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ABSTRACT

Microwave dielectric properties of MgTiO,, MgWO,, MgNb,O,, and MgTa,0, were investigated based on the structural charac-
teristics. The dielectric constant (K) was dependent on the dielectric polarizabilities of the specimens, and the deviation of the

observed dielectric polarizabilities (a

o) from the theoretical dielectric polarizabilities (a,.,) were decreased with increasing of

Mg-site bond valence. Quality factors (Qf) were affected by the sharing type of MgO, and BO, octahedra. Temperature coefficient
of resonant frequency (TCF) was decreased with increasing of average octahedral distortion.

Key words : Microwave dielectric properties, Octahedral distortion, Dielectric polarizabilities, Bond valence

1. Introduction

w ith the rapid growth of the wireless communication
industry, tailoring the microwave dielectric properties
of ceramics has been widely studied for high-performance
materials suitable to wireless applications. However, most
studies in this field have been focused on improving the
microwave dielectric properties through various experi-
ments. Therefore, the dependence of microwave dielectric
properties on composition and crystal structure should be
studied to predict and control effectively the microwave
dielectric properties of ceramics.

Microwave dielectric properties are largely dependent on
the structural characteristics of materials. In particular, the
temperature coefficient of resoanant frequency (TCF) 1s
closely related to the distortion of oxygen octahedra result-
ing from the changes of bond length between the octahedral
cation and oxygen ion,” while the quality factor (Qf) is
affected by the sharing type of oxygen octahedra.? The
dielectric constant (K) is dependent not only on the dielec-
tric polarizabilities of the composing ions of the compound,
but also on the rattling or compression effect of the octahe-
dral cation resulting from the changes of bond valence
between the octahedral cation and oxygen ion.”

In general, Mg-based ceramics, such as MgTiO,, MgWO,,
MgNb,O,, and MgTa,0, have Mg- and B-site oxygen octahe-
dra composed of the octahedral cation with six oxygen ions.
Even though the difference of the B-site ionic size
(Ti*'=0.605 A, W=0.6A, Nb* = 0.64 A, Ta>=0.64 A) is
not much at the coordination number of 6,* the crystal
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structure of these Mg-based ceramics was distinguished
from the sharing type of MgO, and BO, octahedra, unit-cell
volume, and bond valence between octahedral cation and
oxygen ion.

Therefore, the microwave dielectric properties of MgTiO,,
MgWO,, MgNb,O,, and MgTa,0, ceramics were investi-
gated with regard to the crystallographic considerations of
oxygen octahedra.

2. Experimental Procedure

Oxide powders with purity above 99.9% were used as
starting materials. The powders were weighed according to
the compositions of MgTiO,, MgWO,, MgNb,O,, and
MgTa,O,, and then milled with ZrO, balls in ethanol for 24
h. To obtain a single phase of each composition, MgWO, was
calcined at 700°C for 3h, while MgTiO,, MgNb,O,, and
MgTa,0, were calcined at 1100°C for 3 h, respectively.
These calcined powders were re-milled for 24 h, and pressed
into pellets isostatically under the pressure of 1500 kg/cm®.
These pellets were sintered from 1100°C to 1400°C for 3 h in
air.,

Powder X-ray diffraction analysis (D/Max-3C, RIGAKU,
Japan) was used to determine the crystalline phases. From
the Rietveld refinements of X-ray diffraction (XRD) pat-
terns, the atomic positions, lattice parameters, and unit cell
volumes of the sintered specimens were obtained using a
Rietan-2000 program.” The micro- structure of the sin-
tered specimens was observed via scanning electron micro-
scope (SEM, JSM-6700F, JEOL, Japan). The dielectric
constant (K) and unloaded @ value at 9~11 GHz were mea-
sured by the Hakki and Coleman method.” The tempera-
ture coefficient of the resonant frequency (TCF) was

measured by the cavity method” in the temperature range
from 20°C to 80°C.
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Table 1. Sintering Temperature and Density of MgTiO,,
MgWO,, MgNb,O,, and MgTa,O, Sintered Specimens

Compound Sintering Apparent Relative
P temperature °C) density (g/cm®) density (%)
MgTiO, 1400 3.78 97.05
MgWO, 1100 6.58 95.46
MgNb,O, 1350 4.84 96.85
MgTa,0, 1350 7.45 95.32

3. Results and Discussion

The optimal sintering temperature of MgTi0,, MgWO,,
MgNb,O,, and MgTa,O, ceramics (Mg-based ceramics)
changed with the type of B-site cations used (B=Ti*, W%,
Nb*", Ta”), as summarized in Table 1. To reduce the effects
of density on the microwave dielectric properties, the rela-
tive density was above 95% of theoretical density of each
composition.

As shown in Fig. 1, Mg-based ceramics showed the single
phase with their own crystal structures: trigonal ilmenite
for MgTiO,, monoclinic wolframite for MgWQ,, orthorhom-
bic columbite for MgNb,O,, and tetragoral tri-rutile for
MgTa,0,, respectively. The refined atomic positions and lat-
tice parameters of the sintered specimens obtained from the
Rietveld refinement are shown in Table 2. For the Mg-based
ceramics, the coordination number of Mg- and B-site cations
is six, and MgO, octahedra are connected to BO, octahedra
with their own sharing type (corner, edge, face) of octahedra
in the unit cell. Although the difference of the B-site ionic
size (Ti*=0.605 A, W =0.6 A, Nb* =0.64 A, Ta* =0.64 A)*
1s not much, the unit cell volume changed remarkably with
the type of B-site cations used due to the changes of crystal

Journal of the Korean Ceramic Society - Eung Soq Kim et al.

Vol. 45, No. b

Wolframite
Ilmenite
Columbite
Trirutile

® 11 lj ! M 0

IL]
| 30 ’ 40 | 50
20 (degree)

Fig. 1. X-ray diffraction patterns of (a) MgWO,, (b) MgTiO,,
(c) MgNb,O,, and (d) MgTa,0O, sintered specimens.
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structure.

These results could be attributed to the differences of the
bond strength resulting from the sharing type of MgO, and
BO, octahedra. The bond strength between an octahedral
cation and an oxygen ion was closely related with the bond
valence, which is a function of the bond length and bond
valence parameter.® Therefore, the bond valence could be
applied to the estimation of bond strength. The bond
valences between a Mg cation and an oxygen ion, vy,
were calculated from eq. (1).”

Table 2. Atomic Positions and Lattice Parameters of MgTiO,, MgWO,, MgNb,O,, and MgTa,0, Sintered Specimens

Lattice parameters (A)

Compound gf(ifg Atom szg; off y z Occupation " " .
Mg 6¢ 0 0 0.356 1.0

MgTiO, R-3H Ti 6c 0 0 0.145 1.0 5.054 5.054 13.942
0 18f 0.316 0.022 0.246 1.0
Mg of 0.500 0.672 0.250 1.0

MgWO,  Pi2/cl W 2e 0 0183 0250 L0 4.624 5.594 4.880
0, dg 0.219 0.107 0.938 1.0
0, g 0.255 0.382 0.402 1.0
Mg dc 0 0.169 0.250 1.0
Nb 8d 0.160 0.318 0.754 1.0

MgNb,0,  Pbcn 0, 8d 0.096 0.394 0.432 1.0 5.703 14.199 5.037
0, 8d 0.080 0.116 0.907 1.0
0, 8d 0.256 0.122 0.583 1.0
Mg 2a 0 0 0 1.0

MgTa,0, P4,/mnm Ta de 0 0 0332 L0 4.718 4.7_'__18 9.212
0, 4f 0.309 0.309 0 1.0 |
0, 8i 0.298 0.298 0.324 1.0
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Table 3. Mg-site Bond Valence (V,,) of MgTiO,;, MgWO,, MgNb,O,, and MgTa,0, Sintered Specimens
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Compound Ry, (&)  dl, @A) d2y,0 A) d3y0 A) Vo V20 V3ye0 Ve
MgWO, 1.693 2.174(x2)  2.053(x2)  2.094(x2)  0.273(x2)  0.378(x2)  0.338(x2) 1.977
MgTiO, 1.693 2.163(x3)  2.043(x3) 0.281(x8)  0.388(x3) 2.007

MgNb,O, 1.693 2.080(x4)  2.132(x2) 0.351(x4)  0.305(x2) 2.016

MgTa,0, 1.693 2.117(x4)  2.052(x 2) 0.318(x4)  0.379(x2) 2.030

Table 4. Comparison of Observed and Theoretical Polarizabilities of MgTiO,, MgWO,, MgNb,O,, and MgTa,0, Sintered Specimens

Theoretical Observed A%
Compound pr A7) K v Z g, (A7) (" )
unitcel) obs. o, x 100
MgWO, 9.46 12.44 131.10 2 12.3978 23.6959
MgTiO, 10.28 18.45 307.91 6 10.4541 1.66563
MgNb,0, 21.32 20.84 407.83 4 21.1435 ~0.8349
MgTa,0, 22.84 25.48 205.06 2 21.8051 —4.7464
Vae 0= exp[(R rz—0—d Mg~0):| 0 ions us.ed (B=W*®, Ti", l\.Tb5f, Ta5+?. | |
b At microwave frequencies, the dielectric constant (K) is not

where R, , 1s the bond valence parameter, d,, , is the
bond length between Mg* and oxygen ions, and b is com-
monly taken to be a universal constant equal to 0.37 A.*¥
The bond valence parameters followed the values in a previ-

ous report.” The Mg-site bond valence (V,,) was defined as
~ the sum of all the valences from a given Mg** cation, and
was calculated from eq. (2).”

VMg = Zng—O
0

Table 3 summarizes the V,, of Mg-based ceramics. The
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Fig. 2. Dependence of polarizabilities deviations on Mg-site
bond valence (Vi) of Mg-based ceramics.

only dependent on the density and secondary phases, but
also on the crystal structure.” Since the relative density was
higher than 95% (Table 1) and there was no secondary
phase (Fig. 1) in the given compositions, the K was not sig-
nificantly affected by the relative density or a secondary
phase. |

Effects of crystal structure on the dielectric constant (K)
could be evaluated by the comparisons between the theoret-
ical dielectric polarizabilities (a,, ) obtained from the addi-
tive rule’” and the observed dielectric polarizabilities (a_ )
obtained from the measured K using the Clauses - Mosotti
equation.'”

Table 4 shows the comparisons of a,  and a _ of the Mg-

abs,

based ceramics. Both a, and a, were dependent on the
dielectric constant (K) of each composition; however, the
deviations of a,_ from a;  changed with the type of B-site

(d)

Fig. 3. SEM micrographs of (a) MgWO,, (b) MgTiO,, (c)
MgNb,O,, and (d) MgTa,O, sintered specimens.

()



254 Journal of the Korean Ceramic Society - Eung Soo Kim et al.

Table 5. Qf Value and Sharing Type of MgO, and BO,
Octahedra of MgTiO,, MgWO,, MgNb,O,, and
MgTa,O, Sintered Specimens

Sharing type of

Compound ~ Qf GHz) 95 MgO, and BO,
octahedra
MgTiO, 369,118 Ilmenite Face
MgTa, 0O, 166,032 Tri-rutile Edge
MgNb,O, 108,882  Columbite Corner
MgWO, 23,068  Wolframite Corner

cations (B=W*®, Ti*, Nb**, Ta”). These results could be
attributed to the Mg-site bond valence (V},,), shown in Table
3, which resulted from the crystal structure of each composi-
tion. Fig. 2 shows the dependence of polarizabilities devia-
tions on VMg. With the increase of VMg, the rattling of an
octahedral cation (Mg*") decreased; in turn, the a_
decreased. Therefore, K of the specimens was strongly
dependent on the dielectric polarizabilities of composition.
It has been reported'® that the §f value depends on
intrinsic factors, such as crystal structure and lattice vibra-
tions, as well as on extrinsic factors, such as density, sec-
ondary phase, and grain size. The effect of extrinsic factors
on @Jf value could be negligible due to a relative density of
higher than 95% (Table 1) and no secondary phase (Fig. 1).
As shown in Fig. 3, the grain size of the MgNb,O, speci-
men was larger than the MgTiO,, MgWO,, and MgTa,0,
specimens. However, the §f value of MgNb,O, was smaller
than those of MgTi0O, and MgTa,O,. Therefore, the relation-
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Fig. 4. Dependence of TCF on the octahedral distortions of
Mg-based ceramics.

ship between the crystal structure and §f value of Mg-based
ceramics should be considered. The @f value of MgTiO,
(ilmenite) was remarkably larger than those of MgTa,O,
(tri-rutile), MgNb,O, (columbite), and MgWO, (wolframite).
The face sharing of MgO, and BO, octahedra has a larger

Table 6. Average Octahedral Distortion and TCF of MgTiO,, MgWO,, MgNb,O,, and MgTa,O, Sintered Specimens

Compound
MgTa,0, MgTiO, MgWO, MgNb,O,
RI1,, &) 2.117(x 4) 2.163(x 3) - 2.174(x2) 2.080(x 4)
R2,. oA 2.052(x 2) 2.043(x 3) 2.053(x 2) 2.132(x 2)
R3,. A 2.094(x 2)
Average R ,, ,(A) 2.085 2.103 2.107 2.106
R1, (A) 1.964(x 2) 2.098(x 3) 1.911(x2) 1.908
R2, (&) 2.007(x 2) 1.881(x 3) 1.781(x2) 2.070
R3, ,(A) 1.980(x 2) 2.134(x 2) 1.959
R4, (A) 2.272
R5, (A) 2.080
R6, ,(A) 1.794
Average R, ,(A) 1.984 1.990 1.942 2.014
Mg-site
octahedral distortion 0.243 0.814 0.566 0.152
(AMg x 10%
B-site
octahedral distortion 0.080(%x2) 2.971 5.617 5.619(x2)
(Agx 10°)
Average
octahedral distortion 0.134 1.893 3.091 3.797
(Ax10%
TCF 24.35 —44.07 ~56.6 ~63.17

(ppm/°C)
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sharing area than the edge or corner sharing of MgO, and
BO, octahedra. With the increase of sharing area of MgO,
and BO,, the Qf value of the specimens increased, as shown
in Table 5. Therefore, the Qf value of the specimens was
affected by the sharing type of MgO, and BO, octahedra.
Even though MgNb,O, and MgWO, show the same corner
sharing of MgO, and BO, octahedra, the @f value of
MgNb,O, was larger than that of MgWO,. The reasons why
MgNb,O, showed a larger f value than that of MgWO,
may be related to the Mg-site bond valence but are, as yet,
unclear and under investigation.

Table 6 summarizes the average octahedral distortion and
the temperature coefficient of resonant frequency (TCF) of
the Mg-based ceramics. The individual bond lengths of oxy-
gen octahedra were obtained from the atomic positions and
lattice parameters, as confirmed in Table 2. From the individ-
ual bond length of the oxygen octahedra, the octahedral dis-
tortion (D) of all the structures was calculated from eq. (3).”

2
R.—-R
A=%Z{£—?)} (3)

where R, is an individual bond length, and R is the aver-
age bond length of oxygen octahedra. With the type of B-site
cations (B=Ta"", Ti*", W**, Nb*"), the TCF of the specimens
decreased due to the increase of average octahedral distor-
tion, as shown in Fig. 4. A TCF of zero could be obtained by
the control of the average octahedral distortion of ceramics
resulting from the substitution of ions with ilonic sizes
between 0.605 A (Ti*) and 0.64 A (Ta® ) for the B-site of
Mg-based ceramics.

4. Conclusions

For MgTiO,, MgWO,, MgNb,0O,, and MgTa,O, ceramics, a

single phase with trigonal ilmenite (B=Ti""), monoclinic
wolframite (B= W*"), orthorhombic columbite (B=Nb**) and
tetragonal tri-rutile (B= Ta’") structures were confirmed,
respectively.

The dielectric constant (K) was largely dependent on the
dielectric polarizabilities of composition. The deviation of
the observed dielectric polarizabilities (a ) from the theo-
retical dielectric polarizabilities (a,, ) decreased with
increasing Mg-site bond valence. The quality factor (Qf)
value of MgTiO, was remarkably larger than those of
MgTa,0,, MgNb,O,, and MgWO,. These results could be
attributed to the sharing area of MgO, and BO, octahedra.
With the type of B-site cations (B=Ta"", Ti*", W, Nb°"), the
temperature coefficient of resonant frequency (TCF’) of the

specimens decreased with increasing average octahedral
distortion.
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