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Structural distortion in superconducting Ba1ÀxK xBiO3
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The structure of superconducting Ba12xKxBiO3 ~BKBO! has been studied by neutron and synchrotron
diffraction on single crystalline and on powder samples. In contrast to the phase diagram reported by several
groups we find a long range structural distortion persisting in the K-concentration range of superconductivity.
The distortion is characterized by a tilt of the BiO6 octahedra around the cubic@001# direction, space group
I4/mcm, so far not observed for any BKBO compound. The mixing of light monovalent K atoms with the
heavier two-valent Ba atoms causes strong structural disorder, in particular for the octahedron tilt. This
disorder is simulated within a harmonic lattice dynamical model.
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I. INTRODUCTION

K-doped BaBiO3 is a prominent material in the context o
high temperature superconductivity since it exhibits a h
transition temperature1,2 and since in contrast to the cuprat
one has to exclude a magnetic mechanism. Though there
several arguments in favor of an electron lattice mechan
like a sizeable isotope effect3 and strong phonon renorma
ization induced by the doping,4,5 the combination of highTc
and low electronic density of states points to an unconv
tional pairing.6

The phase diagram of BKBO has been studied by sev
groups mainly by powder neutron diffraction.7,8 It is stated
that superconductivity exists only in the structurally und
torted cubic phase for K concentrations higher than 0.3.
lower concentrations one observes a structural distor
characterized by the tilt of the octahedra around a cu
@110# axis, space groupIbmm. Electronically, theIbmm
phase is not only characterized by the disappearance o
perconductivity but also by a nonmetallic behavior whic
however, may not be attributed to the tilt distortion. It
frequently argued that the charge disproportionation resp
sible for the insulating behavior in the pure compound9 per-
sists on a short range scale in theIbmm phase. Since the
charge disproportionation is related to the structural bre
ing distortion, an alternation of large and small BiO6 octahe-
dra, this distortion should also be found in theIbmm phase
as it was claimed on the ground of EXAFS experiments.10,11

Further strong support for this view arises from Ram
scattering:12,13 in undoped BaBiO3 there is a dominant pea
in the spectra which should be interpreted by the breath
mode becoming Raman-active due to the distortion~note that
a cubic perovskite has no Raman-active mode!. The fre-
quency of this peak agrees nicely with the observation
neutron scattering.14 The Raman-spectra in the intermedia
Ibmm-phase still show this peak though the long ran
breathing distortion disappears at smaller K concentration
the superconducting phase which is reported to be struc
ally undistorted, i.e., cubic, only weak indications for loc
breathing distortions can be found in Raman scattering.

In this paper, we report the results of several diffracti
PRB 620163-1829/2000/62~10!/6708~8!/$15.00
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studies in the superconducting concentration range wh
demonstrate that there still is a structural distortion. T
structural difference between superconducting and n
superconducting BKBO appears to consist in the direction
the tilt axis, though the structural details of the phase bou
ary still need clarification. The competition between differe
tilt schemes and superconductivity resembles closely the
servation in the Pb-doped BaBiO3 compounds~BPBO! ~Ref.
15! and it may also be related to the suppressed super
ductivity in some LTT-phase cuprates.16

II. EXPERIMENT

Single crystals of BKBO were obtained by electr
chemical decomposition described in Refs. 17,18. The b
characteristics of the used samples are summarized in T
I. In order to perform neutron diffraction and scattering stu
ies within reasonable counting time crystals with lar
sample volumes were grown in Minsk for different K co
centrations. A smaller sample was grown at Clarendon La
ratory, Oxford, in the aim of optimizing the superconducti
properties.Tc and the superconducting transition widths

TABLE I. Characteristic properties of the different use
Ba12xKxBiO3 crystals. Superconducting transition temperatu
were determined by SQUID or by ac susceptibility measureme
Int. ratio denotes the ratio of the intensities of the~1.5 0.5 0.5! and
the ~2 0 0! reflections.

x-K label weight a~Å! Tc~K! DTc~K! Ts~K! Int. ratio

0.324~5! A 6.4g 4.2984 a / 245~10! 1.5%
0.355~5! B 0.16g 4.2930 32.5 5.8 200~10! 1.0%
0.363~5! C 1.7g 4.2916 28.5 4.1 182~10! 0.5%
0.369~5! D 0.5g 4.2904 27 10 220~10! 1.3%
0.403~5! E 4.6g 4.2845 29.5 5.9 140~13! 0.4%
0.410~5! F 2.6g 4.2834 23.1 4.8 145~15! 0.3%

aIn ac susceptibility only a signal an order of magnitude sma
than that in the other crystals was found in the temprature ra
6–28 K.
6708 ©2000 The American Physical Society
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PRB 62 6709STRUCTURAL DISTORTION IN SUPERCONDUCTING . . .
the crystals B, C, E, and F are comparable to the best va
reported for powder samples. The most reliable determ
tion of the K content can be performed by measuring
pseudocubic lattice constantap , and by analyzing it with the
relation

ap54.354820.1743x, ~1!

obtained by Peiet al.8 on powder samples.
Neutron scattering studies were performed at

ORPHEE reactor using the triple spectrometers 2T~thermal
source!, G4.3, 4F2~cold source!, and the two axis diffracto-
meter 3T1 ~thermal source!. In all experiments pyrolitic
graphite monochromators were used~in the case of 2T
double focusing, in the case of 4F2 a double monochro
mator! and in the triple axis experiments focusing or doub
focusing graphite analyzers. In order to suppress the hig
order contaminations with a pyrolitic graphite filter, the fin
energy was fixed to 14.7 meV. Samples were oriented w
the @100# and the@011# directions parallel to the diffraction
plane.

In addition a large set of Bragg-reflection intensities w
collected on the four-circle diffractometer 5C2 allowing a
complete structure analysis at 50, 295, and 450 K. This
fractometer is installed at a hot source and uses a Cu~220!
monochromator (l50.808 Å!, which permits to extend the
data collection to rather highQ values. Powder diffraction
studies using synchrotron radiation were performed at
Wiggler beam-line DW22 at the LURE using samples o
tained by grinding parts of the above described crystals.

III. RESULTS AND DISCUSSION

Temperature dependence of superstructure reflection
tensities.The first indication of a structural distortion in su
perconducting samples of BKBO was found during a fo
circle experiment on the small crystal with low mosa
spread~crystal D, see Table I!. With the four circle diffrac-
tometer it has been possible to follow distinct superstruct
reflections,~1.5 1.5 2.5! and ~2.5 1.5 1.5! in cubic notation,
as a function of temperature. The results are shown in Fig
Without any knowledge of the low symmetry space gro
one may argue that these distinct reflections arise from
ferent domains in the low-temperature phase. Difference
the intensities belowTs5220 K are explained by unequa
domain volumes. The character of this transition has to
identified with an octahedron rotation similar to the one o
served by powder neutron diffraction for smaller K conte
Close inspection of Fig. 1 shows that there is still significa
intensity at higher temperature which renders the determ
tion of the critical temperature difficult. In the lower part o
Fig. 1 we show the temperature dependence of theQ- and
energy-width of scans through this superstructure inten
performed on the triple axis spectrometer 4F2. The widths
below ;200 K correspond to the experimental resolutio
however, the scattering becomes broadened inQ space and
in energy when the temperature is close to or increa
aboveTs . In principle, this corresponds to the usual critic
scattering around a second order phase transition, an
nicely agrees with the observation on the four-circle diffra
tometer: above the transition the domain structure is lost
the observed intensities reflect the cubic symmetry.
es
a-
e

e

er
l
h

s

f-

e
-

n-

r

e

1.

f-
in

e
-
.
t
a-

ty

,

d
l

it
-
d

What appears rather anomalous in the structural transi
in BKBO is the extension of the critical region; the critic
scattering can be followed up to 400 K, i.e., close to tw
Ts . Constant energy scans with higher statistics in a sec
run of experiments on 4F.2 have been fitted by a Lorentzia
@(Q2Q0)21k2#21, convoluted with the experimental reso
lution. The temperature dependence ofk and the correspond
ing correlation length of the fluctuationsj are shown in Fig.
2. Even at temperatures almost 200° higher than the ther
dynamic transition the fluctuations are characterized b
rather large length scale. Below we will show that the sy
metry of the low-temperature phase corresponds to sp
group I4/mcm. Concerning the symmetry the transition
hence identical to the one observed in SrTiO3,19 however, in
this compound the critical scattering is restricted to the
gion 0.95Ts–1.05Ts . The reason for the pronounced smea
ing of the transition in BKBO can be found in the disord
induced by the Ba-K mixing which yields strong effects
the case of BKBO since the charges are varying by a fa
of 2 and the masses by a factor of 3.5~ionic radii are almost
identical20!. Similar effects are observed for (La/Sr)2CuO4,
although the Sr content there is much smaller than the
content in BKBO and the differences in charge are smal
The smearing of the transition or the pinning of fluctuatio
in BKBO may be compared to ferroelectric relax
materials,21 where the ferroelectric transition is essentia
influenced by substitution disorder. Our simulations of t
structural disorder due to Ba-K mixing confirm a strong i

FIG. 1. Results obtained with the small crystal D of compositi
Ba0.63K0.37BiO3: ~a! Temperature dependence of the superstruct
reflection intensities measured on the four-circle, denoted by o
and filled circles~4C!, and on the triple axis spectrometer, denot
by squares~TA!. ~b! pseudocubic lattice constant as function
temperature;~c! full width at half maximum~FWHM! of scans
performed across the superstructure reflections in longitudinal
transverse direction;~d! FWHM of energy scans performed acro
the superstructure reflections.
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6710 PRB 62M. BRADEN et al.
fluence on the octahedron tilt and the corresponding tra
tion, see below.

The pseudocubic lattice constant recorded in the 4F2 ex-
periment shows no sizeable anomaly related to the struc
phase transition, see Fig. 1. The same type of superstruc
is observed in the whole series of examined crystals. The
part of Fig. 3 shows the results of measurements on the tr
axis spectrometerG43 using large crystals of different com
position~crystals A, C, and F, see Table I! all of them show
the structural distortion with a similar smearing as the o
discussed above. For one of the crystalsFx50.41, the mea-
surements upon cooling and upon heating did not reveal
hysteresis. In contrast, the experiment on the smaller cry
D revealed different intensities for successive cooling cyc
which we attribute to nonreproducible domain ratios. In t
larger crystal these effects should be averaged. For th
large crystals A, C, E, and F, one may hence assume alm

FIG. 2. Half width at half maximumk of the Lorentzian profiles
fitted to the measured scans across the~2.5 1.5 1.5!-superstructure
reflection in Ba0.63K0.37BiO3 ~left scale, filled circles!. The scans
were performed in longitudinal direction, and in order to descr
the measured peak shape the Lorentzian profile was convo
with the experimental resolution. The measurements were
formed on the triple axis spectrometer 4F.2. With the right scale
present the temperature dependence of the corresponding co
tion length.

FIG. 3. Left part: temperature dependence of the superstruc
reflection intensities~1.5 0.5 0.5! scaled to the intensity of the~2 0
0!-Bragg reflection in three large crystals of BKBO withx50.41,
0.363, and 0.324, crystals A, C, and F. Forx50.41 data has been
collected upon heating and upon cooling. Right part: tempera
dependence of the superstructure reflection intensity in the s
crystal of composition Ba0.645K0.355BiO3, B, which exhibits a sharp
superconducting transition atTC532.5 K. The inset shows the in
tensity data close to the superconducting transition.
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equal domain fractions and discuss the relative intensitie
the superstructure reflections. The transition tempera
may be defined as the crossing between a linear tempera
dependency belowTS and and the linear extrapolation of th
temperature dependence of the critical scattering aboveTS .
The so-determined transition temperature is slightly ab
the temperature where the broadening of the intensity dis
bution in Q space sets in. However, it may be seen in Fig
that the transition becomes more sluggish with increasin
content which impairs the determination of a critical tem
perature. The transition temperature and the intensity n
malized to that of the~200! fundamental reflection at low
temperature decrease with increasing K concentration
agreement to the observation at lower K content in pow
neutron diffraction.8 The K doping unfavors the octahedro
tilt. One may note that the superstructure intensities are v
weak which might render their detection by powder neutr
diffraction difficult.

The superstructure reflection was also found in the sm
sample B presenting a very sharp and high superconduc
transition. This confirms once more that the distortion is c
existing with superconductivity. The right part of Fig.
shows the temperature dependence of that intensity with
inset presenting the data close toTc , where, however, no
anomaly could be detected within the statistical errors.

Determination of the low temperature space group.Two
independent studies, single crystal neutron diffraction a
powder diffraction using synchrotron radiation, were used
to determine the space group toI4/mcm. With the smaller
crystal D, which has a sufficiently low mosaic spread,
have performed structure analyses at 50, 295, and 450
measuring sets of 859, 812, and 926 Bragg reflection in
sities, respectively. The data sets at 295 and 450 K, i.e
the cubic phase could be treated by the standard techniqu30

and the results are given in Table II. Half spheres of refl
tions were measured up to 106° and 98° in 2Q at 295 and at
450 K, respectively@corresponding to (sin(Q)/l)max50.98
and 0.93, respectively#. The data sets were averaged acco
ing to the Laue-groupm3m yielding 87 and 78 independen
reflections with very low internalR values of 1.24 and
1.26 %, respectively. The data was corrected for absorp
and an extinction correction was refined according to
Becker-Coppens formalism of type I; all refinements we
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e
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TABLE II. Results of the structural analyses on crystal D wi

composition Ba0.63K0.37BiO3; in the cubic phase (Pm3̄m, 450 and
295 K! the sites are Bi at~0,0,0!, Ba at ~0.5 0.5 0.5!, and O at
~0,0,0.5!. In the I4/mcm phase the lattice corresponds toA2a
3A2a32a, there is one oxygen at (0.251x, 0.252x, 0! and an-
other one at~0,0,0.25!, the thermal parameters of these were co
strained to be identical.

T ~K! 450 295 50
Rw /Runw~Int.! 2.42%/1.70% 2.63%/1.74% 4.21%/3.63%

Indep. Reflections 78 87 789

Ba-U (Å 2) 0.0142~3! 0.0099~1! 0.0040~1!

Bi-U (Å 2) 0.0052~1! 0.0038~1! 0.00196~6!

O-U11(Å
2) 0.0302~3! 0.0237~2! 0.0123~1!

O-U33(Å
2) 0.0088~2! 0.0070~1! 0.0057~1!

O1-x 0.01511~9!
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performed with thePROMETHEUSprogram package.22 As al-
ready indicated by the exceptionally low internalR values,
the corrections are relatively small. In addition, the ani
tropic atomic displacement parameters, the Ba/K and
oxygen occupation was varied. The Ba/K occupations
fined with the 450, 295, and the 50 K data indicate a
concentration of 0.38~3!, 0.39~3!, and 0.35~2!, respectively
~we have usedbBa50.517 fm andbK50.371 fm! with its
largest error arising from the uncertainty of the Ba scatter
length. For the O occupation we find 0.995~5! and 1.004~5!
at 295 and at 450 K, respectively,23 confirming that the elec-
trochemically synthesized crystals have an almost stoic
metric O content, which is expected due to the high effect
O-partial pressure at the growth electrode.

In the case of the 50 K experiments the data were c
lected in the 2ap32ap32ap lattice with ap the perovskite
cubic lattice constant, an eighth of a sphere was measure
to 2Q578°, at higher angles only reflections correspond
to a F-centered lattice were measured. The intensity data
be described within the cubic perovskite, however, the la
number of observed superstructure reflections results
high R value of 13.7%. A major complication for the 50
data analysis within distorted models arises from the tw
ning which superposes the contributions of different doma
similar to the situation in (La/Sr)2CuO4.24 There is no split-
ting of the Bragg reflections detected within the resolution
the four-circle diffractometer 5C2. Therefore, it is asc
tained that the measured intensities correspond to the
gration over all domains. The data were averaged accor
to Laue groupmmmin order to maintain the information o
the domains for a tetragonal as well as for an orthorhom
low temperature structure yielding 789 independent refl
tions and a low internalR value of 1.61%. In analogy to th
phase diagram for BPBO~Ref. 15! and the low K-content
part of that of BKBO~Ref. 8! one may consider two possibl
space groups:I4/mcm and Ibmm. In both lattices the two
shorter parameters arise from the cubic perovskite byA2
3ap and the longer by 2ap . In the case of the tetragona
space groupI4/mcm associated with a tilt of the octahed
around@001#, one has to consider three different orientatio
though the real twinning law is more complex. These th
arrangements correspond to the orientation of the tetrag
axis along@100#, @010#, or @001# of the cubic perovskite. The
calculation may be easily performed using the nonstand
F-centered setting~corresponding to 2a32a32a); a mea-
sured intensity has then to be fitted by

Int~h k l!5scale@aF2~h k l!1bF2~h l k!

1~12a2b!F2~ l k h!#, ~2!

where a,b designate the volume fractions of the differe
domains andF(hkl) is the structure factor of the (hkl) re-
flection.

The results of the refinements with the 789 reflections
given in Table II in the standard settingI4/mcm. The de-
scription of the data within space groupIbmm is more dif-
ficult since the twinning is more complex. For the analysis
the twinning, one may consider that each of the tetrago
twin domains splits into two domains as in a tetragonal
orthorhombic transition leading to six orientations.~This
should not be confused with the total symmetry reduct
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whereI4/mcmandIbmmare at the same level.26! The mea-
sured intensities have then to be fitted by a sixfold super
sition

Int~hkl!}aF2~h,k,l !1bF2~k,h,l !1gF2@0.5~h1k

1 l !,0.5~h1k2 l !,~h2k!#1dF2@0.5~h1k

2 l !,0.5~h1k1 l !,~h2k!#1eF2@0.5~h2k

1 l !,0.5~h2k2 l !,~h1k!#

1~12a2b2g2d2e!•

F2@0.5~h2k2 l !,0.5~h2k1 l !,~h1k!#. ~3!

The data can be described reasonably well within
Ibmm model, however, theR values are significantly highe
in spite of the greater number of free parameters in the or
rhombic model Rw(Int.)54.50% and Ruw(Int.)53.81%
compared toRw(Int.)54.21% andRuw(Int.)53.63% in the
tetragonal model. TheR value test which is more significan
than those found in the powder diffraction data at lower
concentration,8 suggests that the low-temperature spa
group isI4/mcm. In the case of the Rietveld-powder refin
ment the orthorhombic space group is favorable for refin
the profiles and will impair the symmetry analysis.8 Within
the I4/mcm model one obtains a single tilt angle of 3.46
and inIbmmone determines two angles at the two distinct
positions 3.15° and 3.61°.I4/mcm corresponds to a tilt
around a@001# axis or around a Bi-O bond whereasIbmm
corresponds to a tilt around the@110# axis or around a line
parallel to the octahedron edge. Due to the superposi
induced by the twinning the difference in the quality of th
description is not essential though still significant.

The thermal parameters at all temperatures are ra
large and will be discussed below. However, our results a
K may be compared to those of Kweiet al.25 obtained on a
powder sample of similar composition. Kweiet al. analyze
their data in the cubic undistorted symmetry and obtain
very large value for the thermal parameter of the O site in
direction of the displacement by the tilt U11(O)5U22(O)
50.0191(2) Å2 corresponding to a root mean square d
placement of 0.14 Å or a root mean square tilt of 3.5°. T
large magnitude of the thermal parameter and the sim
crystal structure allow a reliable determination with powd
diffraction. Our refinements of the undistorted model w
the single crystal data yield a comparably large va
0.0179~3! Å 2. It is obvious that in our cubic treatment th
enhanced parameter arises from the neglect of the distor
The fact that Kweiet al.25 find the same value clearly indi
cates that their sample exhibits a similar structural distorti

In order to confirm the tetragonal space group we ha
performed synchrotron diffraction studies on powders o
tained by grinding small parts of the crystals cut from opp
site corners. The observed peak shapes remained in all c
larger than the experimental resolution of about 0.06 degr
full width at half maximum~FWHM! in 2Q. The samples
were inserted in a closed cycle refrigerator for cooling, a
in order to reduce the influence of single grain scattering
sample was kept continuously oscillating. Complete patte
were recorded with a wavelength of 1.066 Å(10,2Q
,100°) at only a few temperatures for a part of crystal
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6712 PRB 62M. BRADEN et al.
The data were fitted with the Rietveld technique, and sa
factory description is obtained in space groupI4/mcm,
whereas the fit within space groupIbmmshows deficiencies
and results into unrealistic orthorhombic splittings. In Fig
some parts of the diffraction pattern are shown together w
the Rietveld description in space groupI4/mcm. The indices
are given in cubic notation; the tetragonal lattice parame
are related to the cubic one byct52ac andat5A2ac . The
cubic (222)c reflection corresponds to (404)t in tetragonal
notation and should not split in the tetragonal phase. Ind
this reflection remains unchanged when cooling from 295
15 K. In contrast, in an orthorhombic phase (222)c would
split into (404)o and (044)o . The cubic (400)c and (224)c
reflections should split in the tetragonal phase in
(008)t /(440)t and (408)t /(624)t , respectively, as it is wel
described by the Rietveld fit~the description of the pea
intensities is still suffering from single grain scattering e
fects!. On the ground of these peak splittings we can exclu
the orthorhombic space group.

A powder sample II, obtained from the opposite corner
crystal A yielded the same results. A sample cut from sam
B revealed peak broadening upon cooling for the (400)c and

FIG. 4. Parts of the diffraction patterns measured with Synch
tron radiation on a powder sample obtained by grinding a par
crystal A for composition Ba0.68K0.32BiO3. The solid lines corre-
spond to fits of the data with the Rietveld technique in space gr
I4/mcm. The notations of the reflections correspond to the und
torted cubic perovskite.
s-

h

rs

d
o

e

f
le

the (224)c cubic reflections whereas the (222)c reflection
stayed unchanged. The reduced tetragonal splitting ag
with the smaller observed superstructure reflection inten
in this crystal, see Table I. The powder ground from a par
crystal D exhibited reflections widths too large for an ana
sis of these small splittings.

The transition fromPm3̄m to I4/mcm is characterized by
the condensation of a zone-boundary phonon mode, sin
leads to a doubling of the translation cell. The correspond
phonon mode in the cubic phase is the triply degenerate
tation mode at the R point,5,14 associated with a three com
ponent order parameter. The condensation may lead to t
sitions into space groupsI4/mcm, Ibmm, or R3̄c
depending on the components of the order parameter w
become nonzero.26 In order to analyze the behavior of spo
taneous strains one has to add coupling terms to the Lan
free energy.19 In the case of a zone boundary mode, any te
linear in the order parameter is not invariant under the sy
metry of the high temperature phase; therefore, the low
allowed coupling is a term linear in the strain and quadra
in the order parametereQ2. In addition one has to add th
elastic energy caused by the strain given by the square o
strain times the corresponding elastic constantCe2. The con-
dition that the system has to be stress free]F/]e
5]/]e(a eQ21Ce2)50, leads to the proportionality be
tween strain and the square of the order parameter

e}Q2, ~4!

which may be easily verified by the superstructure reflect
intensity, which is also proportional to the square of the
der parameter. In Fig. 5 we show the temperature dep
dence of the tetragonal lattice parameters, which demons
the shrinking of thea,b plane due to the rotation of th
octahedra around thec axis. In the right part of the figure the
tetragonal strain is compared to the intensity of the sup
structure reflection intensity, which confirms perfectly t
expected relation~4!. In the case of the orthorhombic phas
one would expect a similar relation for the different orth

-
f

p
-

FIG. 5. Left part: temperature dependence of the lattice par
eters determined by Synchrotron radiation on grou
Ba0.68K0.32BiO3. The tetragonal lattice parameters were rescaled
the undistorted cubic constant. Right part: temperature depend
of the tetragonal splitting defined asc/A2a21 ~obtained on both
samples! compared to the temperature dependence of the inten
of the ~1.5 0.5 0.5!-superstructure reflection intensity.
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rhombic strains, which was not found for samples at
border of theIbmm phase in Ref. 8.

Summarizing the structural studies, one may conclu
that there is a tetragonal phase between theIbmm and the
cubic phase, the latter should be restricted to much highe
content. In particular superconducting samples are still
torted at low temperatures. This distortion has certainly
caped detection in the previous powder diffraction expe
ments due to the low superstructure intensity combined w
the small strains and/or a restriction to short range len
scales. It appears tempting to identify the superconduc
phase with the tetragonal space group, like it is proposed
BPBO.15 This resembles the interpretation of Peiet al.8 ex-
cept that there is still a distortion~but different!. The differ-
ence between nonsuperconducting and even nonme
BKBO and the superconducting samples would then be t
gered by a different tilt scheme and, hence, resemble
suppression of superconductivity in the LTT phase of so
cuprates.16 However, this idea needs certainly more detai
analysis. For instance there is significant spread in the lit
ture on the K extension of the superconducting region
polycrystalline samples.28,29,1,7Furthermore, there might b
some difference in theIbmm/I4/mcm phase boundary fo
powders and single crystals since this is a first order tra
tion. Unfortunately, our attempts to grow single crystals
the Ibmm phase were not successful up to now.

Dynamics of the phase transition.Figure 6 shows the dis
persion of the lowest~acoustic! L5 branch measured on crys
tal D at 295 and at 10 K on the triple axis spectrometer 2
The branch ends at theR point ~0.5 0.5 0.5! in the rotational
mode, and it exhibits significant softening when approach
this mode. At both temperatures the dispersion shows
signature of a close structural instability. Furthermore,
dispersion can be well reproduced by the lattice dynam
model obtained by fitting the whole set of dispersion curv
determined on the same crystal.14,27

In Fig. 7 we show the temperature dependency of
frequency and that of the line-width of the rotation mod

FIG. 6. Dispersion of the lowest~acoustic! L5 branch in
Ba0.63K0.37BiO3, at the zone-boundaryR5(0.5 0.5 0.5) this branch
ends in the triply degenerate rotation mode. The dashed line i
cates the frequencies calculated with a shell model~Ref. 27!.
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Surprisingly there is no indication of the structural transiti
occurring near;220 K. In addition the mode remain
strongly broadened~about four times the experimental res
lution! in the entire temperature range. For a usual transit
one would expect a frequency-softening of the mode up
cooling towardsTs and a splitting belowTS with one mode
staying at low frequencies associated with the no
condensed components of the order parameter. This beha
is observed in SrTiO3.19 We think that the missing of a sig
nature of the phase transition in the phonon modes in BK
is another consequence of the huge structural disorder du
Ba-K mixing. Phonons are determined by the local struct
on a time scale larger than their reciprocal frequency. The
fore, the pronounced critical quasielastic scattering ha
similar influence on the phonon mode as the long range
tortion below Ts . The character of the transition in thes
compounds has strong order-disorder character.

Simulation of the structural disorder by harmonic lattic
dynamics.In a perfect crystal the atomic mean square d
placements arise only from the thermal excitation of the p
non modes. Assuming harmonic lattice dynamics, which
the rather hard BKBO compounds is reasonably justified
low room temperature, one may calculate the phonon con
bution by a lattice dynamical model. Due to the determin
tion of the entire phonon dispersion14 a reliable model for the
lattice dynamics has been developed using the ionic char
the shell charges and coupling to the cores, and the inte
tion potentials between the ions. Each phonon mode con
utes to a mean square displacement along a defined dire
of a certain ion, if the ion is displaced along this direction
the vibration, i.e., if the corresponding polarization vec
component is nonzero. The integration of the polarizat
patterns of all branches weighted with the thermal occu
tion number over the Brillouin zone gives then the ent
phononic contribution to the thermal parameter.

In Fig. 8 we compare the parameters as observed in
three four-circle experiments to these harmonic calculati
~solid lines!. The general tendency of the parameters is
flected in the calculated values, but there is a significant
hancement of the experimental mean square displacem

i-

FIG. 7. Temperature dependence of the frequency and the w
of the rotation mode atR5(0.5 0.5 0.5) in Ba0.63K0.37BiO3. The
data were measured by constantQ scans on the thermal triple axi
spectrometer 2T at two differentQ values.
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indicating additional disorder. For example, in the case of
HTCS cuprates30,31much better agreement has been found
spite of a more complicated structure. The discrepancy m
likely arises from the disorder induced by the Ba-K mixin
and is most pronounced for U11 of the oxygen, which is the
parameter related to the octahedron rotation.

Using the harmonic model we have simulated the infl
ence of the Ba-K mixing. For that purpose we have int
duced distinct potentials for the Ba-O and the K-O inter
tions and distinct charges. Then large (83838) supercells
have been constructed with an arbitrarily fixed occupation
the A site by Ba and K ions. These cells contain 512 u
cells and 2560 sites. Corresponding to the K content ox
50.4, 307 Ba atoms and 205 K atoms are distributed r
domly to theA sites. The variation of the interatomic pote
tials results in nonzero forces on the ions, when these
fixed to values of the perovskite structure. We then allow
ions to relax these forces by positional displacements, wh
squares were averaged over the supercell. After ten iterat
the average force was reduced to about 0.005 eV/Å co
sponding to an average accuracy in the position of ab
0.0005 Å . The relaxation process was done exclusively
direct r space which does not provide an essential prob
for Ba0.6K0.4BiO3 due to the strong screening of the Co
lomb potentials. Nevertheless, interactions up to 20 Å ha
be taken into account. In general, screening was accou
for by a Lindhard-type function~with a Fermi vector ofkf
50.45 Å21 and a screening vector ofkS50.49 Å21)
which is given in reciprocal space. The calculation uses
assumption that the ratio of the effective ionic charges c
responds to that of the nominal valences, in this case Z~Ba!/
Z~K!52. For identical ionic radii also the prefactors of th
Born-Mayer potentials must have the same ratio within
framework of transferable potentials.

By performing this procedure for a large number of ar
trarily chosen supercells and by averaging the results,
may suppress the peculiarities of a certain configuration
gets the mean square displacements induced by the dis
in the interaction. We obtain for Ba/KDU50.00095 Å2 for
Bi DU50.00023 Å2 and for O DU1150.00301 Å2 per-

FIG. 8. Atomic displacement parameters for Ba0.63K0.37BiO3 as
a function of temperature. The symbols designate the values d
mined by elastic neutron diffraction; the solid lines indicate t
contribution of phonons calculated in a harmonic lattice dynam
model and the dashed lines designate the phonon contribu
added by the temperature independent square displacemen
duced by the Ba-K disorder. The disorder contribution was de
mined by relaxation of the local interactions in the harmonic mod
e
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pendicular andDU3350.00003 Å2 parallel to the Bi-O
bond. The addition of these values to the temperature de
dent phononic contribution describes the observed par
eters reasonably well. In particular it may account for a la
part of the enhancement of U11(O), the thermal paramete
related to the octahedron rotation. Most of the thermal
rameters can hence be explained by the harmonic lattice
namics and the Ba-K mixing. That the U11(O) value is still
larger than the calculation is certainly due to the anharmo
potentials related to the tilt, which are completely neglec
in our model.

The influence of the Ba-K mixing Ba0.63K0.37BiO3 can be
estimated by comparing the static averaged oxygen displ
ment in the distorted phase 0.14 Å , to the disorder indu
root mean square displacement of 0.08 Å as determined
the difference between phononic and measured mean sq
displacement. The disorder induced local variation of the
tation is comparable to its mean value. Therefore, it is
astonishing that the critical character of the phase transi
is that anomalous. The fluctuations appear to be stron
pinned by the local disorder. Local disorder has also b
conjectured from EXAFS studies.11

The only thermal parameter whose enhancement may
be explained at all within this model is the oxygen val
parallel to the bond. This enhancement might arise fr
damped or quasistatic breathing-type fluctuations and is
flected in anomalies in the phonon dispersion. The Bi-
bond stretching vibrations, which are associated with the
ferent types of breathing instability are found to be stron
renormalized in the metallic phase indicating a particula
strong electron phonon coupling5 in agreement with band
structure calculations.35

IV. CONCLUSION

The combination of neutron and synchrotron diffracti
studies on BKBO clearly indicates that there still is a stru
tural distortion in superconducting samples arising from
octahedron rotation. The local disorder induced by the m
ing of Ba and K atoms on the same site essentially modi
the character of thisa priori displacive phase transition. Th
transition is smeared and the expected phonon softening
not occur. The symmetry of the distorted phase is tetrago
space groupI4/mcm, adding an additional structure betwee
the known orthorhombic and undistorted cubic phases.
structural distortion in this tetragonal space group repres
the natural consequence of a rotational instability with
sequencePm3̄m-I4/mcm-Ibmm, since the direct transition
Pm3̄m-Ibmm is not allowed by Landau-theory to b
continuous.26 The phase diagram of BKBO, therefore, r
sembles that of BPBO even more than previously thou
and one might argue that just the change of the tilt direct
triggers the different physical properties, i.e., metallic
I4/mcmand nonmetallic inIbmm. There have been seriou
efforts to study the metal insulator transition by optic
methods32,12,13,33,34and by EXAFS.10 These results indicate
that the transition is associated with the disappearance
short range breathing distortion which appears to be st
lized in the orthorhombic structure,7,8 i.e., by the tilt around
an axis parallel to an octahedron edge. A connection betw
the tilt and the breathing instability was also conjectur

er-

l
on
in-

r-
l.



ly
th
e
B
d
l
in

m

tes,
,
me
nal

a

PRB 62 6715STRUCTURAL DISTORTION IN SUPERCONDUCTING . . .
from band structure calculations35 which concluded that the
tilt is favorable for a breathing distortion. It appears high
desirable to study single crystalline samples close to
metal insulator transition by neutron scattering, howev
these samples appear to be extremely difficult to prepare.
even in the superconducting samples studied here we fin
enhanced value for the O thermal parameter paralle
the Bi-O bond which indicates some persisting breath
distortion.

The dependence of electronic properties on the tilt sche
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suggests an analogy with nonsuperconducting cupra
where charge order of the stripe-type has been observed16,36

since in this case it is argued that the particular tilt sche
stabilizes the charge order related to a one-dimensio
breathing distortion.

ACKNOWLEDGMENTS

We are grateful to W. Schmidbauer for providing us
crystal of good superconducting properties.
o-

.A.
.

n,

r.,

H.

he

, I.

A.

0

e,

K.

H.

.

s.

.K.

K.

S.
1R.J. Cava, B. Batlogg, J.J. Krajewski, R. Farrow, L.W. Rupp,
A.E. White, K. Short, W.F. Peck, and T. Kometani, Natu
~London! 332, 814 ~1988!.

2L.F. Mattheiss, E.M. Gyorgy, and D.W. Johnson, Jr., Phys. R
B 37, 3745~1988!.

3D.G. Hinks, D.R. Richards, B. Dabrowski, D.T. Marx, and A.W
Mitchell, Nature~London! 335, 419 ~1988!.

4C.-K. Loong, P. Vashishta, R.K. Kalia, M.H. Degani, D.L. Pric
J.D. Jorgensen, D.G. Hinks, B. Dabrowski, A.W. Mitchell, D.
Richards, and Y. Zheng, Phys. Rev. Lett.62, 2628~1989!; C.-K.
Loong, P. Vashishta, R.K. Kalia, Wei Jin, M.H. Degani, D.G
Hinks, D.L. Price, J.D. Jorgensen, B. Dabrowski, A.W. Mitche
D.R. Richards, and Y. Zheng, Phys. Rev. B45, 8052~1992!.

5M. Braden, W. Reichardt, A.S. Ivanov, and A.Yu. Rumiantse
Europhys. Lett.34, 531 ~1996!.

6B. Battlog, R.J. Cava, L.W. Rupp, Jr., A.M. Musjce, J.J. Kraje
ski, J.P. Remeika, W.F. Peck, A.S. Cooper, and G.P. Espin
Phys. Rev. Lett.61, 1670~1988!.

7D.G. Hinks, B. Dabrowski, J.D. Jorgensen, A.W. Mitchell, D.
Richards, Shiyou Pei, and Donglu Shi, Nature~London! 333,
836 ~1988!.

8Shiyou Pei, J.D. Joergensen, B. Dabrowski, D.G. Hinks, D
Richards, A.W. Mitchell, J.M. Newsam, S.K. Sinha, D. Vakni
and A.J. Jacobson, Phys. Rev. B41, 4126~1990!.

9D.E. Cox and A.W. Sleight, Solid State Commun.19, 969~1976!;
E. Jurczek and T.M. Rice, Europhys. Lett.1, 225 ~1986!.

10S. Salem-Sugui, E.E. Alp, S.M. Mini, M. Ramanathan, J.C. Ca
puzano, G. Jennings, M. Faiz, S. Pei, B. Dabrowski, Y. Zhe
D.R. Richards, and D.G. Hinks, Phys. Rev. B43, 5511~1991!.

11Y. Yacoby, S.M. Heald, and E.A. Stern, Solid State Comm
101, 801 ~1997!.

12K.F. McCarty, H.B. Radousky, D.G. Hinks, Y. Zheng, A.W
Mitchell, T.J. Folkerts, and R.N. Shelton, Phys. Rev. B40, 2662
~1989!.

13S. Tajima, M. Yoshida, N. Koshizuka, H. Sato, and S. Uchi
Phys. Rev. B46, 1232~1992!.

14M. Braden, W. Reichardt, W. Schmidbauer, A.S. Ivanov, a
A.Yu Rumiantsev, J. Supercond.8, 595 ~1995!.

15D.T. Marx, P.G. Radaelli, J.D. Jorgensen, R.L. Hitterman, D
Hinks, Shiyou Pei, and B. Dabrowski, Phys. Rev. B46, 1144
~1992!.

16J.D. Axe, A.H. Moudden, D. Hohlwein, D.E. Cox, K.M. Mo
hanty, A.R. Moodenbaugh, and Youwen Xu, Phys. Rev. L
62, 2751~1989!; M.K. Crawford, R.L. Harlow, E.M. McCarron,
W.E. Farneth, J.D. Axe, H. Chou, and Q. Huang, Phys. Rev
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