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New hexagonal phases were found in the Sr+K(Na)+Bi+O
systems and characterized by X-ray powder di4raction, electron
di4raction, and high-resolution electron microscopy (HREM).
The crystal structures of Sr3.75K1.75Bi3O12 (space group P61 2m,
a 5 10.4434(1) As , c 5 3.37932(4) As , RI 5 0.019, RP 5 0.055) and
Sr3.1Na2.9Bi3O12 (space group P61 2m, a 5 10.1102(4) As ,
c 5 3.3389(1) As , RI 5 0.024, RP 5 0.070) were re5ned using X-
ray powder data. The structures consist of chains of BiO6 oc-
tahedra linked by the common edges whereas A cations occupy
the interstices between the chains. This structure can be con-
sidered as the end member of the new (Sr, K)6n12Bi3n23O12n

homologous series found by electron microscopy. The homo-
logues with n 5 4, 5, and 6 were observed, and their structures
were deduced from HREM observations. ( 2000 Academic Press

1. INTRODUCTION

The discovery of superconductivity in Bi-based perov-
skite oxides has attracted signi"cant attention to these
compounds. Pioneering works by Sleight et al.
(BaPb

0.75
Bi

0.25
O

3
, ¹

#
"12 K) (1) and Mattheis et al. (2)

and later by Cava et al. (K
0.4

Ba
0.6

BiO
3
, ¹

#
"30 K) (3) have

inspired the further search for new superconductors among
Bi-based oxides (4, 5). More recently, Kazakov et al.
(K

0.6
Sr

0.4
BiO

3
, ¹

#
"12 K) (6) and Khasanova et al.
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(K
0.9

Bi
1.1

O
3
, ¹

#
"10 K and La

0.2
K

0.8
BiO

3
, ¹

#
"12 K) (7,

8) have discovered new Bi-containing superconducting per-
ovskites with similar structures possessing a three-dimen-
sional framework of BiO

6
octahedra. Unfortunately, the

three-dimensional character of the perovskite structure
(ABO

3
) signi"cantly limits the number of Bi-based mixed

oxides, which could be synthesized. In this case one can vary
only the A-type cations, keeping intact Bi}O network. Con-
trarily, the 2D character of the layered copper-based high-
¹

#
oxides favors a larger number of di!erent structures with

a variety of distinct compositions of insulating slabs alter-
nating with conducting blocks along a long axis. Therefore,
decreasing the dimensionality to 2D in the case of the
bismuthates could be a promising way to obtain new
phases.

Layered oxides of general composition Ba
n`1

(Pb,
Bi)

n
O

3n`1
were "rst reported by Fu et al. (9). The structures

of these tetragonal Ruddlesden}Popper-type phases consist
of an alternate stacking along the c axis of perovskite and
rock salt-type blocks. The electrical conductivity for pure
Pb-based compounds increases with increasing n and the
resistivity behavior changes from semiconductor-
(Ba

2
PbO

4
) to metal-like (Ba

4
Pb

3
O

10
). But, whereas super-

conductivity has been found in the solid solution
BaPb

1~x
Bi

x
O

3
(0(x(0.3), no superconducting

transition was observed for Ba
4
(Pb

1~x
Bi

x
)
3
O

10
(0(x(0.3). Furthermore, increasing the Bi content result-
ed in an increase of the resistivity (9}11). Contrary to the
lead}bismuth layered oxides, only the second member
(A

3
B
2
O

7
) and the last member (ABO

3
, simple perovskite)

have been obtained for pure Bi-containing compounds. The



FIG. 1. X-ray di!raction patterns of the samples with nominal com-
positions: (a) SrKBiO

y
; (b) Sr

1.5
K

0.5
BiO

y
.
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second member of the Ruddlesden}Popper family
Ba

1.7
K

1.3
Bi

2
O

7
has been synthesized by Cava (12) and

more recently by our group (Sr
1.6

K
1.4

Bi
2
O

7
) (13). Unfortu-

nately, all attempts to induce superconductivity in these
compounds were unsuccessful. This may be due to an inap-
propriate carrier concentration, which is considered to be
too high for the occurrence of superconductivity. The val-
ence of Bi in Ba

1.7
K

1.3
Bi

2
O

7
is #4.65, while optimum for

superconductivity is #4.3}4.4 for Ba-containing supercon-
ducting perovskites (14). Electronic band structure calcu-
lations for the Ba

1`x
K

2~x
Bi

2
O

7
solid solution performed

by Mattheiss showed that a slight decrease of the Bi valence
could provide more favorable conditions for superconduc-
tivity in this material (15). However, despite numerous ef-
forts, the Ba/K and Sr/K cation ratio remained constant
whatever synthesis conditions were applied (12, 13).

Our attempts to synthesize the "rst member of the Rud-
dlesden}Popper series in the Sr}K}Bi}O system led to the
formation of a new nonstoichiometric hexagonal phase
rather than a phase with the K

2
NiF

4
type structure. We

present here the structural investigations of these new
phases found in the Sr}K}Bi}O and Sr}Na}Bi}O systems.

2. EXPERIMENTAL PROCEDURES

The samples were synthesized by annealing under high
oxygen pressure or in oxygen #ow. First, Sr

2
Bi

2
O

5
was

prepared by mixing SrCO
3

(Aldrich, '99%) with Bi
2
O

3
(Aldrich, 99.9%) and annealing the resulting powder at 700,
800, and 8503C for 100 h with several intermediate grind-
ings. Appropriate amounts of Sr

2
Bi

2
O

5
, KO

2
(96%),

Na
2
O

2
(95%), and Bi

2
O

3
were mixed in a drybox "lled with

argon. The samples with initial compositions
Sr

1`x
K

1~x
BiO

y
(x"0, 0.33, 0.5), Sr

2.2
K

0.5
BiO

y
,

Sr
2.2

KBiO
y
, Sr

1.75
K

0.5
BiO

y
, Sr

1.75
KBiO

y
, and

SrNa
1`x

BiO
y

(x"0.0, 0.2, 0.5) were annealed under high
oxygen pressure p(O

2
)"40}50 bar in a steel autoclave at

400}5003C for 20}60 h. The sample with the SrKBiO
y
initial

composition was also obtained by annealing at 4503C for
24 h in oxygen #ow.

X-ray powder di!raction (XRD) experiments were carried
out with a focusing FR-552 Guinier camera (CuKa

1
radi-

ation, a"1.5406 As ; Ge was used as an internal standard) or
on STADI-P di!ractometer (CuKa

1
radiation, curved Ge

monochromator, transmission mode, scintillation counter).
Adhesive tape was used as a supporting material for pow-
dered samples. It has a broad halo in the 2h range 10}303.
X-ray powder patterns for structure calculations were col-
lected on thin mylar "lm, which does not exhibit such
feature.

Electron di!raction (ED) and high-resolution electron
microscopy (HREM) studies were performed using a JEOL
400EX instrument. EDX analysis and electron di!raction
were performed using a Philips CM20 microscope with an
attached LINK-2000 detector and a CM300 microscope
with a Kevex detector. Image simulations were made by
MacTempas software.

3. RESULTS

3.1. Synthesis and X-Ray Powder Diwraction Study

XRD revealed the formation of new phases (denoted to as
H1) in the Sr}K}Bi}O and Sr}Na}Bi}O systems. The XRD
patterns of H1 phases were indexed in the hexagonal unit
cell with lattice parameters: a"10.4426(3) As ,
c"3.3790(1) As for the K-containing compound and
a"10.1092(4)As , c"3.3389(1) As for the Na-containing one.
The XRD pattern of K-containing H1 phase is shown in
Fig. 1a.

We found that this phase was easily formed by annealing
at 4503C for 24 h in oxygen #ow of the SrKBiO

y
initial

mixture. Furthermore, this phase has been prepared in pure
form only in oxygen #ow, while the high oxygen pressure
technique favored the synthesis of a multiphase sample
containing either a mixture of the H1 phase and the
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Sr
1.6

K
1.4

Bi
2
O

7
layered one or another new hexagonal

phase (referred to as H2).
The temperature of the synthesis strongly in#uences the
"nal product of the reaction. Annealing of the SrKBiO

y
initial mixture performed at 4003C under 40 bar of oxygen
partial pressure resulted in the formation of a multiphase
sample with the hexagonal phase (H1) as the main phase
and the layered Sr

1.6
K

1.4
Bi

2
O

7
phase as an impurity. By

increasing the synthesis temperature up to 4503C and by
keeping the same pressure, the formation of the H1 phase
was suppressed and the H2 phase was obtained.

The best sample of the H2 phase was obtained using
Sr

1.5
K

0.5
BiO

y
as the starting composition and annealing at

4503C and p(O
2
)"40 bar for 22 h. An increase of the

(Sr#K)/Bi ratio within the range 2}3.2 led to the appear-
ance of Sr

3
BiO

x
as an impurity phase. The XRD pattern of

H2 was indexed in a hexagonal unit cell with lattice para-
meters a"10.287(1) As , c"3.520(4) As (Fig. 1b). We were
able to index only the main (subcell) re#ections. Weak
unindexed re#ections were also found, which could orig-
inate from a decrease of the symmetry or from an increase of
the cell dimensions for this compound. Indeed further elec-
tron microscopy study revealed the superstructure cell with
signi"cantly enlarged c parameter (see further). The syn-
thesis conditions and the lattice parameters of the new H1
and H2 phases are summarized in Table 1.

The positions of the main peaks in the XRD patterns of
the H1 and the H2 phases are similar; however, the inten-
sities of the peaks in both cases are rather di!erent. The
re#ections with l"0 remain sharp on both XRD patterns,
TABLE 1
Synthesis Conditions and Lattice Parameters of New Hexagonal

Phases

Initial Treatment Lattice
composition conditions parameters

H1 phase
SrKBiO

y
4503C, O

2
#ow, 24 h Hexagonal phase H1

a"10.4426(3) As
c"3.3790(1) As

SrNa
1.2

BiO
y

4503C, 40 bar O
2
, 48 h Hexagonal phase H1

a"10.1092(4) As
c"3.3389(1) As

H2 phase
Sr

1.33
K

0.67
BiO

y
4503C, 40 bar O

2
, 22 h Hexagonal phase H2

a"10.3053(6) As
c"3.4990(6) As

Sr
1.5

K
0.5

BiO
y

4503C, 40 bar O
2
, 22 h Hexagonal phase H2

a"10.287(1) As
c"3.520(4) As

Sr
1.75

K
0.5

BiO
y

4503C, 40 bar O
2
, 22 h Hexagonal phase H2

a"10.292(1) As
c"3.509(1) As
while in the case of the H2 phase the other re#ections exhibit
a broadening and a decrease of the intensity. This may
suggest that in the case of H2 a well-established order exists
in the a}b plane but a strong disorder appears along the
c axis, as was revealed by electron microscopy study. More
detailed investigation of this phase revealed much larger
complexity than was expected at the "rst glance. Actually,
several members of a new homologous series were detected
by electron microscopy.

The hexagonal Na-containing H1 phase was obtained
only by the high oxygen pressure technique. Contrary to the
K-based phases, the Na-containing H1 phase does not form
during the synthesis in oxygen #ow. When the Na content
was varied (x"0.0, 0.2, 0.5), the pure H1 phase was only
obtained when SrNa

1.2
BiO

y
was used as the starting com-

position at 4503C under an oxygen pressure of 40 bar for
48 h. The increase of the annealing temperature to 5003C
and annealing up to 48 h resulted in the formation of
Na

3
BiO

4
as an impurity. Further annealing for 24 h at

5003C led to the appearance of Sr
0.19

Bi
0.81

O
1.4

as an impu-
rity due to Na evaporation. Pressure variation from 20 to 50
bar did not a!ect the phase purity. In comparison with the
K-containing system, no other hexagonal phases such as H2
were observed.

3.2. Crystal Structures of the H1 Phases

3.2.1. Sr}K}Bi}O System. The crystal structure re"ne-
ment of the H1 phase was performed on a single-phase
sample of nominal composition SrKBiO

y
prepared by an-

nealing in oxygen #ow.
Since no extinction conditions were found from either ED

or XRD patterns, P61 2m and P321 were "rstly chosen for
structure simulations. The initial structure model was de-
duced from the analysis of probable cation distribution in
the unit cell, and re"nement based on this model gave
reasonable results. A search for similar structures in the
ICSD (16) database revealed two compounds Ca

2
IrO

4
and

Ca
4.74

Ir
3
O

12
with similar lattice geometry and atomic co-

ordinates. In the structure of Ca
2
IrO

4
, A cations occupy

three independent positions [denoted as M1, 1a; M2, 2c;
and M3, 3g (position notations belong to the P61 2m space
group)] (17), while in the structure of Ca

4.74
Ir

3
O

12
only two

of these positions (M2 and M3) are "lled with A cations (18).
All attempts to prepare the stoichiometric Ca

2
IrO

4
phase

performed in (18) were unsuccessful. The X-ray patterns of
samples with a Ca to Ir ratio 8 : 6 showed impurities of IrO

2
,

while the pattern of sample with a Ca/Ir"12 : 6 composi-
tion showed CaO remaining. The neutron re"nement per-
formed on the purest sample with a Ca/Ir"9 : 6
composition revealed that this phase is indeed Ca-de"cient,
and the real composition is Ca

4.74
Ir

3
O

12
. The cation posi-

tion M1 at (0, 0, 0) was found to be empty and the M3 site
was only partially occupied (g (Ca3)"0.92).



FIG. 2. Observed, experimental, and di!erence X-ray pro"les for (a)
Sr

3.75
K

1.75
Bi

3
O

12
and (b) Sr

3.1
Na

2.9
Bi

3
O

12
compounds.

TABLE 2
Crystallographic Data and Experimental Parameters for

Sr3.75K1.75Bi3O12 and Sr3.1Na2.9Bi3O12

Sr
3.75

K
1.75

Bi
3
O

12
Sr

3.1
Na

2.9
Bi

3
O

12

Space group P 61 2m P 61 2m
Lattice parameters (As ) a"10.4434(1) a"10.1102(4)

c"3.37932(4) c"3.3389(1)
Volume (As 3) 319.189(7) 295.57(2)
Z 1 1
Calculated density, g/cm3 6.326 6.501
Scan range, step (deg. 2h) 7.0}100, 0.02 11}110, 0.01
No. of re"ned parameters 34 34
No. of re#ections 92 99
R

wP
, R

P
, R

I
0.072, 0.055, 0.019 0.104, 0.070, 0.024

TABLE 3
Atomic Parameters for Sr3.75K1.75Bi3O12 (First Row) and

Sr3.1Na2.9Bi3O12 (Second Row)

Atom Position x/a y/b z/c B (As 2) g

M1 (0.5Sr#0.5K)
M1 (0.95Na#0.05Sr)

1a 0 0 0
1.4(4)
0.4(4)

0.5
1.0

M2 (Sr)
M2 (0.85Sr#0.15Na)

2c 2
3

1
3

1
2

0.7(2)
0.9(2)

1.0

M3 (0.5Sr#0.5K)
M3 (0.55Na#0.45Sr)

3g
0.7000(5)
0.6942(6)

0 1
2

1.8(2)
1.3(2)

1.0

Bi
Bi

3f 0
0.3385(2)
0.3317(2)

0
0.20(3)
0.58(2)

O1
O1

3g
0.472(2)
0.443(2)

0 1
2

0.3(2)
0.7(2)

O2
O2

6j
0.438(2)
0.453(2)

0.222(1)
0.235(1)

0
0.3(2)
0.7(2)

O3
O3

3g
0.197(2)
0.188(2)

0 1
2

0.3(2)
0.7(2)
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For our re"nement the atomic positions of Ca
4.74

Ir
3
O

12
were taken as initial ones. The re"nement in the P61 2m and
P321 space groups yielded similar results, but in a latter
case, the deviations of the z coordinate from 0 (for O2) and
from 0.5 (for Sr2) were found to be within the range of
standard deviations. Therefore the more symmetric P61 2m
group was chosen for the "nal re"nement.

The structure re"nement was performed using the
RIETAN-97 program (19). The experimental, calculated
and di!erence XRD pro"les are shown in Fig. 2a. Crystallo-
graphic data collection parameters are presented in Table 2.
The "nal structural information and the main interatomic
distances are listed in Tables 3 and 4, respectively.

Considering that the two positions M2 and M3 are occu-
pied by Sr and keeping M1 empty, the residual factor R

I
was

as low as 0.044. However, the di!erence Fourier map re-
vealed a signi"cant electron density peak in the M1 posi-
tion, contrary to the Ca

4.74
Ir

3
O

12
structure. This peak

indicates occupation of this site.
Subsequently, the electron densities at the M1, M2, and

M3 positions were evaluated. All these positions were
assumed to be occupied by Sr atoms only and their
occupancy factors were re"ned with "xed thermal
parameters B"1 As 2. The re"ned occupancies were
found to be g(M1)"0.374(8), g(M2)"0.96(1), and
g(M3)"0.714(9). From these data we concluded that the
M2 position was fully occupied by Sr, whereas Sr, K, and
possibly cation vacancies randomly occupied the M1 and
M3 positions. Further re"nements was performed assuming
the same Sr/K ratio in the M1 and M3 positions. We were
forced to make this suggestion due to the impossibility to
re"ne the cation concentration and the vacancy content in
two independent positions simultaneously.

Since EDX analysis found a ratio of Sr/K"2.3 (the
cation composition was found to be Sr/K/Bi"0.94(2) :
0.41(9) : 1.00(8)), we used only the approximate value



TABLE 4
Selected Interatomic Distances (As ) in Sr3.75K1.75Bi3O12 and

Sr3.1Na2.9Bi3O12

Sr
3.75

K
1.75

Bi
3
O

12
Sr

3.1
Na

2.9
Bi

3
O

12

M1}O3 2.66(1)]6 2.53(1)]6

M2}O1 3.028(6)]3 2.975(3)]3
M2}O2 2.67(1)]6 2.51(1)]6
SM2}O

!7
T 2.78(1) 2.67(1)

M3}O1 2.38(2)]1 2.54(2)]1
M3}O2 2.60(1)]4 2.56(1)]4
M3}O3 2.758(5)]2 2.701(5)]2
SM3}O

!7
T 2.61(1) 2.59(1)

Bi}O1 2.19(1)]2 2.01(1)]2
Bi}O2 2.01(1)]2 2.059(9)]2
Bi}O3 2.24(1)]2 2.22(1)]2
SBi}O

!7
T 2.15(1) 2.10(1)

FIG. 3. Crystal structure of Sr
3.75

K
1.75

Bi
3
O

12
. Bi atoms are placed in

the octahedra, and M1 atoms are placed in trigonal prisims. M2 and M3
atoms are imaged as large and small spheres, respectively.
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Sr/K"0.5/0.5 in these two positions, which were calculated
assuming full occupancy of the M2 position by Sr atoms
and taking into account the re"ned Sr occupancies as a "rst
step of the calculations. At the "nal stage of the re"nement,
the thermal parameters were re"ned with "xed occupancy
factors g (M1)"0.5 and g(M3)"1.0, and the results ob-
tained are listed in Table 3. The chemical formula derived
from the re"ned occupancies was Sr

3.75
K

1.75
Bi

3
O

12
. The

formal valence of Bi calculated from this cation composition
is close to #5 (<

B*
"#4.92), and it gives us indirect

support that the re"ned values of the cation occupancies are
reasonable. The evaporation of K from the starting mixture
during the reaction in oxygen #ow could be a reason of the
observed deviation of the re"ned chemical composition
from the starting cation ratio.

It should be noted that the re"nement of the crystal
structure with the M1 position occupied by K atoms only
with g(M1) " 0.75 does not change the reliability factors,
the atomic coordinates, the thermal parameters, or the in-
teratomic distances. However, in this case the phase com-
position should be equal to Sr

3.5
K

2.25
Bi

3
O

12
, which

strongly deviates from the experimental EDX results. We
understand that the experimental facilities used cannot pro-
vide an unambiguous answer on the exact cation and va-
cancy distribution over the M1 and the M3 positions and
the real chemical composition of this compound may slight-
ly di!er from the calculated one.

The crystal structure is shown in Fig. 3. It is made up of
chains of edge-sharing BiO

6
octahedra running along the

c direction. Three pairs of Bi}O distances are present:
a short one at 2.01 As and two longer ones at 2.19 and 2.24 As .
Alkaline-earth/alkali cations occupy three di!erent posi-
tions between the chains. The M1 cations are in trigonal
prisms (CN"6). For the M3 and the M2 cations the coord-
ination polyhedra are capped trigonal prisms (CN"7) and
tricapped trigonal prisms (CN"9), respectively. In the
capped trigonal prism, the M3 atom is displaced from the
center toward a capped face. The polyhedra form edge-
sharing chains of capped trigonal prisms and face-sharing
chains of trigonal prisms and tricapped trigonal prisms.

3.2.2. Sr}Na}Bi}O System. In case of the Na-containing
phase the re"nement was performed on a sample of
SrNa

1.2
BiO

y
nominal composition using the Ca

4.74
Ir

3
O

12
structure as the initial model. We used the same approach as
for the K-containing phase. However, according to the EDX
analysis results [indicating a (Sr#Na)/Bi ratio close to 2]
all cation positions would be fully occupied. We "rst re"ned
occupancies of the A cation sites, assuming they are only
occupied by Sr and "xing B"1 As 2. The results were
g(M1)"0.319(8), g(M2)"0.89(1), and g(M3)"0.601(9).
According to this calculation the following occupations
were assigned: M1"0.95Na#0.55Sr, M2"0.85Sr#
0.15Na, and M3"0.55Na#0.45Sr. It should be noted that
the scattering density in the M1 position is very close to the
scattering power of pure Na. The re"nement of the thermal
factor at di!erent Sr/Na ratios in this position revealed
a strong correlation between these two parameters (for
instance, B"!0.9 As 2 at Sr/Na " 0.0/1.0 and B"1.6 As 2
at Sr/Na " 0.1/0.9). In the successive re"nements the
occupations of M1, M2, and M3 positions are kept "xed.
The thermal parameters for the oxygen atoms were com-
bined in one block and re"ned simultaneously. The "nal
results are listed in Tables 2, 3, and 4. The experimental,
calculated, and di!erence XRD pro"les are shown in
Fig. 2b. The re"ned chemical composition is written as
Sr

3.1
Na

2.9
Bi

3
O

12
. The fact that the M1 site occupation is



FIG. 4. ED patterns of the H1 phase (Sr
3.75

K
1.75

Bi
3
O

12
) along the

[0001] and [1121 0] zone axis.
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higher for the Na-containing compound than for the K-
containing one can be explained by the di!erence in
synthesis conditions and ionic radii of alkali cations. The
synthesis of the Na-based compound was performed in
a closed vessel under oxygen pressure, thus diminishing the
Na evaporation in contrast with the conditions for the
synthesis of the K-containing compound (open vessel, oxy-
gen #ow).

It is necessary to mention that the analysis of the correla-
tion matrix revealed a strong correlation ('60%) between
the x coordinates of the O1 and O3 atoms for both
Sr

3.1
Na

2.9
Bi

3
O

12
and Sr

3.75
K

1.75
Bi

3
O

12
structures. This

fact decreases the accuracy of a simultaneous re"nement of
the O1 and O3 atomic coordinates and can be a possible
source for discrepancies in the M3}O1 and Bi}O1 distances
between Na- and K-containing H1 phases. Nevertheless, we
suppose that the variation of the average interatomic dis-
tances approximately re#ects the changes in the crystal
structure on going from the Sr

3.75
K

1.75
Bi

3
O

12
phase to the

Sr
3.1

Na
2.9

Bi
3
O

12
phase.

The crystal structure of the Na-containing H1 phase is
close to that of the K-containing one. The lattice parameters
tend to decrease when Na is introduced in the structure. The
main di!erence is a shrinkage of the M}O distances (see
average distances M}O in Table 4). This is in agreement
with a decrease of the e!ective A cation radii in these sites.
The M positions in the Na-containing phase are fully occu-
pied in contrast to that of the K-containing phase. The Bi
valence calculated from the re"ned cation composition for
both compounds is close to #5, and this is an extra
argument that the re"ned compositions are reasonable.

3.3. Electron Microscopy Study

Electron di!raction (ED) patterns of the K-containing H1
phase were obtained for the most relevant [0001] and
[1121 0] zone axes (Fig. 4). The [0001] ED pattern clearly
exhibits the 6-fold symmetry. Both patterns were completely
indexed on a hexagonal unit cell with parameters a+10.4 As
and c+3.4 As which are in a good agreement with that
determined from X-ray di!raction (Table 1). No extinction
conditions were found. ED patterns of Na-containing H1
phase exhibit no additional features (superstructure spots,
stripes, and di!use intensities) in comparison with the ED
patterns of the K-based H1 phase. Unfortunately, the H1
compounds easily decompose under the electron beam ir-
radiation at an elevated beam intensity, which hampers the
HREM observation of the crystal structure.

The [0001] ED pattern of the H2 phase is very similar to
that obtained for the H1 phase except for a small di!erence
in the cell parameters. All re#ections on this ED pattern are
sharp and perfectly circular. In contrast to that, [1121 0] and
[1011 0] ED patterns exhibit a signi"cant di!erence in com-
parison with the corresponding patterns for the H1 phase
(Fig. 5). The brighter re#ections on all patterns can be
indexed with the cell parameters determined from X-ray
di!raction for the H2 phase; they belong to the sublattice.
All [1121 0] and [1011 0], however, contain superstructure
re#ections or di!use intensity. Mostly, the di!use intensity
(Fig. 5a, b) indicates a large disorder along the c axis. In
a number of cases regular superstructure spots were found
(Fig. 5c, d). The superstructure spots are situated at 1

6
of

[0001] positions and the rows of superstructure re#ections
are oriented along the [000l] direction. ED patterns with
superstructure spots at 1

5
of [0001] and 1

4
of [0001] positions



FIG. 5. [1 1 21 0] and [1 011 0] ED patterns of the H2 phase, with rows
of di!use intensity along [0001] (a, b) and with regular superstructure
re#ections placed at 1

6
of [0001] (c, d), at 1

5
of [0001] (e), and at 1

4
of [0001] (f)

positions.

FIG. 6. [1 0 11 0] HREM images of the H2 phase. (a) Ordered 6-layer
stacking sequence, occasionally an inserted 7-layer lamella is marked by an
arrow; (b) disordered alternation of stacking faults and twin boundaries
(marked by arrows).

498 PSHIRKOV ET AL.
were also occasionally observed (Fig. 5e, f). The [1121 0] ED
pattern (Fig. 5c) exhibits a rhombohedral shift of the spot
rows along c* over h]1

3
c* resulting in the !h#k#l"3n

extinction condition. Finally, the [1121 0] and [1011 0] ED
patterns (Fig. 5c, d) of the ordered phase were indexed on an
R-centered hexagonal lattice with parameters a"10.3 As
and c"63.4 As .

The cation compositions of H1 and H2 phases were
evaluated by EDX analysis. The EDX spectra were ob-
tained from more than 20 di!erent crystallites. The results of
the measurement were averaged and produce Sr/K(Na)/Bi
ratios equal to 0.94(2) : 0.41(9) : 1.00(8), 2.0(1):0.20(2):1.0(1),
and 1.2(2):1.16(6):1.0(1) for the K-containing H1 and H2
phases and Na-containing H1 phase, respectively. It should
be noted, however, that EDX also shows a strong in-
homogeneity of the cation distribution in the samples.
Therefore, the results of the quantitative analysis can only
be considered as a rough estimation.
The [1011 0] HREM images of H2 compound reveal the
formation of numerous stacking faults (Fig. 6a, b) with the
fault planes parallel to (0001). The stacking faults have
a width of one layer of bright dots and do not exhibit a side
shift of the dot columns. An ordered array of stacking faults
is shown in Fig. 6a. The fault planes are repeated every six
layers; this repeat period is consistent with that observed in
the ED pattern from Fig. 5d. The 6-layer stacking sequence
is occasionally violated by the insertion of a thicker band of
seven layers width as it is marked by a white arrow in
Fig. 6a. To build a possible model of this superstructure, the
atomic coordinates from the basic structure (a"10.4 As ,
c"3.3 As , space group P61 2m) were transformed into a new
unit cell with parameters a"10.27 As and c"63.4 As . The
space group was chosen as R3 because it is compatible with
the crystal structure and does not exhibit extinction condi-
tions besides the ones appearing from the centered lattice.
Because the EDX analysis shows an excess of A cations in
comparison with the ideal A

2
BiO

4
composition and there is

no possibility to accommodate the extra cations in the basic
structure, it is reasonable to assume that the formation of
the stacking faults is connected with the increase of Sr
content. According to this assumption Bi cations were re-
placed by Sr cations in every sixth layer and appropriate
atomic displacements were made to achieve reasonable in-
teratomic Sr}O distances. The rhombohedral shift of the
crystal structure over 1

3
, 2
3
, 1
3
results in an unrealistically short

Sr}Sr separation (1.7 As ) and part of the Sr atoms was



FIG. 7. Structure model of the 6-layer homologue based on HREM
evidence (Fig. 6a). BiO

6
octahedra are shown, and (Sr, K) atoms are imaged

as shaded spheres.

FIG. 8. Matrix of [1 0 11 0] HREM images calculated using the struc-
ture model shown in Fig. 7.

FIG. 9. [1 1 21 0] ED pattern taken from a twinned region of 6-layer
homologue. Note the splitting of spots in the [1 11 0 l] and the [2 21 0l] rows.
The central row and every third rows are unsplit.
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removed from the fault plane (Fig. 7). The (Sr, K)
2.53

BiO
4

(or (Sr, K)
38

Bi
15

O
96

) composition was calculated for this
structure model; it is in agreement with the composition
determined by EDX. The HREM images calculated using
this model (Fig. 8) show good agreement with the experi-
mental image shows in Fig. 6a. Using the same building
principles the structure models for the compounds with one
Sr-enriched layer per every 4 and 5 normal layers were
constructed. The compositions deduced from these models
are (Sr, K)

26
Bi

9
O

48
and (Sr, K)

32
Bi

12
O

60
for 4-layer and
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5-layer homologues, respectively. Thus the common for-
mula of the compounds belonging to this homologous series
is (Sr, K)

6n`2
Bi

3n~3
O

12n
.

Figure 6b reproduces the [1011 0] HREM image corre-
sponding to the ED pattern shown in Fig. 5b. The stacking
faults are no longer equally spaced, which results in
a banded structure of the crystallite with di!erent widths of
the bands. The computer-simulated Fourier transformation
obtained from the the widest band shows the pattern corre-
sponding to the ED pattern of the H1 phase. The computer
image simulation of the basic structure was performed using
the results of the Rietveld re"nement of the K-containing
H1 phase. The correspondence between calculated and ex-
perimental images was found to be satisfactory at
*f"!60 nm and t"4 nm. In addition to the stacking
faults discussed, a di!erent type of planar defect resulting in
a lateral shift of the bright dot columns over 1

3
of the

intercolumnar distance is also found (marked by arrows in
Fig. 6b). These defects can be attributed to mirror micro-
twins, as will be shown below.

The [1121 0] ED di!raction pattern of the 6-layer homo-
logue with a clear splitting of re#ections due to twinning is
FIG. 10. [1 1 21 0] HREM images of the 4-layer homologue showing (a)
a region of perfect structure and (b) a region containing microtwins (twin
boundaries are marked by arrows).

FIG. 11. Calculated [1 0 11 0] and [1 1 21 0] HREM images of the twin
boundary (compare with Figs. 6b and 10b, respectively).
shown in Fig. 9. The unsplit re#ections are in the [000l] and
[331 0l] rows whereas all re#ections in the [111 0l] and [221 0l]
rows are split, indicating the presence of mirror twins with
a (0001) twin plane. The [1121 0] HREM images of a single
domain region and a twinned region of the 4-layers homo-
logue are shown in Fig. 10a and b, respectively. The rhom-
bohedral shift is observed in Fig. 10a by side displacement
of the vertical rows of bright dots over 1

3
[111 00]. The twin

domains can be distinguished by opposite directions of such
displacement (more easily visible under grazing incidence in
Fig. 10b). The simulated [1011 0] and [1121 0] HREM images
(Fig. 11) of the twin boundary show good agreement with
the contrast observed on the corresponding experimental
HREM images (Figs. 6b and 10b). It should be noted that
the columns of bright dots are shifted on the [1011 0] cal-
culated HREM image on passing across the twin boundary;
this was also found experimentally (Fig. 6b).

4. DISCUSSION

Mixed oxides with composition A
2
BO

4
can belong to

numerous structural types which di!er one from another by
the coordination of A and B cations as well as by the sharing
scheme of coordination polyhedra, resulting in the forma-
tion of chains, layers, or three-dimensional frameworks.
Among these complex oxides a family of compounds could
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be separated whose structures are built up by BO
6

oc-
tahedra connected into the strings by edge sharing. All
structures of the members of this family can be derived from
the simplest parent structure of Sr

2
PbO

4
(Fig. 12a) (20). It

can be described by the layer sequence -(Sr
2
O

2
)-(PbO

2
)-

(Sr
2
O

2
)! alternating along the direction of the strings. The

structure of Pb
3
O

4
(Pb

2
PbO

4
) (Fig. 12b) also consists of the

similar (Pb
2
O

2
) and (PbO

2
) layers (21). The arrangements of

the octahedra strings are the same for both structures, but
the Sr

2
PbO

4
PPb

2
PbO

4
structure transition requires a 903

rotation of each second (Pb
2
O

2
) layer, resulting in a stack-

ing sequence -(Pb
2
O

2
)-(PbO

2
)-(Pb

2
O

2
)*-(PbO

2
)-(Pb

2
O

2
)-

and doubling the repeat period along the strings. A visual
comparison of the projection in the ab plane of the
Ca

4.74
Ir

3
O

12
, H1, and Sr

2
PbO

4
structures shows the close

resemblance of these structures (Fig. 12c, d). The Sr
2
PbO

4

FIG. 12. Comparison between structure projections of (a) Sr
2
PbO

4
, (b)

projections of the strings. The dashed lines represent the Sr
2
PbO

4
-type unit
orthorhombic unit cell marked by dashed lines in the
Ca

4.74
Ir

3
O

12
and H1 structure projections outlines this

similarity. Ca
4.74

Ir
3
O

12
is hexagonal due to the rotation of

octahedron chains along the c axis and the ordered place-
ment of Ca cations and cation vacancies situated in the
trigonal channels at 0, 0, z position. The stacking sequence
-(Ca

5@3
K

1@3
O

2
)-(IrO

2
)-(Ca

5@3
K

1@3
O

2
)-is similar to that for

Sr
2
PbO

4
; the (Sr

2
O

2
) and (Ca

5@3
K

1@3
O

2
) layers have close

cation distribution and only di!er by the anion arrange-
ment. The trigonal channels, when are empty in the
Ca

4.74
Ir

3
O

12
structure, are partially "lled in the H1 struc-

ture by A cations. These cations occupy the A position in
(BiO

2
) layers resulting in the stacking sequence -

(A
5@3

K
1@3

O
2
)-(BiA

1@3
O

2
)-(A

5@3
K

1@3
O

2
)-. It should be

noted that for the consideration described above the
idealized stacking formulae for the Ca

4.74
Ir

3
O

12
and the H1
Pb
3
O

4
, (c) Ca

4.74
Ir

3
O

12
, and (d) H1 phase. Shaded octahedra show the

cell.
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compounds were written without taking into account the
random distribution of cation vacancies in A positions.

The comparison of the H1 hexagonal structure with the
K

2
NiF

4
layered structure shows that a change of the A ca-

tion results in a structural transformation. Several examples
of such phase transformations are observed: Ba

2
PbO

4
P

Sr
2
PbO

4
(K

2
NiF

4
to Sr

2
PbO

4
) (22) or Sr

2
IrO

4
(distorted

K
2
NiF

4
-type)P&&Ca

2
IrO

4
'' (the real composition is

Ca
4.74

Ir
3
O

12
) (23). The structural "eld map of A

2
BO

4
com-

pounds (24) allows us to conclude that the driving force
causing such a transformation is a decrease of the A cation
radius. The transformation from Sr

2
PbO

4
to K

2
NiF

4
is

accompanied by a change of the octahedron connection
scheme from edge sharing to corner sharing. We hope that
increasing the A cation radius (for example, by using Rb or
Ba) might lead to the formation of bismuthates with the
K

2
NiF

4
-type structure, and this problem is currently under

investigation.
The variation of the ratio between (Sr, K) and Bi cations

resulted in the formation of a new homologous series based
on the H1 structure. An increase of the content of A cations
leads to the appearance of Sr-enriched layers, which can
alternate in an ordered manner with blocks of the H1 parent
structure. According to a possible model for the crystal
structure proposed on the basis of HREM observations, the
common idealized fomula for this homologous series can be
written as (Sr, K)

6n`2
Bi

3n~3
O

12n
. The presence of members

of this homologous family with n " 4, 5, and 6 was revealed
by electron di!raction and high-resolution electron micros-
copy. In this case the H1 phase could be considered as
a "nite member of this series with n"R. For Na-contain-
ing samples, superstructures related to the formation of
a (Sr, Na)

6n`2
Bi

3n~3
O

12n
homologous series were never

observed.
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