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During the synthesis by electrodeposition of Ba,

,K,BiOj; superconducting crystals, black crystals of

a new phase were grown at the anode. Chemical analysis (WDS) revealed the presence of sodium in
these crystals. The chemical formula, Bas 1K ¢Bi3 37Nag 630, , and the structure have been determined
from single crystal X-ray diffraction. The structure is perovskite-like with @ = 8.54 A = 2a,, a, being
the lattice parameter of the perovskite cell. The doubling is due to a 1(B’):3(B) ordering on the
octahedral sites. The B sites are occupied by Bi’* cations whereas the B’ sites are occupied by a
mixture of Na and Bi cations. The latter should be disproportionated into Bi** and Bi’*. No sign of

diamagnetism has been detected in these crystals at low temperature.

Introduction

Before the discovery of high 7, supercon-
ductivity by Bednorz and Miiller in 1986 (1),
BaPb,_,Bi,O; had the highest supercon-
ducting transition temperature among OX-
ides (T, = 13 K for x = 0.25) (2). The trans-
port properties of this system change from
metallic for x < 0.3 to semiconducting for x
= 0.3. Over the entire range of composition
the structure of these compounds is closely
related to that of the perovskite (ABO;).
The Pb and Bi cations are disordered over
the octahedral sites and the formal average
valence of Bi cations is 4 +.

In 1988, Mattheiss et al. (3), in analogy
to (La,Ba),Cu0,, tried to dope the ““A’’ site
in BaBiO,. They observed traces of super-
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conductivity in multiphase samples of
(Ba, M)BiO, (M = K,Rb) with magnetically
determined onsets at 22 and 15 K, respec-
tively. Monophasic powders of Ba,_,K,
BiO, were obtained successively by Cava et
al. (4) and Hinks et al. (5). These two
groups used different, rather complicated
synthesis techniques. The highest T, for the
A-doped BaBiO, is near 30 K (x = 0.4), more
than twice that found for BaPb,_,Bi,O;. A
detailed structural phase diagram as a func-
tion of temperature and K content has been
determined by Pei et al. (6) from powder
neutron diffraction studies. At room tem-
perature the structure of Ba,_,K BiO; is
monoclinic for 0 = x = 0.1, orthorhombic
for 0.1 = x < 0.35, and cubic for 0.35 =x <
0.5. It seems that the superconducting state
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is restricted to the cubic domain. As a func-
tion of x the average Bi formal valence
changes from 4 for x = 0to 4.45 forx = 0.5.

Several groups have tried to grow crys-
tals, using flux methods (7-9) or, more re-
cently, electrodeposition (10). X-ray char-
acterization of the crystals obtained by the
latter method indicated the presence of at
least two perovskite phases having close cell
parameters (4.29 and 4.27 A).

Although the superconducting transition
temperature of Ba,_,K,BiO; is lower than
that of most of the superconducting copper
oxides, this system is very interesting be-
cause the structure is cubic and conse-
quently has no two-dimensional character.

As it is difficult to synthesize reproducibly
powders with well-defined potassium stoi-
chiometries we have prepared single crys-
tals by electrodeposition following the pro-
cedure described by Norton (10). We
obtained crystals of different colors (purple,
blue, and black) which have been character-
ized by X-ray diffraction. One (black) of
these crystals was found to be a new com-
pound and we have undertaken the determi-
nation of the chemical formula and of its
structure which are reported herein.

Experimental

1. Preparation

Single crystals were grown by electrolytic
oxidation of a molten mixture of KOH,
Ba(OH),, 8H,0, and Bi,0; in the molar ratio
70:1: 1. The starting materials were melted
in a platinum crucible at 210°C using a verti-
cal furnace. A current of 5 mA was main-
tained through the melt for about 6 hr by
means of two platinum electrodes. The sam-
ples grown on the anode usually consisted
of intergrown single crystals. Their color
varied from purple to blue to black and their
habit was cubic of maximum 0.5 x 0.5 X 0.5
mm? size.

2. Preliminary X-Ray Characterization

The lattice parameters of the different
crystals were determined from Gandolfi or
Guinier diffraction patterns (A FeKa =
1.9373 A). Single crystals were used with
the Gandolfi camera while crushed crystals
were used in the Guinier camera. In the case
of the blue crystals the lattice parameters
were in agreement with those given by Pei
et al. (6) for BaycK, BiO; (a = 4.277 A).
On the contrary, in the case of the black and
the purple crystals, all reflections could be
ipdexed on a cubic cell with a = 24, = 8.54
A, where q, is the parameter of the basic
perovskite cell. Single crystal diffraction
patterns obtained with a precession camera
(A MoKa = 0.7107 A) confirmed that the cell
was body-centered cubic (extinctions for £
+k+1=2n+1)

Among perovskKite structures a doubling
of the cell parameter a, has already been
observed, due to a 1-3 order over the A or B
cation sites. For example in (CaCu;)Mn O,
(11) the order occurs over the A sites
whereas in Ba,(LiBi;)O,, (12) the order oc-
curs over the B sites. The space group is
Im3 in the former case, and Im3m in the
latter. Because of the high value of the ab-
sorption coefficient for the black crystal and
the nonspherical shape of the samples, we
were unable to determine from the examina-
tion of precession photographs whether or
not Akl and khl reflections were equivalent,
so that it remained undetermined at this
point whether the space group was Im3 or
Im3m.

3. X-Ray Data Collection

A black cubic-shaped crystal was selected
and mounted on a Nonius CAD4 diffracto-
meter. The wavelength was A AgKa (0.5608
A) produced by a rotating anode. All reflec-
tions (7406) belonging to the reciprocal
space between 6 = 2° and 6 = 30° and such
that A + k + [ = 2n were collected by
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TABLE 1

ATOMICPERCENTAGESOF THE ELEMENTS PRESENTIN
THE CRYSTAL USED FOR STRUCTURE DETERMINATION
(FroM WDS)

Element: Ba K Bi Na (0]
Atomic %: 17.5(4) 3.41) 17.2(7) 3.5(2) 58.1(9)

w-scans. Ten reflections (with CHI angles
close to 90°) were also measured in ¢-scan
mode in order to apply an absorption correc-
tion. The lattice parameter of this crystal
determined from a Gandolfi diffraction film
was a = 8.552(1) A. Corrections for the Lo-
rentz and polarization effects were applied
along with the absorption correction using
the SDP programs. The reflections were av-
eraged in the m3 Laiie symmetry.

4. Chemical Analysis

Several black crystals (including the one
used for intensity data collection) were stud-
ied by Energy Dispersive Spectroscopy
(Kevex) and Wavelength Dispersive Spec-
troscopy (Cameca). The surface of the crys-
tals had not been prepared for the chemical
analysis because the crystals were too
small.

Very surprisingly, the analysis revealed
that there was as much sodium as potassium
in our crystals. Likely the sodium was an
“impurity’’ in the KOH which we used. An
analysis of the starting KOH using atomic
absorption spectroscopy indicated that 0.4
to 0.5% Na was present. The atomic per-
centages obtained for the crystal used for
data collection are reported in Table I. They
led to the chemical formula

Ba3.37(8)K0.65(2)Bi3.31(13)Nao.67(4)01 1.22).

It should be noted that no trace of sodium
was detected in the blue crystals belonging
to the cubic perovskite phase Ba;_,K,BiO,
(x = 0.4).

Structure Refinement

The refinements were carried out by the
MXD program (13). The Im3 space group
was used at the beginning. By taking into
account the ionic radii of the different cat-
ions present in the crystal, Ba and K were
positioned on the A sites (twelve-coordi-
nated) whereas Bi and Na were located on
the B sites (six-coordinated). We first tried
the A-site ordering model, but it led to an
unreasonable solution (negative tempera-
ture factors, etc.). The atomic positions
used in the second model (with a 1-3 order
on the B sites) are reported in Table II. The
Ba and K cations were located on the same
A site (8¢ positions). During the first cycles
of the refinement, we did not take into ac-
count the presence of sodium and we posi-
tioned the Bi cations on the two different
octahedral sites (2a position = B’ site and
6b position = B site). We refined the scale
factor, the position of the oxygen atoms,
the anisotropic temperature factors for all
atoms together with the percentage of bar-
ium and potassium on the A site. We noticed
first that the x coordinate of the oxygen O2
(site 12¢) was equal to . This is the only
coordinate which differentiates m3m from
m3. It is therefore possible to describe the
structure in the Im3m space group. The re-
flections were then averaged in the m3m
Latie symmetry and the atoms were posi-
tioned as reported in Table III. We noticed
also that the values of the temperature fac-
tors of the Bi cations on the 2a site were

TABLE II

SpeciaL PosiTions OccupieD IN SPACE GrOUP Im3

Ba, K 8¢ (3) 114
Bi, Na 2a (m3) 0,0,0
Bi 6b (mmm) 04,3
01 12d (mm) x,0,0
02 12e (mm) x,0,%
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TABLE III
SPECIAL POSITIONS OCCUPIED IN SPACE GROUP
Im3m
Ba, K 8¢ (3m) ER
Bi, Na 2a (m3m) 0,0,0
Bi 6b (4/mmm) 0.3,3,
01 12e (4mm) x,0,0
02 12d (42m) 1,03

abnormally large. Consequently, in the next
cycles a mixture of Bi and Na was intro-
duced on this site and the percentage of Na
was refined as an additional variable. The
final values of the parameters are reported
in Table IV, together with the R-factors.
The interatomic distances are listed in
Table V.

The chemical formula deduced from the
refinement is

(Bay 4K 96)Bi3(Big ;N2 63 )0 .

The proportions of Bi and Na cations are in
good agreement with those determined from
chemical analysis. On the other hand, the
Ba/K ratio determined from the structural
refinement is smaller than that obtained
from chemical analysis. Different reasons

TABLE IV

PosITIONAL, THERMAL, AND
OccuPaNCY PARAMETERS

(o]} x 0.2648(4)
Na,Bi Ull =22 =33 0.0039(3)
p(Na) 0.631(3)
Ba,K Ull =22 =133 0.0110(2)
Ui2=13=23 0.00393(8)
p(Ba) 0.760(4)
Bi Ul 0.00286(8)
U22 =33 0.00306(5)
01 un 0.006(1)
U22 =33 0.028(1)
02 Ul 0.004(1)
U222 =33 0.036(2)

Note: R, = 1.61%, R,,, = 2.18%, x? = 2.06.

TABLE V

SELECTED INTERATOMIC DISTANCES

Bi-O1 2.011(4) x2
Bi-02 2.138(4) x4
Bi,Na-01 2.265(4) X6
Ba,K-01 3.026(1) x6
Ba,K-02 3.024(1) X6

can be invoked to explain these discrepan-
cies. First of all the crystal surface had not
been prepared suitably for chemical analy-
sis. Consequently, the results from the
chemical analysis have to be considered
only qualitatively. Another possibility could
be that the A site is not fully occupied. In
order to test this model the K percentage
was fixed according to the chemical analysis
and the Ba occupancy factor was refined.
We found pyg, = 0.78 (x4). Since pg, + px
= 0.78 + 0.16 < 1. These results are in
agreement with vacancies on the A site. The
R-factors did not change significantly. The
formula became

(Bay 1,)Kg 66)Bis(Big 17N 6300, ,

which is closer to that deduced from chemi-
cal analysis than the one obtained pre-
viously. It should be pointed out that it is
not unusual in perovskite compounds to find
vacancies on the A site. However, one can-
not favor one formula or the other.

Discussion

The structure of (Ba; ;K ¢)Bi;(Big 3,
Nay 3)0,, is schematized in Fig. 1. The cor-
ner-sharing octahedral network comprises
two types of octahedra in a 1:3 ratio, or-
dered as shown in Fig. 1. The first type is
regular and occupied disorderly by a mix-
ture of Bi and Na cations. The six Na(Bi)-O
distances are equal to 2.265 A. These octa-
hedra are isolated from each other. The sec-
ond type of octahedra is exclusively occu-
pied by Bi cations. They share four corners
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FiG. 1. (a) Schematic representation of the crystal structure of (Ba, ;,Ky ¢ )Bis(Big 37Nag ¢3)0;; (b)
z = 0 plane of the structure showing the arrangement of the octahedra.

with octahedra of the same type and two
with octahedra of the first type. These two
corners are opposite to each other. The Bi
octahedra which are compressed along this
direction form a tridimensional array. The
Ba and K cations are disordered over the
cuboctahedral sites.

From the Bi-O distances, using the
Brown and Altermatt formula (14), we cal-
culated the valence of the Bi cations located
on the octahedral sites of the second type
(B). We obtained vg; = 4.96, which indicates
that these sites are occupied by Bi**. The
same calculation cannot be applied to the B’
site because it is only partially occupied by
Bi cations. The average valence of the Bi
cations on these sites as deduced from the
chemical formula is equal to 4 +. Since 4+
is not a stable valence for Bi cations, these
cations are probably disproportionated into
a mixture of Bi** and Bi**. The differentia-
tion of the oxygen octahedra into two in-
equivalent sites is probably due to the rather
large difference in average charge between
the cations located on B and B’ sites, respec-
tively.

The a.c. susceptibility of several crystals
including the one used for the structure de-
termination was studied as a function of
temperature. No sign of diamagnetism has

been detected so far. This is not really sur-
prising since the charges are localized (as
Bi’") on the sites which form the 3-D ar-
rangement. The other octahedral sites are
isolated from each other and cannot there-
fore be considered as active sites for super-
conductivity. Studies are now in progress
in order to retain the ‘‘double perovskite’’
structure and to cause charge delocalization
on the B site at the same time.
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