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The structures of five phases in the Ba& „K„Bi03system for 0 & x & 0.5 and temperatures below
473 K have been determined by neutron powder diffraction. Bulk superconductivity occurs only in

a cubic perovskite phase which exists for x 0.37 (at 10 K). At room temperature, as the potassium
concentration is decreased, the cubic structure distorts first by BiO& octahedral tilting and then by
symmetric oxygen breathing-mode distortions. Semiconducting behavior for the monoclinic phase
at 0&x &0.1 can readily be explained on the basis of a commensurate charge-density wave. The
semiconducting orthorhombic phase, which extends from the monoclinic phase to the cubic super-
conducting phase, contains only octahedral tilting distortions that would not be expected to destroy
metallic behavior. Thus, this commensurate structure provides no explanation for the metal-

insulator transition. An incommensurate modulation extending across the semiconducting region
of the phase diagram has been observed by electron diffraction, but is not observed by neutron
diffraction. It is not clear whether this incommensurate modulation is responsible for the nonmetal-
lic behavior.

I. INTRODUCTION

Cubic Ba, „K„Bi03 exhibits the highest supercon-
ducting transition temperature (T, =30 K for x =0.4) re-
ported for any oxide superconductor not containing
copper. ' The most striking feature of this compound
is the absence of two-dimensional, metal-oxygen planes,
which are widely believed to be an essential factor in pro-
ducing a high T, in the copper-oxide systems. In addi-
tion, local magnetic moments do not exist in these ma-
terials. They are diamagnetic and muon spin-resonance
data reveal no evidence of static magnetic order. There-
fore, magnetic-pairing mechanisms, as proposed for the
cuprate superconductors, can be excluded for this materi-
al.

Several measurements point to the involvement of pho-
nons in the mechanism for superconductivity in the
Bai „K„Bi03system. The large oxygen-isotope effect,
measured by substituting ' 0 for ' O, is consistent with a
phonon-mediated mechanism. ' The superconducting
energy gap, measured by infrared refiectivity, is con-
sistent with weak to moderately strong coupling in a
Bardeen-Cooper-Schrieffer (BCS) theory. A recent inelas-
tic neutron-scattering measurement and molecular-
dynamics simulation of the phonon density of states show
that high-energy optical phonons (up to 80 meV) involv-
ing only the oxygen atoms are present in this system.
The large lattice softening observed at high energies on
substituting potassium for barium in insulating BaBi03 is
probably due to strong electron-phonon coupling. The
direct coupling of these high-energy optical phonons to
the superconducting electronic system has been demon-
strated by a recent tunneling measurement. ' These re-

suits are in agreement with BCS phonon-mediated super-
conductivity in Ba, „K„Bi03with an overall electron-
phonon coupling constant (A, ) of about unity but with
strong coupling to high-energy oxygen optical phonons. "

In addition to the lack of two-dimensional structural
features and antiferromagnetism, Ba, „K„Bi03exhibits
a number of other interesting properties that suggest that
important physics can be learned fram this system. In
common with the cuprate superconductors, superconduc-
tivity in Ba, „K„Bi03 appears at the boundary of a
metal-insulator transition. ' ' Superconductivity
occurs only in a cubic phase (x )0.37) and disappears
abruptly upon crossing a phase transition to a semicon-
ducting phase when the potassium concentration is de-
creased. 3' Further, even in the cubic phase, near the
metal-insulator transition, the resistivity in the normal
state shows evidence of nonmetallic behavior above the
superconducting transition. '

The behavior of Ba& „K„Bi03is similar to that of the
BaPb& „Bi„03 system, where superconductivity also
occurs near a metal-insulator transition associated with a
structural phase transition. ' Since the discovery of su-
perconductivity in the BaPb& Bi„03system, there have
been many proposals to account for the metal-insulator
transition. However, there is still no agreement on the
cause of the Fermi surface gap in the heavily doped semi-
conducting phase. ' According to a simple electron-
band theory, the parent material, BaBi03, has an exactly
half-filled band, and, in principle, a 6s electron on every
Bi atom, leading to Bi + and metallic behavior. Howev-
er, the valence state Bi + is always unfavorable due to
correlation energies on the Bi atoms. Thus, the electron-
ic system is unstable to the formation of either antifer-

41 4126 1990 The American Physical Society



41 STRUCTURAL PHASE DIAGRAM OF THE Ba& „K„Bi03SYSTEM 4127

romagnetism or charge-density waves (CDW) that create
an insulating gap at the Fermi surface. Neutron-
diffraction studies' ' have shown that oxygen
breathing-mode distortions indeed exist in BaBi03, giving
rise to an ordered arrangement of Bi + and Bi + ions
(i.e., a commensurate CDW), and, therefore, explain the
semiconducting behavior in BaBi03. However, this com-
mensurate CDW disappears rapidly on Pb substitution. '

It is not possible to create, in the context of local-
density-functional-based band theory, an insulating gap
from Bi(Pb}06 octahedral tilts in the absence of the
breathing-mode distortions. To address this problem,
many theories have been proposed attributing the semi-
conducting behavior of the Pb-substituted compound to a
local CDW, ' chemical ordering wave, or long-range
incommensurate CDW. ' Since such postulated
structural features have not been established experimen-
tally, the semiconducting behavior of the BaPb, „Bi„03
(and now the Ba, „K„Bi03}system is still an intriguing
problem.

The purpose of the present work was to investigate,
with neutron powder difFraction, the structural phase dia-
gram of the Ba& „K„Bi03system over a wide range of
composition, x, and temperature, and to look for evi-
dence of commensurate or incommensurate CDW insta-
bilities. Although the cubic symmetry of the supercon-
ducting phase has been confirmed in several labora-
tories ' ' (Fig. 1), and the body-centered monoclinic,
I2/m, structure of the parent phase, BaBi03, has been
known for a number of years, ' ' ' few details have
been reported about the other structures that exist as a
function of potassium composition and temperature.
Moreover, the work that has been reported often
conflicts. Hinks et al. showed, by neutron powder
difFraction, that adjacent to the primitive cubic, super-
conducting phase (x(0.4, starting composition) the cu-
bic cell transforms to a &2a Xv 2a X2a supercell
(where a is the edge of the primitive pseudocubic cell).
However, Wignacourt et al. did not detect any super-
cell reflections in a single-crystal x-ray diffraction study
and reported a cubic structure for x=0.13 at room tem-
perature. At x =0.04, Schneemeyer et al. , ' using
single-crystal x-ray difFraction, observed a

CP
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FIG. 1. The structure of cubic Bal „K„BiO3(x ~ 0.37).

~2a XW2a X2a supercell phase with Immm sytnme-
try.

In addition to the commensurate supercell structures,
an incommensurate structural modulation may also
occur in the Ba, „K„Bi03system. Pei et al. observed,
by electron diffraction, an incommensurate modulation
along the [110]cubic direction in the nonsuperconduct-
ing supercell phase. They speculated that such a modula-
tion could be responsible for the semiconducting behavior
in the supercell phase. Hewat et al. also observed this
incommensurate modulation, but concluded that it was
included by the electron beam. Neither group provided a
clear microscopic explanation for the modulation, al-

though Hewat et al. concluded that it did not result
from the ordering of oxygen vacancies or potassium
substitutional defects.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

For the present experiments, a series of Ba& „K Bi03
samples with 0.1 x 0.6 was prepared using the two-
step synthesis method previously described. '

Stoichiometric mixtures of Bi203, BaO, and KO2
powders were first heated to 725' (at 2'C/m) in flowing
nitrogen, held at 725'C for 1 h, and cooled to room tem-
perature. The samples were then heated to 425'C (at
2'C/m) in flowing oxygen, held for 1 h, and cooled to
room temperature. This two-step procedure was repeat-
ed several times, with intermediate grinding to improve
sample homogeneity. For this synthesis procedure, we
found a solubility limit for potassium near x=0.5. The
BaBi.03 sample was made by directly melting a
stoichiometric mixture of Bi203 and BaO powders. The
oxygen content of these samples was not measured in-
dependently, but from previous work it is known that
samples made in this way are fully oxygenated. Addi-
tionally, for the superconducting compositions the mea-
sured T, 's are a confirmation of this conclusion, since T,
is known to decrease sharply when oxygen vacancies are
present. '

Superconducting transition temperatures, T„of these
samples were measured resistively. The Meissner effect
and diamagnetic shielding have been measured previously
for samples made by the same technique. The resistive-
ly measured T, 's for the present samples are shown in
Fig. 2. Sharp resistive transitions were observed for
0.35~x ~0.45. For 0.3~x&0.35, resistive onsets were
observed but zero resistance was not achieved at any tem-
perature above 10 K. Samples with x (0.3 were semicon-
ducting. The previous diamagnetic shielding measure-
ments showed that, even though resistive transitions are
observed for values of x as low as 0.3, the fraction of su-
perconducting phase decreases sharply for x &0.37.
As shown in Fig. 2, this is the same composition where
T, begins decreasing with increasing x. Thus, we con-
clude that bulk superconductivity occurs only for
x ~ 0.37 and that T, decreases with increasing x as shown
in Fig. 2. We attribute the apparent smearing of the
boundary between the superconducting and nonsuper-
conducting phases, which leads to constant resistive onset
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FIG. 2. Superconducting transition temperatures T, vs x for
Ba& „K„Bi03. Circles mark the resistive onset temperatures
and squares mark the zero-resistance temperatures. Where no
square symbols are shown, zero resistance was not reached at
any temperature above 10 K.

temperatures but a rapidly changing superconducting
fraction for 0.3 x (0.37, to difFiculties in achieving sam-
ple homogeneity. The superconducting transition also
broadens at x=0.5, where the solubility limit for potassi-
um is reached.

III. NEUTRON POWDER DIFFRACTION

Neutron powder diffraction data were collected using
the H4S triple-axis spectrometer at the Brookhaven High
Flux Reactor and the Special Environment Powder
Diffractometer (SEPD) at Argonne's Intense Pulsed Neu-
tron Source. These instruments are complementary for
this study. The constant-wavelength method using H4S
offers the low background needed to search for incom-
mensurate Bragg peaks and the ability to efficiently mea-
sure the temperature dependence of selected superlattice
reflections, while the SEPD time-of-flight diffractometer
provides complete data covering a wide range of d spac-
ings suitable for Rietveld refinements of the structures.
At Brookhaven, the samples were sealed in thin-walled
aluminum cans with helium-exchange gas and were
cooled with a close-cycle helium (Displex) re-
frigerator (10-300 K). A wavelength of 2.3701 A was

selected from the (002) plane of a pyrolytic graphite
monochromator. Data were collected in O. 1' steps. At
Argonne, the samples were sealed in thin-walled vanadi-
um cans with helium-exchange gas. The temperature of
the samples was controlled using either a close-cycle heli-
um (Displex) refrigerator (10—300 K), or a simple radiant-
ly heated furnace (300—473 K). On the SEPD, time-of-
flight data are collected simultaneously at several
different scattering angles. However, only the high-
resolution back-scattering data (b,d ld =0.0035 at
28=150') were used for full structural analyses by Riet-
veld refinement.

The first data were collected at Brookhaven, from an
initial set of samples with x=0, 0.1, 0.2, 0.3, and 0.4. Al-
though these samples showed some evidence for oxygen
deficiency and inhomogeneity, these early data provided
a clear picture of the growth of the weak superlattice
reflections as a function of temperature and composition,
and allowed possible space groups for the various phases
to be identified. Later data were collected on the SEPD
using an improved set of samples with x=0, 0.1, 0.2,
0.25, 0.3, 0.35, 0.4, 0.5, and 0.6. The SEPD data were
used to refine the structures and establish the structural
phase diagram.

IV. CRYSTAL STRUCTURES
AND PHASE DIAGRAM

The structures that occur in the Ba&,K„Bi03 system
can be viewed as distortions of the basic cubic perovskite
structure shown in Fig. 1. The fundamental distortions
are tilts of the nominally rigid Bi06 octahedra and
breathing-mode distortions in which alternating Bi sites
become inequivalent because of oxygen-atom displace-
ments toward or away from the Bi atoms. These tilting
and breathing-mode distortions can occur singly or in
combination to produce various possible distorted
perovskite structures. Glazer has classified those struc-
tures created by octahedral tilts around one, two, or three
axes with repeat periods of up to two cubic-cell con-
stants. ' Although this classification scheme is based
on rigid tilts, many of the resulting space groups include
degrees of freedom that also allow (or require) distortions
of the Bi06 octahedra. Moreover, space groups that al-
low breathing-mode distortions can be derived from

TABLE I. Possible space groups resulting from negative tilts of Bi06 octahedral (Refs. 37 and 38).
The axes and planes are designated in terms of the primitive pseudocubic cell with an edge of a, .

Tilt system

a b c
a b b

a a a
a'b c
a a c
aac

Special tilt axis

not unique

on (011) plane

[111]1
on (100)~ plane

[110]~
[001]~

Cell dimensions

2a~ X2a~ X2a~

+2a~ X +2a~ X2a~

2a~ X2a~ X2a~

2a~ X2a~ X2a~
+2a X&2a~X2az
&2a X+2a~ X2a~

Space group

P1 (no. 2)'

I2/a (no. 15)

R3c (no. 167)'

I2/m (no. 12)

Ibmm (no. 74)

I4/mcm (no. 14)

'This space group refers to the smaller primative unit cell equivalent to the F-centered one.
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FIG. 3. Phases identified by neutron powder diffraction in
the Ba& „K„BiO,(x ~0.5) system. Each symbol marks a corn-
position and temperature for which a Rietveld structural
refinement has been performed. The exact location of the phase
boundaries is limited by the number of data.

Glazer*s scheme by appropriate reductions of symmetry.
Although Glazer's classification scheme does not include
all possible distorted perovskite structures, it has been
widely used to identify distorted perovskite structures
and to understand the associated phase transitions. In
particular, this strategy was successful in identifying
structures in the closely related BaPb& Bi„03 sys-
tem. ' ' Therefore, we have used the same approach to
investigate the structures of Ba& „K„Bi03.

With the exception of the data for x=0 at low temper-
ature (discussed later) all of the observed supercell
reflections in our data can be indexed in terms of the
primitive cubic cell with odd half-integer indices. In
Glazer's tilt scheme, ' this suggests that only negative
octahedral tilts are allowed. The corresponding space
groups are listed in Table I.

Other than the BaBi03 phase, whose monoclinic struc-
ture is already known, ' ' ' we found no evidence in
our data to adopt low-symmetry triclinic or monoclinic
structures that result from tilts along the nonprincipal
axes, i.e., a b c, a b b, anda b c . Thus, only
tilts along the three major axes, i.e., [111],[110],and
[001] (where the subscript p refers to the primitive cu-
bic, perovskite cell) were considered. When these three
tilts are combined with breathing-mode distortions, eight
possible space groups, including two with no tilts (i.e.,
Pm 3m and Fm 3m), result (Table II), of which 14lmcm,
I2/m, Ibmm, and R3 have been observed by Cox and
Sleight in the BaPb& „Bi„03system. '

Figure 3 shows the temperatures and sample cornposi-
tions for which full Rietveld refinements of data from the
SEPD were performed, and the corresponding structural
phase boundaries. Table III summarizes the crystallo-
graphic information derived from these refinements. Five
different phases were observed at potassium concentra-
tions below x=0.5 and at temperatures below 473 K.
Each of the phases will be discussed in detail.
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A. Cubic phase

The superconducting phase has an undistorted cubic
perovskite structure. The oxygen octahedra are identical
and perfectly regular with no tilts. Samples with x=0.4
and 0.5 were cubic at all temperatures from 10 to 295 K
in agreement with other published results. ' ' For
x=0.35, a transition to the orthorthombic phase occurs
between 200 and 100 K. From this we conclude that the
transition between the cubic and orthorhombic phases

occurs near x =0.37 at low temperatures and, thus, corre-
sponds to the onset of bulk superconductivity.

It should be noted that this value of x for the onset of
superconductivity differs from that reported in our previ-
ously work. In our first study we assumed that a net loss
of potassium from the sample could occur and, thus, as-
signed the value of x in the Ba, „K„Bi03phase based on
the Rietveld refinement. Thermogravimetric analysis
(TGA) measurements show that the net loss of potassium
from the sample is negligible, and that the starting com-
positions should be taken as the correct values if single-

TABLE III. Refined lattice parameters in the Ba, „K„BiO,system. P ( -90') and a (-60') are, re-
spectively, the monoclinic angle and the angle between trigonal axes. Numbers in parentheses are the
estimated standard deviations of the last significant digit.

473
423
379
295
250
200
150
100
50
10

Space group

R3
R3
I2/m
I2/m
I2/m
I2/m
I2/m
P2/m
P2/m
P2/m

a (A)

6.1521(1)
6.1469(1)
6.1864(2)
6.1863(1)
6.1855(1)
6.1844(1)
6.1834(1)
6.1802(1)
6.1764{1)
6.1752(1)

b (A)

6.1459(1)
6.1406(1)
6.1364(1)
6.1323(1)
6.1285(1)
6.1257(1)
6.1246(1)
6.1242(1)

c(A)

8.6821(2)
8.6723(1)
8.6656(1)
8.6591(1)
8.6531(1)
8.6508(1)
8.6503(1)
8.6505(1)

P/a (deg)

60.271(2)
60.300(2)
90.130(3)
90.164(2)
90.190(2)
90.221(2)
90.250(2)
90.258(2)
90.257{2)
90.254(2)

0.1 473
423
373
295
200

10

R3
R3
R3
Ibmm
Ibmm
I2/m

6.1424(1)
6.1366{1)
6.1319(1)
6.1578(2)
6.1568(2)
6.1551(1)

6.1262(2)
6.1190(2)
6.1088(1)

8.6569(2)
8.6415(2)
8.6256(2)

60.143(3)
60.175(3)
60.191(3)

90.077(9)

0.2 295 Ibmm 6.1280(5) 6.1040(4) 8.6286{6)

0.25 295
200

10

Ibmm
Ibmm
Ibmm

6.1118(9)
6.1062(9)
6.0975(16)

6.0926(6)
6.0873(6)
6.0856(13)

8.6133(10)
8.6038(9)
8.5839(14)

0.3 295
150

10

Pm 3m
Ibmm
Ibmm

4.3006(1)
6.0795(3)
6.0691(5)

6.0767(5)
6.0625(6)

8.5867(9)
8.6050(4)

0.35 295
10

Pm 3m
Ibmm

4.2953(1)
6.0664(2) 8.5670{7)

0.4 295
250
200
150
100

50
10

Pm 3m
Pm 3m
Pm 3m
Pm 3m
Pm 3m

Pm 3m
Pm 3m

4.2830(1)
4.2811(1)
4.2791(1)
4.2771(1)
4.2756(1)

4.2744(1)
4.2742(1)

0.425 295 Pm 3m 4.2789(1)

0.5 295
150

10

Pm 3m
Pm 3m
Pm 3m

4.2698(1)
4.2642(1)
4.2618(1)
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FIG. 4. Portion of the Rietveld refinement profile for cubic (Pm 3m) Bao 6KO 4Bi03 at 10 K. Plus marks (+) are the raw data. The
solid line is the calculated profile. Tick marks below the profile mark the positions of allowed reflections. A difference curve (ob-
served minus calculated) is plotted at the bottom. Background has been fit as part of the refinement but subtracted prior to plotting.

phase samples are formed. Self-consistent results for
the various phases in the Ba& „K„Bi03system, including
the &=0 phase, can be obtained if a scattering length of
b =0.55X10 ' cm is assigned to Ba [compared to the
literature value of b =0.525X10 ' cm (Ref. 39)] or if
the Bi scattering length is decreased by a similar amount.
It is unlikely that the scattering lengths for normal abun-
dance Ba or Bi are in error. Rather, we conclude that
this small discrepancy results from a systematic error in
the data or from random nonharmonic atomic displace-
ments around the substitutional defects (or associated
with the incommensurate modulation that will be dis-
cussed later) that are not included in the structural mod-
el.

Figure 4 shows the Rietveld refinement profile at 10 K
for the x=0.4 sample. The re6ned structural parameters
at 295 and 10 K are given in Table IV. A pronounced
anisotropy in the oxygen vibration, with the largest dis-

a (A)

295 K

4.2830(1)

10 K

4.2742(1)

TABLE IV. Refined structural parameters for Bao 6KO 4Bi03
at 295 and 10 K. The data were refined in the cubic Pm3m
space group. Numbers in parentheses are estimated standard
deviations of the last significant digit. %here no standard devia-
tion is given, the parameter was not refined.

4.284

4.280

4.276

4.272 l I

100 200
Temperature (K}

300

Ba

Bi

x=y=z
8 (A )

x=y=z
8 (A )

Z
o 2

UII=Uzz «)
U33 (A }

0
0.99(3)

0.58(2)
= 1 —n(Ba)
1

2

0.38(2)

1

1

2

0
0.0248(3)

0.0058(4)

3

0
0.44(3)

0.57(2)
= 1 —n(Ba)
I
2

0.18(2}

1

1

2

0
0.0164(3)
0.0039(4)
3

FIG. 5. Lattice parameter a for cubic Bao 6Kp gBiO3 vs tem-
perature.

R„p (%)
R,„p {%)

7.34

3.70 3.73
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placement perpendicular to the Bi—0—Bi bond, is evi-
dent at both temperatures. This is consistent with a ten-
dency towards a rotational phase transition. The varia-
tion in the cubic-lattice parameter with temperature is
shown in Fig. 5. The thermal expansion has the expected
behavior, becoming small at the lowest temperatures.

At lower potassium contents, the cubic phase is stable
at higher temperatures. In the SEPD data, we observed
the cubic phase at 295 K for x=0.3 and at 473 K for
x=0.25. When combined with the data of Cox and
Sleight, ' who observed a transition to cubic symmetry in
BaBi03 between 750 and 800 K, these results suggest that
the cubic phase is the stable phase at high temperature
for all compositions and lead to the phase boundary as
shown in Fig. 3. It should be noted that the phase dia-
gram has not been investigated above 473 K for x & 0. At
high temperature the presence of oxygen vacancies could
alter the phase boundaries. Thermogravimetric analysis
shows that loss of oxygen from Ba&,K„Bi03 begins at
temperatures above 600 K and depends on the value of
x. Thus, over the temperature range that we have in-
vestigated, the oxygen content is stoichiometric.

B. Body-centered monoclinic phase

The end-member phase has the body-centered mono-
clinic, I2/m, structure of BaBi03. ' ' This struc-
ture consists of an octahedral tilt (along the [110] axis)
and distortion produced by breathing-mode oxygen atom
displacements. This breathing-mode distortion creates
two distinct Bi sites, giving rise to the bismuth charge
disproportionation (or a commensurate CDW) discussed
by Cox and Sleight, ' ' and Thornton and Jacobsen,
and results in semiconducting behavior.

We observe the I2/m structure for x=0 at tempera-
tures from 150 to 379 K and also for x=0.1 at 10 K as
shown in Fig. 3. For x=0.1 at higher temperatures, an
orthorhombic structure is observed. The Rietveld
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FIG. 7. Average rotation angle P and the difference between

the averaged Bi—0 distances for the two distinct Bi atoms hr
for monoclinic (I2/m) BaBiO, vs temperature. Here, P is the
tilt angle with respect to the pseudocubic [110]axis.
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refinement profile of the SEPD data for BaBi03 at 295 K
is shown in Fig. 6. The values of the refined parameters
for x=0 at 295 K and x=0.1 at 10 K are given in Table
V. Our results agree well with previously published
data is, i6,z7 —z9 For x=0 at 295 K the octahedral tilt is
nearly rigid, with an average tilt angle of 10.3'. The six
oxygen atom neighbors around one Bi atom are closer
than those around the neighboring Bi atom by 0.17 A.
The refined monoclinic angle P is 90.164', the difference
from 90' reflecting the fact that the two adjacent octahe-
dra along the c-axis direction are not of identical size,
and consequently their [110] tilting cannot be fully can-
celed.

The variations of the tilt angle and the breathing-mode
distortion for x=0 with temperature are shown in Fig. 7.

The tilt angle increases with decreasing temperature,
while the breathing-mode distortion remains approxi-
mately constant. The dependence on potassium content
x is more dramatic. A small monoclinic distortion
(P=90.08') is observed for the x=0.1 sample at 10 K.
Here, the tilt angle is reduced only slightly to 9.9 while
the difference in Bi—0 bond lengths is reduced markedly
to 0.05 A. It would be expected that a further small in-
crease in potassium content should fully suppress the
breathing-mode oxygen atom displacements while allow-

ing a nonzero octahedral tilt, consistent with the ob-
served Ibmm orthorhombic structure (see Fig. 3 and
below). Conversely, elimination of the tilting distortion
while maintaining the breathing-mode distortion would
lead to a 2a X2a X2a cubic Fm3m structure, which
we have not observed in this system.

x=0
295 K

x=0.1

10 K

a (A)
6 (A)
c(A)
P (deg)

6.1908(1)
6.1450(1)
8.6785(1)

90.164(2)

6.1551(1)
6.1088(1)
8.6256(2)
90.077(9)

Ba

K
Bi(1)

Bi(2)

O(1)

O(2)

2

B(A)
n

x=y=z
8(A)

x=y
Z

B(A)

Z
2

Ull (A )

U22 (A )

U33 (A )

y

o 2
Ull {A )

U2q (A )

U33 {A )

Ulq (A )

n

0.5029(6)
0
0.2487(8)
1.08(4)
1.01(1)
0
0
0.49(5)
0.5
0

1

2

0.06(4)
0.5
0.0606(4)
0
0.2604(5)
0.019(1)
0.035(2)
0.006(2)
1

0.2611(6)
0.2574(8)

—0.0327(3)
0.021(2)
0.019(2)
0.024(2)

—0.014(1)
2

0.5062(5)
0
0.25
0.46(2)
0.93(2)
=1—n(Ba)
0
0.00
0.5
0

1

2

=8[Bi(1)]
0.5
0.0587(4)
0
0.253(1)
B=0.62(4)

1

0.253{1)
=x[0(2)]
—0.0315{2)
B= 1.03(3)

R„p (%)
R,„(%)

5.51
4.04

7.01
3.50

TABLE V. Refined structural parameters for monoclinic
BaBi03 at 295 K and Ba09KO &Bi03 at 10 K. The data were
refined in the monoclinic I2/m space group. Numbers in
parentheses are estimated standard deviations of the last
significant digit. Where no standard deviation is given, the pa-
rameter was not refined.

C. Orthorhombic phase

Only one phase is observed in the region between the
monoclinic and cubic phases. The structure of this phase
has been identified as orthorhombic with space group
Ibmm. This structure contains the same [110] octahe-
dral tilt as the I2lm phase but has no breathing-mode
distortion, and is a logical intermediate structure between
the monoclinic I2lm and cubic Pm 3m phases.

The identification of this structure is based on the com-
parison of Rietveld refinements using the Ibmm space
group with refinements using other possible space groups
listed in Table II. As described in our original paper,
superlattice reflections that can be indexed on a body-
centered ~2a X&2az X2a supercell are clearly visible

in the raw neutron-diffraction data, but no tetragonal or
orhorhombic strain was evident with the available instru-
mental resolution for the composition originally studied
(x=0.2, starting composition). This difficulty in direct-
ly determining the cell symmetry allows a number
of tetragonal, orthorhombic, and face-centered-cubic
(2a X 2a X 2a ) unit cells, all of which are consistent
with the observed superlattice reflections. Fortunately, in
the present data, a nonzero orthorhombic strain is ob-
served for x=0.1 at 295 K and a suSciently large num-
ber of superlattice peak intensities are measured to allow
R-value ratio tests ' to be used to differentiate between
the various space groups which obey the observed selec-
tion rules. (The appropriate R values for time-of-fiight
Rietveld refinement are defined in Ref. 36.) In this way,
the Ibmm space group was clearly established for x=0.1

at 295 K and the same model was then applied to the
data for other compositions and temperatures. The Riet-
veld refinement profile for x=0.1 at 295 K is shown in
Fig. 8 and the values of refined parameters for x =0.1 and
0.2 at 295 K are given in Table VI.

Schneemeyer et al. ' have reported an orthorhombic
Immm structure for a single crystal of composition
Bao 96K0 04Bi03. This structure contains an asymmetric
breathing-mode distortion with no octahedral tilt. The
asymmetric breathing-mode distortion is qualitatively
different from the symmetric breathing-mode distortion
present in the I2/m structure. In the asymmetric case,
four of the six Bi—0 bonds are lengthened (or shortened,
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for the adjacent Bi atom) while the other two are shor-
tened (or lengthened); in the symmetric case, all six bonds
are lengthened (or shortened). The superlattice peak in-
tensities in the neutron-diffraction case are a sensitive
probe of these local atom displacements. The Immm
model was strongly rejected by R-value ratio tests ' for
all of our data in the orthorhombic phase. For example,
for x=0.1 at 295 K, the respective weighted profile R
values (defined in Ref. 36) were R„~(Ibmm) =7.81% and
8 „~(Immm) = 10.21%. Since we have no data for
x=0.04, we are unable to determine whether the Immm
structure exists for some composition between x=0 and
0.1. However, based on the systematic evolution of the
tilting and breathing-mode distortions we have observed
in the present work, we consider it unlikely that the
I2/m and Ibmm phases are separated by a phase of
Immm symmetry.

Although the identification of the Ibmm structure at
x=0.1 and 295 K is clear, it is important to determine
whether a second phase transition, to yet another struc-
ture consistent with the observed supercell peaks, occurs
at low temperature or with increasing x between the or-
thorhombic and the cubic phases. Clearly, as the ortho-
rhombic strain drops below the limit of detectability im-
posed by instrumental resolution and intrinsic sample
peak broadening, the occurrence of additional subtle
phase transitions is diScult to completely rule out. Thus,
refinements of the x)0.1 data in other possible space
groups listed in Table II were attempted for comparison
with the Ibmm refinements.

The R3c structure contains a rigid octahedral tilt
around the [111]z axis, with no breathing-mode distor-
tion. This structure was immediately rejected, based on a

x =0.1 x =0.2

a (A)
b(A)
c(A)

6.1578(2)
6.1262{2)
8.6569(2)

6.1280(5)
6.1040(4)
8.6286(6)

Ba

K
Bi

O(2)

z

8 {A 3

n

x=y=z
8 {A)

z

B (A )

n

3'

z
8 (A )

n

0.504(1)
0
4

1.14(3)
0.90(2)
1 —n(Ba)
0
0.42{2)
1

0.0527(6)
0

1

4

1.33(6)
1

1

4
1

4—0.0265(3)
2.07(5)
2

0.507(2)
0

1

4

0.91(4)
0.80(2)
1 —n(Ba)
0
0.27(3)
1

0.047(1)
0

1

4

1.01(8)
1
1

4
1

4—0.0116(7)
2.04(7)
2

R„p (%)
exp

7.81
3.38

9.63
3.29

TABLE UI. Refined structural parameters for Ba& „K„Bi03,
x=0.1 and 0.2, at 295 K. Thy data were refined in the ortho-
rhombic Ibmm space group. Numbers in parentheses are es-
timated standard deviations of the last significant digit. %'here
no standard deviation is given, the parameter was not refined.
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large difference in R values, when compared to the Ibmm
model. The R3 structure, which exists for x ~0.1 at
elevated temperature (see Fig. 3 and below), was also re-
jected based on R-value ratio tests. '

The Fm 3m cubic phase, with cell dimensions
2a X2a X2a, is consistent with the lack of observable
tetragonal or orthorhombic strain as the transition to the
simple-cubic phase is approached. This phase contains a
symmetric breathing-mode distortion with no octahedral
tilt. Attempted Rietveld refinements, ho~ever, yielded
large discrepancies for the fitted peak intensities, allowing
this phase to also be rejected.

The I4/m structure contains the combination of a
[001]z octahedral tilt and a breathing-mode distortion.
Refinements based on this mode1, however, are found to
be unstable with respect to the oxygen positions. Consid-
ering further the fact that breathing-mode distortions
have already vanished near x=0.1, it appears highly un-

likely that this I4/m structure would be present at
higher potassium contents.

The tetragonal, I4/mern structure, having a rigid octa-
hedral tilt around the [001] axis and no breathing-mode
distortion, falls in a logical sequence of phase transitions,
I2/m ~Ibmm ~I4/mern ~Pm 3m, involving first the
loss of the breathing-mode distortion and then the succes-
sive loss of octahedral tilts. Equivalently, the I4/mcm
phase can be viewed as resulting from the condensation
of one rotational phonon mode while the Ibmm phase re-
sults from the condensation of two degenerate rotational
phonon modes. R-value ratio tests, ' however, favor the
Ibmm structure over the I4/mern structure for all of the
compositions and temperatures for which we presently
have data. The R-value ratio is large for regions of the
phase diagram far from the cubic phase and decreases
somewhat for increasing x. For example, at 295 K,
R„~(I4/mcm)/R„(Ibmm)=1. 290 for x=0.1 and 1.056
for x=0.2. In addition, the c-axis expansion as observed
at the Ibmm I4/mern tran-sition in BaPb, „Bi„03(Ref.
17) is not present in this system; we observe only a con-
tinuous variation of the c axis into the cubic phase (Fig.
9). It is also instructive to plot the order parameter asso-
ciated with the orthorhombic strain, (a —b)2, as a func-
tion of x and compare it with the order parameter associ-
ated with the octahedral tilting angle P as shown in Fig.
10. The strain and tilt parameters scale together near the
orthorhombic-cubic transition (x=0.3 at 295 K), and
both exibit the expected mean-field behavior for a con-
tinuous transition from the orthorhombic to the cubic
phase. Thus, we conclude from the present data that the
tetragonal I4/mcm phase does not exist close to the cu-
bic phase boundary. However, since the values of ortho-
rhombic strain observed are near the limit of detectability
for this technique, and peak broadening due to inhomo-
geneity could lead to systematic errors in refinement of
the strain that would mask the intrinsic behavior, the
question of whether the I4/mcm phase exists between
the Ibmm and Pm 3m phases may require further investi-
gation.

Measurements of the ( —,', —,', —,') superlattice peak inten-

sity as a function of temperature for X=0.3 from the H4S
spectrometer provide an explicit picture of the tempera-
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FIG. 9. The c-axis lattice parameter vs potassium concentra-
tion x in the orthorhombic Ibmm phase at 295 K. The point at
x=0 in the monoclinic I2/m phase is plotted for comparison.
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ture dependence of the order parameter associated with
the orthorhombic-cubic phase transition (Fig. 11).
Again, the order-parameter behavior expected for a con-
tinuous transition is observed. The peak intensity extra-
polates to zero at about 330 K, while the phase diagram
inferred from Rietveld refinements of SEPD data (Fig. 3)
suggests a transition temperature near 300 K.

TABLE UII. Refined structural parameters for
Ba& „K„Bi03,x=0 and 0.1, at 473 K (200'C). The data were
refined in the rhombohedral R3 space group. Numbers in
parentheses are estimated standard deviations of the last
significant digit. %'here no standard deviation is given, the
value was not refined.

x =0.1

D. Rhombohedral phase

The rhombohedral R 3 phase of BaBi03 was previously
reported by Cox and Sleight. ' In common with the
monoclinic I2lm phase, the rhombohedral R3 phase
contains combined octahedral tilt (in this case, along the
[111j direction) and breathing-inode distortions.

We observe a transition from the monoclinic to the
rhombohedral phase at -400 K for x=0, close to the
temperature previously reported. We also observe the
rhombohedral phase above room temperature for x=0.1.
The Rietveld refinement profile for the x=0 data at 473
K is shown in Fig. 12, and the refined parameters are
given in Table VII. The octahedral tilt angle is 9.1' and
the difFerence in the Bi—0 bond distances is 0.15 A.
These results agree well with those of Cox and Sleight. '

For the x =0.1 sample above room temperature,
refinements in the R 3 model also yielded satisfactory fits.
Just as noted for the monoclinic phase, potassium substi-
tution rapidly reduces the breathing-mode distortion in
the rhombohedral phase. Compared with BaBi03, the
R3 structure at x=0.1 and 473 K is characterized by a
smaller octahedral tilt (6.9') and vanishingly small
breathing-mode oxygen atom displacements. In the
refinements for x=0.1, this decrease in the breathing-
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mode distortions led to some convergence problems,
since the two Bi sites became nearly equivalent. Addi-
tionally, for +=0.1, the rhombohedral distortions are
small (rhombohedral angle a =60. 14 at 473 K) making it
diScult to establish the uniqueness of the R3 structure
directly from the raw data. We therefore attempted Riet-
veld refinements in several different space groups includ-
ing Ibmm, I4/mcm, R 3c, and R 3m. In all cases, howev-
er, the R 3 structure was favored by R-value ratio tests. '

K. Primitive monoclinic phase

On cooling BaBi03 below 150 K, we consistently ob-
served new Bragg peaks that could be indexed on the
basis of a primitive monoclinic cell, with peak intensities
that increased smoothly with cooling (Fig. 13). The vari-
ation of the refined monoclinic lattice parameters with
temperature provides additional evidence for the transi-
tion from I2/m to a primitive monoclinic phase, as
shown in Fig. 14. A rather pronounced anomaly is ob-
served for the temperature dependence of the monoclinic
angle P at about 140 K.

The Rietveld refinement of the BaBi03 data at 10 K
was performed using the primitive monoclinic P2/m
space group. This refinement converged and yielded a
satisfactory fit. However, since the new primitive
reflections are very weak, and the refinement is dominat-
ed by the strong primary reflections, R-value ratio tests '
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FIG. 14. Cell edges a and b, and c and monoclinic angle P for
monoclinic BaBi03 vs temperature. The unusual change in
slope for P near 140 K suggests a transition from body-centered
(I2/m) to primitive monoclinic symmetry.
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are of limited value and the identification of this structure
may not be unique. Accordingly, the assignment of
P2/m as the space group is only tentative. Moreover,
since a primitive monoclinic phase was not reported in
the earlier low-temperature study of BaBi03 by Thornton
and Jacobsen, its occurrence may depend critically on
some sample-dependent variable (such as oxygen content)
that we have not accurately characterized. Since the
primitive monoclinic peaks were not observed in any data
for x=0.1, the primitive monoclinic phase region does
not extend to x=0.1.

0

lll II I ll
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FIG. 13. Some of the primitive monoclinic Bragg peaks ob-
served on cooling BaBi03. Tick marks below the profiles mark
the positions of new peaks of the primitive monoclinic structure
at 10 K. The Miller indices are given for a primitive pseudocu-
bic unit cell. Note that these primitive peaks disappear at a
temperature between 100 and 150 K.

V. INCOMMENSURATE STRUCTURAL
MODULATION

In addition to the commensurate structural modula-
tions resulting from octahedral tilts and distortions, an
incommensurate structural modulation has been observed
in the Ba, K„Bi03 system by electron diffraction.
Pei et al. reported this modulation to have a wave-
length that varied inversely with potassium concentration
and suggested that it may be an incommensurate CDW.
Hewat et al. confirmed the existence of the modulation,
but concluded that it was electron-beam induced and,
thus, was not an intrinsic property of Ba, K Bi03.
However, it should be noted that a similar modulation
has also been observed by single-crystal x-ray diffraction
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FIG. 15. The wavelength of the incommensurate modulation
in Ba& „K„Bi03vs x, as measured by electron diffraction. The
wavelength is expressed in terms of the primitive cubic {110)d
spacing, d(11Q)p The error bars show the range of wavelengths
that are observed for different crystallites in a sample of nomi-

nal composition x. Circles are from Pei et al. {Ref.26) and the
present study and squares are the data of Hewat et al. {Ref.32).
In samples whose nominal compositions would be in the cubic
phase (x ~0.3 at room temperature) some noncubic crystallites
with an incommensurate modulation are observed (probably
due to sample inhomogeneity). No modulation is observed in
the cubic crystallites of the x=0.4 sample.

by Chaillout et al. in BaBi03 z.
" They observed the

wavelength of the modulation to be six times the primi-
tive cubic (110) d spacing (dt»0~ ), consistent with the
subsequent electron-diffraction results. Furthermore,
their work showed that the modulation wavelength did
not change with the oxygen vacancy content (the same
wavelength was observed for both BaBi02 97 and
BaBi02 77), and concluded that it was highly unlikely
that the modulation was the consequence of oxygen-
vacancy ordering.

We have performed additional electron-diffraction
studies of the incommensurate modulation as a function
of x. The observed modulation wavelength as a function
of x, along with the previous data of Pei et al. and He-
wat et al. , is plotted in Fig. 15. The x-ray data of
Chaillout et a/. for x=0 is not plotted but is in excel-
lent agreement. The systematic variation of the modula-
tion wavelength with potassium concentration indicates
the same behavior for BaBi03 and potassium-substituted
samples and, thus, argues against electron-beam-induced
effects or oxygen-vacancy ordering as the explanation.
These results suggest that the incommensurate structural
modulation is an intrinsic property of the Ba, „K„BiO,
system. The report of Hewat et al. that the modulation
is induced by the electron beam could be explained if
electron-beam heating increased the coherence length of
an intrinsic short-range ordering or produced oxygen va-

cancies which then "dressed" an intrinsic modulation
and, thus, increased the intensity of the superlattice
spots.

One purpose of the present work was to search for
these incommensurate superlattice reAections using neu-
tron diffraction. The H4S spectrometer offers the best
sensitivity for weak rejections. In spite of careful
searches at the wave vectors defined by the electron
diffraction, none were observed. One possible explana-
tion is that they are too weak to observe with neutron
diffraction. Additionally, the peaks could be broadened
by small domain size (which has been observed by
electron-diffraction lattice imaging ). Our overall con-
clusion is that, without confirmation by an independent
technique, or further investigation of electron-beam-
induced processes, we cannot determine whether this
modulation is an intrinsic property of bulk samples and,
thus, potentially important to understanding the physics
of the Ba& „K,Bi03 system.

VI. DISCUSSION

In summary, we have determined the structures which
occur in the phase diagram of Ba& „K„Bi03as a func-
tion of x and temperature (Fig. 3). Five distinct struc-
tures that can be understood in terms of simple tilting
and breathing-mode distortions of the ideal cubic
perovskite structure are observed. These structures are
related by a logical progression of first tilting and then
breathing-mode distortions upon decreasing x from the
cubic phase.

The unit-cell distortions are rather small. In fact, the
strains in the noncubic cells are so small that a pseudocu-
bic lattice parameter can be assigned to all of the struc-
tures. At room temperature, this pseudocubic lattice pa-
rameter varies inversely with potassium content as shown
in Fig. 16. The behavior is quite linear and provides a
simple method for estimating x from the measured lattice
parameter. Since the ionic radii of K'+ and Ba + are
very similar (1.64 and 1.61 A, respectively~ ), the ob-
served decrease in unit-cell volume with x can be ex-
plained as a decrease in the size of the Bi ion as a result of
its increased oxidation state. The ionic radii for Bi + and
Bi + are, respectively, 1.03 and 0.76 A. 3

An important result of the present work is the
identification of the semiconducting supercell phase adja-
cent to the cubic superconducting phase. Our data indi-
cate an orthorhombic Ibmm structure, although a tetra-
gonal l4/mcm structure cannot be completely ruled out.
In either case, it is clear that this phase involves only tilt-
ing distortions. Although it is impossible to guarantee
that our search for alternative structural models has been
exhaustive, all of the models we have investigated involv-
ing breathing-mode distortions are strongly rejected on
the basis of Rietveld refinements that are sensitive to the
intensities of the supercel1 rejections. Thus, the argu-
ment that explains the loss of metallic behavior on the
basis of a commensurate, long-range CDW (i.e., a
breathing-mode distortion) which opens a gap in the den-
sity of states at the Fermi energy' is not consistent with
the observations. Indeed, the rotational distortion, with
a tilt angle that decreases to zero in a continuous way at
the cubic phase transition, would not be expected to des-
troy metallic behavior.
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FIG. 16. Pseudocubic lattice parameter a~ vs potassium con-
centration x for the various phases of Ba& „K„BiO&. The
straight line is a least-squares fit to the data and yields the equa-
tion a~ =4.3548 —0.1743x which can be used to estimate x from
measured lattice constants.

The puzzle of the normal-state resistivity in the
Ba& „K„BiO&system is likely to have the same origin as
for the BaPb, „Bi,O& system. With increasing Pb con-
tent in the latter system, the phases encountered at room
temperature are'

I2/m ~0 ~I4lmcm ~Ibrrvtf .

Superconductivity occurs only in the I4lmcm phase.
The metal-insulator transition occurs at x =0.35 (at the
0 -I4lmcm transition), and semiconducting behavior is
observed in the wide composition range up to x=1
(BaBiO~). Although the structure of the 0 phase (exist-
ing over the range 0.35 & x &0.95}has not been reported,
it is generally believed that the large Pb content should
suppress the Bi charge disproportionation. The 0
structure is thus not expected to contain an ordered
CDW that would produce a semiconducting gap.

Localization effects due to cation disorder alone are
probably not suScient to produce insulating behavior.
Varma ' has proposed that the correlation energy U on
the Bi site can effectively become negative and has ob-
tained a phase diagram indicating a CDW state that per-
sists for finite hole concentrations, and borders a super-
conducting phase at lower temperature induced by the
negative U correlations. In this model, the insulating
state, even for finite substitution, is associated with an in-
commensurate CD%' modulation achieved by rapid fluc-
tuations of the valence on the Bi sites between +3 and
+5. Similarly, Jurczek and Rice' have proposed for
finite substitution a "local CDW" involving displace-
ments of the oxygen atoms and charge fluctuations on the
Bi sites, with an incommensurate periodicity. In their
picture, a "pseudogap" (as has been observed in optical
experiments' '~ } still exists for finite substitution but
the small number of states inside the gap are likely to be

localized, thus keeping the material insulating.
The incommensurate modulation observed in

Ba, „K„BiO~ by electron diffraction ' could, of
course, be the predicted CDW. However, the intrinsic
nature of this incommensurate modulation has been chal-
lenged by the claim that it is electron-beam induced and,
now, by the failure to observed it in the present neutron-
diffraction study. The latter failure has three possible ex-
planations: (a} The correlation length of the CDW state
is very short ( & 100 A) and the corresponding peaks are
too diffuse to see in the present powder samples. (b) The
modulation fluctuates dynamically on a time scale too
rapid to see in an elastic neutron-diffraction experiment.
(c) The modulation is, in fact, an electron-beam-induced
effect. The possible effects of beam heating include an in-
crease of the coherence length of the modulation, thus
creating long-range order where only short-range order is
present intrinsically, or the creation of oxygen vacancies
which order according to an underlying modulation.

From the commensurate structures determined in this
study, we note that the absence of inequivalent Bi sites
for x ~0.1 indicates that the Bi sites have equal valence
(in a crystallographic average sense} throughout the sys-
tem. However, locally they may adopt Bi + and Bi +

configurations, with an instantaneous or even time-
averaged short-range order. Such a local CDW model in-
volving the disorder of Bi + and Bi + has been used by
Chaillout et al. ' to explain their data for the BaBi03
structure. Their neutron powder diffraction data re-
vealed two types of BaBiO& structures for different sam-
ples at room temperature: One was characterized by a
large difference in the two Bi—0 bond lengths (-0.16 A)
and a large monoclinic angle while the other was charac-
terized by almost equal Bi—0 bond lengths and a smaller
monoclinic angle. They proposed that the two structures
were, respectively, 100 and 25% ordered with respect to
Bi + and Bi + cations.

The same local CDW model may be adopted to inter-
pret the observed semiconducting behavior in the ortho-
rhombic Ibmm phase of Ba, „K„BiO~. Here, we assume
that the degree of ordering of Bi + and Bi + on the two
distinct Bi sites is continuously reduced by the substitu-
tion of potassium into BaBiO&, and that it eventually be-
comes zero in the orthorhombic phase. The observed
Ibmm structure is, therefore, the disordered I2lm struc-
ture with no long-range ordering of Ba + and Bi'+ ca-
tions on the lattice. Thus, the observed monoclinic-
orthorhombic transition is in fact, an order-disorder tran-
sition involving the arrangement of Bi + and Bi + ca-
tions. In the context of this model, the orthorhombic
phase contains the same breathing-mode distortion as
BaBiO&, but restricted to a local scale (i.e., a local CDW),
leading, on average, to orthorhoxnbic symmetry. The ob-
served semiconducting behavior is a consequence of this
local CDW.

It is tempting to draw an analogy between the CDW
which competes with superconductivity in the
Ba& „K BiO& system and antiferromagnetism in the
copper-oxide superconductors. In the latter case, for
both La2 „Sr Cu04 and YBa2Cu&07 „ the nonsuper-
conducting compositions exhibit antiferromagnetism.
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However, an important difference between the bismu-
thate and cuprate systems should be noted. In the case of
Ba, K Bi03, the highest T, is observed adjacent to the
phase transition into the semiconducting phase, while in
the cuprates, T, drops steadily and superconductivity
disappears before the antiferromagnetic phase is entered.
This observation emphasizes again the importance of
studying the metal-insulator transition in order to under-
stand the mechanism of superconductivity in

Ba, ,K„Bi03.
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