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Evaluation of electronic state of Mg4(Nb2−xSbx)O9 microwave dielectric
ceramics by first principle calculation method

Hirotaka Ogawaa, Hidekazu Taketania, Akinori Kana,∗, Akihiro Fujitab, Georgios Zouganelisc

a Department of Transportation Engineering, Meijo University, 1-501 Shiogamaguchi, Tempaku-ku, Nagoya 468-8502, Japan
b Department of Civil Engineering, Meijo University, 1-501 Shiogamaguchi, Tempaku-ku, Nagoya 468-8502, Japan

c Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta-ku, Nagoya 456-8587, Japan

Abstract

The microwave dielectric properties of Mg4(Nb2−xSbx)O9 (MNS) solid solutions were evaluated and the variations in the electric state of the
solid solutions were also investigated by using the first principle calculation method. The formation of a single phase was observed from the X-
ray powder diffraction patterns of the solid solutions sintered at 1400◦C in the compositionx from 0 to 1. The MgO and Mg7Sb2O12 compounds
were detected as the secondary phases at the compositions higher thanx= 1; therefore, this result is closely related to the vaporization of Sb in
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his composition range. When comparing the overlap population of the (NbMg12O45) cluster model with that of the (SbMg12O45) cluster
odel, the slight covalency of the SbO bond was recognized from the results of the first principle calculation method. In the comp

ange of 0–1, theQ·f values of MNS sintered at 1400◦C increased from 196,000 to 280,000 GHz; the dielectric constants of the solid so
anged from 13 to 10. However, an improvement in the temperature coefficient of resonant frequency with the Sb substitution for N
ecognized.
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. Introduction

For a wireless communication system at a high frequency,
he microwave dielectric ceramics are required to have a
igh quality factor (Q·f), a near zero temperature coeffi-
ient of resonant frequency (τf) and a dielectric constant
εr) which is suitable for the application. In addition to the
icrowave dielectric properties as mentioned above, it is
lso necessary to consider a cost. The commercially uti-

ized high-Q material such as Al2O3 have a high sintering
emperature.1 Thus, there is considerable interest in the de-
elopment of new microwave dielectric ceramics with high
·f value that can be used for the high frequency microwave
evices. Recently, Ogawa et al.2 reported the microwave di-
lectric properties of a corundum-type of Mg4(Nb2−xTax)O9
MNT) solid solutions; it was found that theQ·f values of
he solid solutions increased with the substitution of Ta for
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Nb ((Q·f)max= 347,000 GHz atx= 2). Moreover, from the re
sults of crystal structure analysis and first principle calc
tion of the solid solutions, it was suggested that the Ta
stitution for Nb exerted an influence on the increase in
covalency of the TaO bond, though the remarkable var
tions in the covalency of MgO bond were not observed w
the Ta substitution for Nb. In the case of the V substitu
for Nb in a Mg4Nb2O9 (MN) compound, a small amou
of V (x< 0.125) was substituted for Nb, and the sinte
temperature of Mg4(Nb2−xVx)O9 (MNV) solid solutions wa
extremely reduced from 1350 to 1025◦C, showing the max
imumQ·f value of 165,000 GHz at the sintering tempera
of 1050◦C.3

As for the possibility of another element substituting
Nb in MN, the element of Sb is considered to be an ap
priate candidate for the substitution because the ionic ra
of Sb5+ ion (0.6Å) is similar to that of the Nb5+ (0.65Å)
ion.4 Thus, the Mg4(Nb2−xSbx)O9 (MNS) solid solutions
were prepared; the influences of the Sb substitution fo
on the electrical and crystal structures, and the microw
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dielectric properties of MNS were investigated in this
study.

2. Experimental method

High-purity (≥99.9%) MgO, Nb2O5 and Sb2O5 powders
were prepared using a conventional mixed-oxide route so
as to form compounds in Mg4(Nb2−xSbx)O9 series. After
mixing with acetone and calcining at 1100◦C for 20 h in air,
these powders were ground with a polyvinyl alcohol and then
pressed into a pellet (12 mm in a diameter and 7 mm in thick-
ness) under a pressure of 100 MPa. Subsequently, these pel-
lets were sintered in the temperature range of 1400–1500◦C
for 10 h in air. The apparent density of the sample was mea-
sured in terms of the Archimedes method. The microwave
dielectric properties of the samples were measured by using
the Hakki and Coleman method.5 The temperature coeffi-
cient of resonant frequency of a sample was determined from
the resonant frequency at the temperatures of 20 and 80◦C.
The crystalline phases of the sintered samples were iden-
tified by using the X-ray powder diffraction (XRPD) with
the Cu K� radiation; the crystal structure of MNS was re-
fined in terms of the Rietveld analysis;6,7 the covalency of
the cation-oxygen bond in MNS was evaluated on the ba-
sis of the bond valence theorem.8,9 Moreover, the electrical
s vari-
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Fig. 1. XRPD patterns of Mg4(Nb2−xSbx)O9 solid solutions.

In order to clarify the effect of Sb substitution for Nb on
the crystal structure of MNS, the lattice parameters of the
samples were refined by using the Rietveld method; the rela-
tionship between the lattice parameters and the composition
x is shown inFig. 2. In the composition range of 0–1, the
lattice parameters of MNS linearly decreased with increas-
ing the compositionx because the ionic radius of Sb5+ ion is
small in comparison with that of the Nb5+ ion.4 At the higher
compositions thanx= 1, the lattice parameters of MNS were
almost constant; therefore, it is considered that the limit of
the solid solutions is approximatelyx= 1. Although the ef-
fect of Sb substitution for Nb on the lattice parameters and
the limit of the solid solutions in MNS were clarified by re-
fining the lattice parameters of MNS, the interrelationship
among the variations in the atomic distances, the volume of
the polyhedra and the lattice parameters of MNS have not
been clarified. On the basis of the refined structure parame-
ters in terms of the Rietveld analysis, the bond strength (s)
and covalency (fc) of cation-oxygen bonds were determined
by using the following equations:8

s =
(

R

R0

)−N

(1)

fc = asM (2)

whereRandR represent the atomic distance obtained in this
s t
( e,
t 911,
r

tructure of MNS was calculated by using the discrete
ble X�(DV-X�) method,10 which is one of the first principl
alculation methods. Then, the morphological changes i
amples that depended on the compositionx were investi
ated by means of the field emission scanning electron
roscopy (FE-SEM) and the energy dispersive X-ray (E
nalysis.

. Results and discussion

Fig. 1shows the XRPD patterns of the MNS ceramics
ered at 1400◦C for 10 h in air. In the composition range
–1, a single phase that corresponded to the corundum
tructure was obtained. Moreover, with increasing the c
ositionx from 0 to 1, the diffraction peaks of the samp
ere shifted to the higher angles of 2θ; this result was due t

he difference in the ionic radii between the Sb5+ and Nb5+

ons. In the case of the sintering temperature of 1400◦C,
he presence of MgO and Mg7Sb2O12 compounds was d
ected in the XRPD profiles atx= 2 instead of the formatio
f the Mg4Sb2O9 compound. Although Kasper et al.11 re-
orted that the single phase of Mg4Sb2O9 compound with

lmenite-type structure was produced atx= 2, the XRPD pat
erns of MNS atx= 2 exhibited the formation of MgO an
g7Sb2O12 compounds as mentioned above because o
ifferent sintering conditions of Mg4Sb2O9 compound with

lmenite-type structure. Thus, from these results, the lim
he solid solutions is considered to be more restrictive th
omposition ofx= 1.
0
tudy and the empirical parameter, respectively;N is constan
N= 4.29 for Mg, andN= 6.0 for Nb and Sb). In this cas
heR0 values of Mg, Nb and Sb were 1.622, 1.907 and 1.
espectively.9 Moreover, in the Eq.(2), the parameters,aand
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Fig. 2. Lattice parameters of Mg4(Nb2−xSbx)O9 solid solutions as a function
of compositionx.

M, depend on the number of electrons in each cation; the
values ofa andM for Mg and Sb are 0.49 and 1.57, whereas
those of Nb are 0.67 and 1.43, respectively.8 The influence of
Sb substitution for Nb on the normalized covalency of cation-
oxygen bonds in the composition range of 0–1 is shown in
Fig. 3. Since any remarkable differences in the normalized
covalency of Mg O bond were not observed, the covalency
of Mg O bond in the MgO6 octahedra is independent of the
Sb substitution for Nb. On the other hand, in the cases of the
Sb O and Nb O bonds, the normalized covalency of SbO
bond atx= 1 was higher than that of the NbO bond atx= 0.
Thus, it was found that the Sb substitution for Nb enhanced
the covalency of SbO bond in the SbO6 octahedron, though
the covalency of MgO bonds in the MgO6 octahedra was
approximately constant in both the samples atx= 0 and 1.

Fig. 4. Energy level diagrams and total and partial density of states of (a)
Mg4Nb2O9, (b) Mg4Sb2O9 by (AMg12O45)−61 (A = Nb and Sb) cluster.

Total density of states (DOS) and partial DOS of the Nb-
and Sb-centered cluster models are shown inFig. 4a and b
with the energy level diagrams. In both of the energy level
diagrams, the filled bands located from−7 to 0 eV are mainly
composed of the O-2p orbitals. The unoccupied bands of
(NbMg12O45)−61 cluster model located above 5 eV are made
up of Nb-4d, Nb-5s and Mg-3d orbitals, whereas those of
(SbMg12O45)−61 cluster model located higher than 6 eV are
constituted of Sb-5s, Sb-5pand Mg-3dorbitals. Since the Mg-
3d orbitals in DOS of both cluster models have very small

O (M = Nb and Sb) bond as a function of compositionx.
Fig. 3. Normalized covalency of MgO and M
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Fig. 5. Dielectric constants (εr ) andQ·f values of of Mg4(Nb2−xSbx)O9 solid
solutions as a function of compositionx.

contributions to the valence band, Mg in the cluster models is
considered to be nearly completely ionized. The alternative
Nb-4d and Sb-5p states in the O-2p band are found a little
in both modes; the mixture of Nb-4d and Sb-5s states in the
O-2p band suggests the strong covalent interaction between
pentavalent cations (Nb and Sb) and oxygen. These results
indicate that Mg atoms are substantially in the Mg2+ state
and have the slight covalency with the surrounding atoms.
Thus, the location of Mg2+ does not exert an influence on
the electronic states of the clusters. The net charges, which
define the ionicity of the atoms, for the Nb and Mg ions at
x= 0 were 2.55 and 1.81, respectively, and those of the Sb
and Mg ions atx= 2 were 2.55 and 1.82, respectively. Thus,
the covalent interactions of the NbO and Sb O bonds are
considered to be strong and the MgO bond atx= 0 and 2 may
be an ionic interaction. From these results, it is considered
that the Sb substitution for Nb in MNS exerts an influence
on the average bond strength of the NbO and Sb O bonds
in the NbO6 and SbO6 octahedra. The bond order, which
represents the strength of covalent NbO and Sb O bonds
in the NbO6 and SbO6 octahedra, was determined in order
to discuss the covalent interactions in more detail. The bond
order of Sb O bond (0.180) is larger than that of the NbO
bond (0.133), whereas those of the MgO bond in Mg1O6
and Mg2O6 octahedra were unchanged by Sb substitution for
Nb. From these results, it was clarified that the SbO bond
b
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various ionic polarizabilities of the cations.12 It is suggested
that an increase in the dielectric constant takes place with
the Sb substitution for Nb because the ionic polarizability of
Sb5+ ion (4.27Å3) is larger than that of Nb5+ ion (3.97Å3).12

The dielectric constant of MNS in the composition range of
0–1, however, decreased as shown inFig. 5. Therefore, the
variation in the dielectric constant of MNS is considered to
extremely depend on the crystal structure of MNS; in a previ-
ous work,2 it suggests that the enhanced covalency of TaO
bond in the octahedron by the Ta substitution for Nb lowers
the dielectric constant of MNT. From the calculation of the
covalency in MNS, it was found that the covalency of SbO at
x= 1 was higher that that of NbO bond atx= 0 as mentioned
above. Moreover, Guo et al.13 also suggested that the differ-
ence in the dielectric constant between the Sr(Al1/2Nb1/2)O3
and Sr(Al1/2Ta1/2)O3 ceramics is due to the variations in the
bond strength of NbO and Ta O bonds. Thus, the decrease
in the dielectric constant of MNT in the single phase region
may relate to the variations in the covalency of SbO and
Nb O bonds in theAO6 octahedra.

The variations in theQ·f values of MNS are also shown
in Fig. 5 as a function of compositionx. TheQ·f values of
MNS increased from 193,000 to 283,000 GHz in the single
phase region; the maximumQ·f value was obtained atx= 1.
The improvement inQ·f value of MNS in the single phase
r 2
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ecame more covalent than the NbO bond.
Fig. 5 shows the variations in the dielectric constan

NS sintered at 1400◦C for 10 h in air as a function of com
ositionx. The dielectric constant of MNS with the comp
ition x ranging from 0 to 1 slightly decreased from 13
0. Since the relative densities of MNS in the single ph
egion (0≤ x≤ 1) were approximately 93% of the theoreti
ensity, it is considered that the sintering temperature de
ence on the sintability of MNS in the composition ra
f 0–1 is small. At the range of microwave frequencies,
ielectric constant of ceramics is known to be effected

he ionic polarizability of the cations; Shannon reported
egion exhibited a similar tendency to those of MNT.In
previous work,2 the covalency-microwave dielectric pro
rty relations in MNT were discussed; it suggests that th
ubstitution for Nb in MNT takes place the increases in
ovalency of the TaO bond andQ·f value. In this study, th
b substitution for Nb also enhanced the covalency of SO
ond, and theQ·f values of MNS increased, depending

he composition as mentioned above. Thus, it is consid
hat the variations in covalency of the SbO and Nb O bonds
ay exert an influence on theQ·f value of MNS. Moreove

ig. 6. Temperature coefficient of resonant frequency (τf) of Mg4(Nb2−x
bx)O9 solid solutions as a function of compositionx.
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theQ·f values of MNS at the compositions higher thanx= 1
decreased from 280,000 to 50,000 GHz because of the for-
mation of secondary phases as mentioned above. Thus, the
Sb substitution for Nb is effective in improving theQ·f values
in this system as well as the Ta substitution for Nb in MNT.2

The influence of the Sb substitution for Nb in MNS on
the temperature coefficient of resonant frequency is shown in
Fig. 6; theτf values of MNS ranged from−70 to 8 ppm/◦C.
In the single phase region (0≤ x≤ 1), a significant variation
in the τf values was not recognized; these values were ap-
proximately constant. Therefore, it is considered that the Sb
substitution for Nb basically does not exert an influence on
theτf value of MNS in the single phase region.

4. Conclusions

The microwave dielectric properties of Mg4(Nb2−x
Sbx)O9 solid solutions were evaluated and the variations
in the electric state of the solid solutions were investigated
by using the first principle calculation method. The forma-
tion of a single phase was observed from the X-ray pow-
der diffraction patterns of the solid solutions sintered at
1400◦C in the composition range of 0–1. The MgO and
Mg7Sb2O12 were detected as the secondary phases at the
compositions higher thanx= 1. Comparing the overlap pop-
u e
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