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Novel Cez(Mo004)2(Mo207) (CMO) ceramics were prepared by a conventional solid-state method, and the mi-
crowave dielectric properties were investigated. X-ray diffraction results illustrated that pure Cex(MoO4)a(-
Mo,07) structure formed upon sintering at 600 °C-725 °C. [CeO7], [CeOgl, [M004], and [MoOg] polyhedra were
connected to form a three-dimensional structure of CMO ceramics. Analysis based on chemical bond theory

indicated that the Mo-O bond critically affected the ceramics’ performance. Furthermore, infrared-reflectivity
spectra analysis revealed that the primary polarisation contribution was from ionic polarisation. Notably, the
optimum microwave dielectric properties of &, = 10.69, Q-f = 49,440 GHz (@ 9.29 GHz), and 7y = —30.4 ppm/°C
were obtained in CMO ceramics sintered at 700 °C.

1. Introduction

Microwave dielectric ceramics, as key materials in modern tele-
communication, are in various components, such as antennas, filters,
and capacitors [1-3]. Nowadays, the carrier frequency of 5G is extended
to millimeter wave band rather than microwave band. Thus, higher
requirements for the performance of microwave dielectric ceramics are
brought forward: a low permittivity (&) to avoid the signal delay, a high
quality factor (Q-f) for better selectivity at higher frequencies and a
near-zero temperature coefficient of resonant frequency (zy) for the
frequency stability [4,5]. Moreover, a low sintering temperature (usu-
ally <960 °C) is the engineering requirement of densified ceramics to
achieve high-integration fabrication. According to Sebastian et al. [6],
molybdenum oxide-based ceramics are appropriate candidates for
integration because of their ultra-low sintering temperature and po-
tential use in adjustable comprehensive dielectric properties.

Recently, many molybdenum oxide-based ceramics have been re-
ported. For instance, a series of tetragonal scheelite-structured XMoO4
ceramics with ¢ values of 10-35, Q-f values below 70,000 GHz, and
varied temperature stability have been investigated [7,8].
Trigonal-structured LnyZr3(MoO4)g ceramics with basic performances of
& = 10-11, Q-f = 20,000-80,000 GHz, and negative 77 values have been

* Corresponding author.
** Corresponding author.

E-mail addresses: wuhaitao@ytu.edu.cn (H. Wu), 053014@chu.edu.cn (M. Li).

https://doi.org/10.1016/j.ceramint.2021.08.011

systematically reported by our group [9-11]. The substitution of an
element at a specific position results in the microadjustment of bonding
characteristics and crystal structure, playing a significant role in the
variation of properties [12,13]. Furthermore, the Ag20O3-Mo0Os3 system
with different phases such as AgsMo207, AgaMoO4 and AgoMo40;3 has
been reported. It possesses ultra-low sintering temperature (<500 °C),
meeting the co-fired metal of Ag and with chemical compatibility.
Nevertheless, these candidates present high dielectric loss and poor
thermal stability [14]. These findings show that molybdenum
oxide-based ceramics have a low crystal-growth temperature. The
crystal structure, phase composition, and internal bond characteristics
of the ceramics jointly affect their dielectric properties. Therefore, the
development of novel molybdenum oxide-based ceramics has scientific
importance for future practical applications.

Cey(Mo004)2(Mo207) material belongs to the triclinic system with the
space group of P1(2). It was firstly identified in 1982 after calcining a
mixture of CeO3 and MoOj3 at 700 °C for 24 h [15]. However, few reports
have focused on the feasibility of this material in practical applications.
Considering the lower sintering temperature, higher crystallinity, and
similar chemical composition compared with traditional molybdenum
oxide-based ceramics, Cez(Mo00Q4)2(Mo0207) was refabricated in the
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Fig. 1. X-ray diffraction patterns of Ce3(M004)>(Mo507) ceramics sintered at
different temperatures (vertical lines correspond to JCPDS pattern
no. 76-1040).

current work to investigate its feasibility in microwave dielectric ap-
plications. Chemical bond theory and spectral analysis were adapted for
the first time to assist the research on the structure-property
relationship.

2. Experimental procedure

To fabricate the ceramics for further investigation, Cex(MoO4)2(-
Mo307) was initially synthesised using the traditional solid-state
method. High-purity oxide powders of CeOs (99.9%, Macklin) and
MoOs3 (99.95%, Aladdin) were weighed at 1:2 mol ratio and ball milled
with anhydrous ethanol for 24 h in a polyethylene bottle. The mixture
slurry was dried in an oven to obtain raw powders and then calcined in a
muffle furnace at 650 °C for 2 h, which was less than one-tenth of the
treatment time reported in a previous study [15]. Thereafter, the pre-
crystallised powders were remixed for 24 h, dried, and combined with
10 wt% high-purity paraffin as the binder. The resultant powders were
pressed into green pellets with a diameter of 10 mm and a height of 6
mm under 6 MPa. All pristine pellets had paraffin removed and were
finally sintered at 600 °C-725 °C for characterisation and dielectric
measurement.

The phase composition and crystal structure of the ceramics at
different temperatures were investigated with a Rigaku diffractometer
using CuKa radiation. The morphology on the CMO surface was ob-
tained by scanning electron microscopy. A Bruker IFS 66v FTIR spec-
trometer was used to obtain the infrared-reflectivity spectra (IRRS)
information. The Raman spectra was collected at 30-2500 cm™! by
using LabRAM HR Evolution. The apparent density of specimens was

Table 1

Ceramics International xxx (XXxX) XXX

Fig. 2. Schematic crystal structure of Ce3(M004)2(Mo0207) ceramics.

measured and calculated based on the Archimedes principle. ¢, and Q-f
of the CMO ceramics were obtained using the Hakki-Coleman dielectric
resonator methodology with a network analyser (Agilent 5234A) [16,
171. According to 77 = Af/(f25AT), 7y was acquired by the temperature
chamber at 25 °C-85 °C.

3. Results and discussion

Fig. 1 exhibits the X-ray diffraction patterns of CMO ceramics sin-
tered at different temperatures. All samples presented similar patterns,
which well matched the JCPDS card of 76-1040 belonging to the
Cea(M004)2(Mo205) structure with the P1(2) space group. No diffrac-
tion peaks that identified second phases were observed, demonstrating
that the current fabrication process provided sufficient sintering driving
force for pure CMO samples. The intensity of the (300) diffraction peak
located at around 22.6° presented an increased tendency with increased
temperature from 600 °C to 700 °C, indicating that the preferential grain
grew on the (300) plane of CMO ceramic. However, the decrease in the
(300) peak and SNR throughout the entire pattern at 725 °C indicated
the appearance of an amorphous phase. To explore the crystal structure
of CMO samples, a series of Rietveld refinement was conducted, and the
refined cell parameters, lattice volume, and confidence parameters are
presented in Table 1. Under a reasonable degree of confidence, no
apparent changes occurred in cell volume with a variation amount less
than 0.09%, demonstrating the stability of the CMO phase between
600 °C-725 °C.

Fig. 2 illustrates the crystal structure of CMO ceramics comprising
[CeOy], [CeOgl, [M004], and [M0oOg¢] polyhedra. Two Ce atoms were in
different distorted environments, and the Ce(1) and Ce(2) atoms were
seven- and eight-coordination, respectively. The four crystallographi-
cally different Mo atoms in the cell structure, Mo(1), Mo(2), and Mo(3)
atoms, surrounded by four O atoms formed into a tetrahedral

Refined cell parameters, lattice volume, and confidence parameters of Ce;(M00O4)2(Mo,07) ceramics.

Structural parameters Sintering temperature (°C)

600 625 650 675 700 725
ad) 11.8861 11.8828 11.8891 11.8921 11.8931 11.8900
b &) 7.4948 7.4959 7.4966 7.5003 7.5012 7.4984
c®) 7.3866 7.3827 7.3831 7.3808 7.3776 7.3804
a(®) 94.3401 94.3047 94.3405 94.3474 94.3406 94.3307
pCE) 97.3555 97.3307 97.4004 97.3820 97.4053 97.3990
7 () 88.5771 88.5988 88.5783 88.6058 88.5741 88.5885
Vi (A%) 650.67 650.31 650.61 650.91 650.74 650.59
R, (%) 9.02 9.28 10.6 13.0 13.2 11.0
Ryp (%) 11.8 11.8 13.9 17.3 17.3 14.2

2.16 2.01 2.95 4.18 4.27 2.93
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Table 2
Atom position and occupancy of Cex(M00O4)2(Mo0,05) ceramics.
Atom  Wyckoff Site  x y z Occupancy
position
Cel 2i 1 0.2235 0.3977 0.2732 1.0000
Ce2 2i 1 0.7772 0.9028 0.1805 1.0000
Mol 2i 1 0.1284 0.9203 0.2727 1.0000
Mo2 2i 1 0.8734 0.4238 0.2193 1.0000
Mo3 2i 1 0.5259 0.2480 0.0684 1.0000
Mo4 2i 1 0.5289 0.6720 0.4044 1.0000
o1 2i 1 —0.0161 0.8938 0.2027 1.0000
02 2i 1 0.1503 1.0074 0.5013 1.0000
03 2i 1 0.1965 0.7114 0.2474 1.0000
04 2i 1 0.1859 1.0846 0.1439 1.0000
05 2i 1 1.0186 0.3945 0.2162 1.0000
06 2i 1 0.8491 0.5099 0.4381 1.0000
o7 2i 1 0.8102 0.2153 0.1607 1.0000
08 2i 1 0.8192 0.5893 0.0633 1.0000
09 2i 1 0.5874 0.4264 0.2042 1.0000
010 2i 1 0.5922 0.0469 0.1331 1.0000
0O11 2i 1 0.3797 0.2570 0.0845 1.0000
012 2i 1 0.5512 0.2826 —0.1656 1.0000
013 2i 1 0.4675 0.8327 0.5307 1.0000
014 2i 1 0.6624 0.7605 0.3850 1.0000
015 2i 1 0.5937 0.5187 0.5877 1.0000

Fig. 3. Apparent and relative density of Cex(M0O4)2(M0207) ceramics as a
function of sintering temperature.

coordination, whereas the Mo(4) atoms were linked to six O atoms
within a distorted octahedral coordination. Two neighbouring [Mo(4)
Og] tetrahedra shared their edge to form a Mo50;¢ unit, which was
connected by [Mo(1)O4] through corner sharing, forming a Mo4O14
chain. The Mo4014 chains were vertically connected to the chain di-
rection into a three-dimensional structure through the [Mo(2)0O4] and
[Mo(3)O4] tetrahedra and the [Ce(1)O;] and [Ce(2)Og] polyhedra
sharing edges and corners [18]. Besides, the atom position and occu-
pancy are listed in Table 2, and the Ce, Mo, and O atoms occupied the 2i
Wyckoff position.

The apparent and relative density of the CMO ceramics sintered at
different temperatures is exhibited in Fig. 3. Relative density was
calculated using the following equations.

M
Pin.= NaVa €))
Do :’% % 100% @
th.

where Z is 2 and is the number of molecules, M is 919.98 g/mol and is
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Fig. 4. Morphologies on the surface of Cex(M00O4)2(Mo207) ceramics sintered
at (a) 600 °C, (b) 625 °C, () 650 °C, (d) 675 °C, (e) 700 °C, and (f) 725 °C.

Fig. 5. Variations in (a) permittivity (e;), (b) quality factor (Q-f), and (c)
temperature coefficient of resonant frequency (z) of Cez(M004)2(Mo207) ce-
ramics as a function of sintering temperature.

the theoretical molecular weight. N, is the Avogadro’s constant, and V;,,
is the refined unit-cell volume obtained from Table 1. With increased
temperature from 600 °C to 650 °C, relative density slightly increased
from 87.94% to 88.97%, which was attributed to the elimination of
pores. Thereafter, density decreased and finally reached 87.56%, which
may be primarily due to the blocked pores caused by the existence of the
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amorphous phase. To verify the above speculation, the morphologies on
the surface of CMO ceramics were determined, and results are listed in
Fig. 4(a)-4(f). At 600 °C and 625 °C, notable intergranular pores cor-
responding to the lower density were observed, as shown in Fig. 3.
Thereafter, all samples were relatively densified, as shown in Fig. 4(c)-4
(e). Notably, microcracks and a glass phase could be observed in Fig. 4
(f), which are usually considered to be the main factors affecting density
reduction. In addition, a significant increase in grain size was observed
in Figs. 3(a)-4(e), while the grain size in Fig. 3(f) decreased due to the
appearance of fine grains.

Fig. 5 presents the variation in microwave dielectric properties of
CMO ceramics sintered at different temperatures. ¢, slightly increased
from 10.93 to 10.99 with increased temperature from 600 °C to 625 °C
and then slightly decreased with further increased sintering tempera-
ture. This finding was consistent with the variation in relative density,
indicating that the ¢, value was related to the density of CMO ceramics.
Furthermore, ¢, is associated with polarisability [19-21], and the
theoretical dielectric polarisability (aeo.) could be calculated by Shan-
non’s addition rule [22].

Qoo = A(Cer (M004),(M0,07)) = 2a(Ce™) + da(Mo®*) + 15a(0*7)  (3)
where a(Ce®") = 6.15 A%, a(Mo®") = 3.28 A3, a(0?") = 2.01 A%. In
addition, the observed dielectric polarisability (a,ps) could be expressed
as follows:

1. e—1

QAops, = vam (©))]

where ¢ and V;,, are the measured permittivity and refined cell volume,
respectively. b is a constant value (4n/3). agps. Was calculated to be
59.31, which approached aue, (55.57). Fig. 5(b) also exhibits the
change in Q-f value, which initially increased from 22,689 GHz at 600 °C
to 49,440 GHz at 700 °C and then slightly decreased to 46,256 GHz at
725 °C. Q- is generally susceptible to extrinsic (phase composition,
porosity, and grain size) and intrinsic (lattice vibration) losses [23-25].
The single phase formed throughout the sintering range. Hence, the
increase of Q-f values could be attributed to increased grain size and
reduced pore [26], whereas the decrease was related to the appearance
of microcracks and fine grain size [27,28]. The 77 values were stable at
about —30 ppm/°C (Fig. 5(c)), which presented less dependence on
sintering temperature. Furthermore, the 77 value needs to be further
adjusted by compensator (e.g. TiO3) for practical application. Notably,
the desirable microwave dielectric properties (¢, = 10.69, Q-f = 49,440
GHz (@ 9.29 GHz), and 77 = —30.4 ppm/°C) of CMO ceramics could be
obtained upon sintering at 700 °C.

To further discuss the inherent connection between properties and
structure, chemical bond theory was used to investigate CMO ceramics.
Zhang et al. [29] succeeded in generalizing P-V-L theory for multibond
systems and gave an explicit expression about how to decompose the

Cez(M004) (M0207)
= Ce(1)Ce(2)Mo(1)Mo(2)Mo(3)Mo(4)0(1)0(2)0(3)0(4)
0(9)0(10)0(11)0(12)0(13)0(14)O(15
:C6(1)1/70(3)]/2+Ce( )1/7 (4)1/3+Ce( )1/7 (5 )1/2+Ce(1
+Ce(1),,0(11), 5+Ce(1), ,0(15
+Ce(2)1/s (1 )1/7+C (2 )1/8 ( )1/2+Ce(2)1/8 (4 )1/3+Ce(2
+Ce(2 18 o(10
+Mo(1),,,0(1
+Mo(2 )1/4 (5
+Mo(3) /4 0(9)

h
/2+Ce( )1/30(11)1/2 +Ce 2)1/8 (14)1/2

12 +Mo(2
P +Mo(3

s0(7),,1Ce(2),50(8), 3

1/4 0(6 )12Mo(2),,0 7 1/2 +Mo(2 )1/40(8)1/3

1
2

) )1 e(

%1/2+M°E %1/4 (2 )1/2+M0( )1/4 3 ;1/2+M0( )1/40(4)1/3
() (10)1/2+M0(3)1/40(11)1/3 +M0(3)1/4O(12)1/2
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Fig. 6. Bond ionicity (f;) of each bond for Ces(M004)>(M0207) ceramics.

complex crystals into binary crystals. Suppose that A denotes cations and
B anions, any multiband complex crystal could be written as:

ALAL..Al. B} B, B (5)
where Al and B/ represent the different elements or the different sites of a
given element of cations and anions, respectively. a; and b; represent the
number of corresponding elements. Any complex crystals could be
decomposed into the sum of binary crystals with the crystallographic
data using the following formula:

Azlu A§2~'-A;i---Bé1B§z~~~Bj;;/ = ZAlsz]n, ©
ij

N(B — A)a;

i NB = A)a 7
Neai

N(B — A)b;
L 8
nj T New C))

where N¢y; and Ncg; represent the nearest total coordination numbers of
the Al and B/ ions in the crystal. N(B/-A) represents the nearest coor-
dination number contributed by the A ion, and N(A’-B/) represents the
nearest coordination number contributed by the B ion. According to the
atomic coordination number and occupancy, the complex crystal of
CMO could be decomposed as follows:

;3( )0(6)0(7)0(8)

)) ;0(6 )1/2+Ce(1)1/70(8)1/3

©)

1 1
+MO(4)1/60( )1/2+M0 )1/6 (12)1/2+M0(4)1/6O(13)+M0(4)1/6O(14)1/2

+Mo(4) 1/30(15)2/3
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Table 3
Bond length (d), bond ionicity (f;), lattice energy (U), bond energy (E), and
thermal-expansion coefficient (@) of Cex(M00O4)2(Mo0,07) ceramics.

Bond type d &) fi(%) U(J/mol) E(kJ/mol) a(107%/K)
Ce(1)-0(3) x 1 2.3854 65.66 806 430.87 6.4004
Ce(1)-0(4) x 1 24959  86.74 802 411.79 7.5167
Ce(1)-0(5) x 1 2.4189 6587 797 424.90 6.5085
Ce(1)-0(6) x 1 2.4458  66.03 790 420.23 6.5942
Ce(1)-0(8) x 1 24779  86.69 807 414.78 7.4505
Ce(1)-0(11) x 1 26177 71.43 791 392.63 7.6653
Ce(1)-0(15) x 1 23601 86.31 839 435.48 7.0455
Ce(2)-0(1) x 1 2.4417 70.64 671 420.93 8.0064
Ce(2)-0(2) x 1 2.4443  70.66 671 420.48 8.0064
Ce(2)-0(4) x 1 24973 89.42 676 411.56 9.0329
Ce(2)-0(7) x 1 2.4044  70.41 680 427.46 7.8584
Ce(2)-0(8) x 1 2.5046 89.44 673 410.36 9.0873
Ce(2)-0(10) x 1 24236  70.53 675 424.07 7.9401
Ce(2)-0(11) x 1 2.7495  90.00 624 373.81 10.0497
Ce(2)-0(14) x 1 2.4756 70.84 663 415.17 8.1412
Mo(1)-0(1) x 1 1.7415  90.09 7480 593.07 —0.4850
Mo(1)-0(2) x 1 1.7514  90.12 7451 589.72 —0.4746
Mo(1)-0(3) x 1 1.7541  90.12 7443 588.81 -0.4717
Mo(1)-0(4) x 1 1.8103 7810 8114 570.53 —0.2824
Mo(2)-0(5) x 1 1.7380  90.08 7491 594.26 —0.4890
Mo(2)-0(6) x 1 1.7489  90.11 7458 590.56 -0.4771
Mo(2)-0(7) x 1 1.7525  90.12 7447 589.35 —0.4731
Mo(2)-0(8) x 1 1.8075 78.08 8123 571.41 —0.2856
Mo(3)-0(9) x 1 1.7280  90.05 7521 597.70 —0.4996
Mo(3)-0(10) x 1 1.7543 90.12 7442 588.74 —0.4713
Mo(3)-0(11) x 1 1.7578  77.83 8281 587.57 —0.3406
Mo(3)-0(12) x 1 1.8283  90.31 7227 564.91 —0.3911
Mo(4)-0(9) x 1 2.4186 76.93 3484 427.04 1.9527
Mo(#-0(12) x 1 1.9418 75.05 4120 531.89 1.1621
Mo(4)-0(13) x 1 1.6780  46.08 4277 615.51 0.4817
Mo(#)-0(14) x 1 1.7626  73.87 4421 585.97 0.8673
Mo(#-0(15)' x 1 1.9149  90.41 4658 539.37 1.1407
Mo(4)-0(15)> x 1 2.0773  90.80 4386 497.20 1.4080

In the CMO system, the effective valence electron number of Ce and
Mo cations were Zg. = 3 and Zy,, = 6, and it differed in O anion, for
instance, Zo = 6/7 in Ce(1)-0O(3) bond, Zg = 3/4 in Ce(2)-0(1) bond,
and Zo = 3 in Mo(1)-0O(1) bond. Furthermore, &, could be evaluated by
bond ionicity, and the inherent connection could be found in Eq. (10)
[30].

nr—1

=1

£, +1 (10)

where n is the refractive index. The bond ionicity (f;) could be evaluated
using Egs. (11)-(15) [30-33].

() (¢

H— = 11

' () E+©F v
o 3974
(E}) “ @ a2
" 4"

= 14.4b“exp( — k‘s‘r{;) [(Z,‘%) —(n/m) (Zr%) (13)
K= (4kp /may)'* a4)

1

. :Edu (15)

where E; and C" denote the homopolar and heteropolar parts of the
average energy gap, respectively. d” is the bond length of an individual
bond p. (Zﬁ)* and (zg)* are the effective number of valence electrons on
the cation A and the anion B, respectively. Moreover, exp( —kr;) is the

Thomas-Fermi screening factor, where ap is the Bohr radius. The f; of the
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Fig. 7. Comparison of lattice energy (U) between different bonds in
Cex(M004)2(Mo507) ceramics.

Fig. 8. (a) Bond energy (E) and (b) thermal-expansion coefficient (a) of
Ces(M004)2(Mo0207) ceramics.
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Table 4
Character table of irreducible representations and the classification of Infrared
and Raman active modes of Cex(M004)2(Mo0,0-).

Gi(-1) C i Selection rules
Agly™ 1 1 Uxxs Ayy, Oz, Oxy, Oz, Oyz, Ry, Ry, Ry
Ay 1 -1 Ty, Ty, Tx

Coptic = 63Ag + 60A,.
Raman active modes: 63 A,.
Infrared active modes: 60A,.

Fig. 9. Measured and fitted Raman spectra and the extracted frequency of
all peaks.

CMO ceramics is presented in Fig. 6, and the values are listed in Table 3.
The f; of Mo-O bonds was slightly higher than that of Ce-O bonds (Af;
(Mo-0) = 83.24%); Af; (Ce-0) = 76.71%). This result suggested that the
Mo-O bond made the dominant contribution to &;.

The lattice energy is associated with the crystal stability. Therefore,
the lattice energy (U) of the CMO ceramics was studied and described
via Egs. (16)-(18) [28,34].

U=>Y (Uy+ UL‘L) (16)
H
. (m+n)Ziz (= 04),
Ul = 1270 — 1 yr Vi an
(Z/i) 1.64
U =2100m Wff (18)

where Z/, and Z* represent the valence states of the cation and anion
which constituted binary crystal, respectively. As shown in Fig. 7, the
lattice energy of the Ce(1)-0O, Ce(2)-O, Mo(1)-O, Mo(2)-O, Mo(3)-O,
and Mo(4)-O bonds were 5,632, 5,333, 30,488, 30,519, 30,471, and
25,346 kJ/mol, respectively. Obviously, UMo(n)-O (n=1, 2, 3, 4)) was
higher than U(Ce(m)-O (m = 1, 2)), and which could be inferred that the
Mo-O bond provided the main contribution in effecting dielectric loss.

As we all know, a higher bond energy corresponds to the proximity of
the 77 value to zero. Hence, the bond energy (E) was described by Egs.
(19)-(21) [35].

E, =t.E' + LE! (19)
332
W
= (20)
u_ (rea +71e8) 1/2
E{- :T(EAfAEBfB) (21)

where t; and ¢, are ionic and covalent proportional coefficient of an
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Fig. 10. (a) Measured and fitted infrared reflection spectra, (b) the real parts of
the calculated and measured complex permittivity, and (c) the imaginary parts
of the calculated and measured complex permittivity for the Cey(MoO4)a(-
Mo,07) ceramics sintered at 700 °C.

individual bond p. rc4 and r g are the covalent radii of atom A and atom
B, respectively. E4_ 4 and Ep g could be obtained from handbook [36].
Besides, the 7y was negatively related to the coefficients of thermal
expansion (@), which can be obtained via Egs. (22)-(25) [28,31].

a=Yy Fd, 2
H

a' = —3.1685 + 0.8376y,,, @3
kZiN,

_ . 24
Tm="0rA, B @y
5 _mlmtn) @9

2n

where Fi, is the ratio of the bond in total bonds, k is the Boltzmann
constant. The sequence of E (Mo(n)-0) > E (Ce(m)-O) could be observed
in Fig. 8(a), indicating that the Mo-O bond exerted the dominant in-
fluence on 7. As shown in Fig. 8(b), most Mo-O bonds possessed a
negative value, which exerted a positive influence on 77 Based on the
above results, the Mo—O bond played a vital role in controlling intrinsic
dielectric properties.

Raman spectra is a valid method to estimate the crystal structure
evolution, phase composition, and structure-property relationship.
Based on the group theory and the symmetry analysis using the Bilbao
Crystallographic Server, CMO crystallized in the point group C; (—1) and
classification of the normal modes at the Brillouin zone—center as: I'gptic
= 63A4+60A,. The irreducible representations containing the selection
rule and the classification of Infrared and Raman active modes are listed
in Table 4. Notably, the selection rules of T and « represent the molec-
ular translational vibration mode and rotational vibration mode,
respectively, which means that T is infrared activated mode and « is
Raman activated mode.
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Table 5
Phonon parameters obtained from the fitting of Cex(M00O4)2(Mo0,07) ceramics’
infrared-reflectivity spectra.

j @, (cm’l) Wpj (em™) ¥ (cm’l) Ag; tan g; x 10*
1 61.61 76.10 17.96 1.526 2.02753
2 85.65 146.40 32.79 2.922 3.66868
3 109.54 122.24 26.02 1.254 0.75876
4 136.37 179.06 29.88 1.724 0.77808
5 185.99 94.87 19.36 0.260 0.04090
6 207.87 94.01 37.19 0.205 0.04945
7 273.67 161.11 46.91 0.347 0.06097
8 307.19 36.07 6.83 0.014 0.00028
9 320.09 84.01 26.02 0.069 0.00491
10 353.94 111.90 53.79 0.100 0.01206
11 389.94 121.85 30.37 0.098 0.00548
12 431.09 71.47 29.73 0.027 0.00124
13 501.89 266.40 131.07 0.282 0.04118
14 595.55 158.14 54.87 0.071 0.00306
15 764.85 359.52 143.57 0.221 0.01523
16 863.68 262.17 72.82 0.092 0.00253
17 933.85 110.90 24.36 0.014 0.00011
18 974.23 55.01 11.95 0.003 0.00001
£oo 1.81 0

> 11.029 7.47035

Fig. 9 shows the Raman spectra with all fitted peaks. Because of
overlapping features or the intensity of weak modes below the detection
limit in Raman spectra, only qualitative analysis of the spectrum was
implemented. The spectrum of CMO ceramic has a broad gap between
low wavenumber and high wavenumber modes and the intensive line in
measured spectral range were also observed. Compared to several
similar MoOy4 tetrahedra in varies molybdenum oxide-based ceramics,
the Raman modes in the ranges 900—1050 cm™!, 750-900 cm™?,
320-400 cm™! and 280-320 cm™! can be identified as internal sym-
metric stretching, asymmetric stretching, asymmetric bending and
symmetric bending vibrations of the MoO4 tetrahedra [37-40].
Furthermore, the MoOg octahedra give rise to stretching vibrations in
the 500-750 cm ™! [39]. The Raman peaks below 280 cm ! correspond
to a lattice-mode region, an unambiguous assignment of these bands is
not possible [39,40].

IRRS were collected to analyse the intrinsic response of dielectric
properties. The IR active modes can be represented as I'jg = 60A,. Ac-
cording to the Lorentzian model ((Eq. (26)) and Fresnel’s formulas (Eq.
(27)) [41], the fitting IRRS is shown in Fig. 10(a). Good agreement was
observed by fitting 18 infrared vibrational modes, and the phonon pa-
rameters are shown in Table 5. The deviation of the number of IR
vibrational modes may be related to overlay and degeneracy.

) =€ + Z pry (26)

aﬂ fjn

1— *
R(w) = ‘1+ \/—Vi @7)

where £*(w) represents the complex dielectric function. ¢4, is permit-
tivity from the electronic polarisation, w,; is transverse frequency, wy; is
plasma frequency, and y; is the damping factor.

Fig. 10(b) shows the real part of the calculated and measured
dielectric constant, and the measured dielectric constant (10.69) was
close to the calculated one (12.03). The slight deviation may be due to
extrinsic defects such as porosity. The contribution of ¢, was 16.4%,
indicating that the polarisation contribution primarily originated from
ionic polarisation instead of electronic polarisation. Moreover, the pri-
mary polarisation contribution was provided by the five vibration modes
G =1, 2,3, 4,5) and was less than 300 cm ™! (1.5 = 69.6%). The
dielectric loss (tan &) could be estimated by Eq. (9).
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tand = Z tans; = i—/ = (28)

The imaginary parts of the calculated and measured complex
permittivity are illustrated in Fig. 10(c). Table 4 shows that 97.4% of
dielectric loss was provided by the five modes (j = 1, 2, 3, 4, 5).
Meanwhile, the calculated dielectric loss (tan 6 = 7.47 x 10~*) was close
to the measured one (tan 6 = 1.88 x 10’4), indicating that the dielectric
properties of CMO ceramic was primarily caused by phonon absorption
within the IR range.

4. Conclusion

Novel CMO ceramics were prepared by a conventional solid-state
method. Single-phase CMO ceramics belonging to the triclinic system
with P1(2) space groups were formed. The three-dimensional structure
of the CMO structure was connected by [CeOy], [CeOgl, [M0O4], and
[MoOg] polyhedra. The optimum microwave dielectric properties were
achieved at 700 °C for CMO ceramics: & = 10.69, Q-f = 49,440 GHz (@
9.29 GHz), and 7y = —30.4 ppm/°C, it will be a good candidate for
dielectric substrates. Based on the chemical bond theory, the Mo-O bond
played a significant role in controlling dielectric properties. IRRS anal-
ysis was applied to further understand the intrinsic dielectric properties,
which were found to be primarily caused by phonon absorption.
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