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The effect of a slight A- and B-site cation nonstoichiometry on the structure, densification, and
microwave dielectric properties of Ba(MgTa3)Os (BMT) was investigated. Magnesium and barium
nonstoichiometric compositions based on BaggTa0.67)O3 [x = —0.015,—0.010,—0.005, 0.0, 0.005,

0.010, 0.015, 0.020, 0.025, and 0.030] and-B#go.3sTan67)03 [x = —0.015,—0.010, —0.005, 0.0,

0.0025, 0.005, 0.0075, 0.010, 0.015, 0.020, 0.025, and 0.030] were prepared using the conventional solid-
state ceramic route. The lattice distortion and cation ordering were determined using X-ray diffraction
technique. The phase composition and surface morphology were studied by EDX and scanning electron
microscopy techniques, respectively. The sintered samples were characterized in the microwave frequency
range using the resonance technique. It is found that a slight barium or magnesium deficiency can improve
density, microwave dielectric properties, and cation ordering, while the addition of excess ions deteriorated
them. The improvement in microwave dielectric properties was more pronounced in barium nonstoi-
chiometric samples. Microwave dielectric properties of 8&(Mgo.33T 806703 [er = 24.7,7: = 1.2 ppm/

°C, Qxf = 152 580 GHz] and Ba(Mgsi1s3l @0.67)Os [er = 25.1, 7 = 3.3 ppm?C and Qxf = 120 500

GHz] were found to be better than stoichiometric BMT § 24.2,7: = 8 ppm/fC and Qxf = 100 500

GHz]. Raman spectroscopy was employed to study the effects of nonstoichiometry and related lattice
distortions in BMT ceramics on their vibrational modes. Raman results clearly showed the 1:2 ordered
structures of these materials with all active modes assigned. The spectra showed variations in the normal
modes as a function of the composition. Also secondary phases contributed to the changes in the Raman
spectra observed in compounds witke 0.02.

Introduction in an ordered hexagonal structure. The ordered structure

Complex perovskite oxides based on Ba@B''2)Os [B’ results from the 1:2 ordering of thé Bnd B’ cations along
= Mg, Zn; B" = Ta, Nb] are reported to be ideal for the [111ldirection of the cubic perovskite unit cell. It is
dielectric resonator (DR) applications due to their high Well-established that B-site ordering in complex perovskites
dielectric constant, high unloaded quality factor, and low has a significant influence in the dielectric losses at
variation of the resonant frequency with temperafufeese ~ Mmicrowave frequencies. Rapid firing and dopirge some
are vitally important requirements for a solid-state component Of the techniques adopted to improve sinterability and
to be used in key microwave devices such as filters and dielectric properties of BMT.
oscillators used in telecommunication industry. Among the ~ One method to improve the sinterability of the ceramic is
Ba-based complex perovskites, Ba@\Tap3)Oz (BMT) has to enhance the material transport processes in the dielectric
stimulated a surge of interest for its excellent dielectric by altering the material’s stoichiometry. Historically, Desu
properties in theX band (8-12 GHz) and is considered to and O’Brya’t made the first attempt in correlating the
be the archetypal higp DR materiak Galasso and Pyle phenomenon of the excellent microwave quality factor of a

found that it crystallizes in a disordered cubic structure or prominent complex perovskite candidate Bafdlee/s)Os
(BZT) with B-site cation nonstoichiometry. They explained
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1:2 ordering. This investigation was further extended by nonstoichiometries on the densification, microstructure,
Kawashimd& who found that inhomogeneous densification structural ordering, and microwave dielectric properties of
was achieved by ZnO evaporation and can be compensatedBa(MaisT8x3)Os is investigated. The effects of nonstoichi-
by muffling in ZnO (the quality factor decreased). Subse- ometry and associated lattice distortion on the vibrational
quently in 1996, Choi et dlrevisited this problem in BZT = modes are studied by laser Raman scattering.

using transmission electron microscopy (TEM) and observed

a new type of ordering along th&10direction, apart from
the formation of BasTaO; and BaTaGss phases in zinc
deficient samples. The effect of a slight nonstoichiometry
and chemical inhomogeneity on the ordeisorder phase
transformation has also been studigdBa(NiysNby3)Os and
Ba(ZnsNby3)Os. In another significant attempt, Paik et®al.
investigated the effect of Mg deficiency on the microwave
dielectric properties of complex perovskite Ba(g\Nbo ¢7)-

Experimental Section

Ceramic Preparation. The nonstoichiometric compositions based
on Ba(Mg.33-x Tan67)O3 [x = —0.015,—0.010,—0.005, 0.0, 0.005,
0.010, 0.015, 0.020, 0.025, and 0.030] and-B@go.33T 806703
[x=—0.015,-0.010,—0.005, 0.0, 0.0025, 0.005, 0.0075, 0.010,
0.015, 0.020, 0.025, and 0.030] were prepared by the conventional
solid-state ceramic route. High-purity £9.9%) powders of BaC{
(Aldrich), (MgC0;)4-Mg(OH),-5H,0 (Aldrich), and TaOs (Nuclear
Fuel Complex, India) were used as starting materials. It has been

Os. These authors claimed an improvement in density and previously reportel that the processing temperature of stoichio-

unloadedQ factor for x = 0.02 in Ba(M@ 33-xNbg 67)Os3,

metric Ba(Mg 33T a0.67)O3 could be appreciably reduced by using

which was explained to be due to enhanced grain boundary(MgC0s),-Mg(OH),:5H,0 instead of MgO or MgC@ The pow-
mass transport generated by lattice defects. It may be notedlers were weighed in appropriate molar ratio and ball milled in a

that the volatilization of MgO in Ba(MgsTay5)O5 at high
temperature lead$to the formation of secondary phases.
Later on, Tochit observed that the sinterability of BMT
could be improved with the addition of the extra phase
BaTa0s that formed during calcination. It was also re-

polyethylene mill bottle with zirconia balls for 24 h, using distilled
water as the mixing medium. The slurry was dried at 1G0n a
hot-air oven and was calcined in platinum crucibles at 13D@or

10 h in air with intermediate grinding. The calcined powder was
ground in an agate mortar for several hours, and then 3 wt % poly-
(vinyl alcohol) was added as binder. The slurry was mixed up, dried,

ported?that, among the three starting materials, the reactivity 4q again ground for 1 h. It is then made into cylindrical compacts

of MgO is inferior to BaCQand TaOs. In the conventional

of about 14 mm diameter and-®8 mm length in a tungsten carbide

sintering processes, the reaction between the latter two give(wc) die under a pressure of about 150 MPa to maintain an aspect

rise to Ba-Ta—O satellite phases, which is detrimental to
the microwave dielectric properties of the ceraddién im-

ratio (D/L) of 2. These compacts were fired at a rate ¢iC3min
up to 500°C and soaked at 50T for 1 h toexpel the binder. The

provement in the degree of 1:2 ordering and sinterability was pellets were sintered at 160C for 4 h in air onplatinum plates

proposed by Lu and Tsdiin Ba-deficient Ba(MgsTag/3)O3
ceramics, but they did not study the effects of A-site cation
deficiency on the microwave dielectric properties of BMT.
The effect of Mg deficiency on the microwave dielectric
properties of BMT was also investigated by a couple of
research group3®who found that the Mg-deficient speci-

at a heating rate of 10C/min. After sintering, the samples were
allowed to cool to room temperature at the rate 6C1 min. The
well-polished ceramic pellets were used for microwave measure-
ments. The bulk densities of the sintered samples were measured
using Archimedes’s method. The error in measurement of the bulk
density was less than 0.1%. The cation ordering and lattice distortion
were analyzed by an X-ray diffractometer (Rigaku-Dmax 1C, Japan)

men showed faster rate of grain growth than stoichiometric ysing Cu kx radiation. The lattice parameters were determined as

BMT. However, nonstoichiometric samples showed lower
Q values.

the average of the values calculated from the prominent reflections
of powder diffraction. The error in lattice parameter was calculated

The brief discussion made above suggests that the effectUsing the root sum of squares (RSS) method. The surface morphol-

of B-site deficiency improves the dielectric properties in
Ba(ZnysTay3)Os, While it is detrimental to the dielectric qual-
ity factor in Ba(Mg,sTa3)Os. This drew our special attention
into the complex relationship between stoichiometry and mi-
crowave loss quality of complex perovskite Ba(M@ae/3)Os

ogy of the sintered and thermally etched samples was analyzed
using a scanning electron microscope (SEM S-2400, Hitachi, Japan).
The stoichiometry of the samples was measured using the SEM/
EDX facility with Oxford ISIS software.

Microwave Characterization. The dielectric properties such as
dielectric constant; and quality factoQ, of the dielectric materials

ceramics. In this research paper, the effect of Ba and Mg were measured in the microwave frequency range by using a vector

(6) Kawashima, SAm. Ceram. Soc. Bulll993 72, 120.

(7) Choi, S. J.; Nahm, S.; Kim, M. H.; Byun, J. Xorean J. Ceram.
1996 2, 242.

(8) Hong, K. S.; Kim, I. T.; Yoon, S. 1J. Mater. Sci 1995 30, 514.

(9) Paik, J. H.; Nahm, S.; Byun, J. D.; Kim, M. H.; Lee, H.JJ.Mater.
Sci. Lett 1998 17, 1777.

(10) Yang, C.; Zhou, D.; Huang, C.; Qin, G. Adv. Mater. 1998 31, 8.

(11) Tochi, K.J. Ceram. Soc. Jprl992 100, 1464.

(12) Kusumoto, K.; Sekiya, TMater. Res. Bull1998 33, 1367.

(13) Fang, Y.; Hu, A.; Ouyang, S.; Oh, J.J.Eur. Ceram. Sa001, 21,
2745.

(14) Lu, C.-H.; Tsai, C.-CJ. Mater. Res1996 5, 1219.

(15) Byun, J. B.; Nahm, S.; Lee, D. W.; Kim, Y. S.; Kim, M. H.; Lee, H.
J. Proceedings of the 9th International Meeting on Ferroelectricity
Seoul, Korea; Korean Physical Society: Seoul, Korea, 1997; pp 24
29.

(16) Lee, J.-A.; Kim, J.-J.; Lee, H.-Y.; Kim, T.-H.; Choy, T.-G. Korean
Ceram. Soc1994 31, 1299.

network analyzer HP 8510 C, HP 8514 test unit, and HP 8341 B
sweep oscillatore, was measured by the postresonator method of
Hakki and Colema#?® using the Tk, mode of resonance coupled
through E-field probes. The accuracyepfneasurement is restricted

to the accuracy in measurement of resonant frequency and dimen-
sions of the sample. The errorénmeasurement was typically less
than +£0.01. Usually, three samples were prepared in a batch
corresponding to a particular composition and the measurements
were made at least twice per each specimen. The unloaded quality
factor was measured by the resonance method using a tunable
copper cavity whose interior was coated with sil{&The ability

to tune the frequency is very useful for the accurate determination

(17) Chen, X. M.; Wu, Y. JMater. Lett 1996 26, 237.
(18) Hakki, B. W.; Coleman, P. DRE Trans. Microwae Theory Tech
196Q MTT-8,402.
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of the resonant mode and to allow it to measure samples with
various dimensions. Also the electric field is symmetric with the 75 0.7
geometry of the sample and cavity, which helps to reduce the o N \
sources of loss due to cavity. The sample was isolated using a quartz % 74 ; 06 o
spacer, from the effects of losses due to the finite resistivity of the = \\ 2
cavity. The cavity was weakly coupled so that errors of insertion 'z 73 L 05 B
loss due to the uncertainty of the cable loss does not contribute to 2 w S
an error in the unloaded quality factor. The coefficient of thermal = 72 / : 5
variation of resonant frequency was measured by noting the gl |B:“(M9-33-7Ta-67)ofl 04 g
temperature variation of the resonant frequency of thgslieode J —o— Density =
in the reflection configuration, over the range of temperature of 7.0 —®—Order Parameter __-0.3
25-80 °C, keeping the dielectric in the end-shorted position. | | |

Raman Spectroscopy.Micro-Raman scattering spectra were 001 000 001 002 003
recorded using a Jobin-Yvon LABRAM-HR spectrometer, equipped X
with an 1800 grooves/mm diffraction grating, a liquig-bboled Figure 1. Variation of bulk density and order parameter of Ba-

CCD detector, and a confocal microscope (%06bjective). The (Mg0.33-xT@0.67)O3, VS X.

experimental resolution was better than 1 émAfter fitting, the

ultimate resolution was 0.2 cth The measurements were carried Suggest that a more accurate value f@if{110,109teoriS €qUAl

out in backscattering geometry at room temperature, using the 632.8t0 8.7%. This value has been used for the determination of
nm line of a helium-neon ion laser (power, 12.5 mW) as excitation the order parameter in this study. The error in the calculation
source. A holographic notch filter was used to stray light rejection of the ordering parameter was less tha0.001.

(Rayleigh scattered light). The sample surfaces of the sintered A slight stoichiometric deviation of Mg can bring about
materials were previously polished to an optical grade in order to 4 effects in the ceramic: (i) appearance of additional phase,

|mprove_the ratio oflnelast_lc to elastic scg_ttered light. The normal such as BaT#s and BaTaO:s (ii) improvement of the
modes in these perovskites are sensitive to the presence of . - . - .

. . . - interability by bulk diffusion due to vacancies created by
disordering and local stresses promoted by atomic substitution and

or nonstoichiometry MgO loss. The bulk density of BMT is more or less invariant
with Mg deficiency up tax = 0.02 in Ba(M@ 33T @67 03, as
shown in Figure 1. The densification reaches a maximum

Results and Discussion value of 7.485 g/cihfor x = 0.015 in Ba(M@.33-xT80.67)Os,
The most efficient way of reducing the dielectric loss is Which is about 98% of the theoretical density (7.625 gjcm
the formation of 1:2 long-range ordered clust®r#n the of stoichiometric BMT. For higher values af(x > 0.02 in

ordered form (space grolg8mil), the M@+ and T&" cations ~ Ba(Mv.33xTa0.,67)O3) the density decreases due to the
are distributed on individuadll 110planes of the perovskite ~ formation of additional phases such as B#&J@and Ba-
subcell with alternatingMg,Ta, T3 sequence. This results  T&Os. In addition to that, it has been well-establistetiat

in the appearance of superstructure reflectionsat [1/3, a large extent of nonstoichiometry results in lattice distortion,
k + 1/3,1 + 1/3] positions. In the disordered phase,¥g  Which can hinder the diffusion mechanism for densification.
and T&" cations are randomly distributed on the octahedral In our investigation the density is slightly higher fer=
sites of the perovskite subcell, which causes a change in—0.005 than pure BMT. The higher percentage of excess
symmetry to cubic (space gro@sBm). The cation ordering ~ MgO (x > —0.05 in Ba(M@.33-xT@0.67Os) would remain in
parameter for BMT can be calculated using the following the grain boundary and significantly hinder the diffusion

equation mechanism and the migration of grain boundary, thereby
decreasing the density of the specimen. It must be noted that

\/('(100/'(110) 102)obsd the densification mechanism and cation ordering phenom-

= i (1) enon do not bear a one-to-one correspondence in Mg non-

(I 200f! 110),102)theor stoichiometric compositions. The cation ordering (see Figure

_ . _ 1), which is a microscopic phenomenon, reaches its maxi-
where the theoretical value of the ratio of the integral mum value (0.69) fox = 0.015 in Ba(Mg .33 xTa0.67)Os,
intensity of Super structural I’eflegtion line (100) to that of while Ordering is poor for pure and Mg excess Specimens_
the (110,102) line, I{od/l110,109neor is 8.3%, putting all the The evolution of density and cation ordering in Ba non-
atoms in approximate _|(_1Ieal positions in BMT crystal lattice. stpjichiometric BMT is given in Figure 2. The sintered spec-
Lu and Tsaf* later modified this ratio to 8.14%. The accurate  jmens showed a trend of densification in slightly Ba deficient
determination of the cation order parameter must be donesamples. The bulk density is maximum (7.459 gicwhich
through Rietveld refinement technique, which is beyond the s ahout 97.8% of the X-ray density of stoichiometric BMT
scope of this investigation. However, in a real case, the gample) fox = 0.0075 in Ba x(Mgo33T8.6)Os. The density
structure factors of major reflections (function of ions located 5 gecreased as the barium content is decreased betow
in crystal structure) vary with slight deviations of cations (.02 in Ba_,(Mgo.33Ta.s)Os, which can be attributed to the

tural analysis carried out by Janaswamy étalnd Lufasé?

(21) Janaswamy, S.; Murthy, G. S.; Dias, E. D.; Murthy, V. R Mater.
(19) Krupka, J.; Derzakowski, K.; Riddle, B.; Jarvis, J. Beas. Sci. Lett 2002 55, 414.

Technol.1998 9, 1751. (22) Lufaso, M. W.Chem. Mater2004 16, 2148.
(20) Junichi, K.Seramikkusu 992 27, 728. (23) Burdett, J. K.; Mitchell, J. FProg. Solid State Cheni995 23, 131.



Properties of Ba(Mgs3Ta0.67)O0s Chem. Mater., Vol. 17, No. 1, 200845

75
0.8
74 i&‘ 0.7
m’g ] 9
£ F0.6 £
B 73 s
z /J j N‘ﬁ Los &
‘2 =]
£ 72 s > los4 3
2 /;r‘—‘ —0— Density B
= —e@— Order Parameter F0.3 g
R 74 ‘ ' N -
/ [Ba,_Mg_Ta)0,] [02
‘ | 0.1

002 001 000 001 002 003

X

Figure 2. Variation of bulk density and order parameter of :Ba
(Mgo.33T@0.67)O3, VS X.

observation in nonstoichiometric BMT was reported by Lu
and Tsai* who found an increase in densification for= 40 50 60 70
—0.005 in Ba+«(Mgo.33Ta0.67)03. The samples with surplus
o . . . 2 0 (degrees)
Ba content show poor densification. This result is consistent Figure 3. Powder diffraction patterns of some typical nonstoichiometric
. .. . . igu . Wi i i ypi ichi i

with the_S|m|Iar observation made in B_a(g;;gTaom)Og by compositions of BMT: (a) pure Ba(M@adTao.es70s, (b) Ba(Mg.asss
Kawashima? who observed a degradation in the shrinkage Tayss)Os; (¢) Ba(Mghs16 265905, (d) Ba(Mahz13T 0.66)03; (€) Ba(Mah 3033

of BZT samples with excess Ba content. The cation ordering &af-geggsé(fzhg-%f Ba(fé“?-f?g%"% '\gg) 0?9 Ba)((l\jﬂg.sl,:qlalTag.eqv)?s;

i T - a(M@.333l @0.667)O3; (1) 0. a(Mg 333l20.667)O3. Filled circles
parametgr shows .reasor.]ably bett‘?r, values in Ba'def'cl'emrepresent B&T'a,015, the dotted diamond is for BaF@s, and circledx are
samples in comparison with Mg-deficient ones. The ordering for MgTa,0s.
parameters fox = 0.0, 0.0025, 0.005, 0.0075, and 0.01 are o
0.66, 0.685, 0.709, 0.711, and 0.697, respectively. On thein BMT. The escape of the'Bsite ion in 1:2 type Ba-based
other hand, the addition of excess Ba ions damages the 1:2complex perovskites may result in formation of additional

cation ordering (see Figure 2). phases lik&30Ba(B 1/gB" 3.4) O3 whose crystal structure has
In this investigation, it was found that one composition been reported by Abakumov etRecently, Davies et &f.
each in Mg- and Ba-deficient perovskites [Ba@gal a.67)- confirmed the formation of BZnTa0,4 in Zn-deficient

Os; and Ba.ge2dMgos3sTa67)O0s] have exhibited excellent  Ba(ZrnssTaoe7) dielectrics. This compound has a hexagonal
properties. It must be noted that the cation nonstoichiometry perovskite structure (space groRficm) with an eight-layer
in Ba(Mgo 33Ta0.67)Os is compensated for as a manifestation (cchc) close-packed arrangement of Ba@vyers. In a
of the oxygen anion concentration in BMT lattice. So the Separate investigation, Bieringer et*alalso explored the
more appropriate representations of the nonstoichiometricnonstoichiometry and ordered domain growth aspects of zinc
BMT are Ba(M@ 33-xT .67 0315 and Ba-—x(MJo 33T .67) Oz.0, deficient BZT in light of the newly formed complex
whered determines the oxygen nonstoichiometry which can perovskite BaZnTa0.4 phase. But the present study does
be determined using semiempirical meth&SEven though ~ not favor the formation of a possible compound likesBa
this oxygen nonstoichiometry has drastic effects on the MgTaO24 in Mg-deficient perovskites. On the hand the
dielectric properties, we avoid the representation of nons- X-ray diffractogram of typical Ba-deficient BMT ceramics
toichiometric BMT for the sake of simplicity. (see Figure 3, curves-i) shows comparatively better cation
The XRD patterns of typical Mg-deficient, Ba-deficient, ordering of B-site cations, which is evidenced by the
and stoichiometric Ba(MgssTa067)Oz are given in Figure appearance of discret&1/3[hkl} superlattice reflections
3. The presence of superstructure reflections is visible in theperpendicular to, e.gl111and[1110] The samples are free
powder X-ray pattern recorded from pure BMT. As the Mg of additional phases for < 0.025. However, decreasing the
deficiency is increased to= 0.015 in Ba(M@.33-xTa.670s barium concentration below a threshold level will result in
(see Figure 3, curve c), the intensity of 1:2 superstructure the formation of additional phases such as MgJg(see
lines increases, but no traces of any additional phases ard-igure 3, curve i).
visible, within the limits of experimental error. But a larger ~ Figure 4 presents the scanning electron micrographs of
level of Mg deficiencyx > 0.015 will initiate the formation  three nonstoichiometric specimens sintered at 60T he
of additional phases likeBaTa0Os and BaTa,0O15,2"?8whose
presence is reported to deteriorate the dielectric quality factor(29) Tolmer, V.; Desgardin, GI. Am. Ceram. Sod.997, 80, 1981.

(30) Reaney, I. M.; Wise, P. L.; Qazi, |.; Miller, C. A.; Price, T. J.; Cannell,
D. S.; Iddles, D. M.; Rosseinsky, M. J.; Moussa, S. M.; Bieringer,

(24) Lee, J.-A.; Kim, J.-J.; Lee, H.-Y.; Kim, T.-H.; Choy, T.-G. Korean M.; Noailles, L. D.; Ibberson, R. MJ. Eur. Ceram. Sac2003 23,
Ceram. Soc1994 31, 1561. 3021.

(25) Yang, Z.; Lin, Y. S.Solid State lonic2002 150, 245. (31) Abakumov, A. M.; Tendeloo, G. V.; Scheglov, A. A.; Shpanchenko,

(26) Sugiyama, M.; Inuzuka, T.; Kubo, KLeram. Trans199Q 15, 153. R. V.; Antipov, E. V.J. Solid State Chen1996 125 102.

(27) Liang, M.-H.; Hu, C.-T.; Chiou, C.-G.; Tsali, Y.-N.; Lin, I.-Nipn. J. (32) Davies, P. K.; Borisevich, A.; Thirumal, M. Eur. Ceram. SoQ003
Appl. Phys.1999 38, 5621. 23, 2461.

(28) Lin, I.-N.; Liang, M.-H.; Hu, C.-T.; Steeds, J. Eur. Ceram. Sac (33) Bieringer, M.; Moussa, S. M.; Noalilles, L. D.; Burrows, A.; Kiely, C.
2001, 21, 1705. J.; Rosseinsky, M. J.; Ibberson, R. @hem. Mater2003 15, 586.
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(b)

Figure 4. Scanning electron micrographs of (a) Ba@4g3sl 20.667) O3, (b)
Ba(Mgo 34837 20.67)O3, and (c) Ba.gg2{Mgo.33T0.67)O3 ceramics.

surface morphology recorded from a typical Mg-deficient
BMT [Ba(Mgo 3183l &.667 O3] sample is given in Figure 4a.
There have been previous repéthowing that grain growth
will be more rapid in Mg-deficient BMT ceramics, conse-
quent to the formation of sandwich-type precipitates of-Ba
Ta,O15 within the matrix grain. Here also it is evident that
the average size of BMT grain is about-8 um in Mg-
deficient specimens, with reasonably good close packing of
grains. It must be remembered that in our experiment the
additional phases such as Ba®a and BaTa;O:5 have

Surendran et al.

started appearing in the sintered grain onlyxar 0.015 in
Ba(Mgp 33-xT&.67)Os. On the other hand, excess MgO is also
not beneficial to the densification of BMT, as in the sample
presented in Figure 4b, which shows symptoms of a possible
liquid-phase sintering. The additional MgO in Ba(Mgsz
Tan67)03 May retard the excessive grain growth that could
have happened by forming a vitreous phase with matrix
components. Moreover additional MgO precipitates are
visible in the scanning electron micrograph. This is in
disagreement with the observations of Lee ef*alho
reported that the surplus MgO added to BMT will precipitate
on the matrix grain surface and impede grain growth. Figure
4c represents the surface morphology ofy 82(Mgo.3z
Tao67)O03 which is taken from a fractured surface. Here, no
additional phases are visible in the SEM picture, and the
grain size is around 23 um. A previous repott on the
Ba-deficient BMT ceramics observed the presence of mag-
nesium-rich small darker grains, which appeared as a
solidified liquid. But no evidence of liquid-phase sintering
was revealed in our Ba-deficient BMT samples.

Since the sintering occurs through mass transport and the
rate of mass transport depends on the defect mechanism of
ionic crystals, the crystal defect occurring even at the time
of calcination can control the sintering behavior of BMT.
Based on the powder diffraction analysis, three cases can
be considered for the dominant defect types in calcined BMT
powder: (i) A-site vacancy is the major defect, (ii) B-site
(B' or B") vacancy is the major defect, and (iii) both A- and
B-site vacancies occur simultaneously. One of these cases
plays a major role during the sintering procé&s complex
perovskite Ba(ZpnsTa3)Os (BZT) ceramics, Desu and
O’Bryar® observed that prolonged sintering up to 100 h
increased the unloaded quality factor which was due to a
more complete ordering of Mg and Ta. This ordering results
in the expansion of the unit cell along the body diagonal
[(1110direction and in the splitting of the (422) and (226)
powder diffraction peaks. Hence, it is expected that the B
ion nonstoichiometry may have a vital role on the sinter-
ability and microwave dielectric properties of B&(H a/3)Os
[B' = Mg, Zn]. The splitting of the profiles of (422) and
(266) reflections due to the lattice distortion of nonstoichio-
metric Ba(M@ 33-xTa067)0s and Ba—x(Mgo.33Ta0.67)Os for
different values ok is shown in Figures 5 and 6, respectively.
The XRD patterns shown in Figure 5 were recorded with a
slow scan of ® = 1°/min. The splitting of the peaks is
associated with cation ordering, which has both kinetic and
thermodynamic parts. Cation ordering is slow in these
perovskites and is accomplished by very prolonged heat
treatment. At 1600C, the temperature is sufficient to attain
a highly ordered perovskite; however, the sintering time (4
h) is insufficient to reach equilibrium cation order conditions
at that temperature. Slow cooling assists in the ordering but
does not guarantee the presence of equilibrium ordering.
Changes in composition, which kinetically assists cation
ordering, are being followed in this experiment. In general,
small amounts of cation vacancies facilitate cation ordering,
which agrees with the results of the present studior
stoichiometric BMT the profiles of (422) and (226) reflec-

(34) Youn, H. J.; Kim, H. Y.; Kim, HJpn. J. Appl. Phy. 1996 35, 3947.
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Figure 5. X-ray diffraction line profiles of (422) and (226) reflections for ~ Bai-x(Mdo.33Ta0.670s for x = (a) 0.0025, (b) 0.005, (c) 0.0075, (d) 0.01,
Ba(Mgb.33-xT0.670s for x = (a) 0.03, (b) 0.025, (c) 0.02, (d) 0.015, (e) (e) 0.015, (f) 0.02, (g) 0.025, (h) 0.03, ()0.005, (j)—0.01, and (k)-0.015.
0.01, (f) 0.005, (g) 0.0, (h}-0.005, (i)~0.010, and (j}-0.015.

. Lo . Table 1. Unit Cell Parameters of Ba(M@ 33-xTa0.67)O3 and
tions are not distinguishable from the standard;Kine, Bay_(Mgo.33Ta0.6)O3 for Different Values of x2

which has apparently no lattice distortion. It is observed
that splitting is more pronouncgd f(_x = 0.015 in _Bz_i- a®d <@ Ja ad <@ oa
(Mgo33-xTa67)Os3 (see curve d in Figure 5). A similar

. A —0.0150 5.7814 7.0678 1.2225 57832 7.0711 1.2226
phenomenon was observed in Ba-deficient complex perovs- _gg100 57819 70680 12224 57821 7.0709 1.2228

Ba(Mgo.33-xT@.67)03 Bay-x(Mgo.33T@0.67903

kites, where the maximum line splitting was observeddfor ~ —0.0050 5.7821 7.0671 1.2222 57810 7.0714 1.2232
i i hat the line splitting is in accordance with o aaes >irel 1ol bas
Interesting to note that the line splitting is in accordance 0.0050 57802 7.0799 1.2249 57757 7.0800 1.2258
the rise and fall of the ordering parameter as shown in Figures  0.0075 5.7749 7.0802 1.2260

1 and 2. The splitting of the (422) and (226) reflection ;00100 5.7818 7.0811 1.2247 57788 7.0784 12248
and e splitting of the (422) and (226) reflections occur o)y g7615 70845 12252 57798 7.0780 12246

at the maximum of the order parameter. _ 00200 57820 7.0849 12252 57805 7.0762 1.2241
The ordering of Mg and Ta ions results in the expansion  0.0250 5.7824 7.0833 1.2249 5.7823 7.0771 1.2233

of the original unit cell along th&l110directior?® so that 0.0300 57835 7.0821 1.2245 5.7819 7.0691 1.2226

the value ofc/a assumes a value greater thaf(3/2) = 2 The uncertainties in the determination of lattice parameters are between

1.22474. 1t is interesting to note that the value of the cell *0-0001 and0.0003.

parametec also increases from 7.0699 to 7.0845 A when

changes from 0.0 to 0.015 and the cell parameter @tio  perovskite composition Bae2dMgo 33T 20,67 O0s. As a general
increases up t& = 0.015 (Table 1). On the other hand, the rule, the increase of deviation from the ideal stoichiometry
lattice parameter ratio is smallest for MgO-deficient samples. would cause an increase of the volume of the unit cell in
In Ba-deficient samples the/a ratio increases witkx and complex perovskites.

reaches a maximum value far= 0.0075. So it is expected Microwave Dielectric Properties. The variation of the
that the B-site cation is fully ordered for the complex dielectric constant ands with x in Ba(Mgo.33-xT20.67)O3 is
plotted in Figure 7. The dielectric constant steadily increases
(35) Kim, E. S.; Yoon, K. HFerroelectrics1992 133 187. as the magnesium deficiency increases. The increasesin
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Figure 7. Variation of dielectric constant and temperature coefficient of X
resonant frequency of Ba(Mgs-xTa0.67)Os, VS X. Figure 9. Variation of unloaded quality factor of Ba(Mgs-xT20.67)Os and
Bay-x(Mgo.33T0.67)O3, VS X.
25.2 : 50
1 L
25.0 \\ ——, For the stoichiometric BMT, this value was 24.2, while that
248 \ — —— 40 for the highest level of nonstoichiometrk & 0.03 in
E 246 \ ] ]\\E Bay—x«(Mgo.33T&67)03) is 24.0. As seen from Figure 8, the
% 244l \ / AN 30 o decrease of the dielectric constant for Ba-rich specimens is
S 242 f \:\ g mainly due to poor densification (see Figure 2). It is
9 . . . . .
= ] P /\:\G 20 5 interesting to note that the temperature coefficient of resonant
>3 . . -
= 24.0 . \ / ~ frequency of Ba-deficient samples first decreases and reaches
A 23.81 \\ - 10 a minimum of 1.2 ppmC for x = 0.0075 in Ba «-
23.6 S o A (Mgo33Ta067)0s. The 7; of Ba-excess BMT is increasing
23.4] hd -0 rapidly: forx = —0.015,7; is 47.1 ppmiC.
002 001 0060 001 o002 003 The microwave quality factors of barium and magnesium

. nonstoichiometric BMT samples are given in Figure 9. A
Figure 8. Variation of dielectric constant and temperature coefficient of slight . honstoichiometry may _be ber?ef,ICIal for enhar,]ced
resonant frequency of Ba(Mgo.ssTa0.6)0s, VS X. material transport. The extensive deviation from stoichiom-
etry and the associated point defects in complex perovskite
in agreement with the increase in bulk density as shown in Ba(Mgo,33Ta§,67)03 can give rise to additional losses in BMT.
Figure 1. The presence of porosity decreases the dielectricRONd et ak® emphasized that the major cause for dielectric
constant since, of air is unity. The magnesium deficiency 0SS in complex perovskites is the enhanced concentration
resulted in enhanced material transport and densification, ©f Point defects. The Qf of pure stoichiometric BMT is
which is understood to be the reason for the increase of 100 500 GHz. For a slight decrease of Mg concentration (
dielectric constant in the region 09 x < 0.015. Forx > = 0.015 in Ba(M@.33-«T@.67)O;) the BMT ceramic observes
0.015, the dielectric constant decreases further due to the? Marginal increase in quality factor, agreaches 120 500
appearance of the BBaO:s secondary phase, whose pres- GHz. The Mg deficiency and excess Mg introduce a series
ence has been confirmed through XRD technique. It must of lattice defects in the crystal, apart from the distortion of
be noted that adding an excess of MgO resulted in the the octahedral skeleton of oxygen. Consequently, the qualif[y
decrease of the dielectric constant, which is due to the liquid- factor decreases. On the other hand, the unloaded quality
phase sintering and precipitation of MgO on the surface of factqr increases with small percentage_s of Ba deficiency. The
BMT grains (see Figure 4b). The temperature coefficient of duality factor of Ba sedMgo.33T20.67)Oz is Quxf = 152 580
resonant frequencyrq) is 8 ppm?C for the stoichiometric GHz. W|th further increase of, the quality factor.decreases,
composition Ba(MgasTa.67)Os sintered at 1608C/(4 h) (see ~ '€aching f = 55570 GHz forx = 0.03 in Ba«
Figure 7). It approaches a minimum value of 4.2 ppgn/  (MGo.33T@0.67)Os. The quality factor of Ba-rich compositions
for x = 0.015 in Ba(Mg.3xTa0.6)0s. As the value ofx is comparatively lower than that of Ba-deficient samples.
increases furthers; also increases. For= 0.03 the value Raman SpectroscopyThe vibrational spectra of complex
of 7 increased to 31 ppiiC. The addition of an excess Perovskite-type compounds are functions of both disordered
amount of MgO also results in the increase @f The ~ and ordered regions with a particular symmetry, allowing
variation of the temperature coefficient suggests that higher the appearance of specific Raman scattering. Thus, in real
7; values are a consequence of greater lattice distortion. ~ Systems, a combination of ordered and disordered regions
The variation of dielectric constant and temperature Mmakes the analysis of Raman data difficult in such materi-
coefficient of resonant frequency of Ba-deficient BMT @ls®” The effects of ordering on the Raman spectra of
samples are given in Figure 8. It is clear that the dielectric
constant of the specimens increases with slight barium (36) Rong, G.; Newman, N.; Shaw, B.; Cronin, . Mater. Res1999
nonstoichiometry. The largest dielectric constant 24.7) 14 4011.

e (37) Moreira, R. L.; Matinaga, F. M.; Dias, Appl. Phys. Lett2001, 78,
was measured for the= 0.005 for the Ba-deficient sample. 428.
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Figure 11. Raman spectra of Mg-deficient BMT ceramics. The Raman
intensities are in log scale.

Raman Shift (cm™)
Figure 10. Raman spectra of Ba-deficient BMT ceramics. The Raman
intensities are in log scale.
band at 795 cmt corresponds to A(O); and the lines at
160, 210, 260, and 570 can be linked to th¢d3, Ey(Ta),
and A((Ta) in 1:2 ordered perovskites. Thus, from the results

. . : . of Raman spectroscopy, the nonstoichiometric BMT ceramics
ordering was found by X-ray diffraction. According to these studied in the present work present a high ordering degree,

authors, if the Mg and Ta lons are ra_ndor_nly distributed, the in agreement with the X-ray diffraction results (Figures 1
structure should be a cubic perovskite with the space group, 4 2)

PmBm (On1), which has no Raman-active modes; 1:2 ordering
distorts the structure t83m1l (Ds), which givesI'raman=
4A.4 + 5E, i.e., nine Raman-active modes. Siny et
attribute the four strong Raman lines to domains of 1:1
ordering with a superstructurem3am (O,°) symmetry, and
T'raman= A1g + Eg + 2F,. These four lines occur in both
1:1 (PMT, PMN) and 1:2 (BZT, BMT) disordered structures.
In the second case, three extra lines between 100 and 30
cm ! were observed. These are particularly prominent in
samples with high® values and may originate from the
complete 1:2 order in the B sublattice, as a result o1
space symmetry.

Figures 10 and 11 present the Raman spectra of Ba-

deficient and Mg-deficient BMT ceramics, respectively. The 10, where it can be seen in detail the broad line at 120tcm

intensities are in log scale to reveal details in the Weakerfor X = 0.0075 in Ba.(Mgo ssTa0,6)0s and the splitting in
lines, as well as the strongest ones. Apparently, the sample§he lowest energy mo:jesléé;Ba) and E(Ba) at 103 and 106
have a very good ordered structure because the Raman peaks commonly observed as a single band

T L e, It ene Ines_ or g defcent samples (Fure 1) present exta wesk
109 lines at 112 and 118 cm and a strong extra line at 313

between 150 and 300 crhand one broad line around 570 cm? for x = 0.0025, a very low magnesium deficiency.

) ) S .

;m ' rela;]ed to th(?thl.ch ortljerlngt in the B sublatfgg_.]g'he Increasing the Mg deficiency, the extra bands tend to vanish
aman pdontonthm B N o(\j/vesB energél ne;lr i M forx < 0.015; at this value, the spectra are almost identical

corresponds to the /(Ba) and f(Ba) modes (the motion to the stoichiometric BMT. For deficiencies higher than

of Ba ions against the oxygen octahed'ral); the pandg atab Ou[).020, the bands appear probably due to distortions from the
380 and 430 cmt are associated with internal vibrations of second phases BBaOys and BaTaOs verified by X-ray

oxygen octahedra, /O) and 2§(0), respectively; the broad diffraction (Figure 3). In Ba-deficient samples (see Figure
12), the region 98170 cn1?, as depicted in Figure 13 for

Ba(Mgy/sTap5)Os ceramics have been studied by a number
of researcher® 0 Siny et al*®4°found that strong Raman
lines were detected in BMT irrespective of whether 1:2

We now consider the effects of the nonstoichiometry on
our Raman spectra. The spectra of Ba-deficient BMT
ceramics look very similar (Figure 10), with few important
differences in samples witk = 0.0075 andk > 0.02. For
the first sample, a broad band at 120 ¢rappeared, while
bands around 312 crh can be seen fox = 0.02. These
&xtra lines can be associated with lattice distortions due to
ordering for Ba-deficient ceramics and to the presence of
second phases (Mg1@s) detected by X-ray diffraction for
x = 0.02 (Figure 3). The region of the spectra between 90
and 170 cm?! was carefully studied in order to understand
the influence of nonstoichiometry in the Raman scattering
of Ba-deficient ceramics. The results are displayed in Figure

(38) Siny, I. G.; Tao, R.; Katiyar, R. S.; Guo, R.; Bhalla, A. B.Phys.

Chem. Solid€.998 59, 181. all Mg-deficient ceramics, shows the splitting of thesA
(39) Ravichandran, D.; Jin, B.; Roy, R.; Bhalla, A.18ater. Lett 1995 (Ba) and E(Ba) modes together with the extra lines at 112
25 251. and 118 cm? for x = 0.0025 and weak bands at 118 ¢m

(40) Siny, I. G.; Katiyar, R. S.; Bhalla, A. S. Raman Spectros@é99§
29, 385. for x = 0.02.
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Figure 14. Full width at half-maximum (fwhm) of the §¢O) mode around
157 cmr'! and the Ag(Ba)—Ey(Ba) distance (modes around 106 and 103
cm™Y), for Ba(Mgy.33-xT@0.67)03 and Ba—«(Mgo.33T@.67)O3, VS X.

be related to the presence of a secondary phase (Mg)a
90 160 110 130 150 140 150 160 170 Conversely, Mg—deﬁmgnt ceramics exh|b1|t a decreasmg
. B tendency of fwhm of this mode with nonstoichiometry until
' Raman Shift (cm') _ _ x < 0.015, followed by increasing due to the secondary
e R e e e I 12 1090M 90 phases, BATa,0ss and BaTaOs. Raman spliting observed
for the lowest frequency #(Ba) and E(Ba) bands (around
105 cml) presented a curious behavior. Considering only
the nonstoichiometric samples, we note that a maximum
difference between the frequencies of these bands is observed
atx = 0.0075 in Ba-deficient samples andxat 0.015 in
Mg-deficient materials.

Raman results can be now correlated to the microwave
properties of the nonstoichiometric BMT ceramics. The com-
positions Ba.gg2d MJo 3331 80.667)O03 and Ba(M@.318T @0.667)Os
showed the highest ordering degree and the more pronounced
splitting of the (422) and (226) diffraction lines from all
samples studied. This result is indicative of the lattice
distortion caused by the cation deficiency. Also, these BMT
compounds showed maximum values of dielectric constant,
quality factor, andr; close to zero. Thus, nonstoichiometry
showed advantages in terms of the microwave properties.
e Raman analysis verified evidences of lattice distortion in both

90 100 110 120 130 140 150 160 170 Ba- and Mg-deficient ceramics. According to Kawashfma,
Raman Shift (cm") the nonstoichiometry leads to an increase in the degree of
Figure 13. Raman resglts for_ Mg-defi(_:ient samples in the region of 90 1:1 B-site ordering. However, in the present work, the modes
170 cnTl. The Raman intensities are in log scale. . . .
associated with the 1:1 ordered phase do not present
significant change.

The variations of Raman lines and the full width at half-
maximum (fwhm) are important fingerprints to study the
phonons in samples with different compositions, particularly
those related to cation deficiency. These nonstoichiometric The complex relationship between stoichiometry and mi-
samples present ion movements that lead to lattice distortions,crowave loss quality of complex perovskite Ba(M@ae/3)Os
which can be observed by Raman spectroscopy. In this work,ceramics was investigated. The influence of A- and B-site
Raman modes and fwhm for all bands associated with the cation nonstoichiometry on the sinterability and microwave
normal modes of oxygen and barium were investigated in dielectric properties of low-loss ceramic barium magnesium
detail. Vibrations associated with Ta atomic motion are tantalate is explored by intentionally altering the barium and
expected to show relatively small changes or to be quasi- magnesium ion concentrations. It is found that density
invariant. Figure 14 presents the fwhm for the band at 157 increases with slight nonstoichiometry=£ 0.015) of Mg+
cm™, E4(O) mode, which showed a pronounced variation concentration, which is caused by enhanced material transport
with nonstoichiometry. Also, the difference between the due to vacancies. The cation ordering betweer?Mand
frequencies for the A(Ba) and E(Ba) modes is plotted for ~ Ta®" ions reaches a maximum far= 0.015 in Ba(Mg s
all samples. It was verified that the fwhm increasedxXoet Tay.67)O3 which shows better microwave dielectric properties
0.0075 in Ba-deficient ceramics, decreasing in more cation [¢, = 25.1, 7: = 3.3 ppm?C, and Qxf = 120 500 GHz]
deficient samples. The huge increase of fwhm for the compared to stoichiometric BMTe[= 24.2,7; = 8 ppm/
materials with lower Ba contentg € 0.025 and 0.030) can  °C, Qxf = 100 500. The addition of MgO in a large excess

Conclusions
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amount will develop inefficient liquid-phase sintering of showed a highly ordered 1:2 structure (all Raman-active
BMT, which deteriorates densification and microwave bands are present), normal modes related to lattice distortions
dielectric properties. Small deviation from stoichiometry is appeared for samples with low levels of cation deficiency
found to increase density and cation ordering parameter andand/or secondary phases. The increase in the frequency of
also to improver; and Q factor. The improvement of the the E(Ba) mode around 106 cmh and the bandwidth
microwave dielectric properties is higher for the Ba-deficient variations observed in they ) mode around 157 cm
specimen compared to Mg-deficient ones. However, large coincide with the highes® verified for the compositions
deviations from stoichiometry considerably deteriorate the Bay.gg2{ Mo 333 80.6670s and Ba(M@ 3157 @.667)Os.

microwave dielectric properties. The microwave dielectric
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