic is less than
that of Ba12DyNb9O36 ceramic and larger than that of
Ba12HoNb9O36, corresponding to the shift of Ba12CeNb9O36 ceramic
with (110) diffraction peak.



Fig. 2. XPS spectra of Ba12CeNb9O36 ceramic with (a) the survey spectrum and high-resolution spectra of (b) Ba 3d, (c) Nb 3d, and (d) Ce 3d.

Fig. 3. (a) Rietveld refinement pattern of Ba12YbNb9O36 ceramic sintered at 1420 �C; (b) the crystal structure of the Ba12ReNb9O36 ceramic; the variation of lattice parameters a ¼ b
(c), c (d) and cell volume V (e) with ion radius from 0.868 Å to 0.938 Å.
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3.2. Microstructure and microwave dielectric properties

The SEM analysis is performed to investigate the surface micro-
morphology. Fig. 4 describes the microstructure of Ba12ReNb9O36
ceramics sintered at optimal sintering temperature (the sintering
3

temperature corresponds to the maximum Q � f values). The
Ba12ReNb9O36 ceramics with Re]Yb, Ce, Tm, Y, Ho, Dy, Gd show a
compact microstructure with an average grain size of 4e9 mm. The
relative density values of those ceramics are listed in Table 2, which
is consistent with the observed microstructures.



Table 1
Rietveld refinement information of the Ba12ReNb9O36 ceramics with different ionic radius.

Ba12ReNb9O36 R(Å) a ¼ b(Å) c(Å) Vol(Å3) ReeO(Å) Rwp(%) Rp(%) c [2]

Re ¼ Yb 0.868 5.825 42.605 1251.883 2.05521 7.65 5.21 4.324
Re ¼ Ce 0.870 5.834 43.043 1268.644 2.06397 5.7 4.36 2.482
Re ¼ Tm 0.880 5.828 42.618 1253.594 2.05579 7.38 5.36 3.902
Re ¼ Er 0.890 5.830 42.628 1254.923 2.05652 6.28 4.68 2.971
Re ¼ Y 0.900 5.831 42.637 1255.677 2.05693 6.38 4.69 3.095
Re ¼ Ho 0.901 5.833 42.642 1256.537 2.0574 6.44 4.84 3.028
Re ¼ Dy 0.912 5.835 42.646 1257.244 2.05778 6.75 4.84 3.291
Re ¼ Gd 0.938 5.838 42.666 1259.443 2.05899 6.27 4.67 2.974

Fig. 4. SEM images of (a) Ba12YbNb9O36, (b) Ba12CeNb9O36, (c) Ba12TmNb9O36, (d) Ba12ErNb9O36, (e) Ba12YNb9O36, (f) Ba12HoNb9O36, (g) Ba12DyNb9O36, and (h) Ba12GdNb9O36

ceramics sintered at optimum temperature for 4 h.

Table 2
Bulk density, theory density, and relative density of Ba12ReNb9O36 ceramics sintered
at 1420e1490 �C.

Ba12ReNb9O36 ST(�C) r1 (g/cm3) r2 (g/cm3) RD (%)

Re ¼ Yb 1420 6.181 6.432736 96.087
Re ¼ Ce 1490 5.881 6.214332 94.636
Re ¼ Tm 1420 6.094 6.415798 94.989
Re ¼ Er 1455 5.974 6.405679 93.258
Re ¼ Y 1440 5.991 6.246408 95.916
Re ¼ Ho 1420 6.112 6.392835 96.381
Re ¼ Dy 1470 6.218 6.384425 97.393
Re ¼ Gd 1435 6.250 6.362894 98.226

ST: sintering temperature, r1: bulk density.
r2: theory density, RD: relative density.
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3.3. The relationship between structure and microwave dielectric
properties

The permittivity represents the polarization ability of materials
under the electric field [26]. At microwave frequency, the polari-
zation is derived from electron displacement polarization and ionic
displacement polarization, where ion displacement polarization
4

plays a major role in the dielectric constant. Shannon et al. [27].
suggested thatmolecular polarizability can be estimated as the sum
of individual ionic polarizabilities, which can be obtained as follows
in this system:

aD ¼12a
�
Ba2þ

�
þa
�
Re3þ

�
þ9a

�
Nb5þ

�
þ 36a

�
O2�

�
(5)

where ions polarizability can be obtained by R. D. Shannon [28].
The relationship between polarizability and dielectric constant are
shown in Fig. 5. In general, the dielectric constant and the polar-
izability of Ba12ReNb9O12 ceramics exhibit an increasing trend as
the polarizability of doped Re ions increases. However, with the
same theoretical a ¼ 188.7 Å3 value, Ba12ErNb9O36 ceramics show
an anomalous decrease compared that of Ba12YNb9O36 ceramics.
This phenomenon is related to the lower relative density of
Ba12ErNb9O12 (93.3%) ceramics compared to Ba12YNb9O36 (95.9%)
ceramics, which leads to the lower εr for Ba12ErNb9O36 ceramics.
The εr values of Ba12TmNb9O36 and Ba12YNb9O36 ceramics are
almost equal, which may be related to the nearly equal polarization
aD ¼ 188.7 Å3 and similar sintering characteristic of them. The



Fig. 5. (a) The dielectric constant and ionic polarizability of Ba12ReNb9O36 ceramics.

Table 4
The Q � f value and internal strain/fluctuation of d-spacing of Ba12ReNb9O36 ce-
ramics at various Re ions.

Ba12ReNb9O36 R(Å)
(CN ¼ 6)

Q � f (GHz) FWHM tanq h

Re¼Yb 0.868 36600 0.142 0.5579 0.1273
Re¼Ce 0.87 23995 0.147 0.5520 0.1332
Re¼Tm 0.88 27271 0.146 0.5576 0.1309
Re¼Er 0.89 24250 0.148 0.5574 0.1328
Re¼Y 0.9 24048 0.153 0.5571 0.1373
Re¼Ho 0.901 19085 0.154 0.5570 0.1383
Re¼Dy 0.912 14588 0.165 0.5560 0.1484
Re¼Gd 0.938 9477 0.173 0.5589 0.1548

Fig. 6. The relationship between Q � f and internal strain of d-spacing for Ba12Re-
Nb9O36 ceramics with ionic radius from 0.868 Å to 0.938 Å.
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highest dielectric constant of Ba12GdNb9O36 ceramic also stemmed
from the effect of second phase (Ba(Gd1/2Nb1/2)O3: εr ¼ 40,
Q � f ¼ 5700 GHz, and tf ¼ 4.6) [29]. Although the polarizability of
Ba12HoNb9O36 ceramic is larger than Ba12CeNb9O36, the εr of
Ba12HoNb9O36 ceramic is less than that of Ba12CeNb9O36 ceramic. It
can be explained by the increased polarizability due to the reduc-
tion of partial Ce ions (a(Ce3þ) ¼ 6.15 Å3>a(Ho3þ) ¼ 3.97 Å3). The
detailed results with permittivity and polarizability are summa-
rized in Table 3.

The microwave dielectric loss is determined by the external and
internal factors. External factors are related to grain boundary and
pores. Internal factors originated from lattice vibrational anhar-
monicity [30]. The Re-site of Ba12ReNb9O36 ceramics occupies by
using rare earth ions with various ionic radius, the and Q � f varies
from 9477 GHz to 36600 GHz, as displayed in Table 4. Thus, can be
surmised that the ionic radius plays a dominate role in the
dielectric loss. According to Hitoshi Ohsato et al., the differences of
Q � f values of each ceramics may be related to internal strain/
fluctuation of d-spacing h. It is reported that the low internal h
value leads to a low dielectric loss in Ba6�3xR8þ2xTi18O54 (R ¼ La, Pr,
Nd, Sm) systems [31]. Thus, the variation internal strain/fluctuation
of d-spacing in Ba12ReNb9O36 systems is evaluated by the following
equation proposed by Stokes and Wilson [32].

b¼2h,tan q (6)

where b is the full width at half maximum (FWHM) of the X-ray
diffraction peaks and q is the diffraction angle. The b value is chosen
from the strongest peaks in XRD patterns. As shown in Fig. 6, the h
value increases with the increase of ion radius. The variation of
Q � f and h values show a an opposite trend. The larger h value
indicates that the structure tends to be unstable [33]. Thus, the
Table 3
Dielectric constant and polarizability of Ba12ReNb9O36 ceramics at various Re ions.

Ba12ReNb9O36 aRe (Å3) εr aD (Å3)

Re¼Yb 3.58 37.23 188.47
Re¼Er 3.81 39.49 188.7
Re¼Y 3.81 37.78 188.7
Re¼Tm 3.82 36.23 188.71
Re¼Ce 3.94 37.75 188.83
Re¼Ho 3.97 39.19 188.86
Re¼Dy 4.07 39.92 188.96
Re¼Gd 4.37 41.71 189.26

5

unstable structure influences the Q � f values. The Q � f of
Ba12CeNb9O36 ceramic decreases sharply, which relates to the
reduction of Ce4þ ions. Similar phenomenon is found in Ti-based
ceramics [34]. Furthermore, the low relative density of
Ba12ErNb9O36 ceramic, and the second phase (Ba(Gd1/2Nb1/2)O3:
Q � f ¼ 5700 GHz) of Ba12GdNb9O36 ceramic also affect dielectric
Fig. 7. (a) The variation of tf value in Ba12ReNb9O36 ceramics with ionic radius from
0.868 Å to 0.938 Å; (b) The relationship between tf and oxygen octahedron distortion.



Table 5
The tf, oxygen octahedron distortion, aL, and tε of Ba12ReNb9O36 ceramics at various
Re ions.

Ba12ReNb9O36 R(Å)
(CN ¼ 6)

tf (ppm/�C) Ddistortion ( � 10�2) aL (ppm/�C)

Re¼Yb 0.868 34.0 6.118 10.56
Re¼Tm 0.88 38.0 6.104 9.96
Re¼Er 0.89 47.5 6.099 11.73
Re¼Y 0.9 49.2 6.080 12.44
Re¼Ho 0.901 50.4 6.069 12.33
Re¼Dy 0.912 57.5 6.034 11.16
Re¼Gd 0.938 83.3 5.998 11.92
Re¼Ce 0.87 93.3 6.049 12.15

Table 6
Character table of irreducible representations of Ba12ReNb9O36 structure.

D3d(3 m) E 2C3 3C2 i 2S6 3sd Selection rules

A1gG1
þ 1 1 1 1 1 1 axxþayy, azz

A1uG1
- 1 1 1 �1 �1 �1

A2gG2
þ 1 1 �1 1 1 �1 Rz

A2uG2
- 1 1 �1 �1 �1 1 Tz

EgG3
þ 2 �1 0 2 �1 0 (Rx, Ry)(axx-ayy, axy), (axz, ayz)

EuG3
- 2 �1 0 �2 1 0 (TX,Ty)

Table 7
Raman and IR vibrational modes of Ba12ReNb9O36 ceramic.

Atom Position Symmetry Irreducible vibrational representations

Nb1 6c C3V A2u þ Eu þ A1g þ Eg
Nb2 6c C3V A2u þ Eu þ A1g þ Eg
Re1 6c C3V A2u þ Eu þ A1g þ Eg
Ba1 6c C3V A2u þ Eu þ A1g þ Eg
Ba2 6c C3V A2u þ Eu þ A1g þ Eg
Ba3 6c C3V A2u þ Eu þ A1g þ Eg
Nb3 3a D3d A2u þ Eu
Re2 3a D3d A2u þ Eu
O1 18h Cs 2A2uþ3Euþ2A1gþ3Eg þ A1u þ A2g

O2 18h Cs 2A2uþ3Euþ2A1gþ3Eg þ A1u þ A2g

O3 18h Cs 2A2uþ3Euþ2A1gþ3Eg þ A1u þ A2g

Gacoustic ¼ A2u þ Eu.
Goptic ¼ 12A1gþ3A1uþ3A2gþ13A2uþ16Euþ15Eg.
Raman active modes: 12A1gþ15Egþ3A2g.
Infrared active modes: 13A2u þ 16Eu.

Fig. 8. (a) Raman spectra of Ba12ReNb9O36 (Re]Yb, Ce, Tm, Er, Y, Ho, Dy, Gd) ceramics sintere
spectra of Ba4Yb1/3Nb3O12 ceramics based on Gaussian þ Lor Area model.
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losses. The detailed Q � f and h are summarized in Table 4.
The tf increases gradually when the ionic radius of doped rare

earth increases, as displayed in Fig. 7(a). In this paper, the B0-site
(oxygen octahedron) is substituted by different Re ions, which leads
to the different degree of distortion. The distortion factor is calcu-
lated by the bond length [35].

D¼1
6

X�
Ri � RA

RA

�2
(7)

where Ri and RA are the individual bond length and average bond
length, which are obtained from Rietveld Refinement. The oxygen
octahedron distortion shows an inverse change compared to that of
tf value, as shown in Fig. 7(b). This result is consistent with that
reported by Tang et al. in the Ca0.61Nd0.26Ti1-x(Cr0.5Nb0.5)xO3
ceramic [34]. The decrease of octahedral distortion stems from the
decline of restoring forces between the cation and oxygen, which
subsequently leads to the increase of temperature coefficient [35].
The detailed tf and oxygen octahedron distortion are listed in
Table 5. According to Bosman et al. [36]., the tf value obeys:

tf ¼ �
�
aL þ

1
2
tε

�
(8)

where aL and tε represent linear thermal expansion coefficient and
temperature coefficient of dielectric constant, respectively. Based
on this, the aL and tε values were measured to explain the variation
of temperature coefficient of resonant frequency. The measured aL
values are shown in Fig. S1(a)e(h), in which aL varies in range of
9.96e12.44 ppm/�C. The results are in accordance with Zhou et al.
who reported that the aL of MWDCs is relatively small (<þ20 ppm/
�C) [36]. Therefore, the tf is mainly influenced by the tε. As the tf
increases, the tε gradually decreases, showing an opposite trend, as
presented in Fig. S2. The results indicated that the variation of tf can
also be evaluated by the tε.

3.4. Raman spectroscopy and vibrational mode analysis

Raman spectroscopy is an effective method to determine phase
composition, analyze lattice vibration and build structure-property
relationships [37]. The irreducible representations containing the
d at optimal temperatures. (b) The measured (circle) and fitted (black solid line) Raman



Fig. 9. The measured and fitted Raman spectra at 500-600 cm�1 of (a) Ba12YbNb9O36, (b) Ba12CeNb9O36, (c) Ba12TmNb9O36, (d) Ba12ErNb9O36, (e) Ba12YNb9O36, (f) Ba12HoNb9O36, (g)
Ba12DyNb9O36, and (h) Ba12GdNb9O36 ceramics.
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selection rule of crystalline material can be determined by point
group analysis, as listed in Table 6. According to Bilbao crystallo-
graphic server [38], the acoustic and optic vibrational representa-
tion for hexagonal phase is 12A1gþ3A1uþ3A2gþ13A2uþ16Euþ15Eg.
Classified infrared Raman active modes with Ba12ReNb9O36 are
summarized in Table 7.

Each Raman mode is related to the displacement of each ions
originated from lattice vibration in the structure. The Raman peak
at 110 cm�1 can be assigned to A1g þ Eg modes, corresponding to
NbeO octahedral vibration (NbO6) and BaeO bond vibration [39].
The Ramanpeak at 151 cm�1 is named as A2gmodes. The A1g (NbeO
vibration) mode at 306 cm�1 has been identified as the ordered
structure-related vibrations [40]. The internal vibrations of oxygen
octahedra and oxygen-octahedron stretch mode are located in
435 cm�1 (A1gþ2Eg) and 756 cm�1 (A1g), respectively [40,41]. The
weak bands at 500-600 cm�1, which are related to Ba (A1gþ Eg) and
BaeO (A1g) vibrations (translational motions), are insensitive to
chemical substitution on B-sites [42].

The Raman spectra with the assigned modes of Ba12ReNb9O36
ceramic are shown in Fig. 8(a). As the increase of ionic radius, the
A1g mode corresponding to B-site vibration at 306 cm�1 moves to
the low wavenumber. All Raman profiles are fitted by the
Gaussian þ Lorentz Area, and in Fig. 8(b), Ba4Yb1/3Nb3O12 ceramic
was taken as an example. An intense peak exists in the fitted
spectrum of Ba12ReNb9O36 (Re]Yb, Ce) ceramic at 500-600 cm�1,
however, the split mode at Re]Tm, Er, Y, Ho, Dy, Gd is observed, as
presented in Fig. 9. The phenomenon may be related to the differ-
ence of Re and Nb ions in electronegativity and ionic radius. The
larger discrepancy in electronegativity and ionic radius is easy to
form the split mode [43].

4. Conclusion

The crystal structure, phase composition, microstructure, and
structure-property relationship of Ba12ReNb9O36 ceramics are
investigated systematically. The XRD pattern and the Rietveld
refinement indicate that pure Ba12ReNb9O36 (Re]Yb, Ce, Tm, Er, Y,
Ho, Dy) ceramics with hexagonal structure are obtained. There
existed the second phase Ba2GdNbO6 for Ba12GdNb9O36 ceramic.
With the increase of ionic radius, the cell volume gradually in-
creases. However, the reduction of Ce4þ ions leads to an abnormal
increase of cell volume for Ba12CeNb9O36 ceramic. The εr, Q � f, and
tf separately vary in the range of 36.23e41.71, 9477e36600 GHz,
and 34e93.3 ppm/�C when the ionic radius changes from 0.868 to
0.938 Å. The optimal microwave dielectric properties (εr ¼ 37.23,
Q � f ¼ 36600 GHz, tf ¼ 34 ppm/�C) of Ba12ReNb9O36 ceramics
sintered at 1420 �C for 6 h are obtained when Re ions is Yb.
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