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Abstract

The structure stability of double perovskite ceramics — Ba,Mg;_,Ca,WOg (0.0 < x < 0.15) has been studied by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM) and Raman spectrometry in this paper. The microwave dielectric properties of the ceramics were
studied with a network analyzer at the frequency of about 8—11 GHz. The results show that small amount of Ca substitution for Mg increases the
Mg/Ca—-O bond strength, and hence the stability of the double perovskite. But it cannot completely suppress the decomposition of Ba,Mg; .
Ca, WOy at high temperature. Although space group Fm—3m is adopted for all compositions, nonrandom distribution of Ca** and Mg?* on 4b-site
within the short range scale is observed due to their large cation size difference. Small level doping of Ca (x < 0.1) increases the dielectric
permittivity monotonically, but does not affect the Q x f value greatly. As expected, the substitution of Ca tuned the temperature coefficient of
resonant frequency (ty value) from negative to positive value. Excellent combined microwave dielectric properties with &, =20.8,
0 x f=120,729 GHz, and 7, =0 ppm/°C could be obtained for x = 0.1 composition. However the Q X f value degrades considerably when

the sample was stored under ambient conditions for a long time.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Complex perovskites of the AZ*(B**;;3B7*,3)05 family
(where A = Ba, Sr; B** = Mg?*, Zn**; B>* = Ta’*, Nb°*), with
partial order in B-site position, have been reported to have
exceptionally low-dielectric loss at microwave frequencies [1—
3]. A great amount of work has been done on these 1:2 complex
perovskite compounds [4-6]. It has been shown that the ultra-
low dielectric losses of these materials are closely related to the
1:2 B-site ionic ordering state. Microwave dielectric properties
of several 1:1 ordered compounds with the general formula
A(Bll/zB”]/z)Og (A = Ba, Sr, Ca; B/ = La, Nd, Sm, Yb, B// = Ta,
Nb) have been investigated by several authors [7-10]. Mixed
alkaline earth tungstate double perovskites with the general
formula A(B;,W1,2)O3 (A =Ba, Sr, Ca; B =Mg, Co, Zn, Ni)
are of interest for their complete 1:1 ordered state due to their
larger differences in charge and ionic radii on B-site. The
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barium containing tungstate double perovskites were deter-
mined to be cubic and in the space group Fm—3m. However it is
difficult to obtain a pure phase of barium containing tungstate
double perovskites. Small amount of scheelite BaWO, impurity
phase usually existed. Single-phase of Ba(Mg;,W,2)03
(BMW) could be obtained by precursor method in which
wolframite MgWO, was firstly formed and then BMW was
synthesized at the temperature approximately 1200 °C by
adding stoichiometric amounts of BaCO;. However BMW is
unstable at high temperature and BaWO, impurity phase
appears in the sample sintered at the temperature above
1400 °C [11]. The stability of perovskite structure could be
evaluated by the so-called global instability index (GII) which
is based on differences between experimental and calculated
bond valence sums. Crystal structures for which GII > 0.2 are
generally unstable [12]. The GII of BMW calculated by SpuDS
[13] is 0.34 v.u. at room temperature and 0.71 at 1500 °C,
which implies the instability of BMW, especially at high
temperature. The thermodynamic instability of BMW could
also be understood by comparing the enthalpies of formation
for MeWO, (Me is Mg, Ca, Sr, Ba). The enthalpy increases
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with the increase of ionic radii of alkaline earth [14]. It means
that scheelite BaWQ, is more thermodynamically stable than
wolframite MgWO,, which also explained the formation of
scheelite BaWO, impurity phase at high temperature.

Khalyavin et al. [11] and Zhao et al. [15] have reported the
microwave dielectric properties of Ba(B,W,,)O5 (B =Mg,
Ni, Zn) and A(B1,W1,,)O3 (A =Ba, Sr,; B=Co, Ni, Zn),
respectively. Microwave dielectric measurement showed that
Ba(Mg;,W;,2)05; (BMW) double perovskite exhibited dielec-
tric properties of &.=15-17.6, Q x f =45,200-57,300 GHz,
7,=—25 ppm/°C. Very high value of Q x f ~ 107,000 GHz
has been reported by Takahashi et al. [16] for the (1 — x)BMW—
xBaTiO; system near x ~ 1/3. The high O X f value was
attributed to the stabilization of the 6H hexagonal structure with
a high degree of the Mg**/(W®*, Ti**) ionic ordering [16,17].
Recently, A-site ion substitution effect on the microwave
dielectric properties of A;_3,/2La,(Mg;»W;,,)O3 (A =Ba, Sr,
Ca; 0.0 <x<0.05) double perovskites has been investigated
[18]. Bian et al. [18] reported that La-substituted samples
maintain the same crystal symmetry as the corresponding un-
substituted samples and that low La-substituted concentration
is helpful in avoiding AWO, formation and tailoring the
microwave dielectric properties. The Q x f value of the La-
doped BMW could be improved to more than 100,000 GHz
when x =0.02, but the sintering temperature simultaneously
increased to about 1600 °C due to the decrease of BaWO,
impurity phase.

The relations between ionic parameters and intrinsic
microwave dielectric properties have been investigated by IR
spectrum study for the Ba(B';,,B",,)O3 complex perovskite
ceramics [19]. Ionic size, manifesting itself in tolerance factor
(), is found to be the most important parameter in controlling
the intrinsic microwave dielectric properties. For t > 1 (BMW:
t = 1.034) B’-site cations have too much room, resulting in an
increasing of damping of the second mode involving B'-site
cation vibration. Damping could be minimized by changing the
ionic size to fulfill # ~ 1.

Based on the aforementioned consideration, we choose
larger sized Ca®* as dopant partially substituting for Mg** so as
to reduce the tolerance factor. On the other hand, Ba,CaWOQOg
was reported to have positive 7, value (+46 ppm/°C) [20], thus
near zero 7, value is expected to be tuned for Ba,MgWOg¢ by the
doping of Ca®* on Mg-site. As reported, Ba,Mg;_,Ca,WOq
series shows a broad miscibility gap from x ~0.3 to ~0.8 [21].
Therefore, we limited the maximum doping concentration to
x=0.15 in our experiment. Crystal structure, microstructure
and microwave dielectric properties of Ba,Mg; Ca,WOq
ceramics were investigated in the present paper. The perovskite
structural stability and its influence on the microwave dielectric
properties of Ba,Mg,_,Ca,WQOg4 were discussed.

2. Experimental

Ba,Mg,_,Ca,WOq (0.0 <x <0.15) ceramics were pre-
pared by a conventional solid-state reaction route. High purity
BaCO; (99.7%), MgO (99.7%), CaCO5; (99.5%) and WO,
(99.5%) were used as raw materials. The compounds were

weighed according to the above formula and mixed with ZrO,
balls in ethanol for 24 h, dried and calcined at the temperature
of 1200 °C for 2 h in alumina crucible. The calcined powders
were pulverized again by ball milling in ethanol for 24 h. After
drying, mixed with 7-10 wt.% PVA and sieving, the granulated
powders were uniaxially pressed into compacts 10 mm in
diameter and 4.5 mm thickness under a pressure of 120 MPa.
The compacts were sintered at 1450 °C—1550 °C for 2 h. The
sintering temperature was optimized by the maximum bulk
density and Q X f value.

The phase constituents of the sintered samples were
identified by X-ray diffraction (XRD) with Ni-filtered Cu
Ko radiation (Rigaku D\max 2200, Tokyo, Japan). The content
of BaWO, phase in each specimen was estimated from the
reflection intensities via Jade 6.5 software. For Rietveld
refinement of the X-ray patterns, the powder diffraction data
were collected at room temperature with a step size A26 = 0.02°
over the angular range 5 < 20 (°) < 135 using monochromatic
Cu Kal radiation (40 kV, 250 mA). The obtained data were
refined by the Rietveld method using the Fullprof program. The
Raman spectra were carried out for the sintered samples
(RENIShaw in Via plus, UK). The Raman spectra were excited
with the 785 nm line of a semiconductor laser at a power of
250 mW and recorded in back-scattering geometry using InVia
Raman microscope equipped with a grating filter, enabling
good stray light rejection in the 100-1000 cm range. The
microstructure of the sintered sample was characterized by
scanning electron microscopy (SEM) (Apollo300, CamScan,
U.K.). The samples were polished and thermally etched at a
temperature of 100 °C lower than the sintering temperature for
30 min. Chemical compositions were analyzed by energy
dispersive spectrometer (EDS) (INCA EDS, OXFORD, UK).
Microwave dielectric properties of the sintered samples were
measured between 7 GHz and 13 GHz using network analyzer
(N5230A, Agilent, Palo Alto, CA, USA). The quality factor
was measured by the transmission cavity method. The relative
dielectric constant (¢,) was measured according to the Hakki—
Coleman method using the TEg;; resonant mode, and the
temperature coefficient of the resonator frequency () was
measured using invar cavity in the temperature range from
20 °C to 80 °C.

3. Results and discussion

Fig. 1 shows the powder XRD patterns of Ba,Mg;_,.
Ca,WOg sintered at 1500 °C/2 h. The lack of peak splitting
confirmed that all the compounds exhibited cubic perovskite
structure and could be indexed in the space group Fm—3m. The
large intensity at (1 1 1) reflection indicates ordering of the B-
site cations. It is noted that the peak positions shift to lower 26
degree with the increase of x, which means the cell volume
increases with increasing x due to the substitution of larger Ca*
(R=1.0 A) for smaller Mg2+ (R=0.72 A). Small amount of
impurity BaWO, phase could be detected from the XRD
patterns of all compositions. Variation of BaWQO, content with x
is shown in Fig. 2. It decreases with increasing x and reaches
minimum at x =0.1, subsequent increase in x increases the
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Fig. 1. Powder XRD patterns of Ba,Mg;_Ca, WO sintered at 1500 °C/2 h.

content again. In order to identify whether the BaWO, was
originated from the incompletely reacted starting powders
calcined at 1200 °C/2 h, Fig. 3 shows the powder XRD pattern
of the calcined powders. No BaWOQy or other impurity phases
could be detected within its detecting limit. It clearly indicates
that the presence of BaWOy, in the sintered specimens should be
caused by the thermal instability of Ba,Mg;_,Ca,WOsq
compounds, which is in well agreement with that reported
by Khalyvin et al. [11].

In order to clarify the variation of structural stability, the
cubic structures of Ba,Mg; Ca,WOQg ceramics were further
verified by the Rietveld refinement of the observed powder
XRD profiles. Fm—3m space group was proposed for all
compositions. Linear interpolation between a set of background
points with refinable heights was used to fit the background.
The profiles were described using a Pseudo—Voigt function. In
the initial refinements, the fractional occupancies of the B’ and
B”-site cations were allowed to refine without any constraints,
and their occupancies did not vary noticeably from 1, thus the
fractional occupancies for all the B’ and B”-site cations were
fixed to the stoichiometric composition. The impurity phase
BaWO, was excluded in the refinement. The observed,
calculated and difference profiles for the x=0.05, x=0.1
and x=0.15 compositions are plotted in Fig. 4. Refined
crystallographic results, main interatomic distances and bond
valence are given in Tables 1 and 2, respectively.
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Fig. 2. Variation of BaWO, content with x of Ba,Mg, _,Ca,WOg sintered at
1500 °C/2 h.
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Fig. 3. Powder XRD pattern of Ba,MgWOg calcined at 1200 °C/2 h.

For cubic double perovskites Ba,Mg WOg (Fm—3m), Ba*,
Mg** and W®* remain on fixed Wyckoff positions: 8c (0.25,
0.25, 0.25), 4a (0, 0, 0) and 4b (0.5, 0.5, 0.5), respectively. The
0" occupying 24e sites (x, 0, 0) can shift along the cell edge
and adjust the interatomic distances between Mg®* and W°®*
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Fig. 4. Observed, calculated and difference profiles for the x = 0.05, x=0.1 and x = 0.15 compositions.
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Table 1

Atomic coordinates and thermal displacement parameters for Ba,Mg; ,Ca,WOg.

Composition Atom Site xla ylb 7l Ut A2 Occupancy

x=0.05 Ba 8c 0.2500 0.2500 0.2500 0.09 (2) 0.33336
Mg 4b 0.5000 0.5000 0.5000 0.84 (15) 0.15833
Ca 4b 0.5000 0.5000 0.5000 0.84 (15) 0.00834
w 4a 0.0000 0.0000 0.0000 —0.063 (16) 0.16667
(0] 24e 0.2428 (6) 0.0000 0.0000 —0.00143, 0.00317, 0.00317 1.00000

x=0.10 Ba 8¢ 0.2500 0.2500 0.2500 0.012 (21) 0.33336
Mg 4b 0.5000 0.5000 0.5000 0.250 (131) 0.15000
Ca 4b 0.5000 0.5000 0.5000 0.250 (131) 0.01667
w 4a 0.0000 0.0000 0.0000 —0.190 (19) 0.16667
(0] 24e 0.2479 (6) 0.0000 0.0000 —0.00143, 0.00317, 0.00317 1.00000

x=0.15 Ba 8c 0.2500 0.2500 0.2500 0.047 (21) 0.33336
Mg 4b 0.5000 0.5000 0.5000 0.358 (128) 0.14167
Ca 4b 0.5000 0.5000 0.5000 0.358 (128) 0.02500
w 4a 0.0000 0.0000 0.0000 —0.152 (18) 0.16667
(0] 24e 0.2461 (6) 0.0000 0.0000 —0.00113, 0.00169, 0.00169 1.00000

? Ui, is listed for Ba, Mg/Ca, and W, and U}, U,,, and Us; are listed for O.

cations. The O*~ anion is expected to move closer to the
smaller, more highly charged W®* due to Columbic forces.
Thus Mg®* is usually under bonded and W®" over bonded.
However the observed bond valences both of Mg (1.878 v.u.)
and W (5.808 v.u.) are all under bonded due to the large
tolerance factor of BMW (# = 1.034). Because for BMW with
1> 1, the packing is determined by Ba®* and B-site cations
(Mg** and W®") have too much room. The over bonded Ba—O
bond (2.496 v.u.) and weak Mg—O bond (1.878 v.u.) explains
the instability of Ba,Mg WOg. It is noted that the Ba—O bond
strength decreases monotonically with the increase of Ca
substitution (Table 2); whereas the Mg/Ca—O bond strength
increases with increasing Ca content up to x =0.10 and then
decreases again with further increase of x. The larger Ca** ion
on Mg>* lattice site may be expect to force the surrounding
oxygen ion to expand so that the Mg/Ca—O distance would
increase, as evidenced by the larger bond distance of Ca-O
bond in Ba,CaWOQOg. However the resulting Mg/Ca—O distance
decreases with increasing the Ca doping content. We suppose

that this may be caused by a nonrandom distribution of Ca**
and Mg** on 4b-site due to their large cation size difference
(Ryg+ =0.72A, Repr =1.0A), as it will be further
confirmed later by Raman analysis. It is well known that
XRD technique provides average structure information within
long range scale for homogeneous materials. The local ordering
between Mg and Ca cations on 4b-site will make refined atomic
positions and resulting average bond length less credible. This
may explain why the thermal displacement parameter of W®*
from the Rietveld refinement of the XRD data exhibits slight
negative value. Therefore the resulting Mg/Ca—O and W-O
bond lengths are less credible compared with that of Ba—O
bond. In all cases, we think that the general varying trend for
Mg/Ca—O bond valence is still credible by considering the Ca—
O bond valence in Ba,CaWOQOg (Table 2). The anomalous
variation of Mg/Ca—O bond valence for x — 0.15 composition
may be related to the local distribution between Ca and Mg
cations. We believe that the decomposition of Ba,MgWOg at
higher temperature could be caused by the break of weak Mg—-O

Table 2

Rietveld refinement results, bond distances, and bond valences from the X ray powder diffraction data of Ba,Mg; _,Ca,WOg.

Composition x =0.00* x=0.05 x=0.1 x=0.15 x=1.0°
Volume (A% 532.101 (4) 534.9781 537.6198 540.4292 590.26 (2)
a (A) 8.10335 (2) 8.11793 (7) 8.13127(8) 8.14541 (9) 8.38843 (8)
Ryp (%) 2.33 12.3 12.4 12.0 10.48

R, (%) 2.15 11.2 11.6 10.9 8.33

Rexp (%) 1.30 6.87 7.23 7.14

Ba-O (A) x 12 2.86665 (2) 2.871 (3) 2.875 (3) 2.880 (3) 2.9693 (3)
Mg/Ca-O (A) X 6 2.1228 (6) 2.088 (5) 2.051 (5) 2.068 (5) 2.242 (7)
W-0 (A) x 6 1.9289 (6) 1.971 (5) 2.015 (5) 2.005 (5) 1.952 (7)
BVS(Ba) 2.496 2.464 2.436 2.403 1.89
BVS(Mg/Ca)® 1.878 2.142 2.460 2.436 2.85
BVS(W) 5.808 5.184 4.604 4.735 5.46
BVS(0) 1.961 2.048 2.001 2.012 2.01

# The structure refinement details for x = 0.0 and x = 1.0 composition is from reference [22] and [23], respectively.

® The average of Roc, (1.693) and Roy, (1.967) values was used for Ro [24].
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Table 3
Bond valences of Ba(Zn1/3Nb2/3)03, Ba(Mg1,3Ta2/3)O3 and Ba(Zn1/2W1/2)03"'.

Composition  Ba(Zn;3sNby3)03  Ba(Zn;nW12)03  Ba(Mgy3Tay3)0;3
BVS(Ba) 2.258, 2.308 2.405 2.298,2.413
BVSB') 1.720 1.866 1.938

BVS(B") 5.055 5.88 4794

BVS(0) 1.971, 2.133 2.107 2.071, 2.035

% The bond valence was calculated from the ICSD 157044, ICSD 240279 data
and reference [25], respectively.

bond which resulted in the formation of BaWQ,. The decrease
in BaWO, impurity phase with increasing Ca substitution could
be mainly ascribed to the increase in Mg/Ca—O bond strength.
This view could be generalized to the instability of other
complex perovskites such as Ba(Zn;,W,,2)O3, Ba(Zn;;3Nb,,
3)O3 and Ba(Mg,,53Ta,/3)O3, in which barium tungstate, barium
niobate and barium tantalate could be easily formed at high
temperature, respectively. The instabilities of all above
complex perovskites can also be attributed to the under-
bonded B'-O bond (Table 3).

The presence of BaWO, in Ba(Mg;,W,,,)O5 was also
observed before [11,18]. The decomposition of Ba,MgWOgq
could be considered as follows merely account for the mass
balance:

Ba;MgWO, — BaWO, +BaO + MgO (1
or
Ba,MgWOs — (1/2)BaWO4 + (1/2)BazWOs +MgO  (2)

This means that there should also be BaO- and MgO-rich
phase(s) present in the reaction mixture; however, neither
BaO nor MgO was detected by X-ray diffraction. One possible
reason for the absence of reflections of BaO phase in XRD
could be ascribed to its amorphous state. Similar phenomenon
is also observed for Ba,ZnWOg [25], in which the decomposi-
tion is considered to be caused by the sublimation of ZnO above
1200 °C. In order to investigate the phase composition and
assemblage of Ba,Mg; ,Ca,WQOq at high temperature, the
SEM images and corresponding EDS analysis of the specimens
sintered at 1500 °C/2 h are shown in Fig. 5. In all compositions,
BaWOQ, precipitates are easily observed along the perovskite

Fig. 5. (a) SEM images and (b) corresponding EDS analysis of the marked A—H spot in the specimens sintered at 1500 °C/2 h. The insets are SEM images of the

fracture surface for x = 0.05 and x = 0.1 composition.



3222 J.Y. Wu, J.J. Bian/Ceramics International 38 (2012) 3217-3225

A B
w Ba Mg Ca W O M‘g Ba Mg Ca W O
19.67 9.38 — 10.88 60.08 W mol% 11.98 2442 —  6.57 57.03
w W w w
- ¢ D
Ba Mg Ca W o] w Ba Mg Ca W O
mol% 2039 — —  20.58 59.03 mol% 22.61 11.21 —  11.83 54.35
w w
A w A w
E F
Ba Mg Ca w 0 Ba Mg Ca w o]
mol% 435 3262 283 6020 mol% 38.05 11.57 1.64 9.10 39.64
O . ! P o o
Ba
w Ba
Pt Ba g, 0 Mg th Ca Ba
M Ba B2 Ba wow NV Ba Ba W w
;\‘, ~ O —— e — i ———
G H
w Ba Mg Ca W O Ba Mg Ca W O
mol% 2432 930 1.76 13.12 51.51 mol% 34.60 8.33 238 14.49 40.19
w w w w
T I EAERR AR ; S REEEE R RN
8 10 8 10

Fig. 5. (Continued).

matrix grain boundaries. For x =0 composition, the round
shaped grains indicates a typical liquid phase sintering due
to the presence of BaWO, phase whose melting point (1430 °C)
[26] is below the sintering temperature. As expected, Mg-rich
phase is observed for all compositions by EDS analysis
(marked B), although it was not detected by XRD analysis.
It implies that the MgO-rich phase was in amorphous state. But
it is noted that small white grains (~1 wm) precipitated on the
surface of perovskite matrix grains for x =0.05 and x = 0.01
compositions (marked E). EDS analysis shows that it was
MgO-rich phase. However the SEM image of the fracture
surface (see insets) shows no such kind of precipitates, which
implies that the amorphous MgO-rich phase in x =0.05 and
x =0.01 composition crystallized during the thermal etch pro-
cess. The decomposition of Ba,ZnWOg at high temperature is
confirmed to be caused by the sublimation of ZnO due to its
high partial pressure in air [25]. However, in the case of
Ba,MgWOg, the vaporization rate of MgO should be much
slower compared with that of ZnO because the partial pressure
of Mg in air is much lower than that of Zn [27]. This explained
the existence of amorphous MgO-rich phase in Ba,Mg;_,.
Ca,WOgq ceramics. Unexpectedly, the amorphous BaO-rich

phase is not observed in SEM image for all composition, which
provides clues for the evaporation of Ba-rich species at high
temperature or remained as an amorphous state, although it
should be further confirmed by TEM analysis. Considering the
high temperature vaporization behavior for BaO, MgO/CaO
[27], and phase equilibrium over BaO-WOj solids and liquids
[28], noteworthy is the obvious fact the vaporization rate of
BaO is much larger than that of MgO/CaO and BaWO,.
Therefore Ba-rich species dominate the vapor over composi-
tions richer in BaO than BaWOy, e.g. Ba;WOg. The vaporiza-
tion of Ba species in Ba(Mg;,;3Tay;3)O3 system has been
confirmed by the fact that BaO content in the Ba(Mg;,3Tay,
3)O3 powders sintered at 1600 °C decreases with increasing
soaking time [29]. However the vaporization of Ba-rich species
directly from Ba(Mg;,3Ta,/;3)O5 or Ba,Mg,_,Ca,WOg matrix
seems to be neglected due to the strongly over-bonded Ba-O
bond as discussed above. However the vaporization of Ba-rich
species would increase considerably if BaO phase formed as
result of the decomposition of Ba(Mg;,3Ta,/3)O5 or Ba,Mg _,.
Ca,WOg due to the weak Mg/Ca—O bond. The vaporization of
Ba-rich species from BaO or Ba;WOQg, on the other hand, would
in turn facilitate the decomposition of Ba,Mg;_,Ca,WOgq
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according to the mass balance equation (1) or (2). In this case,
there would be no need to infer that BaO-rich phases must be
present. Summary, the scenario of the difficult synthesis,
structural instability and thermodynamic decomposition of
Ba,MgWOg at high temperature could be described as follows:
the larger enthalpy of BaWO, compared with that of MgWOy, is
responsible for the preferential formation of BaWQ, during
synthesizing process, which makes it difficult to get a pure
Ba,MgWOg. Although pure Ba,MgWOg can be obtained by
well processed synthesis, e.g. stepwise process, the under-
bonded Mg—O bond destabilizes the double perovskite struc-
ture at higher temperature. BaO-rich phase forms as result of
the thermal decomposition of Ba,MgWOQg, which easily
vaporizes at high temperature. The vaporization of BaO-rich
phase, in turn, facilitates the decomposition of Ba,MgWOg and
shift bulk composition chemistries toward the WOs-richer
portion of the system, which would produce more secondary
phases including BaWQO, and MgO according to the mass
balance equation. The doping of Ca on Mg-site increases the
Mg/Ca—O bond strength, thus the thermal structural stability of
Ba,Mg,_,Ca, WOy, which restrains the formation of BaO-rich
phase. Therefore the formation of BaO-rich phase and its high
vaporization rate at high temperature justified the phase assem-
blage observed for Ba,Mg, ,Ca,WOQOg¢ ceramics sintered at
1500 °C/2 h. For the Zn-containing complex perovskites, the
weak Zn—O bond and high vaporization rate of Zn species make
the decompositions of perovskites directly from the breaking of
Zn-0 bond and sublimation of ZnO even though ZnO-rich
phase does not form first. This may explain why BaO-rich
phase rather than ZnO-rich phase could be observed in
Ba,ZnWOg ceramics, whereas MgO-rich phase rather than
BaO-rich phase could be detected in Ba,Mg, ,Ca,WOq ce-
ramics.

Raman spectroscopy is considered to be more powerful than
XRD analysis for probing the local crystal structure. Fig. 6
shows the Raman spectra of Ba,Mg;_,Ca,WOg ceramics. The
1:1 ordered perovskites with the Fm—3m symmetry allow the
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Fig. 6. Raman spectra of Ba,Mg; _,Ca,WOg ceramics sintered at 1500 °C/2 h.
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Fig. 7. Raman shift as function of x.

appearance of four Raman-active modes (I'=A4(O) +E-
2(0) + F2,(0) + F5,(Ba)) [30]. However, as can be seen in
Fig. 6, three main modes are observed for all specimens, which
is consistent with the observations for other 1:1 ordered
perovskites. The band centered at around 810 cm™' could be
attributed to A;,(O) mode which corresponds to the symmetric
breath-type stretching vibration of oxygen octahedron. The
band at 125 cm ™' and 440 cm™' could be ascribed to triple
degenerate F,,(Ba) and F,,(O) modes, respectively. The E,
mode here is too weak to be detected. It is noted that the
intensity of the A;,(O) mode at 810 cm ! decreases and a new
weak band emerges at about 837 cm ' with the increase of Ca
substitution, which is in agreement with the observation of
Blasse [21]. According to Blasse’s analysis, the former was
ascribed to the mode of a WOg octahedron surrounded by six
Mg?" ions, and the new band at 840 cm ™' was assigned to the
mode of a WOy octahedron surrounded by five Mg®* ions and
one Ca”" ion. It implies a nonrandom distribution of Ca** and
Mg>* on 4b-site within the short range scale due to their large
cation size difference as discussed above. Notably, The F,,(Ba)
mode shifts slightly to lower frequency with the increase of Ca-
substitution (Fig. 7). The red shifted F,,(Ba) could be
associated with decrease of the Ba—O bond strength with
increasing Ca substitution (Table 2).

Variation of dielectric permittivity as function of Ca
substitution is shown in Fig. 8. The dielectric permittivity
increases with the increase of Ca substitution. The increase in
dielectric permittivity could be related to the increase in icg%ic
polarizability ~ of ~ B'-site  cation (¢ =3.16 (A),
a2+ = 1.32 (A7) [31] and decrease of Ba—O bond strength,
although the cell volume increased simultaneously with the
increase of Ca substitution. Fig. 9 illustrates the variation of
QO X f value with Ca substitution. Small amount of Ca-doping
(x < 0.1) did not affect the optimized Q x f value greatly. The
maximum Q X f value of about 124,000 GHz could be obtained
at x = 0.05 composition. It is well known that for 1:1 ordered
perovskites, the intrinsic dielectric loss is mainly dominated by
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Fig. 8. Variation of dielectric permittivity of Ba,Mg;_,Ca,WOg ceramic as
function of x.

low frequency modes corresponding to A-BOg vibrations and
B-Og stretching vibration, respectively [19]. For Ba,MgWOgq
(x =0), it is the over-bonded Ba—O bond which makes it possess
higher Q X f value than that of Sr,MgWO, and Ca,MgWOg in
which case the A—O bond strength decreases as the sequence of
Sr and Ca series. The second mode is sensitive to B'-site cation.
Therefore the increase in Mg/Ca—O bond strength with Ca-
substitution is expected to increase the intrinsic Q X f value of
Ba,Mg;_,Ca,WOg4 ceramic, while the decrease in Ba—O bond
strength has opposite effect on the Q x f value. The total
intrinsic Q x f value of Ba,Mg; ,Ca,WO¢ ceramic was
dominated by the two competing factors. Thus the slight
decrease in Q X f value when x > 0.1 could be ascribed to the
dominating factor of decrease in Ba—O bond strength. Extrinsic
factors such as impurity phases, pores and boundaries also
contribute to the dielectric loss. In the case of Ba,Mg;_,.
Ca,WOg ceramics, porosity is low as shown in Fig. 5. So the
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Fig. 9. Variation of Q x f value of Ba,Mg;_,Ca,WOg ceramic with x.
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effect of porosity on the Q x f value could be neglected. The
influence of BaWO, and MgO impurity phases on the Q X f
value is manifested by the decrease in Q X f value from
~120,000 to ~20,000 GHz when the samples were stored
under ambient conditions for a long time. We believe that this
deterioration might be caused by the hygroscopy of MgO in the
air humidity. The deterioration in Q X f value depends on the
content of MgO impurity phases and humidity in the
environment. Complete suppression of the decomposition of
BMW is therefore of crucial importance for practical
application. As expected, the doping of Ca tunes the
temperature coefficient of resonant frequency (z; value) from
negative to positive value (Fig. 10). Zerots value could be
obtained at x = 0.1 composition.

4. Conclusions

The structure stability and microwave dielectric properties
of double perovskite ceramics - Ba,Mg; ,Ca,WOgq
(0.0 < x £0.15) have been studied in this paper. The weak
Mg—O bond causes the decomposition of Ba,MgWOg at high
temperature, which results in the formation of BaWQ, and
amorphous MgO. Small amount of Ca substitution for Mg
increases the Mg/Ca—O bond strength, and hence the stability of
the double perovskite. But it cannot completely suppress the
decomposition of Ba,Mg;_,Ca, WOy at high temperature.
Although the doped specimens exhibit the same face cubic
phase as undoped specimen, nonrandom distribution of Ca**
and Mg?* on 4b-site within the short range scale is observed due
to their large cation size difference. Small level doping of Ca
(x £0.1) increases the dielectric permittivity monotonically,
but does not affect the Q x f value greatly. As expected, the
doping of Ca tuned the temperature coefficient of resonant
frequency (7, value) from negative to positive value. Zero 1,
value could be obtained for x =0.1 composition. Excellent
combined microwave dielectric properties with ¢,=20.8,
0 x f=120,729 GHz, and t,= 0 ppm/°C could be obtained
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for x=0.1 composition; however the remained amorphous
MgO in Ba,Mg,_,Ca,WOgq ceramic decrease its Q X f value
considerably when the sample was stored under ambient
conditions for a long time due to the hygroscopy of MgO in the
air humidity. Complete suppression of the decomposition of
BMW is therefore of crucial importance for practical
application.
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