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Abstract

The CaMoQ was added into La(NkV.1)O4 ceramics by solid state reaction method
to adjust the temperature coefficient of frequerf@®{CF) values. The series of
(1-x)La(Nhky gV .1)Os-xCaMoQ, (0.05< x < 0.5) ceramics were sintered at 1060 ~
1180°C and found to possess permittivity) (= 10.38 ~ 17.73, Qxf = 31,820 ~ 76,570
GHz (Q = 1/ dielectric loss, f = resonant frequelying between 8.5 ~ 9 GHz), and
TCF = -26.3 ~ +160.7 ppA€. The structures of ceramic samples changed from
monoclinic fergusonite to tetragonal scheelite cwdusly at x = 0.20 along with the
shift of TCF values from positive to negative. Thest microwave dielectric
properties withe; = 15.71, Qxf = 76,310 GHz (at 8.825 GHz), and T€F 26.3
ppm/PC were obtained in 0.8La(lyBV0.1)04-0.2CaMoQ ceramics sintered at 11%D

and these ceramics might be good candidates fopmave devices.
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1. Introduction

Today, microwave dielectric ceramics are being istidby more and more people
because of their universal application as dieleatesonators, filters, RF substrates
and waveguides [1-3]. Generally, ceramics are pegpay conventional solid state
reaction methods. The key point of this approacimasnly the presence of ceramic
processing, which makes the ceramic compact enddighowave dielectric ceramics
have been studied for decades to pursue good maweodielectric properties, namely
high Qxf (Q=1/dielectric and f=resonant frequendygh relative dielectric constant
(er) and near-zero resonant frequency temperaturdiceat (TCF) [4-6]. Compared
with the traditional perovskite (ABfp) materials, recently the universal AB6ystems,
including wolframite (MgWQ), scheelite (CaWg), fergusonite (LaNbg), rutile
(TiOy) and zircon (NdVQ materials, have attracted more and more attemhi@to
the structure adaptability [7-9].

It has been reported that the LaNja®aterial transitions from fergusonite structure
to scheeelite structure at about 8D(10] and at the same time there is remarkable
thermal expansion transition. Besides, there iside iemperature gap 450-78)
which can be revealed from Neutron and X-ray diffien due to the existence of
multicrystals [11,12]. Stubican et al. [13] noticétat the related phase transition
temperature increased with decrease of rare eamtb radius, and the niobates have
lower phase transition temperatures than the qoorelng tantalates. Based on the
literatures’ results, some researchers have prdwsdtutions that use Ta instead of Nb
or reduce the ionic radius of rare earth ions [3}4,In 1980s, Bastide et al. [16]
concluded that phase transition of ABBeramics according to the radius ratio of
cation and anion. Subsequently, this work was smpehted by Manjon et al., [17]

which mainly aimed at current research focusingnaterials including orthorhombic,



wolframite, fergusonite scheelite and zircon sues. It is well known that the phase
evolution from high-temperature scheelite to lomperature multicrystal is
attributed to decrease of B-site cation.[16-18]kBat al. [18] noticed that the phase
transition temperature of LaNROceramics could be adjusted to near room
temperature in the manner of replacing by vanadaitim smaller radius than niobium.
Therefore, Brandao et al. [19] studied the infleeraf electrons and protons by
scheelite retention.

Brower and Choi et al. reported microwave dielecproperties of the CaMoQO
ceramics sintered at 11 with e, = 10.8 ~ 11.7, Qxf = 55,000 ~ 89,700 GHz and
= - 50 ~ - 60 ppMC [20-24]. Vidya et al. [23] found that the CaMpO
nano-ceramics could be densified at a quite lowesing temperature ~ 775.
However, the large negative TCF of CaMo@eramic still limited the practical
applications. Recently, a temperature stable LTIO®@ femperature co-fired ceramics
technology) materials have been achieved by usi@g fb adjust performance of the
CaMoQ, ceramics [23]. Meanwhile, &ain CaMoQ ceramics could be substituted
for by (Lio,5Bi05)2+ ions and this resulted in near-zero TCF value$. [@#®anwhile,
the low sintering temperatures of the (@#Bips)M0oO,-CaMoQ, solid solution
ceramics make them good candidates for LTCC teoigyo[24,25]. We recently
reported that the La(NkVo.1)O4 ceramics have good microwave dielectric properties
including a large positive TCF value [26]. In theegent study, we primarily
researched the relation of microwave dielectricppries and structure of the

(1-x)La(Nky ¢V o.1)O4-xCaMoQ, ceramics.
2. Experimental Procedure

Reagent-grade raw materials of g (> 99.5%, Guo-Yao Co. Ltd.), k@3 (>

99.95%, Guo-Yao Co. Ltd.),Ds (> 99%, Fuchen Chemical Reagent, Tianjin, China),



CaCQ (> 99%, Guo-Yao Co. Ltd.) and M@(d>99%, Guo-Yao Co. Ltd.) were
measured according to the  stoichiometric  composstio of the
(1—-x)La(Nhky gV0.1)Os-xCaMoQy (0.05< x < 0.50). LaOs; powders were treated at
1000°C for 5 h before weighting to remove carbonatesvd®s mixtures were milled
for 5 h using a planetary mill (QM-1F; Nanjing Maoé Factory, Nanjing, China) at
200 rpm with the milling media (zirconia balls). t&f drying the mixtures were
calcined at 80T for 5 h and then re-milled at 250 rpm for 5 fohgain fine powders.
The fine powders were pressed into pellets (11 mndiameter and 4 ~ 5 mm in
height) with 5 wt. % polyvinyl alcohol (PVA). Alhe samples were sintered in the air
at 1000C ~ 1200C for 2 h.

Phase compositions and crystal structures of th&)[(B(Nby gV .1)O0s-xCaMoQ,
(0.05< x < 0.50) ceramics were investigated using X-ray ddfion (XRD) with Cu
Ka radiation (Rigaku D/MAX-2400 X-ray diffractometrypkyo, Japan) and Rietveld
refinement method was used to analyze the detaflscrgstal structures.
Microstructures were studied using a scanning acimicroscopy (SEM; Quanta
250 F, FEI). Microwave dielectric properties wereeasured using the shielded
resonant cavity method using the o[Emode to calculate the permittivity and Q
values, a network analyzer (8720ES, Agilent, Palw,ACA), and a temperature
chamber (Delta 9023, Delta Design, Poway, CA). TG /1 values were obtained

from the following formula:

fo—f
TCF=—" T x10°(ppm/°C 1
fx(T-Ty (ppmy©C) (1)

wherefr andfro are the resonant frequencies at@and 258C, respectively.
3. Results and Discussions

Figure 1 shows XRD patterns of the (1-x)La{Mo1)Os-xCaMoQ, (0 < x < 1)



ceramics sintered at their optimal temperature2fbr which can help us understand
the mechanism of two kinds of phase transition. Tdtdce parameters of pure
La(Nby.oV0.1)O4 ceramic were calculated to be= 5.508(9) Ab = 11.603(8) Ac =
5.236(0) A = 94.920°, and cell volume = 334.274(4) AAs the substitution content
increased, the phase transition from fergusonitetragonal sheelite structure can be
clearly observed from XRD patterns. In the range <O x < 0.1, the
(1-x)La(Nly ¢V0.1)O4-xCaMoQ, ceramics belong to a fergusonite solid solutiothwi
a space group I2/a. It was clearly seen from Fidur&RD reflection peaks (-121)
and (121) of (1-x)La(NxVo.1)Os-xCaMoQ, (0 < x < 0.1) ceramics moved to each
other continuously with increase in CaMpCbntents. Finally at x = 0.2, (-121) and
(121) merged into one peak (112), which indicatest tcrystal structure of the
(1-x)La(Nly gV o.1)Os-xCaMoQ, ceramics changed from fergusonite to scheelite.
Figure 2 shows the variations in lattice parametersf the
(1-x)La(Nly gVo.1)Os-xCaMoQy, ceramics. As CaMof content increased, lattice
parametersa, b andp (B > 90° ) in the solid solution region (x 0.1) decreased
slowly. Lattice parameters c increased slightlythNurther increase of x value, the
andc values became equal to each other. Meanwhileh thereased to 11.430(3) A
at x = 0.2 in tetragonal structure. The variatibmattice parameters clearly suggested
the phase transition from fergusonite to scheeligtructure in the
(1-x)La(Nly gVo.1)O4-xCaMoQ, ceramics. These changes are in accordance with
XRD results analysis. In order to research theildetd crystal structure, Rietveld
refinements were performed to study the crystal ucsire of the
0.9La(Nky9gV0.1)04-0.1CaMoQ and 0.8La(NbgV.1)04-0.2CaMoQ ceramics. The
Rietveld refinement results are presented in Fig@uréhe space group, occupancies

and atomic positions are given in the Tabl&l= 9.94 %, R, = 12.9 %, and B, =



706 %) and all the refinement results are accéptab The
0.9La(Nky9¢V0.1)04-0.1CaMoQ ceramic belongs to single fergusonite phase with a
space group I2/a. The 0.8La(]\WW.1)04-0.2CaMoQ ceramic belongs to standard
sheelite structure with a space grougdccordingly.

SEM results of the (1-x)La(NBV.1)Os-xCaMoQ, ceramics sintered at 11%Dare
shown in Figure 4. The dense micro-structure of(flrex)La(Nky oVo.1)Os-xCaMoQy
ceramics can be observed with almost no pores. Withincrease of CaMoO
contents, grains of the ceramics become more honeogs and very uniform grain
distribution can be observed in the 0.8La{dy 1)04-0.2CaMoQ ceramic. Figure 5
shows the variation of densities of the (1-x)LadMy 1)Os-xCaMoQ, (0.05< x < 0.5)
ceramics as a  function of sintering temperature. | Althe
(1-x)La(Nly gV0.1)O4-xCaMoQ, ceramics can be well densified in wide sintering
temperatures. Due to the atomic weight different®s,increase of CaMo{zontent
apparently resulted in decrease of the bulk dessiti

Variation of permittivity and Qxf values of the (@ta(NhbyoVo.1)Os-xCaMoQ,
(0.0% x < 0.50) ceramics as a function of sintering tempgeaaire shown in Figure 6.
All the permittivity values keep stable in a qut@e sintering temperature range as
shown in Figure 6(a) and this is in accordance withchange trend of bulk density.
The largest permittivity about 17.63 was obtainech ithe 0.95
La(NbyoVo1)Os,-05CaMoQ ceramic. Variation of Qxf values of the
(1-x)La(Nly gV .1)Os-xCaMo(Qy (0.05< x < 0.50) ceramics s a function of sintering
temperature are shown in Figure 6(b) (resonanu&eqy lying between 8.5 ~ 9 GHz).
Qxf values increase with sintering temperaturet,fiend then decrease due to
secondary grain growth at high temperatures. TBeL@(Nky¢Vo.1)04-0.2CaMoQ

ceramics sintered at 11%D posses the highest Qxf values ~ 76,310 GHz &58.8



GHz.
Figure 7 shows microwave dielectric permittivity darQ X f values of the

(1-x)La(Nhy gVo.1)Os-xCaMoQ, (0 < x < 1) ceramics as a function of CaMpO
content. Generally, permittivity is determined bldctric polarization. In range of
microwave frequency, dielectric polarization is gwem of both ionic and electronic
components [27]. Shannon et al. [27] suggestedntisdécular polarizability could be
estimated as the sum of individual ionic polariitibs. Hence, polarizabilitiesif) of
the (1-x)La(NR.oVo.1)Os-xCaMoQ, ceramics could be obtained as follows:

+ 091~ X)a

a,=1-X)a + 01(A-X)@,. + XU + XA, 0 +40 . (2)

La3+ Nb5+

a a .,a

Where aLa3+ 1 Nb5+ H V5+ ) Ca2+ )a

wo - and 9o gre polarizabilities of L4, Nb™*, V3,
cd*, Mo® and G ions [27]. Using the Clausius-Mosotti relation, the dielect
permittivity can be calculated as follows:

e = 3V, +8rm,
3V -4,

3)

in which V is the cell volume (= 336.695 / 4= 84.17) AFigure 7(a) shows that

and g of the (1-x)La(NbgVo1)O4-xCaMoQ, ceramics gradually decrease as the
increase of CaMocontent due to the smaller ionic polarizability ofCand MJ*

than that of LA and NB*. Qxf values of the CaMagfand La(Nl ¢V1)Os ceramics

are about 90,000 GHz and 60,000 GHz, respectively, as repoitetatures [21,26].

As shown in Figure 7(b), Qxf values increase with the contén€CaMoQ, as
expected. Quite high Qxf values were obtained in the solidisolaeramics due to
the good sinterability that resulted in homogeneous microstructufé®
0.8La(NkygV0.1)04-0.2CaMoQ ceramic possesses the highest Qxf value about

76,310 GHz at 8.825 GHz. The TCF values as a functionvalue are presented in

Figure 7(c). It can be seen that the TCF values are large posithi@ monoclinic



fergusonite solid solution region (x < 0.2) andstls in accordance with results in the
La(Nb,V)O, system.[26] Introduction of CaMoO4 into the Lag\¥,.1)O,4 lowered

the ferroelastic phase transition temperature &r meom temperature, resulting in
composition-sensitive and unstable TCF values. WherD.2, the TCF values keep
negative and increase with the CaMa©Ontent in scheelite region, which is quite
normal in solid solution ceramics. The smallest Makie about — 26.3 ppAi@ was

obtained in the 0.8La(NRV(.1)04-0.2CaMoQ ceramics. The intrinsic microwave
dielectric properties were studied by far-infrarguectra as shown in Fig. S1 and

Table S1. All the fitted and measured values weoad to be in good agreements.
4. Conclusions

The 0.65La(NboV0.1)0s-0.35CaMoQ ceramic sintered at 118D was found to
possesse & = 15.00, a Qxf = 69,720 GHz at 9 GHz, and a ECE/~ 30.6 ppnfC.
The best microwave dielectric  properties were olg@i in the
0.8La(NkyoVo.1)04-0.2CaMoQ ceramics sintered at 118D with ag, = 15.71, a Qxf

= 76,310 GHz at 8.825 GHz, amd= - 26.3 ppnfC. The XRD analysis reveals that
the ceramics changed from monoclinic fergusoniteettagonal sheelite phase at x =
0.2. Far-infrared reflectivity fitting of the 0.68(NkyoV.1)04-0.35CaMoQ ceramic
shows that the main polarization comes from iomapzation rather than electronic
ones. These materials are very promising candidatesigh quality microwave

devices.
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Table 1 Crystallographic parameters of the 0.9Lg@gNb1)O4-0.1CaMoQ and the

0.8La(Nhy gV 0.1)0s-0.2CaMoQ ceramicRp = 9.94 %, Rp= 12.9 %, and By =

7.06 %).
X Atom X y z Occupancy Mult
Space group:l2/a
Ca 0.25000 0.12327 0.00000 0.050 4
Lal 0.25000 0.12327 0.00000 0.450 4
Nb1 0.25000 0.63214 0.00000 0.405 4
0.1 \1 0.25000 0.63214  0.00000 0.045 4
Mol 0.25000 0.63214  0.00000 0.050 4
o1 0.01472 0.71352 0.16672 1.000 8
02 0.91465 0.45835 0.24286 1.000 8
Space group:l4,/a
Ca 0.00000 0.25000  0.62500 0.050 4
Lal 0.00000 0.25000 0.62500 0.200 4
Nb1 0.00000 0.25000 0.12500 0.180 4
. V1 0.00000 0.25000 0.12500 0.020 4
Mol 0.00000 0.25000 0.12500 0.050 4
o1 0.15684  0.00500 0.20917 1.000 16




Figure Captions

Fig. 1. XRD patterns of the (1-x)La(l§/0.1)O0s-xCaMoQ, (0 < x < 1) ceramics
sintered at their optimal temperatures.

Fig. 2. Lattice parameters variation in the (1-XN\lay oV .1)Os-xCaMoQ, (0<x < 1)
ceramics.

Fig. 3. Observed XRD (red points) and calculatetiepa (black solid line) along with
difference plot (at the bottom) of (a) the 0.9Lag 1)O4-0.1CaMoQ ceramics and
(b) the 0.8La(NbgV0.1)04-0.2CaMoQ ceramics. Allowed Bragg reflections are
indicated by vertical bars and goodness-of-fit shawinset.

Fig. 4. SEM images of the (1-x)La(b§/0.1)Os-xCaMoQ, (a) x = 0.05, (b) x = 0.10,
(c) x=0.20, (d) x =0.35, (e) x = 0.50 ceramicgeged at 1160 o C for 2h.

Fig. 5 Variation of density of the (1-x)La(dl§V/0.1)Os-xCaMoQ, (0.05< x < 0.5)
ceramics as a function of sintering temperature.

Fig. 6 \Variation of permittivity (a) and Qxf values(b) of the
(1-x)La(Nhy gV .1)Os-xCaMoQ, (0.05< x < 0.50) ceramics as a function of sintering
temperature.

Fig. 7 &a and g (a), Qxf value (b), and TCF (c) of the

(1-x)La(Nhy oV .1)Os-xCaMoQ, (0 < x < 1) ceramics as a function of x value.
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1, Fergusonite solid solutions were formed in (L-a{Nby oV .1)Os-xCaMoQ,

2, Apseudo phase diagram is given in (1-x)La(\3.1)Os-xCaMoQ;

3, High Qxf ~ 76,310 GHz was obtained in 0.8La{Mky 1)04,-0.2CaMoQ
ceramic.



