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1:2 Long-range ordering and defect mechanism
of WO;s-doped perovskite Ba(Mg,3Taz/3)03
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The nature of the B-site cation ordering and the associated defect process necessary to
stabilize the ordered domains were investigated using the WO3-doped Ba(Mg,3Taz/3)O3
(BMT) system as a typical example of Ba(B’mBg 3)03-type complex perovskites. It was
shown that only the 1:2 long-range ordering of the B-site cation existed in both undoped
and WO3-doped BMT perovskites. The atomic defect mechanism associated with the
stoichiometric 1:2 long-range ordering was systematically investigated. It is concluded that
the substitution of Wé* for Ta®* in the WO3-doped BMT enhances the degree of the 1:2
long-range ordering and produces the positively charged Wy, sites with a concomitant
generation of tantalum vacancies (V7,') and mobile oxygen vacancies (V) for the ionic
charge compensation. © 2000 KluwerAcadem/c Publishers

. Introduction electric loss at microwave frequencies in BMT or, more
Mlcrowave technology has made a remarkablegenerally,in Ba([@ 3B3/3)Os-type complex perovskites
progress, along with the recent development of ad{8]. The most eff|C|ent way of reducing the dielectric
vanced communication systems. In particular, dielecioss at microwave frequency range is the formation
tric resonator has achieved an important position as thef the stoichiometric 1:2 long-range ordered clusters
key element in microwave integrated circuits and in[8, 9]. However, due to low sinterability, the sintering at
microwave filters. Microwave devices are required toan elevated temperature {650°C) and the subsequent
have small size, high-level temperature stability, andong-time annealing are required for the fabrication of
low power loss [1-3]. Therefore, dielectric materials BMT [8, 10, 11]. In order to overcome this problem,
for the resonators should possess high dielectric permit/arious additives with their melting points lower than
tivities, small temperature coefficients of resonant fre-BMT were investigated, and their effects on dielectric
guency (TCF 410 ppmfC), and high unloaded qual- properties were examined [8, 12]. Yoon and co-workers
ity factors (Q factor) for a stable resonant frequency. [13] reported that the addition of Baw@nd the subse-
Among these, the unloaded quality factor is the mostjuent sintering at temperatures above *43creased
important property for the development of low noise os-the unloaded) factor of BMT.
cillators and narrow band microwave filters with lowin-  They attributed the observed increase in the unloaded
sertion losses. Since the unloaded quality factor is onlyQ factor to (i) the enhancement of the B-site cation or-
limited by the material’'s quality factorf=1/tans)  dering and (ii) the elimination of oxygen vacancies by
[4], the dielectric loss is the determining property for the substitution of 8" ions for T&* ions in the B-site
the behavior of dielectric resonators. It is known thatsublattice of the perovskite BMT [13]. The positively
the dielectric loss at microwave frequencies is usuallycharged W, sites produced by the substitution then in-
caused by the lattice anharmonic interaction [5], by thecrease the differences in the charge and the ionic radius
disordered charge distribution for nonconducting ionicbetween the B-site ions and, thus, promote the ordering
crystals [6], and by the lattice imperfections (e.g., im-tendency of the B-site cations. According to Yoon and
purities, dislocations, local strains, etc.) [7]. co-workers [13], the elimination of oxygen vacancies

Ba(Mgy/3Tag/3)Os (referred to as BMT) is one of the  upon the substitution of W ions for T&* ions can be
most extensively studied Ba{%B /3)Os-type com- represented by the following defect equation:
plex perovskites and has the hlghest quality factor

among microwave dielectric ceramics. This material TaOs

is characterized by large dielectric permittivity25 at 2WOs «— 2Wr, + 500 + 1/20; + 2€

10 GHz), small TCFA0 ppm/C), and high unloaded 1/20, + Vg5 + 2€ < Op

Q factor (Q x f ~170,000) [8]. It is known that the Tazos

B-site cation ordering has a large influence on the di- 2WO3 + Vg «— 2Wp, + 600 1)
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However, one does expect that the stoichiometric 1: 2ZRD data using the least square program for a Rigaku
ordered regions become unstable by the substitutioDMAX-B diffractometer.
because the excess charges.(dre generated within The degree of the long-range ordering was quantita-
the neutrally ordered regions. Consequently, the ordetively determined by the value of the Mg-site occupancy
ing tendency should be decreased by the substitution aff Mg atoms obtained using the Rietveld analysis of
W8t jons. Contrary to this expectation, the B-site cationXRD data. The degree of long-range ordering (S) can
ordering was enhanced by the addition of Bay§yt8].  formally be written as

This contradictory observation suggests the possibil-
ity of the occurrence of the following types of processes S Mgmg — Mgwmg(dis.) @
upon the substltutlo.n of W ion for.Ta5+ ion: (i) a Mgug(0rd.) — Mgyg(dis.)
new type of the B-site cation ordering other than the

stoichiometric 1: 2 ordering, and (ii) a defect chemicalv\!here Mgug(dis.) and Mgig(ord.) are the Mg-site oc-

mechanism other than the process described in Equ ; .
tion 1 for the stabilization of the ordered regions. There-i ugiﬁﬁi g];dl\ggegtggfe |r;ee;g)lélcl:)t/i\;jélsyor|(:]e(r:22 esgteB'\a;lr_}_d

fore, one should seek the possibility of the occurrence o N ;

' Omg(dis.) is /3 and Mgyq(ord.) is 1.
these Pprocesses (or one of these) to clearly unders_tandsé’mples for the elect?ical conductivity measure-
fch(?[hco\r/w\';rollldng n:jegl,l/elx_psm of th e:hatrrl](':ed orOIerInQ’nents, were coated with platinum-based electrode and
In the Q-dope PErovsxite. For thiS purpose, 1o 4+ treated at 100G for 1 h. The DC conductivity val-
Itis necessary to systematically examine th? dISSOIul'Jes of the BMT specimens at various temperatures were
tion beh.aV|or of the excess addeq \Wdbpant in the_ measured with a picoammeter/voltage source (Model
perovskite structure and the atomic defect mechanler87 Keithley, Inc.) for a measuring voltage between
directly related to the enhanced B-site cation ordering.+5 z;md—SV +he résistance values were recorded after

Inview of these facts, the main purpose of the preseny & o waiting period (typically 30 min). Temperature

study isto clearly identify the atqmic def(_act mechanisn\Nas measured using a Keithley 740 thermometer via a
that leads to the enhanced B-site ordering in theWO R-type thermocouple. For the measurement of electri-

Cal conductivity as a function of the oxygen partial pres-
BMT's first. Then, the dissolution behavior of the ex- sure, amixture of @and Ar was flowed. UHC 15004

dded W . taated b ning. th mass flow controllers (MFC) were used to control the
cess adde ©was investigated by examining e.’_'gartial pressure of oxygen. In order to read a correct

R;etv_elté pfattterns. Based onrt]hls mformatlon,tt_he mairt o rtial pressure, a zirconia oxygen sensor was used.
atomic detec _p;ogesih(liﬁ.,(i.e;rgedco.mpensa_ldon rtr_1f.ec “Samples for transmission electron microscopy
anism) associated wi € 1: 2 ordering was identitie TEM) were mechanically polished to 1Q0m and

_by systematipally examinin.g the electrical Conductiv;jdimpled from both sides to obtain a thickness of about

ity as a function of the partial pressure of oxygen an 15 um at the center. Suitable TEM specimens were fi-

temperature. nally obtained by ion beam thinning, using argon ions
at 4 kV and an incident angle of 150 the specimen.

2. Experimental procedure Microscopic examination was carried out using a trans-

The composition of the W@doped BMT system used mission electron microscope (Philips-CM 30) operated
in this study is in the range of 0 to 6 mol % of at300kV. _

WO; and can be represented by BMWO; with X-ray photoelectron spectroscopy (XPS; Perkin
0<x<0.06. In the preparation of the W&Qloped Elmer, PHI 5000 ESCA, USA) profiles of the heat-
BMT, stoichiometric amounts of analytical reagenttréated samples were obtained using an MgsKurce

(AR) grade BaC@, MgO, and TaOs were ball-milled (1253.6 eV) with a linewidth of 0.7 eV. The samples
in alcohol with ZrQ media for 16 h. If necessary, an were maintained at 298 K under a vacuum level of be-

appropriate amount of W§was also added to the mix- 1OW 2 x 10-° torr during the analysis. Th€ss peak
ture. The dried powder was calcined at 1250for (285.0 eV) was used as the reference standard [15].
4h.

After the calcination, an additional ball-milling step
was added to ensure a fine particle size before sinterin@. Results and discussion
The dried powders were first pressed as disks and theB.1. The nature of B-site cation ordering
cold-isostatically pressed under 190 MPa pressure. Thig is known that A(E§/3Bg/3)03—type complex per-
pressed pellets were sintered at 18D@or 4 h with a  ovskites can undergo two different types of the B-site
heating/cooling rate of*&/min. cation ordering. One is the nonstoichiometric 1:1

XRD (Rigaku, DMAX-3B, Japan) patterns of the short-range ordering, and the other is the stoichiomet-
heat-treated samples were recorded over the angulac 1 : 2 long-range ordering [9]. Although it is reported
range of 10 <26 <80 by steps of 0.04 The instru-  that the stoichiometric 1:2 ordering dominates over
mental aberrations were corrected by the external starthe nonstoichiometric 1 : 1 ordering in Bg(g8B7 3)Os-
dard method with standard Si powders (NBS, SRMbased systems [16], the exact nature of the B-site cation
640b, USA). The structure refinements using the Ri-ordering is not well-known for BMT-based systems. On
etveld method (program: Rietan [14]) were carried outthe other hand, the nonstoichiometric 1: 1 short-range
to determine the change of crystal structure with the exerdering predominates over the 1: 2 long-range order-
cess WQ. The lattice parameters were calculated froming in Pb(B /3B3/3)Os-based systems [9, 17, 18].

of the B-site ordering in both undoped and ¥/@oped
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If the Mg/Ta ratio within an ordered domain of the (@
BMT-based systems is 1: 2, any charge imbalance and
compositional partitioning between the ordered domain
and the disordered region will not be involved because
this ratio coincides with the global Mg/Ta ratio. How-
ever, the substitution of % ions for T@* ions in the
B-site sublattice of BMT would produce the charged
ordered regions. In this case, there are two possible
processes that compensate the excess charge cause
by the formation of W, sites. One is the formation
of the nonstoichiometric 1:1 ordering rather than the
stoichiometric 1:2 ordering. For the nonstoichiomet-
ric 1:1 ordering of A(Ei‘/38/2//3)03-type complex per- (b)
ovskites, the Brich ordered domain has a net negative
charge with respect to the’Bich disordered matrix re-
gion because the’BB” ratio is 1 : 1 within the ordered
domain (as opposed to 1:2 for the average composi-
tion) [9, 17, 18]. However, the negatively charged or-
dered region can be compensated by the substitution of
W6+ jons for T&*. The other possibility of the charge
compensation is the generation of some defects that
compensates the positively charged. Wites. Then,
this would promote the stoichiometric 1: 2 long-range
ordering rather than the 1:1 ordering. Therefore, we
have examined the nature of the B-site cation ordering ©
first (i.e., 1:1 versus 1: 2 ordering).

Fig. 1la presents thd 10 zone-axis SADP (selected
area diffraction pattern) of the pure, undoped BMT,
showing{h+1/3, k+1/3,1 +1/3} reflections. The
presence ofh+1/3, k+1/3,1 +1/3} reflections is
caused by the stoichiometric 1: 2 long-range ordering
of the B-site cations (Mg and T&") [9]. This gives
rise to a hexagonal structure along the [001] directions
[16]. Fig. 1b shows a centered dark-field image of the
undoped BMT obtained using the (1/3 1/3 1/3) super-
lattice reflection, indicating the presence of the ordered
microregions approximately a few hundreds nanometer
in size. Fig_ 1cisthél10 zone-axis SADP taken from Figure 1 Transmission electron micrographs of BMWOs specimens
the 2 mol WQ-doped BMT specimen, also exhibit- J172% 0 br i 000 S el s,
ing {h+1/3,k :I: 1/31 :l:,l/3} superlattlcg re_flectlons. 1/3) superlattige reerctionFT and (c) SApDP of 2 mol % depengMT

The TEM micrographic study clearly indicates that, specimen.
regardless of the W§{doping, only the stoichiometric
1:2 long-range ordering exists in the BMT-based sys-

tems. From the results of TEM observations (Fig. 1), . . . ) )
the ionic valence of W ions in the BMXWO3 speci-

one can conclude that charged lattice defects (e.g., ; . d usi h |
cation vacancies, oxygen vacancies, etc.) should bE1€ns was investigated using X-ray photoelectron spec-

; XPS). The XPS profiles of both the undoped
generated for the compensation of the excess charge BPSCOPY (
the ordered region formed by the substitution o¥w gMT and t_he 6 mol % W@do_pec_l BMT are ShO.W”

ions for T&* ions. However, a systematic analysis of N Fi9- 2. Since the apparent binding energy of dielec-
the dissolution behavior of Wgand the ionic valence tric materials deduced from photoelectron spectrum is

state of W ions in BMT should be preceded before ond'Sually larger than the true binding energy [19], the

can clearly elucidate the atomic defect mechanism ocSts SPECtrum has been used to evaluate the true bind-

curring in the WQ-doped BMT system, and this is the N9 €Nergy. The difference between the apparent bind-
subject of the next section. ing energy and the true binding energy of the undoped

BMT is 44 0.2 eV while that of the W@-doped BMT

is3.8+0.2eV.
As presented in the figure, 44, 4fs,», and 5p,, pho-
3.2. Dissolution behavior of WO3 toelectron peaks of Ta are observed at the same binding
3.2.1. lonic valence state energy for both the undoped BMT and the ¥/@oped

Since tungsten (W) atom employed in the present studBMT. This clearly indicates that the effective ionic va-
is atransition metal element, the valence state of W iontence of Ta ion ist5 and is not affected by the addition
in a solid solution varies depending on chemical en-of WO3. The photoelectron peak of 4f state of W in the
vironments surrounding a given W ion. In this study, WO3z-doped BMT is observed at 36 eV (Fig. 2), and
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'/ Ta 4fy,, Ta 4f,, TABLE | Reliability factorsrefined in the Rietveld analysis of 2 mol %
! WO3-doped BMT specimen

WO+ substituted WO+ substituted W6+ substituted

for Barsites for Tarsites for Ma-sites
Rwp 14.58 9.46 9.97
Rp 10.42 6.24 7.02
R 6.96 4,98 6.12

Pure BMT

x Ryp : weighted pattern R-factor.
Ry : pattern R-factor.
R; : integrated intensity R-factor.

6 mol% WO,-doped BMT

40 35 30 25 20

Bindi various sites in the perovskite sublattices. The fiRal
inding Energy(eV)

factors for the 2 mol% W@doped BMT specimen are
Figure 2 XPS profile of undoped (pure) and 6 mol % W@oped BMT  listed in Table I. The definition of variouR factors ap-
specimens. peared in Table | is identical to that given by Young and

Wiles [22]. As shown in Table I, the fin& factors con-

. . . verge most satisfactorily when one assumes th&t W
this value is very close to the binding energy of 4f pho-jong supstitute for T ions in the B-site sublattice.

toelectrons of Win W@ (i.e., 35.7 eV). On the other |, 4qgition to theR factors discussed above, the lat-
hand, the binding energy of 4f photoelectrons in WO jce narameter determined by the least square method

is 32.7 eV [20]. Therefore, one can conclude that Wyecreases slightly with the amount of excess M-
ion in the WQ-doped BMT exists as a hexavalent statebiC lattice parametera = 4.088364 0 0005394 for

6+ o

(W), pure BMT versus = 4.08586+ 0.000843A for 2 mol

% WO3-doped BMT), indicating that smaller ions sub-
stitute for larger ions in the perovskite BMT. Consider-
ing the effective ionic radius of the constituent ions
[WE+ =0.58A, Ta® =0.64A, and Mg+ =0.72A]

The dissolution behavior of WQin the BMT-xWOs3 .
) . . " ; 3], one can expect that the observed slight decrease
specimens was investigated by examining the Rietvel . : o

Of the lattice parameter is caused by the substitution of

patterns. The Rietveld analysis [21] is actively usedWe-,+ ions for T&* ions. Therefore, the analysis of XRD
in the refinement of the structural parameters. The Ri- X ’

. data indicates that the excess addéd Wins substitute
0, \éﬁ@o
etveld_ refmemept pattern of the 2 ”.‘°' /o i ped for Ta>* ions in the B-site sublattice of the perovskite
BMT is shown in Fig. 3. As shown in the figure, the

- BMT.
observed XRD data are presented by the cross pomPs . . .
and the calculated pattern is displayed by the solid line Another evidence of the incorporation of excessjVO

overlying them. The lower portionsA(Y) of the plot into the Ta-sites was obtained by examining the second

. hases formed above the solubility limit of WOrhe
represent the _d!fference between the observed and ¢ --ray diffraction patterns presented in Fig. 4 indicate
culated intensities.

. . . . the presence of the minority phases and
In the Rietveld analysis the parameters in a glver\BaV\$O4) formed for the WQ ():/oﬁtent abﬁ%?gjmol%.

structure mod_el are adjusted in a computer SImUIatlorbontrary to this, the second phase is essentially absent
until the best fit of the least-square is obtained. For thefor the WQy-doping level below 2 mol %, indicating

elucidation of the substitution mechanism of\ions oD : . :
inthe BMT system. we have performed acomputersim-thatthe solubility limit of WQ in the perovskite BMT is

ulation assuming that the addedWons substitute for

3.2.2. Dissolution behavior and solubility
limit

o Bawo,
M. Ba ,Ta0,
25000 A BMT
20000
2 mol% WO, J
. 15000 A - A
é 10000 4 mol% W03
=1 A } \ A
5000 6 mol% WO,
}1 ﬁ ome Enu /B
() r—mt’ A e Aor A a A A A A
2 o — e
10 20 30 40 s0 e 70 s 20 25 30 35 40
2 theta 2 Theta

Figure 3 Rietveld refinement pattern of 2 mol % W@oped BMT Figure 4 XRD patterns of BMTXWOg3 specimens containing various
specimen. amounts of excess WO
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(b)

Figure 6 Transmission electron micrograph (bright-field image) of
BMT-0.02WG0; sintered at 160CC for 4hrs (x410,000).

the 2 mol% WQ-doped BMT (Fig. 5a and b). An-
other evidence of the absence of impurity phases in the
2 mol % WQs;-doped BMT was obtained by examining
the structure of intergranular region microscopically.
As presented in Fig. 6, a typical bright-field image
of the intergranular region also indicates the absence
of minority phases in the 2 mol % Woped BMT.
Therefore, one can conclude that the solubility limit of
WOs in the perovskite BMT is approximately 2 mol %.

The apparent density of the BMAWO3; specimens
containing various amounts of WQs presented in
Fig. 7. As shown in the figure, the apparent density does
not change up to 2 mol % W¢but decreases apprecia-
bly thereafter. One can attribute the observed decrease
in the apparent density to the formation of low-density-
phases. Since the theoretical density of the pure BMT
is 7.637 g/cm while those for BasTaO; and BawQ

Figure 5 Scanning electron micrographs of sintered BM#Os af-
ter thermal etching at 130C for 1 hr: (a)x =0.00, (b)x=0.02, and 7.6
(c) x=0.06.

~2mol %. In addition to this, we have observed that the ., i E&E—
content of BgsTaO; phase increases with the amount £

of excess W@. This observation further supports the
previous conclusion that the addedWons substitute
for Ta>* ions in the perovskite BMT.

Scanning electron micrographs of the BMWO3
specimensy{=0.00,0.02,0.06) are presented in Fig. 5.
As indicated by arrows in Fig. 5¢, minor phases are
present in the 6 mol % W£doped BMT. Both XRD 0.00 0,02 008 0.06
(Fig. 4) and EPMA data suggest that the impurity
phases are BaTaO; and BawQ. On the other hand, WO, content (x)

a comparson of the scanning electron mlcrograph Of:igure 7 Apparent density of BMTWOg3 specimens containing vari-

the undoped BMT with that of the 2 mol% WO  ous amounts of excess WOThe specimens were sintered at 1800
doped BMT suggests that minor phases are absent iar 4 hrs.

7.4+

7.3 4

Density [g/c

4
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are 7.81 g/crhand 6.382 g/cr respectively [24], the fied by the following three mass-action relations, Equa-
result indicates the relative importance of the Bay;y/O tions 6-8, respectively:
formation above 2 mol %. Therefore, the estimated ap-

parent density also suggests that the solubility limit of Koxa = [Vi2 ] p?P5 2 (6)
WO;3 in the BMT system is approximately 2 mol %, ’
and this does accord with the result of XRD analysis Koxz = [Via]p? szl/z (7)
(Fig. 4).
KRED = [Vb’]nz PéZZ (8)
3.3. Defect mechanisms of ] where [ ],n, and p, respectively, denote the concen-
Ba(Mg1/3Taz/3)Os-based perovskites trations of various vacancies, electrons, and holes, and

The discussion made in the previous section concludeg{ .., K y,, and Krep are the equilibrium constants

that We, ions substituted for . ions in the WQ-  for the oxidation process 1 (Equation 3), for the ox-
doped perovskite BMT. In this case, there exist Wojgation process 2 (Equation 4), and for the reduction
distinct defect chemical processes that satisfy the OVelEquation 5), respectively. A fourth equation that sat-

all charge neutrality. They are (i) the liberation of elec-jsfies the requirement of the electroneutrality can be
trons (electronic compensation) and (ii) the generatioRyritten as

of tantalum and oxygen vacancies (ionic compensa-
tion). In this section, we will examine the main atomic % 1 .

S . X , ; n+2 +5 =p+2V 9
defect mechanism associated with the dissolution of [ Ba] [ Ta] P [ O] ©

W-ions into the perovslgte lattice. T_he (_elu_C|dat|on Of. The above four equations allow us to estimate the con-
the charge compensation mechanism is important

in . :
. . _centrations of electrons or holes as a functiorPef.
the formation and growth of the long-range orderlngUsing Equation 6 and the electroneutrality condition

because it is primarily responsible for the stabilizationfor Equation 3 (i.e., 5] = p), the concentration of
of the electrostatic repulsion arising from the formationholes can be wri'tté’n asa RS

of the positively charged W sites upon the substitu-

tion.

5/12
D= {52/5KoXl ng}

x PJ* (10)

3.3.1. Defect mechanism of pure,

undoped BMT Similarly, using Equation (7) and the electroneutrality

condition for Equation 4 (i.e., 2[{,] = p), the con-

We will first examine the main intrinsic defect mecha- conwation of holes corresponding to Equation 4 can be
nism occurring in the pure, undoped BMT by analyz—wrmen as

ing the dependence of the electrical conductivity on the

equilibrium partial pressure of oxygen. This analysis 121 16

also gives us information on the nature ofthe charge car- p= {ZKOXZ Po, } o P, (11)
rierinvolved in BMT-based systems. In air atmosphere,

one can consider the following dissolution/liberationin the case of the reduction represented by Equa-

equilibria of G in the perovskite BMT: tion 5, the electroneutrality condition reads: 2[¥/=n.
Therefore, using Equation 8 one can readily obtain the
1/20, = 2/5Vi) + Oo + 2h° (3) following expression for the concentration of electrons:
1/20, = Vg, + Oo + 2h’ 4) 12113 6
Oo = 1/20; + Vg + 2€ (5) n= {ZKREDF’oz } o Po, (12)

where the defect reactions represented by Equations Bhe main defect process occurring in the pure BMT can
and 4 are termed as oxidation, and Equation 5 as réde identified by examining the electrical conductivity
duction. In addition to the above three reactions, ones a function of the partial pressure of oxygeas,. The
can also conceive the formation of magnesium vacanelectrical conductivity data of the pure, undoped BMT
cies (VI\//Ig)' In this case, a defect equation leading tospecimen are shown in Fig. 8 as a functiorPab. As
oxidation is similar to Equation 4 because the ionicindicated in the figure, the slope of legvs. log(Poy)
valence of magnesium is-2. However, considering plotis 1/6, indicating the importance of the oxidation
the vapor pressure of the two constitutive metal oxideseaction represented by Equation 4. Therefore, one can
(vapor pressure of Mg& 2.6 x 1072, 2.02x 10'Pa  conclude that the major charge carriers of the undoped
and that of BaG=1.7 x 102, 46.3 Pa at 1500 K and perovskite BMT are the holes produced by the oxidation
2000 K, respectively) [25], one can expect that the vaand that the generation of holes is accompanied with
cancy formation at the Ba-sites §yJ dominates over the formation of barium vacancies.
the vacancy formation at the Mg-sitesyf}). There-
fore, we have relatively disregarded the formation of
magnesium vacancies. 3.3.2. Defect mechanism of WO3-doped

For a systematic discussion of the defect processes BMT
relevant to the present study, we have considered th@/e are now in a position to elucidate the main defect
mass-action relations. Equations 3-5 can be quantprocess occurring in the presence of excess;\W3
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first suppose that the electronic compensation repre-
sented by Equation 13 is the main defect mechanism.
Then, the incorporation of W{nto the Ta-sites would
liberate electrons. Since the charge carrier of BMT-
based specimens is hole, the electronic compensation
mechanism then predicts a decrease in the electrical
conductivity upon the substitution of Wions for Taions.
However, the conductivity of the W§2doped BMT is
higher than that of the undoped BMT for the whole
range of temperature examined (Fig. 9). Therefore,
Pure BMT(1100°C) the electronic compensation mechanism represented by

: - - Equation 13 is not relevant to the dissolution of WO
into the perovskite BMT and, thus, does not contribute
significantly to the enhanced 1: 2 ordering observed in
the presence of Wgbelow the solubility limit.

Let us now assume that the ionic compensation de-
scribed by Equation 14 is the main defect mechanism.
Then, the positively charged mobile oxygen vacancies
discussed previously, the incorporation of excesssWO (Vo) and the negatively charged tantalum vacancies
into the Ta-sites forming the positively charged W (V7. are simultaneously generated for the compensa-
sites is accompanied either by the liberation of electrongon of the positively charged W According to Equa-
or by the generation of %’é/ and \/('3 vacancies via the tion 14, the concentration of oxygen vacancies should
following defect processes: be twice as much as that of tantalum vacancies. There-
fore, one can conclude that the increase in the electrical
conductivity in the presence of W@ mainly caused
by the formation of oxygen vacancies. In addition to
this, the activation energy of the 2 mol % W-@oped
BMT was estimated to be about 1 eV. It was deduced

where the defect reaction represented by Equation 1 om theo-1/T diagram presented in Fig. 9. This value

i t d lectroni tion (EC) and th f the activation energy is nearly the same as that of
is termed as electronic compensation (EC) and the resther typical perovskite for the oxygen vacancy con-

action described by Equation 14 as ionic compensag | ion- :

: . . ; uction: AE,=1.1 eV for Al-doped BaTiQ [26].
tion (IC). The_ atom|_c defect mechanls_,m d|_r_ectly re- Therefore, grc;e can conclude thari the additicEn (])f ex-
lated to the dissolution of Wcan be identified by cess WQ to the perovskite BMT increases the electri-

examining the electrical conductivity. Fig. 9 presents., conductivity by generating the positively charged

the re_ciprocal-temperature-dependence of I()(‘:J"’mthm'?nobile vacancies(y) and that unfavorable repulsive
electrical conductivity for both the undoped BMT electrostatic energy built in the 1:2 ordered domain

and the 2 mol % We-doped BMT, measured by the by the formation of sites can be relieved by the ionic

2-probe DC method. As shown in the figure, the elec- : ; . . .
trical conductivity of the W@-doped BMT is consis- compensation mechanism, as described in Equation 14.

tently higher than that of the undoped BMT over a wide
range of temperature.
We now examine the charge compensation mechaz. 4, Effect of WO3-content on the ordering

nism occurring in the presence of excess Vet us and microchemistry

The TEM study (Fig. 1) indicated that, regardless of

the WQs-doping, only the long-range stoichiometric

1:2 ordering existed in the BMT-based perovskites.

@ pure BMT Fig. 10 presents the long-range order parameter of the

stoichiometric 1:2 ordering in the BMXWOj3; spec-

imens containing various amounts of W@s shown

in the figure, the estimated degree of the long-range or-

dering increases with the amount of excessili€low

the solubility limit (i.e., 2 mol %) while it decreases

gradually thereafter.

-5 It is well-known that the long-range cation ordering

in A(B’, B")Os-type perovskites can be controlled not

only by the heat treatment [8,9] but also by the concen-

-70 i - T - o y tration of vacancies [27—-29]. For example, the degree of

) ) - ’ the B-site cation ordering in Pb(§6Tay/2)O3 (PST) in-
1000/T(K"] creases with increasing concentration of vacancy [27].

Figure 9 Reciprocal temperature dependence of logarithmic eIectricalIn addition to this, the local degree of Orde””g of a

conductivity of 2 mol % WQ-doped BMT and undoped BMT speci- NOt-pressed PST at near the grain boundary region hav-

mens. ing a higher vacancy concentration is higher than that

4.3 -

Logo [S/cm]
A

-4.6 -

slope=1/6

-4.7

-4.8 s L s
-2.5 -2.0 1.5 -1.0 -0.5 0.0

Log(P, ) [atm]

Figure 8 Electrical conductivity of undoped BMT specimen at 1100
as a function of the partial pressure of oxygen.

2WO; 22 2W:. + 1/20, + 500 + 26 (13)

WO3 &% Wi, + VI +2V5 +300  (14)

-4 ] B 2 mol% WO,-doped BMT

Logo [s/ecm]
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_ 100 4. Conclusions

£ 1 The nature of the long-range ordering in

£ 0987 Ba(B, ;B ,)Os-type perovskites was examined using

H] V\J/B 2/3

S 5904 the Ws-doped Ba(Mg,3Tap/3)O3 as a model system.

; The following conclusions were made from the present

g 0.85- § §\§ study:

° ]

g 0.80 1. Regardless of the W{adoping, only the stoichio-

ot metric 1 : 2 long-range ordering of the B-site cation ex-

g 0751 @ ists in the BMT-based perovskites.

~ ol . . ' | _ 2. The substitution of W ions for T&* ions in the
0.00 001 002 003 004 005 006 B-site sublattice of the perovskite BMT produces the

WO, content (x) positively charged W, sites with a concomitant gen-

eration of oxygen and tantalum vacancies for the ionic
charge compensation. This ionic compensation mecha-
nism relieves the electrostatic repulsion associated with

S . . the formation of the positively charged sites and, thus,
at the grain interior [29, 30]. Because the B-site Cat'oneventually promotes the growth of the 1: 2 long-range

Figure 10 Long-range order parameter (S) of BMWO3 specimens
plotted as a function of W@content.

ordering in A(B, B")Os-type perovskites requires an
atomic diffusion, these observations can be attribute
to the enhanced diffusion rate caused by the increase in
the concentration of vacancy.

8rdered domain.
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cancy concentration seems to be mainly responsible for
the observed increase in the long-range order parameter
with the excess concentration of WO

Finally, we will examine microchemical feature as-
sociated with the observed suppression of the 1:2,
long-range ordering above the solubility limit of WO

(~2 mol %). As discussed previously, both the XRD .
patterns (Fig. 4) and EPMA study indicated that 4.

Ba-containing second phases such ags8a0; and
BaWQ, were formed above the solubility limit of WO

For the formation of these phases, barium ions shouldg,

first react with the excess-added Wer the tantalum

ions that are liberated by the dissolution of tungsten 7.
ions into the B-site sublattice. In addition to this, barium &

ions should also diffuse out from the interior perovskite

grain. Since B&" ion is significantly larger than the o

other two lattice-constitutive ions (effective ionic radius
of Be?* =1.60A, Mg?t =0.72 A, and T&+ = 0.64A)

is more likely to initiate at a vacancy-rich region.

doped grains contain more vacanciesi{\and V)

than the undoped BMT grains, and this charge comi4.

pensation mainly occurs withinthe 1 : 2 ordered region.

gen vacancies above a certain critical concentration,

thereby promoting the outer diffusion of Ba-ions from 17.

the perovskite lattice. This decreases the stability of

the collapse of the perovskite grain. Therefore, one can

conclude that the observed decrease in the degree &

the 1:2 long-range ordering above the solubility limit
of WQOg is directly related to the formation of second

phases which is initiated by the excessive formation of5.

tantalum and oxygen vacancies.
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5.

10.
[23], one can expect that the formation of second phase's:
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