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Formation and Structural Characterization of 1:1 Ordered
Perovskites in the Ba(Zn, ;Ta,/;)O;-BaZrO; System

Liang Chai* and Peter K. Davies*

Department of Materials Science and Engineering, University of Pennsylvania,

The phase stabilities in the (1 x)Ba(Zn,;5Ta,5)05 (BZT)—
xBazrO 5 (BZ) system have been investigated using samples
prepared by the mixed-oxide method. The substitution of
Zr #* destabilizes the 1:2 cation ordering in BZT and pro-
motes the formation of a cubic, 1:1 ordered structure with
a doubled perovskite repeat. The homogeneity range of the
1:1 phase extends fromx = 0.04 to approximatelyx = 0.25;
substitutions beyond this range stabilize a disordered
perovskite. The limits of stability of the 1:1 ordering coin-
cide with compositions previously found to exhibit anoma-
lies in their dielectric loss. The range of homogeneity is
consistent with a “random layer” model for the 1:1 or-
dered “Ba{B1,.B7,203" structure. In this model the B” po-
sitions are assumed to be occupied exclusively by T4 and
the B’ sites by a random distribution of Zn?*, Zr4*, and the
remaining Ta>* cations. The validity of the model, where
the ordered solid solutions can be represented by
Ba{[Zn 5y)sTau-2)sZr 12 Tal 12105 (Y = 2X) was con-
firmed by Rietvelal refinements conducted using data col-
lected with a synchrotron X-ray source.

|. Introduction

THE very low dielectric losses of perovskite ceramics based

on Ba(Zn,sTa,5)05; (BZT) have led to their widespread

application as filters and oscillators in wireless communication

devices!—¢ In the most stable form of BZT the Zhand T&*
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The long anneal times required to access hgkalues in
pure BZT have led to the development of alternate, more cost-
effective methods for stabilizing a low-loss state with a short
sintering time. Tamurat al2 first showed that this could be
achieved through the substitution of small concentrations of
BaZrO; (BZ). Additions up to[4 mol% BZ reduce the time
required to access a high state to=10 h at[1500°C. Recent
studie$-® using HRTEM have shown that samples withi3
mol% BZ retain the 1:2 structure of BZT, but are comprised of
ordered domains whose size decreases as the Zr concentration
is increased. The reduction in the length scale of the cation
correlations was found to parallel the decrease in the annealing
time required to access a low-loss state. Although any reduc-
tion in the size of the ordered domains in pure BZT decreases
Q, in the BZ-substituted ceramics a highis maintained even
though they contain a very high volume of domain boundaries.
We proposed that the stabilization and lowering of the losses at
the boundaries was due to the partial segregation of the Zr
cations.

Tamuraet al 2 also reported that th@ values in the BZT-BZ
system increased to 15 000 with additions up to approximately
4 mol% BZ, decreased to 10 000 at 25 mol%, and then rapidly
deteriorated at higher level substitutions. HRTEM investiga-
tions>° revealed that compositions close to the first anomaly in
Q undergo a phase transformation to a structure comprised of
cubic 1:1 ordered nanodomains with a doubled perovskite re-
peat. The cation ordering in the 1:1 “Bg{.B1,,403" phase

cations order onto individual (111) planes of the perovskite Was interpreted using a “random layer” structure model. In
subcell (see Fig. 1(a)). The long-range ordering and associatedis Structure the” sites were assumed to be occupied exclu-
displacement of the oxygen anions between the cation planes;'VeW by Ta, and th@' positions by a random mixture of Zh

yield a trigonal supercell (space gro®3ml) with a “1:2’
{ZnTaTa} layer repeat.® In BZT, and also in the related
Ba(Mg,/sTay5)O5 (BMT) system, the formation of a defect-

free, fully ordered cation arrangement is critical in optimizing

the dielectric response. In previous papénse have discussed

r**, and the remaining P4 cations (see Fig. 1(b)).

In this paper we extend our studies of the BZT-BZ system
to compositions beyond 5 mol% BZ, and explore the phase
stabilities across the entire pseudobinary. We also report on
refinements of the crystal structures of the 1:1 ordered phases

the relationship between the loss properties and cation corre-Using Rietveld techniques. The results of these investigations
lations in BZT in terms of the nucleation and growth of dif- are related to the dielectric properties of the BZT-BZ solid
ferent orientational variants of the 1:2 structure. Short-term solutions.
annealed ceramics are comprised of small domains of each

ordered variant and have lo@ (<1000) values. The growth of 1.
the domains and associated reduction in the volume of hlgh-él) Sample Preparation and Characterization

loss domain boundaries were suggested as being responsibl i )
for the very large improvement i (>12000 at 10 GHz) after Samples in the (1 X)Ba(Zny3T8,s)Os—xBazro; solid so-
extended thermal treatment. lution system were prepared with= 0.075, 0.15, 0.25, 0.35,
0.4, and 0.5 from predried, high-purit=09.9%) commercial
powders of BaCQ@ ZnO, Tg0s, and ZrQ. After weighing, the
stoichiometric mixtures were first heated in air at 1100°C to
remove CQ, and then reground and calcined at 1300°C for 10
h. After a second regrinding, the powders were pressed and
sintered at 1425°C. The achievement of an equilibrium state
was gauged by the absence of any changes in the X-ray patterns
" Manuscript No. 191214. Received February 11, 1997; approved April 24, 1997. after an additional heat treatment at 1425°C. In general, the
This work was supported by the National Science Foundation (DMR94-21184). |ow-temperature pretreatments were found to be effective in
The facilities at the National Synchrotron Light Source, Brookhaven National Labo- inhibiting the loss of Zn at higher temperatures. However, as an
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with an inverted platinum crucible. Phase identification was
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Fig. 1. Schematic illustrations of (a) the 1:2 ordering of Zn and Ta in BaZi,,5)Os, oxygen omitted for clarity; (b) the cubi&m3m doubled
perovskite cell of the 1:1 ordered B{,,34,,)O3 Structure.

conducted using a Rigaku DMAX-B X-ray diffractometer with  given site were assumed to have the same isotropic thermal
a conventional CKia source. Lattice parameters were calcu- parameter. Williamson—Hall plots were used to characterize the
lated by least-squares refinement of data collected with an in- size and strain within the ordered domatfig3-*4

ternal Si standard.

(2) Synchrotron Data Collection Ill. Results

Synchrotron X-ray data for samples with= 0.15 and 0.25
were collected on the X7A beamline at the National Synchro- i
tron Light Source, Brookhaven National Laboratory. A (1) Phase Stabilities
Ge(111) crystal was used as a monochromator for the incident
beam, and the wavelength (0.6989 A) was calibrated using a
silicon standard. Data were collected on a horizontally
mounted, flat-plate sample using a 0.5 mm x 14 mm receiving
slit. The sampling intervals were 0.01°6j2for x = 0.15 and
0.016° (®) for x = 0.25. The final integrated intensities were
calculated by comparing the counts from the diffracted beam to
those of the incident beam, and were scaled to 100 mA beam
current to account for any variation during the experiment.

The (1 —-x)BZT—xBZ solid solutions were found to adopt an
equilibrium phase assemblage, gauged by the lack of any
change in the X-ray patterns after a repeat firing, after two or
three heat treatments at 1425°C (see Table I). In general, the
precautions that were used to inhibit the loss of zinc were
successful in avoiding any competing decomposition reactions.
Weak additional reflections that could be ascribed to “non-
equilibrium” phases were only observed in samples wiiths
0.075 that had been heated for longer than 25 h. The final X-ray
patterns collected from the solid solutions with= 0.075-0.5
(3) Rietveld Refinement are presented in Fig. 2. This figure also includes data from

All of the peaks in the synchrotron X-ray diffraction samples withx = 0.01, 0.02, and 0.04 that had been collected
patterns could be indexed using a face-centered-cubic cellin the previous study of Daviest al® From this figure it is
(Fm3m) with a doubled perovskite repeat. In this supercell the evident that the substitution of BZ into BZT induces several
B’ and B” positions in the Ba;,B;,}O structure adopt a  changes in the intensities and positions of the reflections asso-
NaCl type of arrangement. Reflections arising from the cation ciated with the ordering of the B-site cations. For 1% substi-
ordering have indices all odd, while reflections withkl) all tution the strong and sharp supercell reflections originate from
even arise from the scattering of the perovskite subcell. The the trigonal 1:2 ordered structure. T.hese reflections broaden
reflections from the superstructure in the patterns of both and weaken as the substitution level is raises te 0.02, and
samples were broader than those from the subcell. The peakdisappear in the samples with= 0.04. Forx = 0.075 a new
broadening was consistent with the formation of domain struc- set of superstructure reflections appear at positions that corre-
tures that have been observed previously in this system andspond to the formation of a face-centered-cubic, 1:1 ordered
also in other related mixed-metal perovskité8.To obtain an ~ supercell witha = 2ag,,cey These new reflections become
adequate fit to all of the reflections it was necessary to conduct sharper and stronger in samples with= 0.15 and 0.25. For
the Rietveld refinements using two sets of peak fitting param- X = 0.35 theX-ray patterns still show evidence for the forma-
eters, one for the supercell and one for the subcell. This pro- tion of the doubled cubic cell, though the reflections are very
cedure has been used previously in the refinement of domain-weak and diffuse. Samples with a higher Zr content, e.g-,
limited ordered structures in AM3*M5*)O4 perovskites® To
fit the two sets of peaks, a UNIX version of the Rietveld
program RIETAN was used for the refinements of the synchro-
tron X-ray datat®* The peak profiles were modeled using a
five-parameter modified pseudo-Voigt function. The coeffi-

Table I. Unit-Cell Parameters and Preparation Conditions
for (1 — x)Ba(Zn,,5Ta,5)05 — XxBaZrO 5

cients for the real and imaginary components of dispersion %‘Iﬂﬁfg S'g}ﬁgng
corrections " andf”) for all ions were calculated using the X a(d) cA) (A3 (h)
subroutine in the GSAS program package. T

The random layer structure model (see Section Ill) was used 8'875 5972%%8127) 7.104 (1) gg'% 35
as a starting point for the refinements. The scale factors, zerog 15 8.2194 (19) 69.41 30
correction, background coefficients, unit-cell parameters, two g 25 8.2442 (12) 70.04 25
sets of peak profile parameters, oxygen position, cation occu-0.35 4.1302 (6) 70.46 25
pancies, and isotropic temperature parameters were all refined0.40 4.1379 (9) 70.85 35
All of the cation sites were assumed to be fully occupied, and 0.50 4.1439 (7) 71.16 20
the total concentration of each cation was constrained to the 1.0° 4.193 73.72

overall chemical composition. Multiple cations occupying a  'From Ref 7.*From JCPDF Diffraction File No. 6-399.
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Fig. 2. X-ray diffraction patterns for (1 ¥)BZT—xBZ solid solutions X (BaZrO,)
with x = (a) 0.01, (b) 0.02, () 0.04, (d) 0.075, (e) 0.15, (f) 0.25, (g)
0.35, (h) 0.5. Supercell reflections from 1:2 order indicated, kiyom Fig. 4. Variation of the volume of the perovskite subcell with com-
1:1 order by solid circles. Minor impurity ir = 0.075 labeled by X. position in the (1 ~X)BZT—xBZ system. Vertical dashed lines show
Patterns (a), (b), and (c) are taken from Ref. 9. approximate locations of boundaries separating the 1:2, 1:1, and dis-

ordered perovskite phase fields.

0.4 or 0.5, show no evidence for any cation ordering and can be
indexed using a disordereBBm, perovskite cell.

Further information on the changes in the cation ordering
was obtained from th& = 0.04 sample using data collected
with a synchrotron X-ray source (normalizedxo= 0.6989 A).
Although the scan of this sample in Fig. 2, which utilized a
conventional X-ray tube, does not show any evidence for cat-
ion order, the pattern obtained using synchrotron X-rays (Fig.
3) contains very broad supercell reflections. These reflections
are centered at positions that can be indexed using the face

centered cubic cell with = 2a ..y Figure 3 shows the broad A for Zr* and 0.675 A fory(Zn2?) + 7:(Te5"), the cell

(111) reflection of the supercell in the lower angle region of the . o ) o
scan. The size of the ordered domains, calculated using theYOlumes increase with increasing BZ. However, the variation
Scherrer formula, that give rise to this reflection is approxi- in volume with composition is not linear and small disconti-

mately 30 A. This value is consistent with previous HRTEM nuities are apparent in the vicinity of the phase boundaries (see

studies of this sample in which the structure was found to be Fig. 4).
comprised of 20-45 A, 1:1 ordered domains. (2) 1:1 Order:Structure Refinement

The X-ray studies indicate that the ordered 1:2 structure of The formation of a face-centered-cubic 1:1 ordered super-

BZT has a very narrow range of stability in the BZT-BZ sys-  strycture is commonly observed in A(8B’,,)O, mixed-metal
tem. The transformation to a “1:1"” ordered structurexat

0.04 is consistent with the previous TEM results, which also
showed evidence for a very narrow two-phase region in

samples withx = 0.03. In contrast, the patterns in Figs. 2 and
3 reveal that the 1:1 ordered structure has a broad range of
homogeneity that extends froxn= 0.04 to approximately =

0.25. The transition to a fully disordered perovskite begins at
substitution levels beyond 25 mol% BZ, though it is unclear
from these results whether this is a continuous or a first-order
transition. A complete listing of the cell parameters across the
system is given in Table | together with the volume of the
perovskite subcell at each composition. As expected from the
relative differences in the ionic radii of the B-site cations (0.72
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Fig. 5. X-ray patterns collected fronx = 0.15 after heating at
Fig. 3. Low-angle region of a pattern of = 0.04 collected using 1425°C for (a) 10, (b) 20, (c) 30 h. 1:1 ordering reflections indicated
synchrotron X-rays. Indexing is in terms of a doubled cubic supercell. by filled circles.
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Fig. 6. Experimental, calculated, and difference profiles o= 0.15. Inset shows enlargement of higher angle region.

perovskites when the octahedral sites contain a 1:1 distribu-found widespread support. In this model @fesites in the 1:1
tion of two different cationg. For those systems the doubled A(B},.87,,)0; phases are assumed to contain a random dis-
cell edge arises from an ordered alternation of theaBd B’ tribution of the MP* and MP* cations in a 2:1 ratio, th@”
cations on the3’ and " sites of the AB},.B%,,)O5 structure positions are occupied exclusively by>M and the structural
(see Fig. 1(b)). The stability of this superstructure is derived formula of a 1:2 perovskite can be represented as AfIB
from the minimization of the cation—cation coulombic re- B3}4],,,[B%*]1,2}O 3. Extending this model to the BZT-BZ sys-
pulsions, each Bion has six B neighbors, and from the ac- tem we have proposed that tB& positions are still populated
commodation of differences in the’BO and B—O bond by Ta, but that the3’ sites now contain a random distribution
lengths via the displacement of the oxygen anions. Although of Zr, Zn, and the remaining Ta cations. The formula of this
most 1:2 A(B,3B%,3)O5 perovskites adopt a trigonal 1:2 super- form of the 1:1 ordered (1 X)BZT—xBZ solid solutions can
structure, 1:1 chemical ordering is observed in PH§M3/5)O5 be represented as Ba{[gn,)sTa-23Zr]1/2[Tal1/2}0,
relaxor ferroelectric®—17 (M2* = Mg, Ni, Zn, etc.; M* = wherey = 2x. Because the concentration of Zn:Ta in the
Nb, Ta) and hexavalent A(§fM35)O5 systems (A= Ba, Sr; random layer of a 1:1 BZT end-member would be 2:1, but their
M3* = Al, Fe, Sc, rare earth; R/r W, U, Re)!*821For the replacement by Zr is in a 1:2 ratigZr = (y/3)Zn + (/3)Ta),
Pb(MgM35) 05 relaxors the ordering, which is limited to small it is apparent that the random layer model could be valid for
nanosized domains, has been interpreted through the “space-compositions up to 25 mol% BZ. This range of homogeneity is
charge” modef517.22n this model it is claimed that thp’ consistent with the experimentally observed limits described
andp” positions are occupied exclusively by theMand MP* above.
cations and that the resultant charge imbalance is compensated To provide direct support for the model, diffraction data for
by a MP*-rich disordered matrix that surrounds the domains. samples withx = 0.15 and 0.25 were collected using syn-
Support for the two-phase space charge model has come fronchrotron X-rays and refined using the Rietveld method. All of
the absence of any domain growth with extended anneal-the peaks observed in the synchrotron X-ray diffraction pat-
ing.t7-22 terns (Fig. 6) could be indexed using Bm3m space group and

Because the 1:1 phases in the BZT-BZ solid solutions are a doubled perovskite celh = 2a .oy With this more intense
stabilized by the incorporation of Zr on the octahedral sites, it
is difficult to rationalize the ordering in this system in terms of
a space-charge type model with a 1:1 distribution of Zn and Ta
on thep’ andp” positions. If this was the case, a 1:1 ordered
superstructure would also be expected for the BZT end-
member. The formation of a two-phase “nanodomain + disor-
dered matrix” assemblage would also produce a splitting or
broadening of the reflections from the perovskite subcell.
There was no evidence for any type of subcell peak broadening z.
in the patterns collected from the samples with 0.04<0.25 g
that lie in the region of stability of the 1:1 phase. Studies of the &
evolution of the ordering also showed that the supercell peaks =
sharpen and strengthen with the anneal time, and provide evi-
dence for the growth of the ordered domains (see Fig. 5).
Moreover, TEM studies made on samples in the closely related
Ba(Mg; 3T ay,5)O0s—BaZrQ; systen?® in which the phase rela-
tions are essentially identical to those in BZT-BZ, found no
evidence for the existence of significant fractions of a disor- ' ' J
dered matrix in the 1:1 ordered compositions. For these reasons 155 le 165 17 17.5
the structure refinements of the 1:1 BZT-BZ phases were con- 2 theta
ducted using a random layer model for the chemical order.

Although a random layer model for the 1:1 ordering of 1:2 Fig. 7. Profile fits (solid lines) to experimental data (crosses) for the
perovskites has been suggested previod&sise it has not supercell (311) and subcell (222) reflectionsxin= 0.25.

31
222
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Table Il. Refined Structure Data for x = 0.15
Occupancy

Atom X y z B, (A?) Refined “Random layer”
Ta (3" 0.0 0.0 0.0 0.28 0.249 0.133
Zn (B") 0.0 0.0 0.0 0.28 0.457 0.567
Zr (B") 0.0 0.0 0.0 0.28 0.294 0.300
Ta (3") 0.5 0.5 0.5 0.28 0.884 1.0
Zn (B") 0.5 0.5 0.5 0.28 0.110 0.0
Zr (B" 0.5 0.5 0.5 0.28 0.006 0.0
Ba 0.25 0.25 0.25 0.63 1.0 1.0
O 0.257 0.0 0.0 0.57 1.0 1.0

TSpace groug=m3m, a = 8.2222 A.

Table Ill. Refined Structure Data for x = 0.25
Occupancy

Atom X y z B, (A?) Refined “Random layer”
Ta (3" 0.0 0.0 0.0 0.21 0.162 0.0
Zn (B 0.0 0.0 0.0 0.21 0.346 0.50
Zr (B 0.0 0.0 0.0 0.21 0.492 0.50
Ta (3%) 0.5 0.5 0.5 0.21 0.838 1.0
Zn (") 0.5 0.5 0.5 0.21 0.154 0.0
Zr (B") 0.5 0.5 0.5 0.21 0.008 0.0
Ba 0.25 0.25 0.25 0.61 1.0 1.0
(0] 0.256 0.0 0.0 0.27 1.0 1.0

*Space groug=m3m, a = 8.2478 A.

X-ray source many of the weaker high-angle reflections, which ture shows some degree of antisite disorder, it should be noted
could not be detected by standard X-rays, were easily observedthat both samples are comprised of ordered domains, which
Because the reflections originating from the supercell were from Williamson—Hall plots were estimated to be 307 A for
somewhat broader than those from the perovskite subcell, thex = 0.15 and 418 A forx = 0.25. Therefore, the refined
patterns were modeled using two sets of independent peakoccupancies also contain contributions from the locally disor-
fitting parameters (see Experimental Section) which permitted dered anti-phase boundaries that separate the different transla-
an excellent fit to the observed profiles (see Fig. 7). Final tional variants of the 1:1 structure.
reliability factorsR,,, = 0.11,R-(sub) = 0.018,R(super) =
0.023, andR,, = 0.088,R(sub) = 0.012,R(super)= 0.020
were obtained fok = 0.15 and 0.25, respectively. The refined
cell parameters, which were in close agreement with those Tne results of this investigation of the (1 ¥BZT-xBZ
deterr_nined in the phase stability studies, final at_omic_ positions, system show that very small concentrations of £r=( 0.04)
and site occupancies for both samples are provided in Tables llpromote a transformation to a 1:1 cation ordered state. The 1:1
and lll. The validity of the final refined occupancies and bond hase is stable over a relatively broad range of homogeneity,
lengths was supported by calculations of the site valences usingy 04 < x < [0.25, and its structure can be successfully inter-
the bond valence methcd:**Given the multiple occupancies  preted using a random layer model. The effectiveness of a
of the cation sites, the calculated valence sums of all the po-tetravalent substituent in promoting this type of transformation
sitions are in very good agreement with those expected from j, 5 1:2 mixed-metal perovskite has not been reported previ-
the formal charges (see Table IV). ously. The destabilization of the 1:2 ordered form of BZT by
The occupancy of th@’ and B” sites is compared to that  sych low levels of BZ implies that the 2t cations frustrate the
predicted by a random layer model with Ba{lgn,sTau-as- longer-range interactions that are responsible for its stability. In
Znl1lTaly}05 in Tables Il and Il For both samples the  particular we feel the mismatch in the Ta-O and Zr-O bond
agreement between the experimental and predicted occupaniengths inhibits the displacements of the oxygen anion layers
cies is good. There is very clear evidence for the concentration yhich are a critical feature of the trigonal 1:2 ordered BZT
of Ta (>83%) in thep"” sites and for the occupation of tie structure. While it is perhaps clear why the random substitu-
sites by Zn, Zr, and Ta. While the small differences in the tjon of zr onto the zn and Ta layers would increase the free
predicted and experimental occupancies suggest that the struCanergy of 1:2 ordered BZT, it is not as obvious why the 1:1
ordered random layer structure is a stable alternative. In a
previous publication we speculated that the formation of the
random layer structure is an “energetic compromise” in which

IV. Discussion and Conclusions

Table IV. Bond Distances and Site Valences

Site valence

the ordering of Ta on one sit@') is preserved at the expense

of the others. The stability of the 1:1 phase is partially derived

Ste MO distance (A Caloulared Fomal char9e  from the ordering of the Ta cations on tiE¥ sites, which
x = 0.15 permits the correlated approach of the nearest-neighbor anions
Ba 2.908 (1) 2.26 2.00 and the formation of an equilibrium Ta—O bond. Although
E,, féég ((%)) f'gg f'gg no favorable contributions to the enthalpic stability will re-
0 ) 201 200 sult from the ion distributions on th@’ positions, which con-
' ’ tain a random mixture of Zn, Zr, and Ta, they do provide a
x = 0.25 significant favorable entropic contribution to the free energy.
Ba 2.916 (1) 221 2.00 According to the idealized random layer model for the 1:1
B 2.107 (1) 3.14 3.47 ordered phases, which gives good agreement with the structure
?) 2.016 (1) —f§82 _51503 refinements, the composition of thg positions is given by

ZNo—yy3T 12321, Wherey = 2x. In this model it is possible
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to incorporate all of the Zr cations into the random layer up to
25 mol% BZ substitution y = 0.5), which is in excellent

agreement with the observed range of homogeneity. Substitu-

tion beyond this level would require the incorporation of Zr
onto theB (Ta) positions which, given the arguments presented
above for the destabilization of the 1:2 structure, would be
expected to produce a large reduction in the overall stability.
This conclusion is supported by the observation of a transition
to a disordered perovskite at higher values.dfising an ideal
solution model for the mixing on th@' sites, the gain in
configurational entropy for 1 mol @8’ positions, i.e., for 2 mol

of the Ba@;,,87,2)05 phases, is given by

AS = (-R{[(2 — y)/3] In [(2 - y)/3]
+[(1 = 2y)/3] In [(1 - 2y)/3] +yIn y}

The entropy derived from th@’ site mixing is significant
across the entire range 90 = y < 0.5) with a maximum at
0.25 (i.e., 12.5 mol% BZ). This contribution is apparently suf-
ficient to offset the unfavorable enthalpic aspects of the mixing
of the three cations on one site, and yields an overall stability
that is more favorable than either the substituted 1:2 or com-
pletely disordered perovskite alternatives.

While the X-ray studies and structure refinements provide
direct support for the validity of the crystal chemical model of
the 1:1 structure, they also give additional information on the
size of the cation-ordered domains, which was previously
shown to be important for optimizing the dielectric response of
this systen?. By monitoring the changes in the width of the
ordering peaks in X-ray patterns collected during their synthe-

sis, the size of the ordered domains in the 1:1 phases was found,,

to increase to a final “steady-state” value. However, the size
of the domains after final “equilibration” also showed a sys-
tematic increase with increasinxg For example, fox = 0.04

the domains wergB0 A while they were calculated to 20

A for x = 0.25. It is unclear whether these changes simply
reflect small differences in the heat treatments or if they arise
from some type of systematic change in the stability of the
anti-phase domain boundaries (APBs) with composition. In
either case it is clear that it is difficult to eliminate the APBs

from the 1:1 random layer phases and, in contrast to the be-

havior of 1:2 ordered pure BZT, they are prevalent even after

extended thermal treatment. It was suggested previously that

these differences may be attributable to the lowering of the
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