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Abstract

The microwave dielectric properties of MdNb,_,Sh,)Oy (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 1800 the compositiomfrom 0to 1. The MgO and Mgh,0,, compounds

were detected as the secondary phases at the compositions higher thaherefore, this result is closely related to the vaporization of Sb in

this composition range. When comparing the overlap population of the (Ni4g ~°* cluster model with that of the (SbMgD.s) 5 cluster

model, the slight covalency of the SB bond was recognized from the results of the first principle calculation method. In the composition
range of 0—1, th&-f values of MNS sintered at 140CQ increased from 196,000 to 280,000 GHz; the dielectric constants of the solid solutions
ranged from 13 to 10. However, an improvement in the temperature coefficient of resonant frequency with the Sb substitution for Nb was not
recognized.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction Nb ((Q-f)max=347,000 GHz at=2). Moreover, from the re-
sults of crystal structure analysis and first principle calcula-
For a wireless communication system at a high frequency, tion of the solid solutions, it was suggested that the Ta sub-
the microwave dielectric ceramics are required to have a stitution for Nb exerted an influence on the increase in the
high quality factor Q-f), a near zero temperature coeffi- covalency of the TaO bond, though the remarkable varia-
cient of resonant frequencyts§ and a dielectric constant tions in the covalency of MgO bond were not observed with
(er) which is suitable for the application. In addition to the the Ta substitution for Nb. In the case of the V substitution
microwave dielectric properties as mentioned above, it is for Nb in a MgNb,Og (MN) compound, a small amount
also necessary to consider a cost. The commercially uti- of V (x<0.125) was substituted for Nb, and the sintering
lized high-Q material such as AD3 have a high sintering  temperature of Mg(Nb2_xVy)Og (MNV) solid solutions was
temperaturé. Thus, there is considerable interest in the de- extremely reduced from 1350 to 1025, showing the max-
velopment of new microwave dielectric ceramics with high imum Q-f value of 165,000 GHz at the sintering temperature
Q-f value that can be used for the high frequency microwave of 1050°C 3
devices. Recently, Ogawa et%leported the microwave di- As for the possibility of another element substituting for
electric properties of a corundum-type of Miib,_xTay)Og Nb in MN, the element of Sb is considered to be an appro-
(MNT) solid solutions; it was found that th@-f values of priate candidate for the substitution because the ionic radius
the solid solutions increased with the substitution of Ta for of SB>* ion (0.6A) is similar to that of the NB* (0.65A)
ion# Thus, the Mg(Nbo_xSh)Og (MNS) solid solutions
* Corresponding author. were prepared; the influences of the Sb substitution for Nb
E-mail addressakan@ccmfs.meijo-u.ac.jp (A. Kan). on the electrical and crystal structures, and the microwave
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dielectric properties of MNS were investigated in this

study. o: Mg;Sb20,,

e :MgO

2. Experimental method (@) x=0
High-purity (=99.9%) MgO, NhOs and SbOs powders
were prepared using a conventional mixed-oxide route so
as to form compounds in M@Nby_«Sh)Og series. After
mixing with acetone and calcining at 1100 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 1400-1600

:
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for 10 h in air. The apparent density of the sample was mea- (d)x=1.5

sured in terms of the Archimedes method. The microwave

dielectric properties of the samples were measured by using A oo} | JLJ WA L, ll A
the Hakki and Coleman meth8dThe temperature coeffi- © x=2.0

cient of resonant frequency of a sample was determined from ) I

the resonant frequency at the temperatures of 20 afn@€ 80 | " ll I

The crystalline phases of the sintered samples were iden-
tified by using the X-ray powder diffraction (XRPD) with 1

(=]

20

the Cu Ku radiation; the crystal structure of MNS was re- 2 6 (deg)/CuK o

fined in terms of the Rietveld analysi<;the covalency of

the cation-oxygen bond in MNS was evaluated on the ba- Fig. 1. XRPD patterns of MgNb,_xSh,)Og solid solutions.

sis of the bond valence theoréf.Moreover, the electrical

structure of MNS was calculated by using the discrete vari-  In order to clarify the effect of Sb substitution for Nb on

able X, (DV-X ) method®which is one of the first principle  the crystal structure of MNS, the lattice parameters of the
calculation methods. Then, the morphological changes in thesamples were refined by using the Rietveld method; the rela-
samples that depended on the compositiomere investi- tionship between the lattice parameters and the composition
gated by means of the field emission scanning electron mi-X is shown inFig. 2 In the composition range of 0-1, the
croscopy (FE-SEM) and the energy dispersive X-ray (EDX) lattice parameters of MNS linearly decreased with increas-
analysis. ing the compositiox because the ionic radius of Stion is
small in comparison with that of the Ribion.* At the higher
compositions tham=1, the lattice parameters of MNS were
3. Results and discussion almost constant; therefore, it is considered that the limit of
the solid solutions is approximatek= 1. Although the ef-
Fig. 1shows the XRPD patterns of the MNS ceramics sin- fect of Sb substitution for Nb on the lattice parameters and
tered at 1400C for 10 h in air. In the composition range of the limit of the solid solutions in MNS were clarified by re-
0-1, a single phase that corresponded to the corundum-typdining the lattice parameters of MNS, the interrelationship
structure was obtained. Moreover, with increasing the com- among the variations in the atomic distances, the volume of
positionx from 0 to 1, the diffraction peaks of the samples the polyhedra and the lattice parameters of MNS have not
were shifted to the higher angles &f, 2his result was dueto  been clarified. On the basis of the refined structure parame-
the difference in the ionic radii between the®Sland NB&™* ters in terms of the Rietveld analysis, the bond strength (
ions. In the case of the sintering temperature of 14D0 and covalencyff) of cation-oxygen bonds were determined
the presence of MgO and M8,O1> compounds was de- by using the following equatiorfs:
tected in the XRPD profiles at= 2 instead of the formation _N
of the Mg Sh,Og compound. Although Kasper et Hi.re- § = <R> (1)
ported that the single phase of Wgj»0Og9 compound with Ro
ilmenite-type structure was producedat2, the XRPD pat- fo = as ?)
terns of MNS atx=2 exhibited the formation of MgO and
Mg7SkhO12 compounds as mentioned above because of thewhereRandRy represent the atomic distance obtained in this
different sintering conditions of MgshOg compound with study and the empirical parameter, respectividlig constant
ilmenite-type structure. Thus, from these results, the limit of (N=4.29 for Mg, and\N=6.0 for Nb and Sb). In this case,
the solid solutions is considered to be more restrictive than atheRg values of Mg, Nb and Sb were 1.622,1.907 and 1.911,
composition ofx=1. respectively) Moreover, in the Eg(2), the parameters,and

<



H. Ogawa et al. / Journal of the European Ceramic Society 25 (2005) 2859-2863 2861

‘;}5 3245 -
o
E 3240
S
2 s -O\O\O\‘KQ_O_O_O
)
Q
B 3BOF
)
3225 -
-14.02 <
Q
1401 3 "
[
—14.00 g 0 05 1.0 1.5 20 25 30
1139 8§ DOS (eV/atom)
41398 o
1 (a) (NbMg,,045)0! cluster
41397 &
3
g :: ~
< T 15
5 s19F
Tg 5.18 | 10 F
g S
2 o__o_o_o___o__O—o—O |
5 Sl6f s 5
£ 514 e L
k] A g 0
I L 1 1 1 Z
0 0.5 1 1.5 2 S
Composition x
210
Fig. 2. Lattice parameters of M{\b,_xSh,)Og solid solutions as a function 15
of compositiorx. - 0 05 10 15 20 25 30
DOS (eV/atom)

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 (SBMg;2045)" elustes

those of Nb _are 0.67 and 1.43, reSp?Ct'\?eTy]e influence Of Fig. 4. Energy level diagrams and total and partial density of states of (a)
Sb substitution for Nb on the normalized covalency of cation- \g,Nb,00, (b) MgaSh0s by (AMg12045)~6% (A= Nb and Sb) cluster.
oxygen bonds in the composition range of 0-1 is shown in

Fig. 3. Since any remarkable differences in the normalized  Total density of states (DOS) and partial DOS of the Nb-
covalency of Mg-O bond were not observed, the covalency and Sh-centered cluster models are showRig 4a and b

of Mg—O bond in the MgQ@ octahedra is independent of the  with the energy level diagrams. In both of the energy level
Sb substitution for Nb. On the other hand, in the cases of thediagrams, the filled bands located fre#7 to 0 eV are mainly
Sb-O and Nb-O bonds, the normalized covalency of-$b composed of the Of2orbitals. The unoccupied bands of
bond atx=1 was higher than that of the N bond atx=0. (NbMg1,045) %1 cluster model located above 5 eV are made
Thus, it was found that the Sb substitution for Nb enhanced up of Nb-4, Nb-5s and Mg-3l orbitals, whereas those of
the covalency of SO bond in the Sb@octahedron, though  (SbMa12045) %1 cluster model located higher than 6 eV are
the covalency of MgO bonds in the Mg@ octahedra was  constituted of Sb-§ Sb-Hpand Mg-3lorbitals. Since the Mg-
approximately constant in both the sampleg=a0 and 1. 3d orbitals in DOS of both cluster models have very small
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Fig.5. Dielectric constants() andQ-fvalues of of M@ (Nb,_xShy)Og solid
solutions as a function of compositian

contributions to the valence band, Mg in the cluster models is
considered to be nearly completely ionized. The alternative
Nb-4d and Sb-p states in the O{2band are found a little
in both modes; the mixture of Nbddand Sb-5 states in the
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various ionic polarizabilities of the catioR$ It is suggested
that an increase in the dielectric constant takes place with
the Sb substitution for Nb because the ionic polarizability of
Sb*ion (4.27A3) is larger than that of Nij ion (3.97A43) 12
The dielectric constant of MNS in the composition range of
0-1, however, decreased as showikrig. 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? it suggests that the enhanced covalency efda
bond in the octahedron by the Ta substitution for Nb lowers
the dielectric constant of MNT. From the calculation of the
covalency in MNS, itwas found that the covalency of&hat
x=1was higher that that of NKD bond ai =0 as mentioned
above. Moreover, Guo et &f.also suggested that the differ-
ence in the dielectric constant between the Srohlb;2)O3
and Sr(Ak/»Tay/2)O3 ceramics is due to the variations in the
bond strength of NbBO 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-8band
Nb—O bonds in theAOg octahedra.

The variations in th&-f values of MNS are also shown
in Fig. 5as a function of compositior. The Q-f values of

O-2p band suggests the strong covalent interaction betweenMNS increased from 193,000 to 283,000 GHz in the single
pentavalent cations (Nb and Sb) and oxygen. These resultshase region; the maximu@f value was obtained &= 1.

indicate that Mg atoms are substantially in the Wgtate
and have the slight covalency with the surrounding atoms.
Thus, the location of M§ does not exert an influence on

The improvement irQ-f value of MNS in the single phase
region exhibited a similar tendency to those of MRITh
a previous work the covalency-microwave dielectric prop-

the electronic states of the clusters. The net charges, whicherty relations in MNT were discussed; it suggests that the Ta

define the ionicity of the atoms, for the Nb and Mg ions at

substitution for Nb in MNT takes place the increases in the

x=0 were 2.55 and 1.81, respectively, and those of the Sbcovalency of the TaO bond andQ-f value. In this study, the

and Mg ions ak=2 were 2.55 and 1.82, respectively. Thus,
the covalent interactions of the NB and Sb-O bonds are
considered to be strong and theMgbond ak=0and 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-Xband Sb-O bonds

in the NbQ; and SbQ@ octahedra. The bond order, which
represents the strength of covalent-"band Sb-O bonds

in the NbQ and SbQ@ 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-ND
bond (0.133), whereas those of the M@ bond in Mg1Q

and Mg2@Q octahedra were unchanged by Sb substitution for
Nb. From these results, it was clarified that the-Stbond
became more covalent than the-N® bond.

Fig. 5 shows the variations in the dielectric constant of
MNS sintered at 1400C for 10 h in air as a function of com-
positionx. The dielectric constant of MNS with the compo-
sition x ranging from 0 to 1 slightly decreased from 13 to
10. Since the relative densities of MNS in the single phase
region (0< x < 1) were approximately 93% of the theoretical
density, it is considered that the sintering temperature depen
dence on the sintability of MNS in the composition range
of 0-1 is small. At the range of microwave frequencies, the
dielectric constant of ceramics is known to be effected by
the ionic polarizability of the cations; Shannon reported the

Sb substitution for Nb also enhanced the covalency efCsb
bond, and th&Q-f values of MNS increased, depending on
the composition as mentioned above. Thus, it is considered
that the variations in covalency of the-Sb and Nb-O bonds
may exert an influence on tigf value of MNS. Moreover,
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Fig. 6. Temperature coefficient of resonant frequengy ¢f Mga(Nbz_y
Shy)Og solid solutions as a function of compositian
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the Q-f values of MNS at the compositions higher thanl References

decreased from 280,000 to 50,000 GHz because of the for-

mation of secondary phases as mentioned above. Thus, thel.

Sb substitution for Nb is effective in improving tkef values

in this system as well as the Ta substitution for Nb in MNT.
The influence of the Sb substitution for Nb in MNS on

the temperature coefficient of resonant frequency is shown in

Fig. 6, the zs values of MNS ranged from-70 to 8 ppm{C.

In the single phase region {x < 1), a significant variation

in the 77 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 4.

the zs value of MNS in the single phase region.
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