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bstract

Mg1−xZnx)1.8Ti1.1O4 (x  = 0.03–1.00) ceramics were prepared via the conventional solid-state method and their dielectric properties were investigated
n the microwave frequency region. Formation of solid solutions was confirmed by the X-ray diffraction analysis, the EDX analysis, and the measured
attice parameters. A small amount of Zn substitution for Mg produced a large increase in Q  ×  f  due to a high packing fraction as well as a high
elative density of the ceramics. By increasing x  from 0.00 to 0.06, the Q  ×  f  of the specimen could be tremendously improved from 141,000 to a
aximum of 210,700 GHz (at 10.52 GHz), demonstrating an unique potential for low-loss microwave applications. The τ f values were found to

etain in the range from −54.2 to −62.3 ppm/◦C for all compositions because the resultant change of unit cell volume was small. Also, a remarkable
◦
owering of the sintering temperature down to ∼300 C was observed when Mg was totally substituted by Zn, thereby making it possible for low

ring applications.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The continuing development of microwave dielectric mate-
ials for applications including substrates, resonators, filter, and
ntennas used in wireless communication systems demands new
ow-cost dielectrics with high performance. In particularly, a
ow dielectric constant material with a high Q  × f has become
ncreasingly viable for reducing the signal propagation delay and
rosstalk in ultra high frequency applications.1 The search for
ow-loss dielectric ceramics therefore, has emerged to become

 primary issue in the last few years.1–7

Ilmenite-structured MgTiO3 (εr ∼  16, Q  ×  f ∼160,000 GHz,
f ∼  −50 ppm/◦C)8 and spinel-structured Mg2TiO4 (εr ∼  14,

 ×  f ∼150,000 GHz, τf ∼  −50 ppm/◦C)9,10 are both recog-

ized as useful dielectrics for microwave applications because
f their relatively low-cost and extremely low dielectric loss.
he MgTi2O5 phase, which is known for its much lower Q  ×  f
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εr ∼  17.4, Q  ×  f ∼47,000 GHz, τf ∼  −66 ppm/◦C),11,12 has
lways formed as an intermediate phase of MgTiO3 and there-
ore becomes difficult to completely eliminate itself from the

gTiO3 sample as prepared by mixed oxide route. In addition,
he phenomenon of Mg2TiO4 being thermally decomposed
nto Mg2+2δTi1−δO4 and MgTiO3 phases was reported earlier
y Petrova et al., where δ  is a function of temperature.13 Con-
equently, the tetragonal-structured Mg1.8Ti1.1O4 (εr ∼  15.74,

 ×  f∼  141,000 GHz, τf ∼  −52.4 ppm/◦C)14 is likely to appear
s a second phase during the synthesis of Mg2TiO4. Both
gTiO3 and Mg1.8Ti1.1O4 are not harmful to the dielectric

roperties of Mg2TiO4 because they possess similar proper-
ies. With partial substitution of Mg by Zn or Co, the Q  ×  f
f the dielectrics (Mg0.95Zn0.05)2TiO4 (εr ∼  15.48, Q  ×  f
275,300 GHz, τf ∼  −34 ppm/◦C)15, (Mg0.95Co0.05)1.8Ti1.1O4

εr ∼  16.11, Q  ×  f ∼207,500 GHz, τf ∼  52.6 ppm/◦C)16,
nd (Mg0.95Co0.05)2TiO4 (εr ∼  15.7, Q  ×  f  ∼286,000 GHz,
∼  52.5 ppm/◦C)17 can be easily boosted to a value higher
f

han 200,000 GHz while retaining compatible values of εr

ndτf. Since the dielectric properties of (Mg1−xZnx)1.8Ti1.1O4
nd its end member Zn1.8Ti1.1O4 are still remained “unknown”,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.043
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Fig. 1. X-ray diffraction patterns of (Mg1−xZnx)1.8Ti1.1O4 (x = 0.03–1.00)
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t should be of interest to characterize the dielectric response
f these ceramics and its accompanying solid solutions
Mg1−xZnx)1.8Ti1.1O4 at microwave frequency.

In this study, (Mg1−xZnx)1.8Ti1.1O4 (x  = 0.03–1.00) solid
olutions were synthesized to investigate their microwave
ielectric properties because the ionic radius of Zn2+

0.74 Å, CN  = 6)18 are similar to that of Mg2+ (0.72 Å,
N = 6).18 Consequently, the compound under study not
nly showed a tremendous lowering in the dielectric loss
ut also retained comparably decent values of εr and τf.
he resultant microwave dielectric properties were analyzed
ased on the densification, X-ray diffraction (XRD) pat-
erns, and the microstructures of the ceramics. The correlation
etween the microstructure and the Q  ×  f  value was also
nvestigated.

. Experimental  procedure

(Mg1−xZnx)1.8Ti1.1O4 samples were synthesized by a con-
entional solid-state method from individual high-purity oxide
owders (>99.9%) made up of MgO, ZnO, and TiO2. Because
gO is hygroscopic, it was fired at 600 ◦C for 5 h to

emove moisture retained therein. A stoichiometric mix of
Mg1−xZnx)1.8Ti1.1O4 compound was ground in distilled water
or 24 h in a ball mill using agate balls. The mixtures were dried
nd calcined at 800–1200 ◦C for 4 h. The calcined powders were
ried, ball milled for 24 h. The fine powders with 5 wt% of a 10%
olution of PVA as a binder (PVA 500, Showa, Japan), granu-
ated by sieving through a 200 mesh, and pressed into pellets
ith 11 mm in diameter and 5 mm in thickness. All samples
ere prepared using an automatic uniaxial hydraulic press at
000 kg/cm2. These pellets were sintered at temperatures of
030–1420 ◦C for 4 h in air. The heating rate and the cooling
ate were both set at 10 ◦C/min.

The crystal phases of the sintered ceramics were identified
y XRD using CuK�  (λ  = 0.15406 nm) radiation with a Siemens
5000 diffractometer (Munich, Germany) operated at 40 kV

nd 40 mA. The surface microstructures were evaluated by
canning electron microscopy (SEM; Philips XL-40FEG, Eind-
oven, the Netherlands). The apparent densities of the sintered
ellets were measured by the common Archimedes method.
he dielectric constant (εr) and the quality factor values (Q)
t microwave frequencies were measured (at 10.52 GHz) using
he Hakki–Coleman dielectric resonator method.19,20 A sys-
em combining an HP8757D network analyzer (HP, Palo Alto,
A) and an HP8350B sweep oscillator (HP, Palo Alto, CA)
as employed in the measurement. An identical technique was

pplied for the measurement of the temperature coefficient of
esonant frequency (τf). The test cavity was placed over a ther-
ostat in the temperature range of 25–80 ◦C. The τf (ppm/◦C)

an be calculated by considering the change in the resonant fre-
uency (�f). The temperature coefficient of resonant frequency
τf) can be defined as
f = f2 −  f1

f1(T2 −  T1)
(1)

b
c
o
c

eramics sintered at different sintering temperatures for 4 h.

here f1 and f2 represent the resonant frequencies at T1 and T2,
espectively.

. Results  and  discussion

The room temperature X-ray diffraction (XRD) patterns
ecorded from the (Mg1−xZnx)1.8Ti1.1O4 (x  = 0.03–1.00) ceram-
cs sintered at different temperatures for 4 h are illustrated in
ig. 1. Strong XRD peaks of a spinal tetragonal phase of
Mg1−xZnx)1.8Ti1.1O4 type (indexed as Mg1.8Ti1.1O4, ICDD-
DF#00-054-1226, the space group P4122 (91)) was classified
s the main phase and its position and relative intensity only
aried slightly, which implied the compounds tend to form a
ontinuous solid solution. In addition, a very small amount of
Mg1−xZnx)TiO3 (can be indexed as MgTiO3; εr ∼  17.1, Q  ×  f
264,000 GHz at 7 GHz, τf ∼  −40.3 ppm/◦C)21 second phase
as also detected in the whole composition range and almost

liminated at x  ≥  0.8. The formation of (Mg1−xZnx)TiO3 sec-
nd phase is most likely due to the thermal decomposition
echanism proposed by Petrova et al.13 Lattice parameters of

Mg1−xZnx)1.8Ti1.1O4 ceramics sintered at 1360 ◦C were mea-
ured and presented in Table 1, which further confirmed the
ormation of solid solutions. Except for x  = 0.06 and 0.07, the cell
olume is increased in a linear trend as Zn content is increased,
hich is also expected because the ionic radius of Zn2+ (0.74 Å,
N = 6) is larger than that of Mg2+ (0.72 Å, CN  = 6).

Fig. 2 shows the change of shrinkage of
Mg1−xZnx)1.8Ti1.1O4 ceramics with various amounts of
. The results illustrate that the onset temperature of shrinkage
s lowered with the small partial substitution of Mg by Zn
nd is a function of Zn content. Notice that the densification
f Mg1.8Ti1.1O4 ceramics with ≥60 mol% Zn substitution
egins at a temperature below 1000 ◦C. The shrinkage

urves provide a more clear inspection of the contribution
f Zn substitution to the densification of Mg1.8Ti1.1O4
eramics.
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Table 1
Lattice parameters and cell volume of the (Mg1–xZnx)1.8Ti1.1O4 ceramics.

Lattice parameters (Å) of (Mg1–xZnx)1.8Ti1.1O4 ceramics Cell volume (Å3) Reference

x value a = b c

0.03 5.9682 (±0.0014 Å) 8.4353 (±0.0020 Å) 300.46 This work
0.04 5.9676 (±0.0015 Å) 8.4374 (±0.0022 Å) 300.47 This work
0.05 5.9678 (±0.0016 Å) 8.4390 (±0.0024 Å) 300.55 This work
0.06 5.9663 (±0.0016 Å) 8.4382 (±0.0023 Å) 300.37 This work
0.07 5.9667 (±0.0015 Å) 8.4377 (±0.0022 Å) 300.39 This work
0.20 5.9694 (±0.0013 Å) 8.4430 (±0.0019 Å) 300.86 This work
0.40 5.9747 (±0.0009 Å) 8.4345 (±0.0013 Å) 301.09 This work
0.60 5.9750 (±0.0006 Å) 8.4358 (±0.0016 Å) 301.16 This work
0.80 5.9759 (±0.0007 Å) 8.4366 (±0.0018 Å) 301.28 This work
1.00 5.9768 (±0.0006 Å) 8.4372 (±0.0014 Å) 301.39 This work
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ig. 2. Shrinkage of the Mg1.8Ti1.1O4 samples with 0–100 mol% Zn substitu-
ion.

The SEM photographs of thermal-etched
Mg0.94Zn0.06)1.8Ti1.1O4 ceramics sintered at different
emperatures for 4 h are illustrated in Fig. 3. Porous microstruc-
ure can be seen for specimen sintered at 1300 ◦C and the grain
ize increases as the sintering temperature increases due to a
rain growth. Well-developed microstructure can be achieved at
emperatures 1330–1360 ◦C and further increase in the sintering
emperature leads to an over-sintering which would give rise to
 rapid grain growth, and grains of relatively large size up to
20 �m can be seen at 1420 ◦C. The Energy dispersive X-ray
EDX) analysis of corresponding spots A–D from Fig. 3(c)

able 2
he EDX data of the (Mg0.95Zn0.05)1.8Ti1.1O4 ceramics for spot A–D.

pots Atom (%)

Mg (K) Zn (L) Ti (K) O K)

 36.23 4.02 24.11 35.65
36.30 3.00 23.26 37.44
30.77 3.35 28.41 37.48
31.31 3.78 28.52 36.40

i
t
s

s
d
c
m
o
S
s
b
a

s shown in Table 2 (EDX with a resolution of 183 eV).
ccordingly, both (Mg0.94Zn0.06)1.8Ti1.1O4 and

Mg0.94Zn0.06)TiO3 phases can be identified and it is in
greement with the XRD results.

The relative density of (Mg1−xZnx)1.8Ti1.1O4 (x  = 0.00–1.00)
olid solutions is demonstrated in Fig. 4. With increasing sin-
ering temperature, the relative density of specimens initially
ncreases to a maximum of 97.81% at x  = 0.06 and there-
fter it decreases all the way down to 91% at x  = 1.0. Notice
hat specimens with x  = 0.03–0.04 have the highest relative
ensity at 1390 ◦C, x  = 0.05–0.07 at 1360 ◦C, and the break-
ng temperature continuingly decreases with the increase of

 down to a value of 1090 ◦C at x  = 1.0, which suggests the
n substitution is capable of significantly lowering the sin-

ering temperature of the specimens. The results are in good
greement with the variations of shrinkage curves shown in
ig. 2.

The dielectric constant of (Mg1−xZnx)1.8Ti1.1O4
x  = 0.03–1.00) solid solutions sintered at different tem-
eratures for 4 h is illustrated in Fig. 5. Variation of dielectric
onstant is consistent with that of density. By increasing
he x from 0.03 to 1.0, not only the sintering temperature is
owered, the dielectric constant is also increased from 16.28 to
0.01, suggesting the Zn substitution has a significant effect
n the dielectric constant of the specimens. In addition, the
ielectric constants of (Mg0.95Zn0.05)1.8Ti1.1O4 (∼16.33) and
Mg0.95Zn0.05)TiO3 (∼17.1)21 are similar to each other, which
mplies the presence of the second phase is not expected
o bring much deviation to the dielectric constant of the
pecimen.

The Q  ×  f values of (Mg1−xZnx)1.8Ti1.1O4 (x  = 0.03–1.00)
olid solutions sintered at different temperatures for 4 h are
emonstrated in Fig. 6. The microwave dielectric loss is mainly
aused not only by the intrinsic loss such as lattice vibration
odes, but also by the extrinsic losses such as density, sec-

nd phases, impurities, surface morphology, and lattice defect.22

ince the variation of Q  × f is consistent with that of relative den-

ity, it suggests the dielectric loss of the specimen is controlled
y the relative density. According to Kim et al.,23 the Q  ×  f  value
lso could be largely dependent on the packing fraction defined
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Fig. 3. SEM micrographs of (Mg0.94Zn0.06)1.8Ti1.1O4 ceramics sintered 

y the summing the volume of packed ions over the volume of
 primitive unit cell and it can be expressed as23,24

acking fraction (%) = volume of packed ions

volume of primitive unit cell
= volum

volum
here Z is the number of formula units per unit cell. The results
re demonstrated in Fig. 7. Accordingly, the dependence of the

 ×  f  of the (Mg1−xZnx)1.8Ti1.1O4 ceramics on the packing r
1300 ◦C, (b) 1330 ◦C, (c) 1360 ◦C, (d) 1390 ◦C, and (e) 1420 ◦C for 4 h.

acked ions

f unit cell
×  Z(2)

raction for small amount of Zn substitution for Mg
x = 0.03–0.2) is confirmed. However, the Q  ×  f value is inversely
proportional to the packing fraction for x  > 0.2. Because the
elative density shows a huge drop from 96.48% at x = 0.2 to
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Fig. 4. Relative density of (Mg1−xZnx)1.8Ti1.1O4 (x = 0.03–1.00) solid solution
sintered at different temperatures for 4 h.

Fig. 5. Dielectric constant of (Mg1−xZnx)1.8Ti1.1O4 (x = 0.03–1.00) solid solu-
tion sintered at different temperatures for 4 h.
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Fig. 7. The packing fraction and Q × f value of (Mg1–
ig. 6. Q × f values of (Mg1−xZnx)1.8Ti1.1O4 (x = 0.03–1.00) solid solution sin-
ered at different temperatures for 4 h.

1.0% at x  = 1.0, and the second phase has a similar Q  × f value,
he effect of packing fraction on Q  ×  f  for (Mg1−xZnx)1.8Ti1.1O4
ay be neglected. In other words, the decreased relative density

s considered to be the most possible extrinsic reason for this
eviation for (Mg1−xZnx)1.8Ti1.1O4 ceramics with x > 0.2. A
aximum Q  ×  f value of 210,700 GHz (at 10.52 GHz) could be

chieved for specimen using (Mg0.94Zn0.06)1.8Ti1.1O4 sintered
t 1360 ◦C for 4 h.

Fig. 8 illustrates the temperature coefficient of resonant fre-
uency (τf) of (Mg1−xZnx)1.8Ti1.1O4 (0.00–1.00) solid solutions
intered at different temperatures for 4 h. It is generally known
hat the τf can be correlated to τε by the following equation:

f =  −1

2
τε −  α (3)

here α  is the linear thermal expansion coefficient of the
ielectric (α  is typically in the range of 3–15 ppm/◦C for

ost of dielectric ceramics25). Yoon et al. found that τε

as proportional to the relative magnitude of unit cell
olume.26 Notice that the τf remains virtually unchanged with

xZnx)1.8Ti1.1O4 (x = 0.03–1.00) solid solutions.
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Table 3
Microwave dielectric properties of (Mg1−xZnx)1.8Ti1.1O4 ceramics system sintered at different temperatures for 4 h.

x value Relative density (%) εr Q × f (GHz) τf (ppm/◦C) Sintering temperature (◦C)

0.00a 96.53 15.74 141,000 −52.4 1450 ◦C
0.03 97.45 16.28 163,300 −54.2 1390 ◦C
0.04 96.76 16.16 144,900 −54.5 1390 ◦C
0.05 97.50 16.33 179,000 −59.7 1360 ◦C
0.06 97.81 16.49 210,700 −62.3 1360 ◦C
0.07 97.76 16.46 203,500 −58.4 1360 ◦C
0.20 96.48 16.96 129,500 −56.1 1330 ◦C
0.40 93.85 18.13 87,400 −57.4 1270 ◦C
0.60 93.23 19.18 72,500 −57.8 1180 ◦C
0.80 92.55 19.10 34,300 −54.4 1120 ◦C
1 20,2 ◦
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ref. 12.

ifferent unit cell volumes but having the same structure of
Mg1−xZnx)1.8Ti1.1O4, because the variation of unit cell volume
s relatively small (<0.4%) and the change of τε can therefore
e neglected. Moreover, the τf of (Mg1−xZnx)1.8Ti1.1O4 and
Mg1−xZnx)TiO3 are similar and it is also not sensitive to the
intering temperature. Consequently, the τf values more or less
ary in the range from −54.2 to −62.3 ppm/◦C for specimens
ith x = 0.03–1.00 at 1090–1390 ◦C.
Table 3 summarizes the microwave dielectric properties of

Mg1−xZnx)1.8Ti1.1O4 ceramic system. These dielectric proper-
ies and densities vary substantially with sintering temperature
nd composition. It indicates that Zn content has an effect on the
intering temperature of the specimen and a reduction of 300 ◦C
n the sintering temperature can be achieved for x = 1.0. With
he increase of x  in the compound, the relative density increases
p to a maximum of 97.81% at x  = 0.6 and decreases thereafter.
t also possesses the highest Q  ×  f  (∼210,700 GHz), indicating
n approximate 50% reduction in the dielectric loss com-
ared to that of pure Mg1.8Ti1.1O4 (∼141,000 GHz). For pure
n1.8Ti1.1O4 ceramic, it can be sintered with a lower tempera-
ure at 1090 ◦C and possesses the following microwave dielectric
roperties; εr ∼  20.01, Q  ×  f ∼20,200 GHz, τf ∼  −57.9 ppm/◦C.

ig. 8. τf values of (Mg1–xZnx)1.8Ti1.1O4 (x = 0.03–1.00) solid solution sintered
t different temperatures for 4 h.

A

C

R

00 −57.9 1090 C

.  Conclusion

The microwave dielectric properties of
Mg1−xZnx)1.8Ti1.1O4 (x  = 0.03–1.00) solid solution have
een studied in present study. XRD patterns exhibit a single
pinal tetragonal as the main phase in the whole composition
ange, except for small amount of ilmenite phase being detected
s a second phase. Both extrinsic (relative density) and intrinsic
packing fraction) factors have effects on Q  × f for specimens
ith small amount of Zn substitution (x  = 0.03–0.2), but the

xtrinsic one becomes a dominant factor when x  > 0.2. A
aximum Q  ×  f value of 210,700 GHz (at 10.52 GHz) can be

chieved for specimen using (Mg0.94Zn0.06)1.8Ti1.1O4, which
ndicates an approximate 50% reduction in the dielectric loss
ompared to that of pure Mg1.8Ti1.1O4. The τf remains virtually
nchanged in the entire compositional range since the variation
f unit cell volume is small (<0.4%). In addition, the Zn
ubstitution can significantly lower the sintering temperature of
he specimens.

cknowledgement

This work was financially supported by the National Science
ouncil of Taiwan under grant NSC100-2221-E-006-124-MY3.

eferences

1. Alexandru HV, Ioachim A, Toacsan MI, Nedelcu L, Banciu MG, Berbe-
caru C, Voicu G, Jinga S, Andronescu E. Ba(Zn1/3Ta2/3)O3 ceramics
for microwave and millimeter-wave applications. Ann N Y Acad Sci
2009;1161:549–53.

2. Zhou H, Liu X, Chen X, Fang L, Wang Y. ZnLi2/3Ti4/3O4: a new low loss
spinel microwave dielectric ceramic. J Eur Ceram Soc 2012;32:261–5.

3. George S, Sebastian MT. Microwave dielectric properties of novel tempera-
ture stable high Q Li2Mg1−xZnxTi3O8 and Li2A1−xCaxTi3O8 (A = Mg, Zn)
ceramics. J Eur Ceram Soc 2010;30:2585–92.

4. Butee S, Kulkarni A, Prakash O, Aiyar RPRC, George S, Sebastian M. High
Q microwave dielectric ceramics in (Ni1−xZnx)Nb2O6 system. J Am Ceram
Soc 2009;92:1047–53.

5. Chen MY, Chiu CY, Chia CT, Lee JF, Bian JJ. Raman spectra and extended

X-ray absorption fine structure characterization of La(2−x)/3NaxTiO3 and
Nd(2−x)/3LixTiO3 microwave ceramics. J Eur Ceram Soc 2010;30:335–9.

6. Huang CL, Chen JY, Tseng YW, Jiang CY, Huang GS. High
dielectric constant and low-loss microwave dielectric ceramics using



pean 

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

C.-L. Huang et al. / Journal of the Euro

(Zn0.95M2+
0.05)Ta2O6 (M2+ = Mn, Mg, and Ni) solid solutions. J Am Ceram

Soc 2010;93:3299–304.
7. Zhou Y, Meng S, Wu H, Yue Z. Microwave dielectric properties of

Ba2Ca1–xSrxWO6 double perovskites. J Am Ceram Soc 2011;94:2933–8.
8. Wakino K. Recent development of dielectric resonator materials and filters

in Japan. Ferroelectrics 1989;91:69–86.
9. Belous A, Ovchar O, Durilin D, Krzmanc MM, Valant M, Suvorov D. High-

Q microwave dielectric materials based on the spinel Mg2TiO4. J Am Ceram
Soc 2006;89:3441–5.

0. Belous A, Ovchar O, Durilin D, Krzmanc MM, Valant M, Suvorov D.
Microwave composite dielectrics based on Magnesium Titanates. J Eur
Ceram Soc 2007;27:2963–6.

1. Shin H, Shin HK, Jung HS, Cho SY, Hong KS. Phase evolution and dielectric
properties of MgTi2O5 Ceramic sintered with lithium borosilicate glass.
Mater Res Bull 2005;40:2021–8.

2. Huang CL, Shen CH. Phase evolution and dielectric properties of
(Mg0.95M2+

0.05)Ti2O5 (M2+ = Co, Ni, and Zn) ceramics at microwave fre-
quencies. J Am Ceram Soc 2009;92:384–8.

3. Petrova MA, Mikirticheva GA, Novikova AS, Popova VF. Spinel solid solu-
tions in the systems MgAl2O4–ZnAl2O4 and MgAl2O4–Mg2TiO4. J Mater
Res 1997;12:2584–8.

4. Huang CL, Tseng YW. Microwave dielectric properties of Mg1.8Ti1.1O4

ceramics. Mater Lett 2010;64:885–7.
5. Huang CL, Liu SH. Low-loss microwave dielectrics in the
(Mg1−xZnx)2TiO4 ceramics. J Am Ceram Soc 2008;91:3428–30.
6. Huang CL, Tseng YW, Kuo YC. Low-loss microwave dielectrics in

the (Mg1−xCox)1.8Ti1.1O4 solid solutions. J Am Ceram Soc 2011;94:
2963–7.

2

Ceramic Society 32 (2012) 2365–2371 2371

7. Huang CL, Chen JY. High-Q microwave dielectrics in the (Mg1−xCox)2TiO4

ceramics. J Am Ceram Soc 2009;92:379–83.
8. Shannon RD. Revised effective ionic radii and systematic studies

of interatomic distances in halides and chalcogenides. Acta Cryst
1976;A32:751–67.

9. Hakki BW, Coleman PD. A dielectric resonator method of measuring induc-
tive capacities in the millimeter range. IEEE Trans Microwave Theory Tech
1960;8:402–10.

0. Courtney WE. Analysis and evaluation of a method of measuring the com-
plex permittivity and permeability of microwave insulators. IEEE Trans
Microwave Theory Tech 1970;18:476–85.

1. Huang CL, Liu SS. Characterization of extremely low loss dielectrics
(Mg0.95Zn0.05)TiO3 at microwave frequency. Jpn J Appl Phys
2007;46:283–5.

2. Feteira A, Sinclair DC, Lanagan MT. Structure and microwave dielec-
tric properties of Ca1−xYxTi1−xAlxO3 (CYTA) ceramics. J Mater Res
2005;20:2391–9.

3. Kim ES, Chun BS, Freer R, Cernik RJ. Effects of packing fraction and bond
valence on microwave dielectric properties of A2+B6+O4 (A2+: Ca, Pb, Ba;
B6+: Mo, W) ceramics. J Eur Ceram Soc 2010;30:1731–6.

4. Liao Q, Li L, Ren X, Ding X. New low-loss microwave dielectric material
ZnTiNbTaO8. J Am Ceram Soc 2011;94:3237–40.

5. Umemura R, Ogawa H, Kan A. Low temperature sintering and microwave
dielectric properties of (Mg3−xZnx)(VO4)2 ceramics. J Eur Ceram Soc

2006;26:2063–8.

6. Yoon SH, Kim DW, Cho SY, Hong KS. Investigation of the relations between
structure and microwave dielectric properties of divalent metal tungstate
compounds. J Eur Ceram Soc 2006;26:2051–4.


	Dielectric properties of high-Q (Mg1–xZnx)1.8Ti1.1O4 ceramics at microwave frequency
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	4 Conclusion
	Acknowledgement
	References


