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St Ca,MgTeOg (0 < x < 2) ceramics were prepared by the solid-state ceramic route. Structure
and microstructure of the compounds were investigated using XRD, TEM, and SEM methods. The
system undergoes a transition from pseudocubic tetragonal /4/m symmetry for x = 0 (Sr,MgTeOyg) to
pseudotetragonal monoclinic P2/n symmetry for x > 0. The dielectric properties of the ceramics
were studied by the resonance method. The temperature coefficient of resonant frequency is negative
throughout the series; permittivities were in the range 13.2—14.3, and quality factors varied from

27500 to 81000 (5—6 GHz).

Introduction

The modern proliferation of wireless telecommunica-
tion technologies has increased the demand for low-loss
microwave dielectric ceramics.' > Even though a number
of microwave resonator materials are available, the search
for new materials with useful properties continues.*> Exten-
sive research has been carried out to investigate the proper-
ties of A(B/1/3BH2/3)O3 perovskites, like Ba(Mg1/3Ta2/3)O3
and Ba(Zn,;3Ta,/3)O3, as they possess an excellent com-
bination of microwave dielectric properties;®’ however,
less attention has traditionally been paid to microwave
dielectric properties of A(B';;,B”;2)O; double perov-
skites. Recent investigations by Khalam et al.*® on these
double perovskites showed a number of temperature-stable
microwave dielectric compositions with relative permitti-
vities greater than 20; however, because of a shortage of
usable microwave frequency space, there is a push toward
the millimeter-wave region (30—300 GHz).'” To use di-
electric resonators in this spectrum space, temperature-
stable ceramics with ¢, &~ 10 are required.
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Recently, tellurium-based dielectric ceramics showed
excellent microwave properties with very low sintering
temperatures (<700 °C);'' "' however, in most of these
materials reported in the literature, Te exists in the 4"
state. Bayer'® reported the existence of new A,MgTeOg
(A = Sr, Pb, Ba) compounds in which Te is oxidized to the
61 state and which form stable perovskite structures in
space group Fm3m. More recently, Dias et al.'® investigated
the vibrational spectroscopic and microwave dielectric
properties of A,MgTeOg (A = Sr, Ba, Ca) ceramics.
X-ray diffraction (XRD), Raman and infrared spectro-
scopic investigations of A,MgTeOg4 (A = Sr, Ca) reported
that the Sr-based compound was tetragonal, space group
I4/m, and the Ca end member was monoclinic, space
group P2,/n.'® The materials have low relative permitti-
vities (11—14.3) and reasonably high quality factors
(25000—81 000). In the present study the crystal structure
of (Sr,—Ca,)(MgTe)Oq¢ (0 < x < 2) ceramics was inves-
tigated using transmission electron microscopy (TEM);
and the microstructure and microwave dielectric proper-
ties are reported.

Experimental Methods

Sry— Ca MgTeOq4 (x = 0, 0.5, 1, 1.5, 2) ceramics were prepa-
red by a solid-state ceramic route. High purity CaCOs, SrCOs,
and TeO; (99+ %, Aldrich Chemical Co., Milwaukee, WI, USA)
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Table 1. Density, Microwave Dielectric Properties, and Tolerance Factors for Sr,_,Ca,MgTeOg (0 < x < 2) Ceramics Sintered at 1250 °C for 4 h

material density (g/cm?) & &, (corrected) Qf (GHz) 7r (ppm/°C) I
SroMgTeOgq 5.15(90.7%) 14.3 14.8 27500 —61 0.9914
Sr; sCag sMgTeOyq 5.34 (98.7%) 14 14.7 50600 —66 0.9825
SrCaMgTeOq 5.03 (98.4%) 13.8 14.6 57100 =72 0.9736
Srp.5Ca; sMgTeOq 4.76 (98.5%) 13.5 14.1 70200 =77 0.9647
Ca,MgTeOq 4.24 (93.7%) 13.2 13.7 81000 —81 0.9558

“t = tolerance factor (eq 1).
were used as the starting materials. Stoichiometric mixtures of
powders were ball-milled in distilled water medium using yttria
stabilized zirconia balls in a plastic container for 24 h. The slurry
was dried then ground well and heated at a rate of 2.5 °C/min -
and kept at 700 °C for 4 h. A slow heating rate was used for the E
oxidation of Te*" to Te®". The mixed powders were calcined at £ =2 |, N
1080 °C for 4 h. The calcined material was then ground into fine = _
powder with a mortar and pestle and divided into different % EiJLL“"'J M
batches for sintering trials. Sr,—,Ca,MgTeOg ceramics have E s A A
poor sinterability;'® hence, 0.2 wt % B,O; (Aldrich Chemical =05 ﬂ 1 J A A l A A
Co.) was added as a sintering aid and mixed thoroughly into the - F § %.E % 5 g z 98 i
powders using distilled water. After drying, the powders were
then mixed with 4 wt % PVA (average molecular weight 22,000, 10 20 30 40 50 60 70 80
BDH Lab Suppliers, England) and again dried and ground by 26 Deg.

hand. Cylindrical pucks of about 10—11 mm height and about
20 mm diameter were made by applying a pressure of 150 MPa.
These compacts were then fired at 600 °C for 30 min to expel the
binder before sintering at temperatures ranging from 1175 to
1300 °C for 4 h. The bulk densities of the sintered samples were
measured using Archimedes’ method.

The crystal structure and phase purity of the powdered sam-
ples were studied by X- ray diffraction (XRD) using CuKa radi-
ation (X’Pert MPD, PANalytical, Almelo, The Netherlands).
High-resolution diffraction patterns were obtained from 10 <
26 < 130° using a step size of 0.008° and a dwell per step of 9.7 s.
Lattice constants were calculated via La Bail refinements with
the DIFFRACplus TOPAS 4.2 software package (Bruker AXS,
Madison, WI).

The sintered samples were polished and then thermally
etched for 18 min at 1150 °C, and the surface morphology
was recorded by using a scanning electron microscope (S-4500,
Hitachi High Technologies America, Inc., Pleasanton, CA,
USA). Samples for transmission electron microscopy (TEM)
were prepared by thinning pellets to electron transparency by
conventional ceramographic techniques followed by ion thinning
(PIPIS model 691, Gatan, Pleasanton, California, USA) to elec-
tron transparency for observation in the TEM (JEM-2100 HR,
JEOL, Japan).

The microwave dielectric properties were measured by a vector
network analyzer (8753 ET, Agilent Technologies). The dielectric
constant and unloaded quality factor of samples were measured
by the Hakki-Coleman'” and cavity'® methods (in the frequency
range 4—6 GHz), respectively. The specimen was placed on a
low-loss quartz spacer inside a copper cavity whose inner side
was silver plated. The use of the low-loss single-crystal quartz
spacer reduces the effect of losses due to the surface resistivity of
the cavity. The diameter of the cavity was about 4 times larger
than that of the sample for better isolation of the excited TEg;,
mode. The 7 was measured by noting the variations of TEg;s
mode frequency with temperature in the range 25 to 75 °C.

(17) Hakki, B. W.; Coleman, P. D. IEEE Trans. Microwave Theory
Tech. 1960, 8, 402.
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Technol. 1998, 9, 1751.

Figure 1. X-ray diffraction patterns of Sr,—,Ca MgTeO4 (0 < x < 2)
ceramics sintered at 1250 °C/4 h. The indexing is according to the doubled
pseudocubic unit cell.

Results and Discussion

Table 1 gives the density of 0.2 wt % B,Os added Sr,_,-
Ca, MgTeO¢ (x =0,0.5,1, 1.5, 2) ceramics. The sintering
temperature of these ceramics is optimized at 1250 °C.
The relative density was >98% py, for 0.5 < x < 1.5, but
lower densities were achieved for x =2 (93.7%) and x =0
(90.7%). Figure 1 shows the XRD patterns of Srp_,-
Ca, MgTeO¢ (x =0,0.5, 1, 1.5, 2) ceramics. The pseudo-
cubic lattice constant varies from 3.95 A (Sr,MgTeOyg) to
3.85 A (Ca,MgTeOy).

Figure 2 shows the microstructures of 0.2 wt % B,Os-
added Sr,_ Ca,MgTeOg (x = 0, 0.5, 1, 1.5, 2) ceramics.
The Sr,MgTeOg sample (x = 0, Figure 2a) shows a
distribution of grain sizes smaller than ~3 um and an
appreciable amount of fine intergranular porosity. The
micrographs in Figure 2b—e show that the average grain
size increases slightly with increasing Ca content, as does
the scale of the porosity; however, no secondary phases
were observed in any of the SEM micrographs, indicating
the existence of a complete solid solution. The darker
phase in Figure 2 is porosity.

Selected area electron diffraction patterns for Sr,Mg-
TeOg, Sry 5sCag sMgTeOg, and Ca,MgTeOg are shown in
Figure 3, which summarizes the in-phase tilts of these
perovskites. In each (100). pattern, a single set of y super-
lattice reflections of the form 1/2{odd,odd,even}. is pos-
sible. Each set would correspond to in-phase tilting of
oxygen octahedra about a particular pseudocubic axis. In
the case of Sr| 5Cay sMgTeOg and Ca,MgTeOy, y reflec-
tions are only visible in the [100]. zone axis, indicating in-
phase tilting about a single axis. The (111) patterns are a
more succinct way of showing the same result in that each
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Figure 2. Backscattered SEM images showing the microstructures of Sr,—,Ca,MgTeOq (0 < x < 2) ceramics sintered at 1250 °C for 4 h and thermally

etched: (a) x =0, (b) x =0.5, (c) x =1, (d), x = 1.5, and (e) x = 2.

shows evidence of a single set of y reflections, in this case
1/2{even,odd,odd} corresponding to in-phase tilting about
the pseudocubic a axis. The 5 superlattice reflections are
associated with antiparallel A-site cation displacements.
In the case of Sro,MgTeOg, no 5 or y reflections are obser-
ved, indicating the absence of both antiparallel Sr*"
displacements and in-phase tilting.

Figure 4 shows additional electron diffraction patterns
for Sr,MgTeOyg, SrysCagsMgTeOgq, and Ca,MgTeOg.
Here, f reflections are interpreted as for Figure 3; how-
ever, 1/2{odd,odd,odd}. superlattice reflections labeled
as “a”’, which are visible in every pattern, have two possi-
ble interpretations. One explanation might be antiphase
tilting of oxygen octahedra; however, the fairly strong
intensity makes it doubtful that this phenomenon on its
own could explain the existence of such reflections. The a
reflections in [110]. patterns are of the type where k # /
and & # [, suggesting antiphase tilts about either pseudo-
cubic a or b; however, as Figure 3 shows in-phase tilting
about a, the correct interpretation of the o reflections
must be antiphase tilting about pseudocubic b. Similarly,

the o reflections in [101], patterns are of the type where
k # [ and h # k, suggesting antiphase tilts about either
pseudocubic a or ¢. Again, because it is not possible to tilt
octahedral both in-phase and antiphase about the same
axis, the correct interpretation for these superlattice reflec-
tions must be antiphase tilting about the pseudocubic c.
Finally, the a reflections in [011]. patterns are of the type
where i # [ and h # k, suggesting antiphase tilts about
either pseudocubic b or ¢, confirming the structure already
deduced from [110]. and [101], patterns.

A second explanation for the strength of these a reflec-
tions might be so-called rock-salt ordering of Mg>" and
Te®" cations, resulting in cell doubling. The large radius
difference between Mg>* (r = 0.72 A)'® and Te®* (r =
0.56 A)w coupled with the substantial charge difference
would combine to result in a large driving force for such
ordering. This effect has previously been reported in
La,(ZnTi)Og perovskites,? in which strong o reflections

(19) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751.
(20) Ubic, R.; Hu, Y.; Abrahams, 1. Acta Crystallogr., Sect. B 2006, 62,
521.



Article Chem. Mater., Vol. 22, No. 16, 2010 4575
Sr(MgTe)Os
[100] [010] [001] [111]
. 021 011 5 ogi 101 ® ieo ’60 Q 1io
\ 59.56°/
8 /N 100 s 120 7\ 010 60.88° \ / 59.56°  0i1
" ;.ssr/ \_eo.s;
/ 59.56°\
(Sr1_5Ca 5)(MgTe)O(,
[100] [010] [001] [111]
. ® . . - . v Y
e B : = = - - -
. % 31 o B. %1 - 1‘n 1 . W 20 - 110
Y Y
° . ° B’ . 0i1
" « @ i .N % . .«
Y Y B8
o ° . ) .
. . . . . . - e gk » B o
s . . - -
Ca,(MgTe)O¢
[100] [010] [001] [111]
. » = = - - -
i g 00i B 101 - < Yo @ o Ve
X - '1 3 % g FR" " ; 130 1§0 ’ 110
. - . . . i
. 010 . . 010 ° ‘ -
Y Y. B
. - . . .
. .
o ® . . o . . P B
d .

Figure 3. Electron diffraction patterns of Sr,—,Ca,MgTeOg¢ (x = 0, 1.5, and 2) indexed according to the pseudocubic perovskite unit cell. Superlattice

reflections are indicated as either 3 (beta) or y (gamma) type.

are observed due to the combination of antiphase tilting
and B-site cation ordering. A counter-example would be,
for instance, the case of (SrosCeo 5)Ti,O06,>' Where B-site
ordering is not possible and a reflections are due only to
antiphase tilting and so remain weak. The strength of the
superlattice 111 peak in all the compositions shown in
Figure 1 makes a further convincing case for B-site cation
ordering. Although its very presence is insufficient to prove
such ordering,?® as antiphase octahedral tilting will make
a small contribution to this peak, its consistent strength
cannot be explained by octahedral tilting alone.

The stability of perovskite structures can be analyzed
by means of the tolerance factor (7) as given in eq 1?

r'a +7x
SRS S 1
L ey ) M

where r4 and rg are the ionic radii of the A-site cation and
the anion, respectively; and (rg) is the average ionic radius
of the B-site cations. Several reports>> 2’ are available in
the literature correlating tolerance factor to temperature
coefficient of resonance frequency. The relationship between

(21) Ubic, R.; Subodh, G.; Sebastian, M. T.; Gout, D.; Proffen, T.
Ceram. Trans. 2009, 204, 177.
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(25) Reaney, I. M; Colla, E. L.; Setter, N. Jpn. J. Appl. Phys. 1994, 33,
3984.

(26) Wise, P. L.; Reaney, I. M.; Lee, W. E. J. Mater. Res. 2002, 17,2033.

(27) Reaney, I. M.; Wise, P. L.; Ubic, R.; Breeze, J.; Alford, N. McN.;
Iddles, D.; Cannel, D.; Price, T. Philos. Mag. 2001, A81, 501.

7r and crystal structure in complex perovskite is compli-
cated; however, Reaney et al.>> provided an empirical
relationship between t; (actually 7., the temperature co-
efficient of permittivity, which is related to 7y) and tole-
rance factor for many Nb- or Ta-based perovskite com-
pounds. Their empirical relation between 7pand tolerance
factor shows three main regions, namely: ¢ < 0.965, for
which perovskites display both in-phase and antiphase
tilts; 0.965 < ¢t < 0.985, for which only antiphase tilting
is observed; and ¢ > 0.985, for which perovskites are
untilted.

Using Shannon’s ionic radii data,'® eq 1 shows that all
the tolerance factors in the Sr,_ Ca,MgTeOg system are
in the range of a stable perovskite (0.9558 < 7 < 0.9914).
In particular, the average tolerance factor of SroMgTeOgq
(x =0)is r = 0.9914, close enough to unity to imply an
untilted cubic structure. In this case, the o superlattice
reflections visible in the electron diffraction patterns of
Figure 3 corresponding to this composition can be inter-
preted as arising, not from octahedral tilting, but rather
from ordering of Mg>" and Te®" on alternating {111}
planes, resulting in a doubling of the cubic perovskite
lattice constant (¢ ~ 7.9 A) in space group Fm3m, in
agreement with previous work by Bayer.'” In such a
structure, Sr*", Mg?", Te®", and O ions occupy 8c, 4b,
4a, and 24e¢ sites, respectively; however, the tetragonal
model in I4/m (a°a’c™) reported previously'® cannot be
ruled out on the strength of this evidence alone. While the
closeness of the tolerance factor to unity (¢ = 0.9914)
makes such a structure at first seem unlikely, it must be
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Figure 4. Electron diffraction patterns of Sr,Ca,MgTeOg4 (x = 0, 1.5, and 2) indexed according to the pseudocubic perovskite unit cell. Superlattice

reflections are indicated as either 5 (beta) or a (alpha) type.

remembered that there is no real “average” tolerance factor.
Each perovskite unit will contain either Mg>" or Te®",
and thus have a tolerance factor of either 0.9531 (B =
Mg®") or 1.0329 (B = Te®"). In this case, it seems rea-
sonable to argue that the low tolerance factor caused by
Mg”" on the B site (unusual for an oxide perovskite) is
sufficient to cause the tilting observed experimentally. In
addition, there are several reports of ceramics with simul-
taneously high tolerance factors and tilted structures in
I4/m, including Sr,FeMoOg (1 = 0.9976)** and Sr,CrTaOq
(1 = 0.9976).%° In this case, o superlattice reflections would
occur in every (110). zone axis, not just because of tilting
(a°a’¢™), but because of B-site ordering as well. The addi-
tional possibilities that tilting is present, not just about
one axis, but about two, as in the monoclinic space group
C2/m (a®h~b"), or even all three, as in rhombohedral R3
(a a a ), must also be considered; however, on close ins-
pection, neither the (100). patterns, which do not contain
001,, (B) reflections allowed in C2/m, or the (110), pat-
terns, which contain several reflections forbidden in C2/m,
can be explained in this symmetry. Similarly, the [111];
pattern, which would correspond to the [001] axis in the
trigonal R3 (¢~ a a~ ) model or [111] in the cubic Fm3m
(a°a°a”) model, should display 3-fold symmetry in either
of these models; however, on close inspection, the lack of
such symmetry becomes apparent. Instead of equal angles

(28) Chmaissem, O.; Kruk, R.; Dabrowski, B.; Brown, D. E.; Xiong, X.;
Kolesnik, S.; Jorgensen, J. D.; Kimball, C. W. Phys. Rev. 2000,
B62,14197.

(29) Barnes, P. W.; Lufaso, M. W.; Woodward, P. M. Acta Crystallogr.,
Sect. B 2006, 62, 384.

Table 2. Lattice Constants Sr,_,Ca MgTeOg (0 < x < 2) Ceramics

material structure  «a (/QX) b (A) ¢ (/DX) B (deg)
SroMgTeOg I4/m  5.5909(1) 5.5901(2) 7.9251(2) 90
Sry sCagsMgTeOg  P2,/n 7.8906(2) 5.5708(2) 5.5735(2) 89.849(3)
SrCaMgTeOq P2y/n 7.9113(2) 5.5561(1) 5.5528(8) 89.700(2)
SrosCa; sMgTeOg  P2,/n 7.9184(2) 5.5324(2) 5.5177(2) 89.52(3)
Ca,MgTeOgq P2/n 7.9249(3) 5.5289(3) 5.4950(2) 89.07(3)
Ce bt: Cm
'
Z\

N\
,\\
3
:’,\".

C, aX

A . a, b
a, t m

Figure 5. Schematic diagram of the relationship between the cubic (ideal),
tetragonal (x = 0), and monoclinic (0.5 < x < 2) perovskite unit cells. One
tetragonal/monoclinic unit cell is inscribed inside eight primitive cubic unit
cells. The subscripts correspond to the three different crystal classes.

of 60°, angles of between 59.6° and 60.9° are observed
(Figure 3), suggesting a tetragonality of ¢/a =~ 1.45. The
tetragonal description of the ideal perovskite structure
would yield ¢/a = /2 ~ 1.41. Furthermore, the splitting
previously observed'® in XRD data makes the cubic
Fm3m structure unlikely. The only structural possibility
which seems to remain is 74/m (a°a’¢ ™), with ordering on
the B site and antiphase tilting about a single axis pre-
sumably stabilized by the large Mg*" ion. As the tetragonal
distortion is small, the structure can still be accurately
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Figure 6. Electron diffraction patterns of Sr;MgTeOg from Figures 3 and 4 reindexed according to the model in 74/m.
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Figure 7. Electron diffraction patterns of Ca,MgTeOg from Figures 3 and 4 reindexed according to the model in P2,/n.

described as pseudocubic. The refined lattice constants
area = b = 5.5909(1) A, ¢ = 7.9251(2) A. The equivalent
pseudocubic lattice constant is a,. = 3.9564 A.

The tolerance factors for x = 0.5 (¢ = 0.9825) and x = 1
(t = 0.9736) compositions would imply the existence of
antiphase tilting of oxygen octahedra; however, Figure 3
also shows the existence of y reflections corresponding to
in-phase tilting as well. In fact, these patterns are more or
less identical to the ones observed for x = 1.5 (¢ = 0.9647)
and x = 2 (¢ = 0.9558) compositions, the lower tolerance
factors of which support the existence of both in-phase and
antiphase tilts of oxygen octahedra and consequent low-
ering of symmetry, in agreement with Figure 3. The possible
tilt systems are a'b ¢, ata ¢, a'b b and a'a a ;
however, Howard et al. ** showed by a group theoretical
approach that, in fact, the a™d ¢, a a ¢ ,and ata a™ tilt
systems cannot be produced by octahedral tilting or cation
ordering, leaving just a"h~b~, corresponding to Pmnb
symmetry>' or P2;/n.>° As B-site ordering is not possible

(30) Howard, C.J.; Kennedy, B.J.; Woodward, P. M. Acta Crystallogr.,
Sect. B 2003, 59, 463.
(31) Glazer, A. M. Acta Crystallogr., Sect. A 1975, 31, 756.

in the orthorhombic Pmnb space group, a monoclinic
structure in P2;/n (a maximal nonisomorphic subgroup of
Pmnb) is the only choice, which seems to explain all the
observed phenomena in these compositions. The results of
Le Bail refinements are shown in Table 2. As the distortion is
again quite small (b~ ¢, f ~ 90°), all these compositions can
be described as pseudotetragonal. As it happens, in their
review of more than 160 ordered double perovskite oxides,
Anderson et al.** noted that the most commonly occurring
structures were those in Frm3m (tilt system a’a’a”) and P2, /n
(tilt system a*h"bH7).

Models of both the tetragonal structure of Sr,MgTeOg¢
and the monoclinic structure of Sr,_ Ca, MgTeOg (0.5 <
x < 2)are compared to the ideal cubic perovskite unit cell
in Figure 5. The tetragonal cell is shown in the conven-
tional orientation with the unique axis on ¢, whereas the
monoclinic one is shown in the orientation used by Glazer>'!
for perovskites in the a"h b~ tilt system. The electron
diffraction patterns of Figures 3-4 can now be reinter-
preted according to models in either /4/m (x = 0) or P2,/n

(32) Anderson, M. T.; Greenwood, K. B.; Taylor, G. A.; Poeppelmeir,
K. R. Prog. Solid State Chem. 1993, 22, 197.
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(0.5 < x <2) and the resulting indexing is shown
schematically in Figures 6-7. The phase transition can
be thought of as proceeding from pseudocubic SroMg-
TeOg to pseudotetragonal Sr,— Ca MgTeOg (0.5 < x < 2),
with the degree of distortion increasing with x.

All materials in the Sr>—,Ca, MgTeOg (x=0,0.5,1, 1.5,
2) system show optimal microwave properties on sinter-
ing at 1250 °C for 4 h, as summarized in Table 1. The
permittivity decreases as x increases (increasing Ca con-
tent) while the quality factor increases. Although the sam-
ples were all fairly dense, a small correction for the effect
of porosity on permittivity values was applied using the
Botcher mixing rule,®? which, at such low porosity levels,
happens to agree exactly with the older and more familiar
Maxwell-Garnett approximation.®* A systematic decrease
in zgfrom —61 ppm/°Cat x = 0 (Sro,MgTeOg) to —81 ppm/°C
at x = 2 (Ca,MgTeOg) was also observed. Given the tilted
nature of the corresponding compounds, this decrease is in
accordance with the general trend observed by Reaney et al.*

(33) Botcher, C.J. F.J. R. Neth. Chem. Soc. 1945, 64 47.
(34) Maxwell-Garnett, J. C. Philos. Trans. R. Soc. London, Ser. A 1904,
203, 385.

Ubic et al.

Conclusions

Sr,— Ca,MgTeOq4 ceramics have been fabricated to
near full density and their crystal structures investigated
via XRD and electron diffraction. On the basis of the
observed symmetries and superlattice reflections in elec-
tron diffraction patterns, there is a phase transition from
a pseudocubic tetragonal /4/m structure for the x = 0 end
member (SroMgTeOg) to a pseudotetragonal monoclinic
P2, /nstructure for x > 0.5. The low symmetries and tilted
structures, despite relatively high tolerance factors for x <
1, have precedents in the literature and are probably the
result of the sharing of B sites with relatively large Mg*"
ions. The average grain size increases slightly with in-
creasing Ca content. The dielectric constant gradually
decreases from 14.3 at x = 0 to to 13.2 at x = 2, whereas
the Qf values simultaneously increase from 27500 to
81000 and 7¢decreases from —61 ppm/°C to —81 ppm/°C.
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