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The dependences of the microwave dielectric properties on the isovalent substitution of (Li175W6*4 /5)5+, (Mg, /
JWO, /4)5+, (A’ /3W6+2 /3)5" and (Ti* /2W6+1 /2)5+ at the Nb°*-sites of Mg,Nb,O, ceramics were investigated.
For the samples sintered at 1350 °C for 10 h, a single phase of corundum structure with hexagonal symmetry
was observed through the entire range of compositions. The structural characteristics of the Mg4Nb; ¢5(B,W.-

o.0509 ceramics were quantitatively evaluated by Rietveld refinement method from the X-ray diffraction data.
The specimens containing (Ti**; /ZWf’*l /2)5+ substitutions had the highest quality factor (Qf) of 233,000 GHz of
all the samples. The dielectric constants (K) of the samples were similar for all compositions. The temperature
coefficient of the resonant frequency (TCF) of the samples was dependent on the distortion of the oxygen
octahedra (Agyy % 10%). As the distortion of the oxygen octahedra increased, the TCF values decreased and

eventually become negative.

1. Introduction

The operating frequencies used for mobile communication are
being continuously expanded in preparation for next-generation (5G)
communication systems. Consequently, the microwave dielectric prop-
erties of materials such as the dielectric constant (K), the quality factor
(Qf), and the temperature coefficient of resonant frequency (TCF) are
more important than ever. Microwave dielectric ceramics should have a
low K for fast signal transmission, a high Qf value to improve the
resonant frequency selectivity, and a TCF of almost zero to enhance the
thermal stability of the frequency [1].

In recent years, high Qf dielectric ceramics, such as ilmenite and
corundum [2—-4], have been investigated to improve the Qf further.
According to previous reports [4] based on an understanding of the
relationship between the structural characteristics and the microwave
dielectric properties, the substitution of isovalent cations (for example,
(Li%74Ta5+3/4)4+, (Mg2+1/3Ta5+g/3)4+, and (A13+1/2Ta5+1/2)4+) at the Ti-
sites of MgTiO3 ceramics with the ilmenite structure improves the
microwave dielectric properties of these materials efficiently. For
MgTiO3; with the ilmenite structure, these isovalent substitutions, as
well as tetravalent cation substitutions, at the Ti-sites improve the Qf
value. This improvement may result from the differences in bonding
between the cation and oxygen ions in the oxygen octahedra. In
addition, because the corundum structure is an ordered derivative of
the ilmenite structure, the microwave dielectric properties of materials
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with the corundum structure can be expected to be improved by
isovalent substitution at its cation sites.

Typically, Mg4Nb,Og ceramics sintered at 1350 °C for 10 h have a K
of 14, Qf of 210,000 GHz, and TCF of —70 ppm/°C [3]. To improve the
microwave dielectric properties of Mg4Nb,Og ceramics, divalent and/
or pentavalent substitute cations, such as Ni**, Co?*, Zn*, and Mn>*
for the Mg**-sites and/or Ta°*, Sb°", and V°* for the Nb°*-sites,
respectively. [5-9]. In addition, to achieve thermal stability for di-
electric ceramic materials and systems to which they are applied, the
TCF and sintering temperature have been controlled by the addition of
B,0Os, LiF, and CaTiO; [10-12]. To date, the effects of isovalent
substitution on the microwave dielectric properties of Mg4Nb,Og
ceramics have not been reported.

In this study, the dependence of the microwave dielectric properties
of Mg4Nb,0y ceramics on the isovalent substitution of (Li'*;,sW®*,,
5)°%, (Mg®1/4Wo3,0)°", (AI%*1/3W®"5/3)°%, and (Ti**,,WS*;,0)°" at
the Nb°*-sites was investigated. Typically, the microwave dielectric
properties of Mg4Nby o5(BxW1-0)0.0500 ceramics (B = Li'*, Mg?*, AI*,
Ti*") have been investigated based on the structural characteristics,
such as Mg4Nb; o5(Li1/5Wa/5)0.0500 (MNLW), Mg4Nb; o5(Mg1/4W3,
4)0.0509  (MNMW), M84Nb1.95(A11/3W2/3)0.0509 (MNAW) and
Mg4Nb1.95(Ti1/2W1/2)0.0509 (MNTW).
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2. Experimental procedures

High-purity oxide powders (MgO, Nb,Os, Al,O3, TiO> (99.9%),
Li,CO3, and W0O3(99%)) were used as raw materials. These powders
were batched according to their compositions, e.g., MgsNb; ¢5(B,W1.
x)0.0509, where B = (Lil+1/5W6+4/5)5+’ (Mg2+1/4wé+3/4)5+, (A13+1/
3W®"5/3)°", and (Ti**1,5W®*1,2)°". The compounds were ball-milled
with ethanol for 24 h in zirconia balls. After calcinations at 1100 °C for
3 h, the calcined powders were milled again for 24 h. Then, the dried
powders were pressed isostatically into 10-mm diameter disks at
1500 kg/cm?. These pellets were sintered at 1350 °C for 10 h in air,
and then cooled to room temperature in the furnace.

The crystal structures and phases of the sintered specimens were
identified by X-ray powder diffraction analysis (XRD, D/Max-3C,
Rigaku, Japan) over a 20 range of 10-60°. The structural character-
istics such as atomic position, lattice parameters, unit-cell volumes,
and theoretical densities of the specimens were calculated by Rietveld
refinement of the powder XRD patterns using Fullprof (WinPLOTR)
[13]. The apparent densities of the samples were measured using the
Archimedes method. The relative densities were obtained from the
apparent density and the theoretical density. The temperature coeffi-
cient of resonant frequency (TCF) of the specimens was determined
using the cavity method at temperatures ranging from 25 to 80 °C [14].
The dielectric constant (K) and quality factor (Qf) of samples were
measured by Hakki and Coleman's method with a TEg;; mode at 9.5—
10 GHz [15] using a network analyzer.

3. Results and discussion

As shown in Fig. 1, the XRD patterns of the specimens sintered in
air at 1350 °C for 10 h in air showed the single phase of corundum with
hexagonal symmetry (No. 165, P-3cl) over the whole range of
compositions studied. From the XRD data of the Mg4Nb,Og-based
ceramics, including the structural characteristics such as the lattice
parameters, unit-cell volumes, and theoretical densities calculated by
Rietveld refinements, are summarised in Table 1. The R¢ factors ranged
from 1.46 to 2.77, and the Bragg R-factor (Rgr.gg) Was obtained in the
range from 1.93 to 2.92, implying that the quality of the Rietveld
refinements was excellent, as shown in Fig. 2.

Fig. 3 shows the relationship between the observed dielectric
constant (K, ) and the theoretical dielectric constant (Ki,e,) of the
specimens substituted with (Li'*; /5W(’*4/5)5+, (Mg**, /4W(’+3 /4)5+,
(AIP*/3W®"55)°%, and (Ti**1/oW®"1,5)°" at the Nb°*-sites of the
Mg4Nb,Og-based ceramics. According to Shannon et al., the theoretical
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Fig. 1. X-ray diffraction patterns of the Mg4Nb; 95(BsW1-)0.0s09 (B = Li, Mg, Al, Ti)
ceramics sintered at 1350 °C for 10 h.
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ionic polarizability (awe,) and observed dielectric polarizability (aops)
can be calculated using Egs. (1)-(2) [16]:

oM NDy o5(B W, _ ) 000l = dap 2++1. 95ay,5++0. 05(x)ag

0.05
+ 0. 05(1-x)aye+ + 9ay2-, D
a, = | &=D
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where the @; is the ionic polarizability of the species (Mg2+, Nb°*, B (B
= Li'*, Mg>, AI®*, Ti*"), W®, and 0?%). The results of these
calculations are listed in Table 2. The Kye, 0of Mg4Nby o5(B,W1.
)0.0509 was calculated by the Clausius-Mosotti Eq. (3):

3V, +8xa,

_ heo

theo — 3Vm—4n:a ’ (3)

theo

where the V,,, is the molar volume. Although the ionic polarizabilities of
(L' sWO4/5)°" (2.8 &%), (Mg?*1,aW®"3/4)°" (2.73 &%), (AP, ,3W°*,,
2)°* (2.39 A%), and (Ti4*1/2W6+1/2)5+ (3.07 A%) are all different [16],
neither the ionic polarizabilities (Qps, Qineo) NOT the dielectric constants
(Kops, Kineo) changed significantly with the type of substituted ion.

Generally, the quality factor (Qf) is affected by the density,
secondary phase, and porosity [6] of the ceramic material. However,
all of the specimens showed single phase of corundum structure with
hexagonal symmetry. Because the densities of the samples were nearly
full density, the relative densities of the samples are greater than 98%
of their theoretical values. Consequently, the effects of the density and
secondary phases on the Qf value can be neglected [17], as shown in
Fig. 1 and Table 2. Finally, the Qf value was mainly dependent on the
structural characteristics such as the bond valence of the crystal
structure. The Mg4Nb,Oo ceramics consists of three types of oxygen
octahedral: Mg(1)Og, Mg(2)Og, and NbOg. The NbOg octahedra are
linked by face sharing, while Mg(1)O¢ and Mg(2)O¢ octahedra are
connected by face sharing, and the other oxygen octahedra are linked
by edge and corner sharing [18].

To evaluate the structural characteristics, the bond valence (V;)
between the cations and oxygen ions of the specimens were calculated
using Egs. (4)—(5) [19,20]:

R_, —d.
Vo = eXP[M]’
b C))

Vi= E Yi-o. ®)

where R; ¢ is the empirically determined bond valence parameter, b is a
generally used to be a universal constant (0.37 A), and d,.q is the bond
length between the cation (i) and oxygen ion obtained by Rietveld
refinement. The bond valences were calculated from Egs. (4) and (5),
and these are listed in Table 3. According to previous reports [21,22],
the bond valence is closely related to the bond strength. High bond
strength implies a lower lattice anharmonicity and damping constant of
the microwave signal, resulting in a higher Qf value. Therefore, the Qf
values of specimens depended on the bond valence.

Fig. 4 shows the dependence of the Qf values on the average bond
valence of the specimens sintered at 1350 °C for 10 h. The Qf value of
specimens with MNTW samples was the highest value (233,000 GHz),
arising from its high bond valence compared to those of the other
samples.

In general, the negative TCF values of the samples were affected by
the additives with positive TCF values, such as CaTiO3 (+800 ppm/°C)
and SrTiO3 (+1600 ppm/°C) ceramics [11,23]. However, as the ad-
ditive content increased, the Qf value of specimens rapidly decreased
because of the structural mismatch between the matrix composition
and the additives [4]. Therefore, the dependence of the TCF value on
the structural characteristics must be investigated to improve the TCF
value of the specimens.

The TCF value of the specimens sintered at 1350 °C for 10 h was
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Table 1

Reliabilities, lattice parameters, unit-cell volumes, and theoretical densities of the Mg4Nb,Oo-based ceramics.
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Compositions Reliabilities Lattice parameter (&) Vanit-cen (A%) Theoretical density
a, b, ¢ (g/cm®)
R¢ Rgragg
MNLW 1.64 1.93 5.1594, 5.1594, 14.0240 323.300 4.415
MNMW 2.18 2.07 5.1602, 5.1602, 14.0260 323.439 4.411
MNAW 1.46 1.98 5.1562, 5.1562, 14.0185 322.767 4.414
MNTW 2.77 2.92 5.1569, 5.1569, 14.0133 322.731 4.406
o Obs. Table 3
Cal. Bond valences and octahedral distortions in the Mg,Nb,Oy-based ceramics sintered at
— Obs-Cal. 1350 °C for 10 h.
| Bragg position
Compositions Bond valence
Mg 1)06 Mg (2)06 NbOg Average
MNLW 2.0086 1.9626 5.0451 3.0054
E} MNMW 2.0086 2.0662 4.8362 2.9703
g MNAW 2.0353 2.1008 4.8858 3.0073
5 MNTW 2.0284 1.9588 5.4138 3.1337
E Compositions Octahedral distortion (x 10%)
- Mg1)O6 Mg2)O6 NbOg Average
MNLW 0.9402 1.6703 2.5199 1.1701
[ 1 [T IR 1] [T MNMW 0.5220 1.9631 2.9334 1.8061
MNAW 0.1663 2.5096 3.2093 1.9617
4 N # j N N y - MNTW 3.4930 1.9679 4.4045 3.2884
1 1 1 1
10 20 30 40 50 60 260000
20 (degree)
Fig. 2. Rietveld refinement patterns of the Mg4Nby o5(Ti;/2W1/2)0.0s09 samples sintered 240000 - MNTW
at 1350 °C for 10 h. g .
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11 2 octahedra (Mg(1)Os, Mg(2)Os, and NbOg). The octahedral distortion
L'i N;g A'l T'i 10 — can be calculated using Eq. (6), as reported by Shannon [24]:

Composition B

Fig. 3. (a) Theoretical polarizabilities (aseo) and observed polarizabilities (cops), and (b)
theoretical dielectric constants (Kixeo), and observed dielectric constants (K,ps) of the
Mg4Nb 95(BxW1-)0.0s09 (B = Li, Mg, Al, Ti) ceramics sintered at 1350 °C for 10 h.

Table 2
Physical properties of Mg4;Nb,Oo-based ceramics sintered at 1350 °C for 10 h.

Compositions Apparent Relative Vi A% @ theo A)  dons (A)
density density
(g/em®) (%)
MNLW 4.356 98.6 161.650  31.251 31.098
MNMW 4.356 98.7 161.715  31.248 31.139
MNAW 4.351 98.5 161.384 31.231 31.061
MNTW 4.348 98.6 161.366  31.264 31.124

SCRES

where R; and R are the individual bond lengths and the average bond
length in the oxygen octahedral, respectively. The octahedral distor-
tions in Mg(1)Os, Mg(2)Og, and NbOg are shown in Table 3. As the
average octahedral distortion increased, the TCF values decreased,
eventually becoming negative; this agrees well with a previous report
for the (1-x)CaggsNdg 1TiO5.,LnAlO3 system [25], as shown in Fig. 5.
These results demonstrate a similar trend to that of the ilmenite
structure. The ilmenite structure is an ordered derivative of the
corundum structure, and according to Jo et al. [26], the TCF value is
affected by the distortion of oxygen octahedra due to the increase of
thermal energy in the ilmenite structure In addition, the increase of
thermal energy with temperature would completely absorb to recover
the distorted octahedral rather than in recovering the relationship
between the polarizability and temperature. These results were affected
by the higher average oxygen octahedral distortion (A,g) of specimens

(6)
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Fig. 5. Dependence of TCF value on the average octahedral distortion of
MguNb; 05(BxWi-)0.0500 (B = Li, Mg, Al, Ti) ceramics sintered at 1350 °C for 10 h.

with MNTW, arising from the high bond strength of the corundum
structure.

4. Conclusions

The microwave dielectric properties of MgsNb; o5(B,W1_)0.0509
ceramics (B = Li'*, Mg?*, AI**, Ti**) sintered at 1350 °C for 10 h were
investigated. The structures were confirmed to be single-phase cor-
undum structures for the whole range of compositions. The K values of
the samples were similar, and the ionic polarizabilities (Qops, Qtneo) and
dielectric constants (Kyps, Kineo) Of the samples did not vary signifi-
cantly with different substitution ions. The Qf values were affected
significantly by the average bond valence of the three types of oxygen
octahedra. The Mg4Nb; 95(Ti1/2W1/2)0.0509 sample showed the highest
Qf value than other compositions. These results could be attributed to
the decrease in the anharmonicity and damping constant associated
with the increasing average bond valence. As the average octahedral
distortion increased, the TCF value decreased, and eventually become
negative; the reduction in TCF occurred because the increasing thermal
energy with temperature was led to recover the distorted octahedra in
the corundum structure.
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