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The incommensurate modulation in Ba,_, K, BiQ; is studied by means of electron diffraction. Atten-
tion is paid to the symmetry of the modulation and the effect of electron irradiation. Interpretation of
the modulation symmetry in cubic samples (0.3<x <0.5) as well as in orthorhombic samples
(0.1<x <0.3) in the framework of a four-dimensional description allows one to determine it as a period-
ic displacement of the bismuth atoms. Satellite reflections corresponding to the modulation are observed
only after irradiation with electrons. However, since the critical voltage is below 40 kV, it is believed
that the modulation is in fact a fundamental material property. The incommensurability of the modula-
tion for x <0.4 results in a partial charge disproportionation on the bismuth sites, which can explain the
lack of superconducting properties for Ba, ,K,BiO; with x <0.4. In the superconducting phase
Ba, (K, 4BiO;, the modulation is commensurate, and high-resolution observations provide evidence for a
modulation model without charge disproportionation, yielding a metallic behavior at room temperature.

I. INTRODUCTION

It is well known that the discovery of high-T, super-
conductivity in the La-Ba-Cu-O system by Bednorz and
Miiller! was at least partially inspired by their knowledge
of the superconducting properties of the BaPb,_,Bi, O,
perovskite system. Superconductivity in BaPb;_,Bi, O,
with a transition temperature of =~ 12 K had been report-
ed by Sleight, Gillson, and Bierstedt.?

The worldwide search for high-7, ceramic materials,
which started after the discovery of Bednorz and Miiller,
was focused in the beginning on Cu-containing
compounds. This research has resulted in the discovery
of superconductivity in the Y-Ba-Cu-O, Bi-Sr-Cu-O,
Tl-Ba-Ca-Cu-O, etc., systems. All these materials con-
tain two-dimensional (2D) copper oxide layers, and it is
generally assumed that the superconductivity is related to
the mixed valence of copper in these ceramics. From
theoretical point of view, it would be very exciting if the
phenomenon of high-T, superconductivity would also
occur in materials without such 2D copper oxide layers.
This idea put new interest in the research of the “old”
systems of oxide superconductors based on BaBiO; and
resulted in the discovery of superconducting properties in
potassium-substituted (Ba,K)BiO;.> At the composition
Ba; (K, 4BiO;, this system shows bulk superconductivity
with a transition temperature of =30 K,* which is well
above the transition temperature of conventional super-
conductors and is surpassed only by that of copper-
containing ceramic materials.

The basic structure of Ba,_,K,BiO; is that of the
perovskite ABO, (A =Ba or K, B=Bi), with the potas-
sium atoms randomly distributed over the Ba sites. It
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consists of a framework of corner-linked oxygen octahe-
dra. The center of each octahedron is occupied by a B-
type atom (Bi) and the sites in between the octahedra by
an A-type atom (Ba or K). Ideally, it has cubic Pm3m
symmetry (with unit-cell parameter a,), but depending
on composition and temperature, the rigid tilt of the BOg
octahedra, combined with the deformation of the octahe-
dra themselves (“breathing-mode distortion”), gives rise
to a number of structural phase transitions. The phase
diagram as function of both potassium content and tem-
perature has been determined by neutron-diffraction
methods.’

The crystal structure of nonsubstituted BaBiO; has
been investigated by neutron- and x-ray-diffraction
methods.’ ™10 Its room-temperature structure is derived
from the ideal perovskite structure by rigid tilting of the
oxygen octahedra about the [110], cubic direction:
(a a9 tilt in Glazer’s notation,!' combined with de-
formation of the octahedra (breathing-mode distortion).
If only the rigid tilt of the oxygen octahedra were
present, the space group would be Ibmm, based on a
\/2ap ><\/2ap X2a, unit cell, and the four bismuth sites
in each unit cell would be equivalent. The breathing-
mode distortion of the octahedra lifts this equivalency of
the bismuth sites. The resulting monoclinic structure is
based on a unit cell with parameters a,,
zbmz\/Zap, ¢, =2a,, and fB,, ~90° with space group
I2/m. The monoclinic unit cell contains two crystallo-
graphically inequivalent bismuth sites. The average Bi-O
distance for the two inequivalent sites in BaBiO; being
significantly different, Cox and Sleight® and Thorton and
Jacobsen® concluded that the bismuth cations are dispro-
portionated in Bi*" and Bi’*. Subsequent studies by

9547 ©1991 The American Physical Society



9548

Mattheiss and Hamann'? and Chaillout et al.® did not
confirm these results: They concluded that the charge
transfer is only minimal and that either the effective
valence state is close to 4+ (Mattheiss and Hamann) or
that the Bi** and Bi’% cations are randomly distributed
over the two independent sites (Chaillout et al.). More
recently, Chaillout et al.'° showed that, dependirig on the
specimen preparation, the Bi*"-Bi’* cations are either
randomly distributed over the two independent Bi sites or
partially ordered, which reconciles all previous reports on
the Bi valence in BaBiO;.

According to electron-band calculations performed by
Mattheiss and Hamann,'? nondistorted BaBiO; should
show metallic behavior, which is clearly not the case.l
Taking into account the structural distortions, their cal-
culations show an energy-band splitting near the Fermi
energy level, which explains the observed semiconducting
properties of pure BaBiO;. The cubic-to-monoclinic
structural distortion consists of two components, as is
discussed above: (a) a rigid rotation of BiOg octahedra
{a "a ¢ tilt) and (b) a breathing-mode distortion that
creates two distinct Bi sites with different average Bi-O
distances and, thus, charge disproportionation. Making
use of tight-binding arguments, Mattheiss and Hamann
conclude that the creation of the energy gap at the Fermi
surface (and therefore also the semiconducting behavior)
is due to the breathing-mode distortion.

It is observed from the phase diagram of Fig. 1 that as
barium is partly substituted by potassium, the breathing-
mode distortion is rapidly suppressed and the material
transforms from a monoclinic 72 /m to an orthorhombic
Ibmm structure. In this phase the rigid tilt of the octahe-
dra remains (a “a ¢®). Only one crystallographically
inequivalent bismuth site is present in this structure.
Electrical resistivity measurements clearly show that or-
thorhombic Ba,_ K, BiOj; is semiconducting also in this
composition range.!*!> This is surprising since it was
concluded that the semiconducting properties of BaBiO;
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FIG. 1. Phase diagram of Ba,_,K,BiOj; as a function of both
potassium content (x) and temperature [after Pei et al. (Ref.
5)]; the particular deformation (breathing mode and/or rigid
tilt) of the oxygen framework is indicated. The superconducting
phase is schematically represented by the shaded area in the
bottom part of the cubic phase.
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are related to the breathing-mode distortion.?

Further substitution of barium by potassium eventually
suppresses the rigid tilt of the BiOg octahedra, and a
primitive cubic phase is formed. The structure of this
phase is the ideal perovskite structure with Pm3m sym-
metry. This cubic phase persists on further substitution
of potassium up to the solubility limit. Superconductivity
occurs only in the cubic material, i.e., for x 20.37, and
disappears on crossing a metal-to-semiconductor phase
boundary on lowering the potassium content.!*~1°

The behavior of Ba,_,K,BiO; is very similar to that
of BaPb,_,Bi O;, which also shows superconducting
behavior near a metal-to-insulator transition which
is accompanied by a structural phase transition.?
BaPb,_,Bi, O; has been studied theoretically as well as
experimentally in the past 15 years. A major part of the
studies are concerned with the semiconducting behavior
of the BaPb;_,Bi, O; system in the composition range
0.35<x < 1. The suggestions that have been proposed to
account for the semiconductivity of the heavily doped
BaPb, _, Bi, O; system are equally well cited in order to
explain the semiconducting behavior in the
Ba,_,K,BiO; system for 0<x <0.37.° In this respect
different models have been proposed in the literature: the
semiconducting behavior is attributed to either phase sep-
aration,'>!7 a “local charge-density wave,”'®!” a chemi-
cal ordering wave,” or a long-range incommensurate
charge-density wave.?! Since the postulated structural
features that are invoked in these theories either have not
been established experimentally (for the local charge-
density wave and the chemical ordering wave picture) or
are subject to fundamental disagreement among different
work groups about their nature or relevance (for the in-
commensurate charge-density wave and the phase-
separation model, respectively), the semiconducting be-
havior in the BaPb,_,Bi O3 and Ba,;_, K, BiO; systems
is still an intriguing problem. In this paper we will add
some experimental information based on electron-
diffraction and high-resolution microscopy observations.
This will shed some new light on old controversies.

II. INCOMMENSURATE MODULATION
IN Ba,_, K, BiO,

A structural modulation which is incommensurate
with the basic lattice was first reported by Chaillout and
Remeika?? in an x-ray and electron-diffraction study on
oxygen-deficient BaBiO;_;. Pei er al>?* observed a
modulation in potassium-substituted Ba,_, K, BiO; (with
stoichiometric oxygen content) for all of the nonsuper-
conducting samples in an electron-diffraction study.
They showed that the modulation wavelength varies sys-
tematically with the potassium content. For nonsubsti-
tuted BaBiO; their value for the modulation wavelength
is equal to that reported previously by Chaillout and
Remeika for oxygen-deficient BaBiO,_5. Hewat et al.?*
also observed this incommensurate modulation by elec-
tron diffraction, with the same dependence of the wave-
length on potassium concentration, but reported that it
was induced solely by the electron beam and therefore
not a fundamental material property.
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The interpretation of the modulation has been subject
to several speculations. Originally, it was interpreted as
an oxygen-vacancy ordering.”> However, since the
modulation wavelength is independent of the oxygen-
vacancy concentration over a large range, this interpreta-
tion is unlikely. Pei et al.?3 interpreted it first as a substi-
tutional type of modulation involving Ba and K atoms,
but after additional work,’ they concluded that it was as-
sociated with a charge-density wave that existed for all of
the nonsuperconducting compositions (i.e., x <0.4) re-
gardless of the underlying basic structure. Hewat et al.?*
concluded that the modulation could not be interpreted
in terms of oxygen-vacancy ordering or K-atom ordering
on the Ba sites. They proposed a model involving partial
ordering of Bi*" versus Bi’" atoms accompanied with Bi-
or O-atom displacements correlated with the Bi*t lone-
pair ordering.

In the present work, the structural distortions that give
rise to the incommensurate modulation are more fully in-
vestigated. Samples of Ba,_, K, BiO; with different po-
tassium content (x =0, 0.2, 0.25, 0.3, 0.35, and 0.4) are
studied by means of combined electron-diffraction and
high-resolution techniques. First, the goal of this investi-
gation was to determine if the modulation is irradiation
induced and, if so, to investigate the effect of the electron
irradiation on the modulation. Second, the symmetry of
the modulation is determined from systematic extinctions
in electron-diffraction patterns. The interpretation of
these conditions in terms of the superspace formalism al-
lows to derive symmetry-based restrictions on possible
modulation models. Third, we will consider the conse-
quences of our findings to the conductivity properties of
the material.

III. OBSERVATIONS

Electron-irradiation experiments have been performed
for accelerating voltages ranging from 40 to 400 kV. As
long as the accelerating voltage does not exceed 150 kV,
it is not expected that even light atoms can be removed
from the structure due to electron-atom collisions.”> On
the other hand, oxygen loss (and possibly also loss of po-
tassium??) may be caused by local heating of the sample if
it is irradiated with a focused electron beam. For ac-
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celerating voltages above 200 kV, oxygen loss may be
caused due to direct knock-on damage also.

The typical behavior of the investigated Ba, _, K, BiO;
samples under electron irradiation is shown in Fig. 2. If
precautions are taken in order to minimize the irradiation
dose during the orientation of the sample, no satellite
reflections are observed [Fig. 2(a)]. Superstructure
reflections appear after irradiation, but the irradiation
time needed for the satellites to appear varies largely
from grain to grain. Figures 2(b) and 2(c) are taken after
10 min and 2 h of irradiation with 100-keV electrons, us-
ing a defocused electron beam in order to avoid heating
effects. The intensity of the satellite reflections is ob-
served to increase with irradiation time [Figs. 2(b) and
2(c)]. It is important to remark that no qualitative
differences in the development of satellite reflections
could be detected with respect to irradiation conditions
(beam intensity and accelerating voltage).

Around each basic spot, four satellite reflections are
observed in [001], zone axis diffraction patterns. The
wave vectors that correspond to this modulation can be
written as q;=(;—¢€)[110]7 and q,=(;—e€)[110];. If
the sample is tilted slightly away from this [001], zone
axis orientation, one observes that, in total, 12 satellite
reflections surround each basic spot and the correspond-
ing wave vectors are parallel with the six (110 );‘ direc-
tions of the pseudocubic reciprocal lattice. We found
that all cubic (110) directions are possible wave-vector
orientations, even in the orthorhombic phase; i.e., there is
no evidence for correlation between the intrinsic structur-
al distortions of the perovskite structure and the
irradiation-induced wave-vector orientation. From
high-resolution micrographs, it is observed that the
modulated structure is broken up in microdomains of an
average size of =10 nm (Fig. 3). In each of these
domains, the modulation has a single wave vector. The
selected-area electron-diffraction patterns such as in Fig.
2 are interpreted as the superposition of diffraction inten-
sities of different microdomains in the diffracting area.
It it thus concluded that the modulation is described
by a single wave vector, which can be written as
q=(;—e)[110];.

Electron-diffraction patterns of the [001], zone axis
orientation of irradiated Ba,_, K BiO; with different po-

FIG. 2. (a) Electron-irradiation effect observed in a [001] zone axis orientation of Ba,_, K BiO; (x =0.25) after a few seconds of
observation: No satellite reflections are observed. (b) On irradiating the sample with a defocused electron beam, satellite reflections
become visible. (c) Their intensity increases and they sharpen up with irradiation dose.
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FIG. 3. High-resolution micrograph clearly illustrating the
existence of microdomains. In each of these domains, the
modulation is single wave vector. The modulation wave vector
directions are indicated by small arrows.

tassium concentrations show the systematic variation of
the modulation wavelength with the potassium content
[Fig. 4(a)]. In Fig. 4(b) the deviation € from the com-
mensurate value q=;[110]; of the modulation wave vec-
tor is plotted as function of the composition. This incom-
mensurability parameter € is observed to vary from
€=0.049 for x =0 to €=0 for x =0.4. The presently ob-
tained results agree with the results obtained by Pei et
al.?® and Hewat et al.?* for all compounds except for the
pure BaBiO; material. In BaBiO; the modulation wave
vector, reported previously as q~{[110];, is observed
after a few minutes of irradiation.

We have also investigated the evolution of the incom-
mensurate modulation with irradiation dose. In contrast
with previous reports,>?>2* for some of the compositions,
a substantial variation of the modulation wavelength is
found as a function of the irradiation dose. The results of
the irradiation experiments are given in Table I. Rather
surprisingly, the change in € upon irradiation time
was not uniform: Depending on the composition, €

TABLE I. Variation of the incommensurability parameter €
with potassium content and irradiation dose. The modulation

wave vector is written as q=(4 —¢)[1 10],’,". €begin 1S measured at

3
the onset of the modulation, and €.,4 is measured after contin-
ued irradiation. Commensurate modulation wave vectors, indi-
cated by an asterisk, are observed for both Bay (K, 4BiO; and
BaBiO;; in the latter case, a commensurate wave vector
q=1[110]; is only obtained after longer irradiation.

Sample €pegin (+0.002) €ena (£0.002)
BaBiO, 0.049 0.083*
Ba, 5K, ,BiO; 0.042 0.045
Bay 15K ,5BiO; 0.025 0.009
Ba, -K, ;BiO; 0.020 0.020
Bay,¢sK o, 35BiO; 0.017 0.045
Ba, (Ko 4BiO; 0* 0*
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either increased (BaBiO; and Baj (K 35BiO;), de-
creased (Bag;5K(,sBiO3;) or was left unchanged
(Bay 3K, ,Bi03, Bay,BiO;, and Baj (K, 4BiO;). The
sample with composition Ba, (K, 4BiO; always showed a
commensurate modulation whenever the modulation was
detectable.

In situ heating of the samples was performed in order
to determine if the heating effect plays any role in the for-
mation of the modulation. Contrary to the case of

Bag 55K0.35B10,

i
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FIG. 4. (a) [001] Electron-diffraction patterns after irradia-
tion showing the variation of the modulation wavelength with
potassium content. (b) The incommensurability parameter € as
measured from electron diffraction patterns. The results are
plotted for the case of low irradiation dose. The results report-
ed by Hewat ef al. (Ref. 24) and Pei et al. (Ref. 23) are also
represented.
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Nd,_,Ce,CuO,_,, where in situ heating facilitates the
superlattice formation,?® it was observed that in
Ba,_ K, BiO;, the satellite reflections disappear on heat-
ing above 200 °C.

The incommensurate satellites which appear after a
few minutes of electron irradiation at room temperature
disappear after in situ heating above 200 °C with the elec-
tron beam turned off. If the sample is cooled down to
room temperature, with the electron beam turned off, the
satellite reflections remain extinct. Upon irradiating the
same area again, the modulation spots appear again and
the cycle may be repeated. It should be noted that the sa-
tellite reflections do not disappear if the electron beam is
just turned off without heating the sample.

IV. INTERPRETATION

Symmetry analysis of incommensurate modulations is
worked out in the framework of the superspace formal-
ism developed by De Wolff>” and De Wolff, Janssen, and
Janner.?® Their method is applied here for the particular
case of a single wave-vector modulation in which the
wave vector has only one incommensurate component. A
superspace symmetry element can be written as (R, ¢€;s,5)
with R =point-group symmetry element in three dimen-
sions; e==1, depending on whether or not the incom-
mensurate part of the wave vector is reversed under the
operation of R; s=3D translational part of the space-
group symmetry element; 8§ is the fourth-dimensional
translational part of the space-group symmetry element.
Considering a symmetry element that transforms a posi-
tion r? in the average'structure to a position r?, the sym-
metry condition for a composition modulation function
p(&) can be written as

p;j(§)=p,(e(§—3)), 1)

with £=q 17+ ¢, where ¢ is an arbitrary phase factor.
Similarly, the condition for a displacive modulation
function u(§) is

u;(§)=Ru,(e(£—3)) . (2)

A. Modulation in cubic Ba, _,K,BiO; (0.3 <x <0.5)

At room temperature and for compositions
0.3<x<0.5, Ba;_,K,BiO; has a simple cubic lattice

with Pm3m space group® and unit-cell parameter
a, (=~0.43 nm). If the sample is irradiated, a modulation
with wave vector q=(;—¢€)[110]; is induced; the value
of € (0<e<0.045) depends on both the irradiation dose
and potassium content. This modulation obviously
lowers the point-group symmetry to orthorhombic with
Laue group mmm. This structure will be called the “ex-
cubic” phase. The average structure (in the modulated
phase) is based on a V'2a,XV2a,Xa, unit cell. The
modulation wave vector q is written in the corresponding
reciprocal unit cell as q=(J —2€)[100]*. Reflection con-
ditions are obtained from electron-diffraction tilting ex-
periments (Fig. 5). In this figure indexing of the
reflections is performed in the reciprocal unit cell based
on the cubic perovskite parameters. The transformation
relations between the real-space perovskite base vectors
and the actual quasicubic \/Zap X\/Zap Xa, base vectors
are

a=ap+bp, b=ap—bp, c=c, .

If spots are indexed in the quasicubic reciprocal basis,
reflection conditions read as follows:

hklm: h+k=2n , i.e., C centering;

hOlm: m=2n, i.e., (010) .

N

Possible superspace groups which conform to these con-
ditions are PC7"™, PC2mm and Pci";"%. From these three
the latter two describe structures in which the centrosym-
metry is lost due to the modulation. As is expressed by
Friedel’s law, it is not possible to detect whether or not
the structure is centrosymmetric making use of selected-
area diffraction results only. However, a loss of cen-
trosymmetry would give rise to the presence of inversion
domains, which can be detected in (real-space) diffraction
contrast images (see, e.g. Ref. 29). Such domains have
not been found in the present investigation; therefore, the
superspace group PC7"™" is assumed to describe the sym-
metry of the modulated structure.

The atom positions and superspace site symmetry of
the different atom positions in the V'2a,XV2a,Xa,

FIG. 5. Tilt experiment (tilt axis is_arrowed) on quasicubic Baj (K 4BiO; from which the systematic reflection conditions are de-
rived. (a) [001],, (b) [lﬁ]p, and (c) [110], orientations (indices are based on the perovskite unit cell).
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average structure unit cell are listed in Table II. Symme-
try restrictions on the modulation function are obtained
by applying the superspace site symmetry elements to a
composition or to a displacive modulation (for more de-
tails on the method, see Ref. 30). Symmetry restrictions
are worked out entirely for a composition modulation
p(&). The restrictions on Ba or K, Bi, and O(1) atoms are
the same and are given by

mx
pU©=p(=& || (3a)
my
=pME—1 | (3b)
mz
=p&) |, (3¢)

From the Fourier expansion of the modulation function,
only the first Fourier term is taken into account since
refinement of the shape of the modulation wave is virtual-
ly impossible using electron-diffraction techniques only.
The occupation modulation function is written as

p(&)=aexp(2mi§)+aexp(—27if) . (4)

Substitution of conditions (3a) and (3b) in expression (4)
gives

aV=a{" [from (3a)],
(
i

—a{! [from (3b)]

1)

Il

a

and, therefore,

aV=a{’=0. (5)
The symmetry conditions on O(2) atoms are given by
2Z
p(Z)(é‘):P(Z)(—'g_F%) p (6a)
mZ
=p?& |4 |- (6b)

TABLE II. Inequivalent average atom positions in the quasi-
cubic V2a, XV2a, X a, unit cell. The special positions in this
unit cell are denoted by the standard symbols of the Interna-
tional Tables. The last column contains the superspace site
symmetry in the notation of De Wolf, Janssen, and Janner (Ref.

28) of the different atoms in irradiated quasicubic
Ba,_,K,BiO;.
Superspace site
Atom type x y z symmetry
mmm
Ba,K (2a) 0 0 0 1ss
; 1 1 mmm
Bi (2b) 5 0 5 1ss
1 mmm
O(1) (2¢) > 0 0 1ss
2/m
0(2) (4D i 1 1 Pt
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Substituting (6a) in (4), one gets
aP=—a? . (7

Starting from Eq. (2) and following the same procedure,
the conditions for a displacive modulation are obtained.
The results for both kinds of modulation are given in
Table III.

B. Modulation in orthorhombic Ba, _,K,BiO; (0.1 <x <0.3)

As-grown Ba,_ K, BiO; with 0.1<x <0.3 is ortho-
rhombic at room temperature. It has Ibmm space-group
symmetry and is based on a \/2ap X\/Zap X2a, unit cell.
On irradiating, the same type of satellite reflections are
observed as in quasicubic Ba, _,K,BiO; (x >0.3). From
tilting experiments (see Fig. 6), one observes around each
pseudocubic basic reflection 12 satellite reflections (as is
also the case for quasicubic Ba,_,K,BiO;). High-
resolution micrographs show that the modulated struc-
ture consists of a patchwork of microdomains. Within
each microdomain the modulation is single wave vector,
and in each of the orthorhombic orientation variants,
which result from a tilt of the octahedra, irradiation-
induced microdomains with wave-vector orientation
along all formerly equivalent {110)* directions are ob-

p
served. These {110)* directions are noncrystallographic

directions in the ort}forhombic unit cell. The symmetry
is thus lowered to triclinic, and few symmetry-based re-
strictions on the modulation function are to be expected.

With this in mind, a complete description of the modu-
lation in four-dimensional space based on an average tric-
linic structure is not performed, but the extinction condi-
tions are interpreted in the orthorhombic reciprocal
basis. The transformation relations between the real-
space perovskite base vectors and the orthorhombic
V'2a,XV2a,X2a, base vectors are

a=a, +b,, b'—=ap —bp, c=2c, .
Electron-diffraction tilting experiments (Fig. 6) allow one
to determine reflection conditions. If spots are indexed in
the reciprocal unit cell based on the \/Zap X\/2ap X2a,
base vectors, reflection conditions read as follows:

hklm: h+k—+I1=2n, i.e., I centering;
hkim: h+k=2n (orl=2n), for m+0;
Oklm: k=2n, i.e., b(100);

TABLE III. Symmetry restrictions on the first Fourier term
of a composition or displacive modulation. The restriction on
Ba, Bi, and O(1) sites is identical since they have the same super-
space site symmetry.

1, (&) (& u(d  ple)
Ba(K),BiO(1) 0 cos(2wE) 0 0
0(2) cos(27E) cos(27E) 0 sin(27§)
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FIG. 6. Tilt experiment (tilt axis arrowed) on quasiorthorhombic Ba, 5K, ;BiO; from which the systematic reflection conditions
are derived. (a) [001],, (b) [112],, and (c) [110], orientation (indices are based on the perovskite unit cell). Small open circles indi-

cate the absence of satellite reflections around (hkl),I =n + £ spots.

(010) .

m
hOlm: m=2n, i.e., s

The condition A +k =2n (or [ =2n) that holds for satel-
lite reflections, cannot be written as a superspace Bravais
lattice condition. Such a condition corresponds to a C-
centering condition in normal 3D space, which holds for
satellite reflections only. Extinctions of satellite
reflections obeying this condition are expected if the
modulation involves only atoms situated at special posi-
tions (Wyckoff positions) in the unit cell which conform
to C centering (apart from the body centering of the Bra-
vais lattice) and if the modulation does not break this
symmetry. In the basic structure of orthorhombic
Ba,_ K, BiO;, only the bismuth atoms are positioned on
C-centered sites (Table IV) and are therefore the only
ones responsible for the modulation.

The absence of satellite reflections around the /=odd
basic structure reflections can also be understood intui-
tively. These reflections (/ =odd, m =0) result from the
rigid tilt distortions of the octahedra framework. If the
incommensurate modulation involves only atoms of
which the position is left unchanged by the octahedral
tilt, one does not expect to observe satellite reflections
around these / =odd basic reflections. At the same time,
this explains the absence of a correlation of the
modulation-induced microdomains and the basic struc-
ture orthorhombic domains.

TABLE IV. Atom positions for Ba, 3K, ,BiO; at 295 K. The
unit-cell parameters are ¢ =0.612 80 nm, b=0.61040 nm, and
¢=0.86286 nm, and the structure has orthorhombic Ibmm
space group. In the last column, reflection conditions resulting
from special positions are given.

x y z Special conditions
Ba,K (4e) 0.507 0 % none
Bi (4a) 0 0 0 hkl: 1=2n
O(1) (4e) 0.047 0 1 none
0(2) (8g) T + 0.9884 hkl: k=2n

V. COMBINATION OF THE RESULTS
AND PROPOSITION OF A MODEL

If it is logically assumed that the modulation is of the
same type for all compositions, we can combine the re-
strictions obtained from diffraction results on orthorhom-
bic and cubic Ba, _,K,BiO;. From the diffraction on or-
thorhombic Ba;_,K, BiOj, it is concluded that only
bismuth atoms are involved in the modulation, and from
Table III, it is read that bismuth atoms can only be
displacively modulated. The final modulation model is
represented in the \/2ap><\/2ap><ap unit cell: It is a
transverse displacive wave with wave vector parallel to
the x axis and displacements parallel to the y axis. The
phase relationship between the two Bi atoms in the
V'2a,XV'2a,Xa, unit cell can also be obtained from re-
lation (2).

The symmetry relationship that connects the two
equivalent Bi positions in this unit cell is a twofold axis
parallel with the z axis. In the superspace group, this

. L .
symmetry operation becomes (§), i.e., €=—1 and §=1.

Substitution in (2) yields, for the displacements along the
y direction,

uy(E)=—ul(—E+1). (8)

This leads to the following relation between the displace-
ment of the two inequivalent bismuth positions:

Abcos2mE= — AXcos[2m(—E+1)]
= A’ cos2mf
or ©)
Ay=43 .

The variable £ is determined upon a constant term ¢,
which controls the actual phase of the modulation func-
tion. In the case of an incommensurate modulation, ¢ is
not determined. For the commensurate modulation in
Ba, (K, 4BiO;, the value | is attributed to ¢ in order to
explain the displacements observed in the high-resolution

image (Fig. 7). In this image, observed under grazing an-
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FIG. 7. High-resolution micrograph viewed under grazing
angle, showing the displacive modulation of the brighter dots.

gle, one can detect the displacements of the brightest
dots, as indicated by the dashed lines. A schematic rep-
resentation for the modulation is given in Fig. 8. Dis-
placement amplitudes can be estimated from the high-
resolution image as =~0.005 nm.

VI. DISCUSSION

From the symmetry considerations presented in the
above paragraph, it is concluded that the modulation in-
volves only a displacement of the bismuth atoms. On this
basis the models that invoke a chemical ordering of the
barium and potassium atoms and those which assume an
ordering of oxygen vacancies can be excluded. The inter-
pretation of the modulation as an ordering of Bi*t-Bi**
is also ruled out since the displacements of the bismuth
atoms are too small to result in a complete charge dispro-
portionation. On the basis of the present electron mi-
croscopy investigations, it is concluded that partial
charge disproportionation due to bismuth displacements
in a rigid oxygen octahedra framework occurs. The

@ Bi
O Ba/K
o O

o o o o [e]

FIG. 8. Schematic drawing of the modulation in
Ba,_ K, BiO; represented a projection of the structure along
the [001] direction. Bi atoms are represented as solid circles, Ba
or K atoms as large open circles, and oxygen atoms as small
open circles.
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structure investigations, however, do not give clues on
the driving force behind the modulation.

In view of the fact that the incommensurate satellite
reflections are only observed after electron irradiation
(Fig. 2), it might be concluded that the modulation is ir-
radiation induced, e.g., as an oxygen vacancy induced
effect, and that it is not a fundamental material property.
This, however, is very difficult to accept in view of the
very low threshold accelerating voltage (below 40 kV).
Elementary collision theory shows that the maximum en-
ergy transmitted to oxygen atoms from 40-keV electrons
is =5 eV. This energy is far too low for the creation of
oxygen vacancies. A model which is consistent with our
results is that of a time-fluctuating partial charge dispro-
portionation of the bismuth atoms due to displacement
from their average positions. Upon irradiating the ma-
terial with electrons, it is possible to induce clustering of
already existing point defects (such as, e.g., oxygen vacan-
cies), even at very low energy transfers. Such clusters of
point defects can then act as pinning centers for the
modulation. A disordering of the pinning centers may
then account for the disappearance of the satellite
reflections on heating above 200 °C.

The gradual increase in satellite reflection intensity can
be understood as an alignment effect: The energy
transfer of =~0.4 eV to bismuth atoms by 40-keV elec-
trons is far too low to cause knock-on damage, but it is
high enough to cause atom vibrations and thus to over-
come potential barriers between a state in which two
neighboring bismuth sites are modulated in two different
directions and a state in which these sites are modulated
with the same wave vector. Dynamic electron micros-
copy observations show sometimes a change in the modu-
lation wave vector within one microdomain from one
direction to another. The assumed growth of micro-
domains also reduces domain-boundary effects and ex-
plains both the variation of the modulation wavelength
and the sharpening of the satellite reflections with
electron-irradiation dose.

This structural modulation of the bismuth atoms can
account for the conductivity properties of Ba; _, K, BiO;.
As long as the modulation is incommensurate with the
underlying lattice periodicity, the bismuth atom displace-
ments are not equal over the whole sample. Making use
of simple valence summation rules, one obtains a varying
valence of the bismuth atoms; i.e., one has charge dispro-
portionation which can explain the semiconducting be-
havior in this composition range. On the other hand, the
model obtained on basis of electron-diffraction and high-
resolution methods for the commensurate modulation in
Ba; K, 4BiO; shows displacements of the bismuth atoms
which are equal in magnitude for all bismuth atoms.
Therefore, no charge disproportionation is evidenced in
this case, and metallic behavior is expected.
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FIG. 2. (a) Electron-irradiation effect observed in a [001] zone axis orientation of Ba,_,K,BiO; (x =0.25) after a few seconds of
observation: No satellite reflections are observed. (b) On irradiating the sample with a defocused electron beam, satellite reflections
become visible. (c) Their intensity increases and they sharpen up with irradiation dose.
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FIG. 3. High-resolution micrograph clearly illustrating the
existence of microdomains. In each of these domains, the
modulation is single wave vector. The modulation wave vector
directions are indicated by small arrows.
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FIG. 4. (a) [001] Electron-diffraction patterns after irradia-
tion showing the variation of the modulation wavelength with
potassium content. (b) The incommensurability parameter € as
measured from electron diffraction patterns. The results are
plotted for the case of low irradiation dose. The results report-
ed by Hewat et al. (Ref. 24) and Pei er al. (Ref. 23) are also
represented.



FIG. 5. Tilt experiment (tilt axis is arrowed) on quasicubic Bay (K 4sBiO; from which the systematic reflection conditions are de-
rived. (a) [001],, (b) [111],, and (c) [110], orientations (indices are based on the perovskite unit cell).



FIG. 6. Tilt experiment (tilt axis arrowed) on quasiorthorhombic Ba, 3K, ,BiO; from which the systematic reflection conditions
are derived. (a) [001],, (b) [112],, and (c) [110], orientation (indices are based on the perovskite unit cell). Small open circles indi-
cate the absence of satellite reflections around (hkl),l=n + { spots.
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FIG. 7. High-resolution micrograph viewed under grazing
angle, showing the displacive modulation of the brighter dots.



