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Rare earth doped BaCg®as been widely investigated as a proton conducting material. Trivalent
dopants are generally assumed to fully occupy thé*Gie, and thereby introduce oxygen
vacancies into the perovskite structure. Recent studies indicate the possibility of partial dopant
incorporation onto the Ba-site concomitant with BaO evaporation, reducing the oxygen vacancy
content. Because proton incorporation requires, as a first step, the generation of oxygen vacancies
such dopant partitioning is detrimental to protonic conductivity. A quantitative Extended X-ray
Absorption Fine StructurdEXAFS) study of BaCggMg1:05.5(M=Yb,Gd) is presented here
along with complementary x-ray powder diffraction and electron probe chemical analyses. The
EXAFS results demonstrate that as much as 4.6% of the ytterbium and 7.2% of the gadolinium
intended for incorporation onto the Ce site, in fact, resides on the Ba site. The results are in
qualitative agreement with the diffraction and chemical analyses, which additionally show an even
greater extent of Nd incorporation on the Ba site.2005 American Institute of Physics
[DOI: 10.1063/1.1846946

I. INTRODUCTION skite remains close to 1:1. Such an incorporation onto the
) . . (‘wrong’) site was used to explain the observation that water
The high proton conductivity of rare-earfbr yttrium) ,5take and proton conductivity increased in doped barium
doped BaCe@has gener_ated interest in its appl_lcabmty N cerate in the order Nd Gd< Yb, where Nd has the largest
reduced temperature solid oxide fuel cells and in hydrogef,ic ragius in the series and Yb the smallest. This same
sensor§.. Proton incorporation requires, as a first step, thesgquence, in terms of water uptake, was reported earlier by
generation of oxygen vacancies via trivalent ion doping ons;eyensoret al,? but with a little interpretation. Dopant par-
the tetravalent ion site. In a subsequent step, exposure of thgioning has also been interpreted to be responsible for the
doped material to humid atmospheres results in the incorpqyysyal observation that the cell volume of doped barium
ration of hydroxyl groups on fo_rmerly vacant oxygen S'_tescerate increased in the sequence<Yld< Gd, in a non-
and protons at other oxygen sites. The two steps are illusyonotonic dependence on a dopant ionic rafiisis result
trated by Eqgs(1) and (2): can be understood if the concentration of Nd on the Ba site is
2C&. + Of + M,03 — 2ML, + V, + 2CeQ (1) great en.ough.that cell expansion dqe to incorp.oration on the
Ce site is mitigated by cell contraction due to incorporation
on the Ba sitd R(Ba&2*) > R(Nd®*) > R(Ce*)].
While all of the data, obtained from a variety of tech-
If all oxygen vacancies are filled during the humidification niques including x-ray powder diffraction, electron micro-
step, the proton concentration is simply equal to the doparjirobe chemical analysis, thermal gravimetric analysis and ac
concentration,[OH;]=[M(,]. Alternative hydration path- impedance spectroscopy, are consistent with a model of dop-
ways in which electron holes are the charge compensatingnt partitioning and increasing incorporation onto the Ba site
defects for dopant ions and which are later exchanged withith increasing dopant ionic radius, direct experimental ob-
protons under hydrogen atmospheres lead to an identical reervation of the dopant location has not yet been achieved. In
sult for the maximum proton content. this work, we employ extended x-ray absorption fine struc-
In a series of earlier studiés’ extensive evidence was ture spectroscopyEXAFS) to directly probe the local envi-
presented that Eq1) does not, in fact, adequately describe ronment about the dopant specig® and Gd and establish
the trivalent incorporation mechanism in barium cerate. Partheir site preferences.
ticularly in the case of large dopant cations, dopant partition-
in_g can occur such_ that a non-negl_igible _co_ncentration pil METHODOLOGY
trivalent species resides on the Ba site. This is accompanied
by some barium oxide evaporation at high temperatures, en- Extended x-ray absorption spectroscopy measures the
suring that the overall A:B mole ratio in the AB(perov-  x-ray absorption coefficieny, as a function of photon en-

H,0(g) +V, + Of — 20H; (2
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TABLE |. Nearest neighbor distances about the Ba atom located at 0.00ITABLE Il. Nearest neighbor distances about the Ce atom located at 0.0, 0.5,
0.023, 0.250 in BaCe$and their atomic coordinates, after Kniggital. (see 0.0, in BaCeQ@ and their atomic coordinates, after Knigétt al. (see Ref.

Ref. 10. 10).

Atom  Distance(A) x (frac. coon 'y (frac. coon  z (frac. coor) Atom  Distance(A) x (frac. coon vy (frac. coon  z (frac. coor)
o1 3.3603 0.071 —0.513 0.250 o1 2.2399 0.071 0.487 0.250
o1 2.9171 0.071 0.487 0.250 o1 2.2399 -0.071 0.513 —0.250
0O1 3.5739 —-0.571 —-0.013 0.250 02 2.2256 —-0.274 0.278 0.041
0O1 2.6783 0.429 —0.013 0.250 02 2.2587 0.226 0.222 -0.041
02 2.9695 —0.274 0.278 0.041 02 2.2256 0.274 0.722 —0.041
02 3.5948 0.274 —0.278 0.541 02 2.2587 —0.226 0.778 0.041
02 3.1658 0.226 0.222 —-0.041 Ba 3.6887 0.001 0.023 0.250
02 2.7727 —0.226 —0.222 0.459 Ba 3.9222 0.001 1.023 0.250
02 3.5948 0.274 —-0.278 —-0.041 Ba 3.9222 —0.001 —0.023 —0.250
02 2.9695 -0.274 0.278 0.459 Ba 3.6887 —0.001 0.977 —0.250
02 2.7727 —-0.226 —-0.222 0.041 Ba 3.8102 —0.499 0.477 —0.250
02 3.1658 0.226 0.222 0.541 Ba 3.8204 0.501 0.477 —0.250
Ce 3.9222 0 —0.500 0 Ba 3.8204 —0.501 0.523 0.250
Ce 3.6887 0 0.500 0 Ba 3.8102 0.499 0.523 0.250
Ce 3.9222 0 —0.500 0.500

Ce 3.6887 0.00 0.500 0.500

Ce 3.8204 —0.500 0 0

Tables | and IlI, using Ba and Ce as the central atom, respec-

ge 2'2282 0655080 00 00500 tively, and assuming the structure of BaGef@ported by
e . —0. . . 11 H . —
o 28102 0.500 0 0.500 Knight et al™™ [orthorhombic with a=6.235783), b

=6.216114), c=8.776945)A]. These data serve as the input
for the two extremes of single site selectivity.

he threshold of . To address the question of site partition probabilities, we
ergy, E, above the threshold of an absorption edge. EXAFqntroduce the fitting parametdrac. This parameter repre-

spectra typically refer to the range 40-1000 eV beyond thgg s the amount of dopant incorporated onto thesite, by

absorption edge. Above the absorption edge, weak oscillag, nic percentage, whereasfrac is used to represent the
tions are observed which arise from the constructive and deémount that is incorporated onto theé*Asite. It is evident

structive interference between the outgoing photoelectroqnnat the numerical range éfac is [0, 1]. Using this formal-
wave from the core absorbing atom and the backscatterqgm, the total EXAFS amplitude is described as
photoelectron wave from the near neighbors of the absorbing
atom. The Fourier transformation of the oscillatory spectra  y(k) = (1 - frac) S, NiS(K)F; (K)e 27 e 2
yields a radial distribution function in real space which gives i
inforrgation about the local environmental of the absorbing sin(2kr; + ¢, (K))
atom: X 5

The two cation sites in AB@perovskites exhibit differ- kr;
ent coordination numbers, with the?Asite being 12-fold o 0 SINCKT + ¢ (K))
coordinated and the ‘B-site being 6-fold coordinated. Con- x & 2 )—Jl(r;_J_’ 3
sequently, the EXAFS spectra from dopants on one or the J
other of these two sites will differ, enabling the establishmentwhere N; is the atom number of theh shell, S(k) is the
of the dopant location in the structure. Indeed, EXAFS hasamplitude reduction factor due to many body effects at the
already proved to be a useful tool for locating Yb and Nd in
Cazro,

+fracy, N]-S(k)Fj(k)e‘z"J2k2
j

. . . 10 —u— hydrated Gd
In their analysis of CaZrg Davieset al.~ assumed o —o—dried ]
sjngle; site selectivity, that is, that the dppant was either'en- : 341 -_f_;jgﬁ”c;':?%?g) Nd
tirely incorporated onto the A site or entirely onto the B site. £ %
In the case of BaCeQthere is_ ample evide_nce that dopants § aso| Undoped
can partition over the two sites and partially occupy both ol *
positions, complicating an analysis of the EXAFS data. In 3
the approach here, we model the data for the two extremes of T gl YR
single site selectivity, and proportionately superimpose these >
two cases to fit the experimental data and describe the physi- . .
Cal S|tuat|on 0.85 0.90 0.95 1.00
Because the structure of undoped BaG&@s been well lonic Radius (A)

investigated over a wide temperature range, it is straightfor-

Ward to establish the n;\?reSt nelg%kior_s to the central absor 300 °C/10 h, after hydrated, dried, and as-synthesized treataseatfunc-

ing atom, for both the _ and the B” sites, as well as Fhe tion of the ionic radius of the dopant species, as determined by x-ray powder
distances to those neighbors. The data are summarized diffraction.

IG. 1. Cell volume of BaGgMg 1035 (M=Nd, Gd, Yb, calcined at
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TABLE lIl. Radii of relevant ions’

RCN(12 & RCN®6) A
Ba?* 1.61

o> 1.40
Cet 0.87
Nd3* 1.27 0.983
G 0.938
Yb3* 0.868

“Reference 13.

central atom denoted bywhich is linked to be the same to
every path in our studyk; is the backscattering amplitude
from the ith type of atom,o; is the Debye—Waller factor
representing the thermal vibration and static disorders
the distance between the absorber andtthshell atoms®;
is the total phase shift experienced by the photoeleciois,
the electron mean free path and the tegrd/M is due to
inelastic losses in the scattering process. Because of the low
symmetry of the distorted orthorhombic perovskite structure,
there are no more than two atoifand in some case only one
atom) per shell.

The analysis of EXAFS data generally involves back-
ground removal, normalization ang, correction, conversion
of energy,E, to wave vectork, the application of a weight-
ing scheme, Fourier transformation of the data and, finally,
model refinement to fit the processed data. An analysis in the

K™y

Q

Am
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R+3R (A)

10

R+3R (A)

FIG. 2. Gd L, edge EXAFS for BaCg:Gdy {055 measured at 10 K:
experimental datésolid line), best fit datdopen circleg (a) the normalized
EXAFS spectrum(k® weighted; and (b) the Fourier transform without the
phase shift.

FIG. 3. Gd L, edge EXAFS for BaCgsGdy 105 5 measured at 300 K:
experimental datésolid line), best fit datdopen circleg (a) the normalized

EXAFS spectrum(k® weighted, and (b) the Fourier transform without the
phase shift.

present study focuses on the deduction of the pararfreier
which is accomplished in the final stage of model refinement.
In addition, the MBa-site—O, M(Ce-sitg—O, M(Ce-sitg—

Ba, M(Ba-site—Ce distances, the linked Debye—Wal(#rer-

mal displacementfactors and the parametgy (used in the
conversion from energy to wave veckdrave been fitted as
well.

Extended x-ray absorption measurements on
BaCe g:Gdy 1:05.5 and BaCggsYh, 1:05.5 were performed
on beam line 2-3 at the Stanford Synchrotron Radiation
Laboratory(SSRL at both liquid helium and room tempera-
tures. Due to the overlap between the Nd L-edges and those
of Ba and Ce, no EXAFS data were collected for that dopant.
The powders, synthesized as described below, were diluted
in BN powder at a 50/50 ratio. A Si111) double crystal
monochromator was used to tune the incident x-ray beam to
the desired energies. X-ray absorption spectra were collected
over the photoemission ranges of core Ggd (7242.8 eV
and Yb L, (8943.6 eV edges in fluorescence, at liquid He
temperature and room temperature separately. The data were
fitted over the reciprocal space rangerange 3 to 11 A?
and the real space rangR range 1 to 4 A. Sixpack® and
Feff** were used for data analysis.

The EXAFS analysis was complemented with conven-
tional x-ray powder diffraction and an electron microprobe
chemical analysis; the former for phase identification and
preliminary structural assessment and the latter in order to
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R+3R (A)

FIG. 4. Yb L, edge EXAFS for BaCgy:Gah 105, measured at 10 K:  FIG. 5. Yb L, edge EXAFS for BaGgysGah 1405, measured at 300 K:
experimental datésolid line), best fit dataopen circley (a) the normalized ~ €Xperimental datésolid line), best fit datsopen circle () the normalized
EXAFS spectrum(k® weighted, and (b) the Fourier transform without the ~EXAFS spectrum(k® weighted, and (b) the Fourier transform without the

phase shift. phase shift.

ascertain the actual, and not merely nominal, stoichiometryadius, Fig. 1 and Table Iff; as has been noted earlfer.
of the samples. The methodology and results of both of thesRiffraction data were collected from calcined powdégs-
sets of experiments have been presented elsewhere foremens D-500, Cuk radiation using nickel powder
broad range of compositions including those examined fere(99.99% as an internal standard for the peak position deter-
and are included, in brief, in the present work to permit amination. Samples were examined in the as-synthesized, hy-
facile comparison to the EXAFS results. drated and dried states, where hydration was achieved by
exposing powders to water-saturated argon at 500 °C for 20
hr, and drying by annealing samples at 700 °C under dry air
for 6 h. Both hydrated and dried samples were examined by
x-ray diffraction immediately following the treatment. Lat-
BaCe gMo10s.5 (M=Nd, Gd Yb) powders were syn- tice parameters were refined using the progmerica®®
thesized by a chemical solution route as describedind assuming the initial BaCeG@tructure of Knightet al*
elsewheré. Briefly, the precursors were BH0;),, Hydration of the samples leads to an overall increase in cell
CeNO3)5-6H,0, NA(NOg);-6H,0, Yb(NOj3);-4.44H0  volume, Fig. 1, but the dependence of volume on dopant
and GdNOg);-5.45H0 (the water content in the Yb and Gd species is unchanged. Moreover, the as-synthesized samples,
nitrates was determined by a thermogravimetric analysis exposed to lab atmosphere for 7 days prior to data collection,
These nitrates were dissolved in a mixture of water and ethhave cell volumes comparable to samples intentionally dried.
ylene glycol, with ethylenediaminetetraacetic a¢EDTA) Thus, crystallographic results obtained from an EXAFS
added as a chelating agent. Polymerization of the ethylenanalysis of as-synthesized materials refer to the dehydrated
glycol occurred upon mild heating, and the resulting charstate.
was calcined at 1300 °C for 10 hr and cooled in air at a rate  An electron microprobe chemical analysis was per-
of 20 °C/min, yielding a single perovskite phase. Green pelformed on sintered pellets. Samples were mounted in an ep-
lets (9 mm in diameterwere obtained by dry pressing at 150 oxy resin, cut, polished and coated with a conductive layer of
MPa and isostatic pressing at 270 MPa. High density pelletsarbon. Characteristic x-ray emission intensities of the spe-
(=94% of theoretical were obtained by sintering in air at cific elements, measured with JEOL JXA-733 EMP, were
1550 °C fa 4 h and cooled in air at a rate of 5 °C/min. converted to chemical weight percents and molar ratios with
Powder x-ray diffraction measurements showed that thehe prograr’rmTZAF16 and using appropriate standards. Mea-
cell volume was not a monotonic function of dopant ionic sured chemical compositions are provided along with the

Ill. SYNTHESIS AND PRELIMINARY
CHARACTERIZATION
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TABLE IV. Model refinement statistics and best-fit structural parameters for the Ga@édge EXAFS in

BaCe G 16055

Temp. (10 K) Temp. (300 K)
Shell Multi-
(Gd on B*-site) Atom type  plicity R(A) (A2 R(A) d2(A?
1 o) 2 2.2087)  0.0031) 2.2988)  0.0041)
2 (0] 2 2.2987) 0.0031) 2.2988) 0.0041)
3 o 2 2.2987)  0.0031) 2.2988)  0.0041)
Ave. Gd-0O dist. 2.298 2.298
4 Ba 2 3.83¢10) 0.0041) 3.86411)  0.0061)
5 Ba 2 3.83410) 0.0061) 3.86011) 0.0041)
6 Ba 2 3.99,3) 0.0061) 4.0047) 0.0061)
7 Ba 2 3.9923)  0.0041) 4.0047)  0.0061)
Ave.Gd-Ba dist. 3.913 3.932
Shell (Gd on A*-site)  Atom type  Multiplicity — R(A) o2A(A?) R(A) dA(A?)
8 o) 1 2.46811)  0.0041) 2.46511)  0.0011)
9 o) 2 246811  0.00X1) 2.46511)  0.0011)
10 (@] 2 2.4672) 0.0011) 2.46710) 0.0011)
11 (e} 1 2.4672) 0.001(1) 2.46710) 0.001(1)
12 (@] 2 2.4672) 0.001(1) 2.46710) 0.0011)
13 o) 1 24672  0.0011) 2.46710  0.0011)
14 (e} 2 2.47(B) 0.001(1) 2.47Q4) 0.001(1)
15 (e} 1 2.47(B) 0.001(1) 2.4704) 0.001(1)
Ave. Gd-O dist. 2.467 2.467
16 Ce 2 3.75012) 0.00X1) 3.75714)  0.0041)
17 Ce 2 3.750l2) 0.00X1) 3.75714)  0.0021)
18 Ce 2 3.75¢12) 0.001(1) 3.75714) 0.0021)
19 Ce 2 3.75012)  0.0041) 3.75714)  0.0021)
Ave.Gd—-Ce dist. 3.752 3.757
Frac 0.86910) 0.8669)
k range (3,11 (3,11
Chi? 1.71 2.89
R factor 0.0223 0.022

EXAFS results(see below. It should be noted that because The results of Tables IV-VI reveal several important
increased BaO loss and dopant incorporation onto the bariuoints. Most significant is that measurable dopant site parti-
site are expected with high temperature proces$ifidhe tioning indeed occurs, with thieac parameter differing from
microprobe results, obtained from sintered pellets, are noj value of 1 by several standard deviations for both compo-
directly comparable to the EXAFS and diffraction results, sitions. Furthermore, as anticipated and consistent with pre-
obtained from calcined powders. Rather, a similarity in genvjous studie$,the extent of Yb incorporation onto the A site

eral trends with a dopant species is expected. (~4%) is less than Gd incorporation onto that site13%).
From an analysis of the cell volumes, Fig. 1, the extent of
IV. EXAFS RESULTS AND DISCUSSION Yb, Gd and Nd incorporation onto the Ba site was inferred to

. be 4.6, 7.2, and 14(%respectively, the first two values being
The oscillatory EXAFS spectra of Gd,Land Yb L, in reasonable agreement with the present EXAFS results.

edges with the corresponding Fourier transforms are showg. arl litative. thouah not titai ti
in Figs. 2-5. The first two present the 10 and 300 K spectra imiiarly quaiitative, though not quantitative, agreement Is

respectively, for Gd and the latter two the spectra for Yb. ifound with the resuits of the electron microprobe chemical
all cases, the experimental data are compared with the be@f@!ysis. The chemical analysis measurements showed
fit. The structural parameters and refinement statistics op3@:(Ce+M) molar ratios of 0.996, 0.976 and 0.913 for Yb,
tained from the fitting procedure are summarized in Table$>d and Nd, respectively, whereas the ratios implied by the
IV and V for Gd and Yb, respectively. The refinement pro- EXAFS results for the first two dopant species are 0.989 and
ceeded smoothly, yielding final residuals in the range 0.028.961, respectivelyat 10 K). Although the Nd EXAFS ex-
-0.041, andy? values in the range 1.7-25. The defect chemi-periments could not be performed, one can extrapolate from
cal parameters and overall stoichiometries implied by théhe results obtained for Yb and Gd and conclude that Nd
fitted models are summarized in Table VI, where they ardncorporation onto the Ba site would be greater than the 13%
also compared with the results of the x-ray powder diffrac-measured here for Gd, and the B@e+M) ratio lower than
tion analysis and electron microprobe chemical analysis. 0.961. As a consequence of the dopant partitioning, the con-
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TABLE V. Model refinement statistics and best-fit structural parameters for the Yledge EXAFS in
BaCe g5Y00.103-.

Temp. (10 K) Temp. (300 K)
Shell Multi-
(Yb on B**-site) Atom type  plicity RA) (A2 R(A) o4(A?)
1 o) 2 2.2394) 0.0081) 2.2425)  0.0071)
2 (6] 2 2.23%4) 0.0051) 2.2425) 0.0011)
3 o) 2 2.2394)  0.0081) 22425  0.0071)
Ave. Yb-O dist. 2.239 2.242
4 Ba 2 3.7085) 0.0061) 3.7344)  0.0082)
5 Ba 2 3.708) 0.0041) 3.7344) 0.0082)
6 Ba 2 3.85%) 0.0061) 3.8905) 0.0082)
7 Ba 2 3.858) 0.0041) 3.8905)  0.0082)
Ave. Yb-Ba dist. 3.781 3.812
Shell (Yb on A?*-site) ~ Atom type  Multiplicity — R(A) oA(A?) R(A) o2(A?)
8 o) 1 2.4148)  0.0041) 2.4168)  0.0031)
9 o) 2 2.4148) 0.0041) 2.4168)  0.0031)
10 o) 2 2.4148) 0.0021) 2.4148)  0.0031)
11 (0] 1 2.4148) 0.0041) 2.4148) 0.0031)
12 (@] 2 2.4178) 0.0021) 2.42Q7) 0.0031)
13 o) 1 2.4178) 0.0021) 2.42q7)  0.0031)
14 (0] 2 2.4178) 0.0021) 2.42Q7) 0.0031)
15 (6] 1 2.4178) 0.0041) 2.42Q7) 0.0031)
Ave. Yb—O dist. 2.416 2.418
16 Ce 2 3678 0.0021) 3.6798)  0.0082)
17 Ce 2 3.676) 0.0041) 3.6798) 0.0082)
18 Ce 2 3.676) 0.0021) 3.6798) 0.0082)
19 Ce 2 3.678) 0.0021) 3.6798) 0.0082)
Ave.Yb-Ce dist. 3.678 3.679
Frac 0.9648) 0.95312)
k range (3,11 (3,11
Chi? 25.48 20.26
R factor 0.0311 0.0413

centration of oxygen vacancies is reduced, as inferred frorbarium cerate. This distortion results directly from the size
the EXAFS analysis, from the desired value of 7.5 mol% of‘mismatch” between Ba, Ce and the dopants. Furthermore,
the oxygen site=1/2 the dopant concentratipto ~7% for  because the difference in ionic radii is relatively small be-
Yb and ~5.5% for Gd. tween Ce and the dopants, the distortion about the B site is
A second important observation is that, upon doping, thesubstantially less than that about the A site. The mean Ce-O
structure of barium cerate undergoes local distortions. Thafistance in undoped barium cerate is 2@41A, whereas
is, the distances from the central dopant atom to the neare&d—-O and Yb-O distances for the dopants on the cerium site
neighbors differ from the comparable distances in undopedre 2.2984) and 2.23%5) A, respectively. In contrast, the

TABLE VI. Defect chemical parameters and stoichiometry of nominally Ba@é, 1:05_s materialsM=Gb,Yb) as derived from EXAFS and compared with
the results of x-ray diffraction analysis and microprobe analysis.

Dopant Gd Yb

10 K 300 K 10 K 300 K
[M] on A-site 0.02(2) 0.021(1) 0.0051) 0.0072)
[M] on B-site 0.13®) 0.1331) 0.14%1) 0.1442)
) 0.0562) 0.0561) 0.0741) 0.0682)
Ba:(M+Ce) 0.9613) 0.9602) 0.9892) 0.9864)
Composition by EXAFS at 300 K (Bay 98455020 (C.8655%h.139 O2.044 (B&y,993Y 0,007 (Cé 856Y00.149 02 032
Ba:(M+Ce) by XRD? 0.9780) 0.9860)
Composition by XRD (Bay 98450.010 (Ce 85650 14002 035 (Bay.993Y 0,007 (C€.856Y00.149 O2 032
Ba:(M+Ce) by microprobe analysis 0.97612) 0.99612)
Composition by microprobe analy3is (Bay 98d50h.012 (Ce.86650h.140 O2. 936 (B&y,998Y P0.002 (Ce 8527 00.149 02 027

Cited from Ref. 6.
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comparable mean A-O distances are 808 2.4672) and distortions in BaCe@were observed upon the introduction
2.4183) A for Ba, Gd and Yb, respectively. It is noteworthy of this dopant, the overall cell volume of the perovskite de-
that the introduction of Yb onto the Ce site, in fact, producescreased noticeably. This is attributed to the smaller effective
almost no local changes in average bond distances. Thignic radii of oxygen vacancies than physically present oxy-
combined with the fact that the extent of Yb incorporation ongen ions.
the Ba site is small, indicates that the observed decrease in
cell volume upon _Yb dopmg, Fig. 1, is primarily attributable ACKNOWLEDGMENTS
to oxygen vacancies which presumably have a smaller effec-
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