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A new series of compounds of composition (Ba;_,Sr, (St
Big 3;)(Pb,_,Bi,)O,_ ; has been prepared and characterized by pow-
der X-ray and neutroun diffraction studies. The phases adopt the
cubic (NH,);FeF, type structure (space group Fm3m) with Sr**
ions occupying the B sites. TGA and neutron refinements show
oxygen vacancies and a large anisotropy associated with the O
atoms. The anisotropy is discussed in terms of a vacancy
model. © 1995 Academic Press, Inc.

INTRODUCTION

The bismuth and lead oxide Ruddiesden—Popper (R-P)
phases of formula Ba,, ,8,0;,,; Wwhere B = Pb, Bi repre-
sent a remarkable class of compounds with diverse struc-
tural and physical properties. For example, both bismuth
and lead have BaBQO; (# = %) perovskite-type end mem-
bers but the structures of the two phases are quite differ-
ent. BaPbQ, adopts a simple cubic perovskite structure
and becomes superconducting with partial Bi substitution
(for BaPb, Big 0, T, = 13 K) (1, 2). In contrast,
BaBiO, contains a 1:1 mixture of Bi** and Bi*" ions
ordered on different crystallographic sites in a slightly
distorted cell with 72/m symmetry (3, 4). Substituting
alkali ions for Ba destroys the Bi**/Bi** ordering and
induces superconductivity (for Ba, K, 4BiO;, T. =
30 K; for Bag ¢Rby 35BiO;, T, = 29 K) (5, 6).

The lower n members of the Ba, ,Pb,0;,., R~P phases
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are known for n = 1, 2, and 3 and have the prototypical
HM/mmm crystal symmetry (1, 7-9). Up to 50% Bi-for-Pb
substitution can be obtained in these phases but, despite
the existence of metal-insulator transitions in some of the
series, superconductivity has not been observed (8-10).
Recently, the first example of a two-dimensional super-
conductor in this ¢lass of compounds was identified in
potassium- and bismuth-substituted phases of composi-
tion Ba, JK, \Pb,_ Bi O, (n = 1, K,NiF, structure). The
¥y = 0.15 phase becomes superconducting at 14 K (11).
The lower n members of the pure Ba,,,Bi,0,,,, R-P
phases are not known. However, potassium-for-barium
substitution allows for the isolation of the Ba, ;K, ,Bi,0O,
(n = 2) phase, which is also non-superconducting (12},
but an » = i end member of any type has yet to be
prepared. The phase of composition Ba,BiO, is known
but is part of a larger class of Ba,, Bi,_,Og_, compounds
that are not of the R-P type (13-17). Recent studies have
shown that these phases adopt unusual (NH,),FeF; type
structures (1:1 ordered double-cubic perovskite) with
Ba’* distributed on both A and B sites of the lattice
(15-17). The structure of the Ba,Bi0,_; phase is depen-
dent upon synthesis conditions (16}). For example, one can
obtain 1:1 ordered ((Bas;Bi;;1)BaBiQsg;), 211 ordered
(Ba;BaBi,0y), or disordered (Ba(Ba, ;Bi,;;)0;) phases by
modifying synthesis procedures (16). Neutron diffraction
studies on different phases in the Ba,. Bi, O4_, system
revealed the prototypical cubic (NH,);FeF, structure
(Fm3m symmetry) along with two lower symmetry phases
of rhombohedral and monoclinic symmetries (17). Due to
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the isclated nature of the BiQg octahedra in these com-
pounds, they are neither metallic nor superconducting,
Because the layered K,NiF, structure type is known
to support metallic and superconducting behavior in the
copper oxides as well as the K-Ba-Pb-Bi-O compounds,
we became interested in studying the compositional
ranges and properties of the K,NiF,-type Pb/Bi oxides at
the edge of structural instability. In a previous paper (18},
we reported that the (Sr,_ Ba, ),PbO, phases adopt the
K,NiF, structure type when 0.5 < x < 1.0. This isovalent
substitution allows one to systematically compress the
Pb-0 distances up to the edge of instability of the K,NiF,
phase at x = 0.5 (c/a = 3.0). Slight changes in the in-
plane M-0 distances of the copper and vanadium R-P
phases are known to have significant effects on the mag-
netic and transport properties (19, 20). Unfortunately, our
attempts to substitute Bi-for-Pb in the (Sr,_,Ba,),PbO,
compounds within a K,NiF, framework were unsuccess-
ful. However, during the course of our studies, we discov-
ered an interesting new series of cubic (NH,),FeF, type
phases of general formula (Ba,_, Sr ),(Sr; ¢Big ;0P .
Bi,}O¢_;. In this paper, we describe the synthesis and
structural characterization of these compounds and dis-
cuss their crystal chemistry with respect to the related
Ba,, Bi, 0, (17) and Sr(Big0,,_; (21) phases.

EXPERIMENTAL

Synthesis

The samples with the composition {Ba,_,Sr,),Pb,_,Bi,
0,_; werc prepared from stochiometric mixtures of
BaCO, (99%), SrC05 (99.999%), Bi,0; (99.9%), and PbO
(99.9%). The reagents were intimately ground and pressed
into pellets and piaced into alumina boats. The samples
were heated at a rate of 10°C/min in flowing O, at 600°C
(1 day), 700°C (1 day), 800°C {1 day), and 900°C (1 day)
with three intermediate grindings. The samples were then
cooled to room temperature at a rate of 15°C/min. Anneal-
ing at 900°C did not cause any significant changes in X-ray
diffraction profiles or cell constants.

Srand Pb contents of selected samples were determined
by an atomic absorption spectroscopy. Single phase com-
pounds were dispersed in lithium borate fluxes (LiB0,),
dissolved in dilute HNQ; (5%) and then analyzed using a
Perkin-Elmer 2380 atomic absorption spectrometer. Sr
and Ph contents were measured in duplicate and the aver-
age determination is listed in Table 1.

Oxygen contents were determined using a DuPont 951
thermogravimetric analyzer. The samples (~70 mg) were
heated to 600°C at a rate of 10°C/min in flowing 10% H,/Ar
mixture (flow rate = 30 ml/min} and kept at 600°C until
complete reduction to BaO, SrO, Pb, and Bi was accom-
plished. The final reduction products were characterized
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by X-ray diffraction. Each sample was analyzed twice
with the average oxygen contents reported in Table 1.

Structural Characterization

The samples were routinely characterized by powder
X-ray diffraction and selected samples were studied by
neutron diffraction. X-ray diffraction data were collected
at 25°C on a modified Phillips XRG 2000 diffractometer
(CuKa radiation) interfaced with a RADIX databox and
MDI software system. Cell refinements were performed
on all data collected between 20° < 28 < 70°, and were
corrected for sample displacement and zero-point error.
The  structures of  {Bag¢;Srp 1) (S 67Big 13)(Pbg 13
Bigg7)Oss and  (Bay 6510 33),(Srq.67B1p 33)(Pbg 67Big 33005
were determined from profile analyses of the X-ray and
neutron powder diffraction data. Rietveld X-ray profile
analyses (Micro-Riet, MDI} were performed on a Compu-
add 386 personal computer. Data were collected at 0.02°
intervals with 10 sec¢ count rates, The data were indexed
and refined in Fm3m symmetry by using (NH,);FeF, frac-
tional coordinates as the initial structure model and Pear-
son VII profile shape functions. Due to the difficulty in
distinguishing Pb and Bi by X rays, we have treated Pb
atoms as Bi atoms. The occupancies of the various ions
were fixed at values required by the compound stoichio-
metries. Rietveld refinements of the (Bag¢;S74.3;):(Stq47
Big3)(Pby 13Bigg9)0s s and  (Bag 781033081, 6Blg 1)
(Pby.e7Biy33)0s, yielded final residuals of R, = 8.0%,
R,, = 10.4%, and R, = 8.3%, R,,, = 11.9%, respectively.

Constant wavelength powder neutron diftraction inten-
sity data for the y = 0.33 and 0.87 members of the
(Bay ;S570,33)2(870, 6Bl 5 )(Ph, _ B1, )04 _; phases were col-
lected at room temperature using the 32 detector high
resolution diffractometer located at the research reactor
of the National Institute of Standards and Technology.
The experimental conditions are summarized in Table 2.
The structural refinements from the profile analysis ot the
neutron data were performed with the GSAS program of
Larson and Von Dreele (22) using the intensity data in
the 26 range from 15° to 140° and Fm3m crystal symmetry.
The initial parameters for (Bag 4751y 33)2(Srg ¢7Big 33)(Pb; _,
Bi YO,_; structural refinements were taken from the X-ray
stodies. Various models were employed that contained
Sr, Bi, and Pb distributed over various lattice sites. The
best fits were obtained from models with (SryBij ;3)
B-site and (Pb,_,Bi) B’'-site occupancies, with oxygen
vacancies and anisotropic thermal parameters. The back-
ground in the neutron diffraction profiles was not modeled
because of the large signal to noise ratio. The neutron
diffraction profiles shown in Figs. 3 and 4 contain small
backgrounds in the range of 30°-40° which might be a
sign of diffuse scattering due to short-range ordering. A
summary of the final residuals from the various models
is given in Table 3.
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TABLE 1
Atomic Absorption and Thermogravimetric Analyses of the
(Ba, _,Sr,)5(Sry ¢7Big 33)(Pb; -, Bi,)O4_s; Compounds

{Oxygen content

System AN %Pbe Observed? Calculated® Neutron?
x =033,y =087 — — 5.6 5.59 5.77
x=033yv =073 19(18) 5(8) — 5.52 —
x =033y =033 18(18) 18(21) 5.2 5.32 517
x=0.60; y = 0.33 26(25) 16(22) 5.2 5.32 —

¢ Weight percent determined by atomic absorplion spectroscopy. Theoretical percentages are given
y

in parenthesis.

® Oxygen contents determined by thermogravimetric analysis.
¢ Oxygen contents calculated based on the general formula (Ba,_,Sr,)y(Sr) 6Bt }(Pb! BT Y04
4 Oxygen contents obtained from profile refinements of neutron diffraction data.

RESULTS AND DISCUSSION

A general survey of the Sr,PbQ,-Ba,PbO,-Sr,
Bi0,~Ba,Bi0O, phase field (Fig. 1} shows three principle
structure types; namely the K,NiF, (KNF), (NH,);FeF,
(NFF}, and Sr,PbO, (SPO) types. We previously observed
that the (Sr,_ Ba, ),Pb0, solid solutions form biphasic
SPO + KNF mixtures for ¢ = x = 0.5 and single phase
KNF compounds for 0.5 = x = 1.0 (18). The Ba,(Pb,_,
Bi, )0, solid solution was previously studied by Xu et al.
(10) and shown to maintain the KNF structure for 0 =
x = 0,30. The Ba,Bi0Q, phase possesses an NFF structure
however its solid solution chemistry with Sr or Pb has
not been reported. Sr,BiO, phase is not known but Sr-
rich Sr,Bi,_ Sr O, compounds (not represented in Fig. 1)
with the NFF type structure have been reported (21). In
the present study, we have found that Bi-for-Pb substitu-
tions in the (Sr,_,Ba,),PbO, phases result in single phase
cubic NFF compounds in certain regions of the phase
diagram (shaded region in Fig. 1). These compounds can
be described using the conventional NFF A,BB’'0,_; no-
menclature system, by the general formula (Ba,_, Sr,),

TABLE 2
Experimental Conditions for Powder Neutron Diffraction
Data Collection

Monochromatic beam
Wavelength
Horizontal divergences

311 reflection of Cu monochromator

1.540(1) A

157, 20', 7' of arc for the in-pile,
monochromatic beam, and diffracted
beam collimators, respectively

Vanadium can

4°-164°; steps: 0.05°

b(Sr) = 0.702, b(Ba) = 0.325, b(Pb) =
0.940, b(B1) = 0.853, B(O) = 0.581

296 K

Sample container

26 Angular range

Scattering amplhitudes
(1072 cp)

Temperature

(Sry.6;Big 33)(Pb,_,Bi,)O¢_; where ~0.9 =< x = ~0.45, 0.33
<y = (.87, and 0.8 = § = 0.4. The remainder of the
compositions inside the dotted lines in Fig. 1 are biphasic
comprising mixtures of NFF and KNF compounds. The
compositions outside the dotted lines were not investi-
gated.

In order to investigate the nature of the cation ordering
and structural distortions, Rietveld analyses were con-
ducted on the X-ray and neutron diffraction profiles of
the y = 0.87 and 0.33 members of the (Bag ¢;Sr; 33)2(8rp 67
Biy3)(Pb,_,Bi,)O¢_; series. These refinements, together
with the TGA and atomic absorption analyses, showed
oxygen anisotropy, disordered oxygen vacancies, Sr**
ions on the NFF A and B sites and segregation of Bi**
and Bi’* ions on the NFF B and B’ sites, respectively.
These results are described individually below.

The X-ray profiles of the (Ba,_,Sr ),(Srg Bl 53)(Pb,
Bi,)0,_s compounds were indexed on face-centered cubic
Iattlces with a = 8.6 A (see Fig. 2). Rietveld profile analy-

TABLE 3
Agreement Factors® for Various Structural Models (Neutron
Diffraction) for the (Bay ¢;Sry 33):(S1g ¢;Big 33)(Pb;_,Bi,)0s_; Com-
pounds

y = 0.87 ¥ =033
R, Ry . Ry Ryp ]
(%) (%) X % (%) X
Isotropic 8.88 12.26 3.047 8.06 10.4% 2.715
Oxygen anisotropic 7.34  9.65 1.877 7.17 8.61 1.830
Oxygen occupancy 7.23 959 1.865 6.58 797 1.568

varied

R, (profile factor} = {{Z; J? — I29) |}, R, = (weighted profile
factor) = {[2‘ Wi(l?hs _ Ifalc)l]/[z wiurhs)'.’]}h‘l; and Xz =N, — Nv"
Zwll).
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FIG. 1. Approximate structural phase field of the SrPbO,-
Ba,Pb0,-Sr;Bi0,~Ba,Bi0, system. Single-phase KNF materials are
represented by the heavy lines.

sis of the X-ray data for the y = 0.87 and 0.33 (Ba, (St 13),
(Sry 67Big 33)(Pb,_,Bi )O4_; phases were conducted using
the prototypical Fm3m symmetry of the cubic NFF com-
pounds. The most reasonable fits were obtained with 67%
Sr/33% Bi and 100% Bi (or Pb) accupying NFF B and B’
sites, respectively. The inability to distinguish Bi from Pb
and problems associated with determining oxygen posi-
tions by X-ray diffraction greatly limited the amount of
structural information attainable from these analyses.
To circumvent these problems, neutron diffraction ex-
periments were performed on the y = 0.87 and 0.33 phases
as well. The observed and calculated diffraction profiles

012

24

30 40.00

000

FIG. 2. Powder X-ray diffraction profile of the {Bay ¢;Sry 3 ){Sr47
Big 13)(Pby.11Biy 47)Os 5 sample.

are shown in Figs. 3 and 4 and the structural parameters
are given in Tables 4 and 5. There was no evidence of
orthorhombic, monoclinic, or tetragonal distortions simi-
lar to those observed in the related Ba,, Bi, O, (17)
and Sry¢Bi;0,,_; (21) phases. In addition, models with Ba
on the B (or B’) sites or Bi on the A sites yielded signifi-
cantly poorer fits in contrast to the related Ba,,, Bi,_,O4_,
phases (17). Like the X-ray refinements, the best results
were obtained with a 67% Sr occupation on the NFF
B-site. Because of the different scattering lengths of Bi
and Pb, the neutron experiments allow for occupancy
refinement of these elements on the B and B’ lattice sites.
The best fits were obtained with a fixed 67% Sr/33% Bi
B-site population and a Pb, _,Bi, population on the B’ site.
In addition, the highest quality profile fits were obtained
by including oxygen vacancies. The refined oxygen con-
tents for the y = 0.87 and 0.33 phases were 5.77 and 5.17,

Counts (x10%

‘ix WLl

0.6 0.8 1.0 1.2 1.4

2-theta (x10?)

FIG. 4. Calculated (continuous line) and observed (crosses) neutron
diffraction proﬁle of (Bau.6781’0_33)2(SI’u_67Bio_33)(Pb0_57B.10_33)05.2. A differ-
ence curve (f,,, — I ) is plotted at the bottom (same scale).
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TABLE 4
Refined Structural Parameters® for

(Bay 6751y 33)5(510.67Big 13)(Phy 13Big 57)0s 6

Atom  Site x ¥y z Occupancy B (A
Bal & 0.25 0.25 0.25 0.667 2.52(5j)
Sri 8¢ 025 0.25 0.25 0.333 2.52(5)
Sr2 45 0.5 0.5 0.5 0.667 2.1(1)
Bil 46 0.5 0.5 0.5 0.333 2.1(H
Bi2 4a 0 4] 0 0.867 0.64(6)
Pbl 4a 0 0 0 0.133 0.64(6)
O 24e  0.23B6(5) 0 0 0.961(7)

B, (&) Bp(AYH By (AY
O 1.01(1) 8.9(1) 8.9(1)

2 Neutron diffraction, unit cell constant = 8.6177(1) A.

respectively. These values are in reasonable agreement
with the oxygen contents of 5.6 and 5.2 determined by
TGA studies.

To accommodate the differences in average ionic radii
at the B and B’ sites, the oxygen is shifted from an ideal-
ized symmetrically bridging position (1/4, 0, 0} to a posi-
tion closer to B' (~0.24, 0 0). This shift generates large
BOy octahedra (dy_o = 2.24 A) centered at 1/2, 1/2, 1/2
and smaller B'O, octahedra (dp_o = 2.06 A) centered at
the origin (see Fig. 5 and Table 6). Assuming that Bi’*
and Bift order on different sites in the NFF structure,
the most reasonable model would contain the large Bi**
ion on the B site with Sr** and the smaller Bi** ion on
the B’ site with Pb*". The proposed (Ba, ,Sr,),(Sry¢;
Bij 4:)(Pbt! Biy")Og_, formulations are consistent with the
oxygen contents determined from the TGA data, the re-
fined occupancies from the neutron studies (see Table 1},
and the variations in structure resulting from Pb**-for-
Bi** substitution on the B’ site (discussed below). These

TABLE 5
Refined Structural Parameters? for

(Bag 47519.33)2(St.57Big 33 {( Py 6By 1305,

Atom  Site x ¥ z Qccupancy B (AD
Bai B8c  0.25 0.25 0.25 0.667 3.66(6)
Srl 8¢ 025 0.25 0.25 0.333 3.66(6)
Sr2 4p 0.5 0.5 0.5 0.667 2.5(1)
Bil 4 0.5 0.5 0.5 0.333 2.5(1)
Bi2 4a 0O 0 0 0.333 1.21(8)
Pbl  4a 0 0 0 0.667 1.21(8)
0 2d¢  0.24036) 0 0 0.861(6)
By (A Byp(AY) By (A
0 0.8(1) 76()  7.6(1)

« Neutron diffraction, unit cell constant = 8.6039(2) A.
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FIG. 5. Polyhedral representation of the structure of (Bag451y.3;);
(Srg6;Bip 13)(Pby 4;Big4;)05,. The dark and light octahedra represent
(Pb,Bi)(Qy and (Sr,Bi)Q,, respectively. The light spheres represent the
A site (Bay Sty 53} ions and dark spheres represent oxygens.

findings are also consistent with the proposals of Chaillout
et al. (23) that oxygen nonstoichiometry triggers Bi**/
Bi’* ordering on different crystaliographic sites.

The variations in cell parameters as a function of x and
y of the (Ba,_,Sr,),(Srg ¢;Big 33)(Pb;_,Bi,)O¢_; system are
shown in Fig. 6. The substitution of Sr-for-Ba decreases
the unit cell constant as expected (Fig. 6a), however, the
cell constant increases by ~0.2% when Pb** (r = 0.?15 A)
(24) is replaced by the smaller Bi** (r = 0.90 A) (24)
(Fig. 6b}. The neutron structural refinements of the two
(Bayg 67810 33)2(Srg 67Big 33)(Pb,_, Bi,)O4_; phases show that
the (Pb,_,Bi,)-O distances decrease with increasing y as
expected from Bi**-for-Pb*" substitution. However,
(Bagg,S1g.33)-0 and (Sry¢;Biys3)-O distances increase
with y and collectively affect the slight increase in the
cell parameter. Presumably, the increase in coordination
number due to fewer oxygen vacancies gives rise to larger
A-0 and B-O separations.

TABLE 6
Average Bond Lengths (A) in the (Bay 451, 3:);
(Sry 67Big 33)(Pb,_,Bi,)O,_; System

Bond y =0.33 y = 0.87
(Bal/Sr1}-0 3.0431(2) 3.0484(1)
(Sr2/Bil)-0 2.235(5) 2.253(4)
(Bi2/Pb1)-0 2.067(5) 2.056(4)

¢ Determined from neutron refinements.
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FIG. 6. (a) A plot of unit cell constants versus of x in the (Ba,_.Sr,),(Srg 5;Big13)(Pbg 1Big 13)04s system. (b) A plot of unit cell constants

versus y in the (Baﬂmsl’g_n)E(Sru_ﬁjBio_H)(Pb]-),BIIJ-)Oﬁ_a system.

The oxygen atoms in the two (Ba,Sry:)(Srper
Bij 33)(Pb,_,Bi,)O¢_; phases are highly anisotropic. An
ORTEP drawing of the B'O¢ octahedron of the
(Bay 6751 33)2(STg 67Blo 32)(Pby 6Bl 33)05, phase is shown
in Fig. 7 and the anisotropic thermal parameters for
the two phases studied are given in Tables 4 and 5.
Because of the different ions randomly distributed over
the B and B’ sites, one would anticipate a large anisot-
ropy along the B-O-B" vector due to a static disorder
of the O position. Instead, the anisotropies normal to
the B—O-B' vector (By, and B,;) are approximately eight

FIG. 7. ORTEP representation of the (Sry;Biy 33)0; octahedron in
{Bay 67819 33)2(510 7Bl 33)(Pby ¢;Bi 33)0s , showing the oxygen anisotropy.

times larger than along the B—O—B’ vector (B))) in the
present compounds. The origin of these anisotropies
most likely results from static distortions due to oxygen
vacancies (17). The oxygen nonstoichiometries generate
local MO, square pyramids in which the basal oxygens
distort towards the missing sixth vertex (see Fig. 8).
This static disorder is consistent with the observed
thermal parameters.

The NFF compounds described above as well as the
Ba,,,Bi, 0, , (17) and Sr;;Big0,,_5 (21) phases contain
alkaline earth ions on perovskite B sites and oxygen
nonstoichiometries. The oxygen vacancies require the
formation of BO; square pyramids comprising five-coor-
dinate alkaline earth ions. It is plausible that oxygen
vacancies are always associated with the Bi*" ions on
the B sites and Bi**-0,,. disorder in a pairwise fashion.
However, if the vacancies are associated in disordered
pairs, there must still be alkaline earth ions in square-
pyramidal sites in compounds with large vacancy con-
centrations. This is especially surprising for the Ba,, Bi-
2-+06-, system (17) since the five-coordinate Ba’* ion
is not common. In our (Ba,_,Sr,):(Sry 6Bl 13)(Pb,_,Bi,)-
Oq_; phases, only Sr** migrates to the B-sites and five
coordinate Ba** is avoided. The present compounds are
of course closely related to the Sr(BiO s phase of
general composition Sr(SrgsBid5sBighs)Bi*tOg_s (21),
however, the distribution of Bi** and Bi’* appears to
be quite different.

Attempts to chemically substitute Ba®* or Sr** by
K* resulted in multiphase mixtures. Magnetic screening
of these samples did not show any sign of superconduc-
tivity. Similar attempts to substituie potassium-for-bar-
ium in the refated Ba,(Ba,Bi)O; compounds were also
not successful (15).
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FIG. 8. The structural model proposed for oxygen anisotropy in the (Ba,_,Sr,),(Srq 7Bl 13)(Pb;_, Bi,)O4_; phases, (a) Two-dimensional represen-
tation BO; and B'Qy array. The square represents an oxygen vacancy. (b) Representation of oxygen shift and fivefold coordination due to an

OXygen vacancy.
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