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Noncubic layered structure of Ba _,K,BiO5 superconductor
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Bismuthate superconductor BgK,BiO; (x=0.27-0.49,T.=25-32 K) grown by an electrolysis tech-
nigue was studied by electron diffraction and high-resolution electron microscopy. The crystalline structure
thereof has been found to be noncubic, noncentrosymmetric and of the layered nature, with the lattice param-
etersa~a,, c~2g, (g, is a simple cubic perovskite cell paramegteontaining an ordered arrangement of
barium and potassium. The evidence for the layered nature of the bismuthate superconductor removes the
principal crystallographic contradiction between bismuthate and cuprateThighperconductors.
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Superconducting bismuthates including the first discovimay have layered structures with an anisotropic ordered ar-
ered BaPb_,Bi,O; (Ref. 1) and Ba_,K,BiO; (BKBO) rangement of potassium and barium. Detailed stddiies
(Ref. 2 with the highest transition temperatureT,( phase relations in the Ba-Bi-O system have revealed a series
=32-35 K forx~0.4) have the basic characteristics similarof Ba,Bi,.,O, oxides of ordered layered structures.
to those of highF, copper-oxide superconductctsThis Ba,Bi,+ mOy are assumed to be matrices transformed, when
might favor for a common pairing mechanism. On the otheiintercalated with potassium, into superconducting oxides re-
hand, bismuthates have been generally considered to be futaining the layered nature of the matrices structures. Besides,
damentally different from cuprates due to two reasons. BisBa-rich oxides with a solid-solution structure that attributed
muthates are nonmagnetic, and they have three-dimensiortal BKBO superconductors were discover@dSuch oxides
structures rather than layered two-dimensional ones charaere formed in two-phase regions of the Ba-Bi-O system. As-
teristic of cuprates. Of these two contradictions, the mossuming that the same phenomenon is inherent also in the
important one seems to be the latter. The absence of maga-K-Bi-O system, we looked for conditions of single-phase
netic fluctuations in bismuthates may point to a nonmagnetigrowth of BKBO crystals. By varying parameters of the elec-
nature of the pairing mechanism, whereas it is unlikely that drolysis technique, we examined the growth process and ob-
common superconducting scenario in cuprates and bismuttiained the data suggesting the existence of individual super-
ates does not depend on lattice dimensionality. conducting phases BE,Bi,; O, with different

The study of BKBO is of a particular interest also for T, (8—35 K) '
understanding the relation between charge-density waves This paper reports electron diffractioiED) and high-
(CDW'’s) and superconductivity in highi; oxides. The par- resolution electron microscogelREM) studies of supercon-
ent compound for BKBO is the perovskite BaBi©Gontain-  ducting crystals Ba ,K,BiO; (x=0.27-0.49,T.=25-32
ing a CDW formed of an ordered arrangement of nonequivak) grown by a modified electrolysis technigtfeWe present
lent bismuth ions referred to as®Bi and BP . This CDW  the evidence obtained by a long-range structural method that
is assumed to be responsible for the semiconducting behathe BKBO superconductor has a noncubic structure with lay-
ior of BaBiO; and Ba_,K,BiO; materials with low potas- ered ordering of barium and potassium.
sium content X<0.25). The widely known notion that Superconducting crystals were produced by electrolysis of
BKBO superconductors have a simple cubic ABéblid- KOH-Ba(OH),—Bi,O; melt (K:Ba:Bi=72:1.33:2 with the
solution structure of a nonlayered nature, with barium andcurrent of 5.3 mA at 300 °C for 5 h. The anode deposit was
potassium randomly occupying thfeposition, was inferred a polycrystalline boule consisting of intergrown single crys-
from long-range structural studies of ceramic samples by xtals. According to an x-ray powder diffraction analysis, the
ray> and neutron diffraction$ A simple cubic structure ex- deposit contained several phases of pseudocubic perovskite
cludes the existence of a CDW that leads to the conclusion dftructure @,=0.4277-0.4310 nm). The temperature depen-
the total incompatibility of CDW'’s and superconductivity. dence of the magnetic susceptibiljpywas measured for four
However, studies of BKBO by methods sensitive to short-crystals of the cubic shape of 0.5—1 rhin volume chosen
range symmetry, in particular, by the Raman scatteringn the deposit. The crystals displayed similar curve€T),
spectroscopy,a paired-distribution function analysis of neu- showing bends at 25, 27, 30, and 32 K that indicates the
tron diffraction datd extended x-ray absorption fine- presence of different superconducting phases.
structure analysi$EXAFS)®1° evidence that the local struc- One of the four crystals was selected for electron micro-
ture of BKBO superconductors is not cubic. An x-ray scope studies. It was ground to prepare a suspension with
diffraction study of Bay K, 4BiO3 single crystals grown by particles of a few micrometers in size which was deposited
an electrolysis technigdehas revealed supercell reflections on holey carbon films. Electron diffraction studies were per-
assigned to a CDW. formed in an electron microscope JEOL JEM-2000FX

It has been hypothesizEtithat BKBO superconductors equipped with a system for an energy dispersive x-ray
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FIG. 2. () A[100] HREM image of a particle with the ordering.
(b) An enlarged fragment of the Fig(& image(a dotted rectangje
One may notice the absence of a symmetry center and slightly
different sizes of the perovskite blocks in the supercejlA simu-
lated HREM image of the noncentrosymmetric super@iihwn in
Fig. 3) with an ordered arrangement of barium and potassium ions.

also of the ordered nature, but those particles were observed
in the [001] zone axis when the supercell reflections could
not be excited. Assuming that the predominant cleavage at
crystal grounding is weak for BKBO superconductors, a
lower limit of the relation of all ordered particles to nonor-
dered can be estimated from the above data as 3:1. It indi-
cates that the bulk of the studied crystal was of the ordered
state. From the temperature dependence of the magnetic sus-
ceptibility, which changed much and sharp at 30 K and
smoothly at lower temperatures, it follows that the ordered
state is related td .= 30 K, whereas the nonordered part of
the crystal became superconductingrat 25—-27 K.

The anisotropic orientation of the supercell reflections
(EDX) elemental analysis. High-resolution studies were peralong only one of the axial directions indicates that the or-
formed in a microscope Hitachi HF-3000. In order to avoiddered lattice is of noncubic symmetry. As no clear splitting
beam-induced modulatiori§,the experiments were run at of perovskite spots was observed, which would indicate the
minimal electron beam intensity. We examined 40 particlepresence of twins of a phase with lower crystallographic
of the ground crystal, EDX spectra, and ED patterns wersymmetry, it follows that tetragonal symmetry can be as-
taken from each particle. Although the full composition signed to the ordered lattice. From the magnitude and type of
range of Ba_,K,BiO; particles was found to bex the supercell reflections one may state that the supercell is
=0.27-0.49, majority of them had K:Ba:Bi ratio close to primitive with the lattice paramete~a, andc~2a,, it
average value of 0.38:0.62:1 obtained by summing over altonsists of two perovskite blocks.
measurements. An [100] HREM image taken from the particle, which

Half of the particles exhibited diffraction pattertiSig. 1)  displayed supercell spots in ED patterns, is shown in Fig.
containing supercell reflections with the vecige=3[001]  2(a). The ordering manifests itself as intensity modulations
(indexing in terms of a simple cubic perovskite ¢eéil ad-  along the[001] direction with the period of &, . A detailed
dition to the basic perovskite reflections. As only two out of picture of the image contrast is shown in FigbPpresenting
three(100) axial directions are observable at electron micro-the enlarged image of the area near the edge of the particle.
scope studiegdue to a limited range of specimen )ilsome It can be visualized that the supercell consists of two perov-
of particles not displaying supercell reflections were, in factskite blocks. Matching the corresponding spots in the image

FIG. 1. Electron diffraction patterns of ordered particles display-
ing supercell spotsarrowed with the vectorq=3[001]. (a) [100]
zone axis;(b) [1-10] zone axis.
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and measurements of the distances between them disclose
that the image contrast of the blocks is different, and the
blocks are slightly different in sizé4—59%. This indicates

that the blocks in the supercell are not equivalent. An impor-
tant feature of the HREM image in Fig(t8® can be noticed,
namely, the absence of a symmetry center, which suggests a
noncentrosymmetric nature of the supercell structure.

Two crystallographic models of a different nature may be
responsible for the appearance of supercell reflections with
the vectorg=3[001]: (1) the model of solid solution with the
occurrence of common barium and potassium positions in
the perovskite blocks2) the model of ordering of barium
and potassium.

In the model of solid solution the appearance of the su-
percell reflections is related to distortioftiting and/or de-
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FIG. 3. The[100] projection of a noncentrosymmetric aa,

% 2a, supercell of the Ba ,K,BiO3 superconductor. The size of

formation of oxygen octahedra surrounding bismuth ions.ihe perovskite block with potassium is slightly smaller than that of

This approach was applied to explain the origin of supercelyith barium. Symmetry planes of the blocks are marked by dotted
reflections with the vectorg=3(111) observed in diffraction |ines.

patterns of the perovskite BaBi® For our case, a scheme
of one-dimensional deformation of oxygen octahedra along

Figure 3 illustrates the model of the structure consistent

the [001] direction without tilting, when octahedra are alter- with the HREM images. The tetragonal space group P4mm
natively different in size with the period ofag, can only  can be taken as a possible noncentrosymmetric group to de-
give rise to reflections witly=3[001], because the,xXa,  scribe the lattice symmetry. Barium and potassium are dis-
X2a, supercell is not compatible with the presence ofplaced against the centers of the perovskite blocks in parallel
tilting.2® In this scheme, there is a nonequivalency of bis-manner. Apical oxygens @) and Q4) are synchronously
muth ions in neighboring planes rectangular to f8@1]  displaced from the centers of the edges, that results in dis-
axis, which is inter-related with the existence of a CDW. tinct positions thereof relative to bismuth ions. Bismuth ions
To establish if the solid solution model is credible, we in neighboring BiQ planes with planar oxygens(D, O(3)
performed the HREM image simulations using the NCEMSSare nonequivalent in this model as well as in the solid solu-
progrant® with variation of possible parameters affecting thetion one.
image contrast: ion coordinates, specimen thickness, objec- The authors of initial studiésof BKBO superconductors

tive lens defocus value, specimen deviation from the exadby

EXAFS assumed the existence of only one Bi-O bond

zone orientation. The simulation has revealed that no asyniength in the structure. The recent EXAFS sttflyas found
metry in HREM images of centrosymmetric cells is ob-two distances of oxygen relative to bismuth. It can be as-
served, whereas it does occur for noncentrosymmetric onesumed that the bond lengths of bismuth with planar oxygens
However, a trustworthy agreement between simulated imO(1), O(3) (Fig. 3) are close or the same, whereas the bond
ages of noncentrosymmetric cells and the experimental imlengths of bismuth with apical oxygens are clearly different.

ages cannot be achieved by varying the parameters. So, ws

the number of apical bonds is smaller than that of planar

conclude from structural studies that the model of solid so-ones, the contribution of the formers into the general set of

lution should be rejected. The model of only oxygen octaheBi-

O bonds is insignificant and gives rise to the second-order

dra deformations is not compatible also with superconducteffect!? However, contrary to the assumption put forward in
ing properties of BKBO crystals of the compositions studiedRef. 10 about the dynamic nature of the occurrence of dif-
here. Quite intensive reflections witf=3[001] (more inten-  ferent Bi-O bonds in BKBO superconductors, our study
sive than reflections witly=3(111) characteristic of semi- shows that it is of a static nature.

conducting BaBi@) would imply large octahedra deforma-

BKBO superconductors have the formal oxidation state of

tions, and hence the existence of a very strong CDW, whictbismuth ions in the range of 4.35—4.5%2 A part of bis-
would result in dielectric properties. muth ions may be present in the stable oxidation stedelt

In the model of ordering one of the two cation positionsis

known that Bf" ions in the structures of bismuth-

between the oxygen octahedra positions is fully occupied  containing oxides are coordinated with surrounding oxygen
by barium. The second\ position is a common site for ions asymmetrically due to the presence of stereoscopically
barium and potassium with the highly prevailing amount ofactive lone electron pairs of Bi ions. It can be assumed
potassium(for Bay K 4BiO3 composition being close to the that a collinear orientation of these electron pairs gives rise
average one of investigated particles, the ratio of the occuto the asymmetric structure in Fig. 3.

pation factors Ba:K is 1:4 in the secor position). The

It is significant that the existence of nonequivalent metal-

image simulation§Fig. 2(c)] have shown that the contrast of oxygen distances in the ordered structure of BKBO points to
experimental images can be described in the model of ordethe likely presence of a CDW. This CDW is obviously other
ing with nonsymmetric ion coordinates. Intensity of the su-than the semiconducting CDW existing in the parent perov-
percell reflections is dictated by a difference in scatteringskite BaBiQ,, because the nonequivalent Bi ions in BaBiO
factors of Ba and K. have all(six) different Bi-O bonds, whereas such ions in the
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ordered BKBO differ with respect to one or two apical oxy- anisotropic structure due to close ion radii of?Ba(0.138
gens. This is consistent with the x-ray stitlgiving an evi-  nm) and K" (0.133 nm.
dence that splitting of the supecell reflections resulting from In summary, we have observed a noncubic structure of the
the domain structure was sensitive to electric and magnetiguperconducting bismuthate BgK,BiO; (x=0.27-0.49,
fields. Further studies with the use of a quantitative diffrac-T.=25-32 K). The structure is ordered with the lattice pa-
tion technique(e.g. neutron diffractionare needed to reveal rametersa~a,, c~2a, in terms of a simple cubic perov-
the nature of the CDW and details thereof which may beskite cell parametea,,. It has been revealed that the order-
related to the pairing mechanism. ing nature is related to the ordered arrangement of barium
An important point is that the ordered arrangement ofand potassium ons, which endows the structure of
barium and potassium ions along ff@91] axis results in an  Ba& -xKxBiO3 with a layered character being typical for
anisotropic structure, where stacking of Bi@lanes with structures of superconducting cuprates. The crystalline cell

g _of the superconductor has been found to be noncentrosym-
ows the sirucure with the layered natre. This makes thEetic with nonequivalent metal-oxygen cistances that may
crystalline structure of the ordered BKBO with the separaté:)omt to the existence of a charge-density wave.

BiO, planes qualitatively similar to crystalline structures of ~ The work at Chernogolovka was supported in part by the
cuprate superconductors with CuPlanes that cancels their Superconductivity section of the Russian State Research and
principal crystallographic contrasting. The difference be-Engineering program “Topical Problems in the Physics of
tween them is that cuprates have layered structures with di€©ondensed Matter” and the Project No. 02-02-1678 of the
tinct anisotropy, whereas the layered BKBO has a weaklyRFBR.

1A.W. Sleight, J.L. Gillson, and P.E. Bierstedt, Solid State Com-'C.H. Du and P.D. Hatton, Europhys. Le3tl, 145(1995.

mun. 17, 27 (1975. 12M. Norton, Mater. Res. Bull24, 1391(1989.
2 F. Mattheiss, E.M. Gyorgy, and D.W. Johnson, Jr., Phys. Rev. B°L.A. Klinkova, Sverkhprovodimost: Fiz., Khim., Tekt6, 683
37, 3745(1988. (1993.
3B. Batlogg, R.J. Cava, L.F. Schneemeyer, and G.P. Espinosa, IBM'L-A. Klinkova, V.I. Nikolaichik, N.V. Barkovskii, and V.K. Fe-
J. Res. Dev33, 208(1989 dotov, Russ. J. Inorg. Chem4, 1974(1999.
) . 15 . . . . . ..
“D.E. Cox and A.W. Sleight, Acta Crystallogr., Sect. B: Struct. Sci. V.1. Nikolaichik, S. Amelinckx, L.A. Kllnkovg, N.V. Barkovskii,
35, 1(1979. O.l. Lebedev, and G. Van Tendeloo, J. Solid State CHeg8.44

(2002.
"16\/1. Nikolaichik and L.A. Klinkova, J. Supercond0, 431(1997.
171 A. Klinkova, V.I. Nikolaichik, N.V. Barkovskii, and V.K. Fe-
dotov, Russ. J. Inorg. Chem6, 715(2002.
E.A. Hewat, C. Chaillout, M. Godinho, M.F. Gorius, and M.
Marezio, Physica 57, 228(1989.

SR.J. Cava, B. Batlogg, J.J. Krajewski, R. Farrow, L.W. Rupp, Jr.
A.E. White, K. Short, W.F. Peck, and T. Kometani, Nat(ren-
don) 332 814(1988.

6s. Pei, J.D. Jorgensen, B. Dabrowski, D.G. Hinks, D.R. Richards;g
A.W. Mitchell, J.M. Newsam, S.K. Sinha, D. Vaknin, and A.J.

; Jacobson, Phys. Rev. &L, 4126(_1990' ) 19p M. Woodward, Acta Crystallogr., Sect. B: Struct. 68, 32
N.V. Anshukova, A.l. Golovashkin, V.S. Gorelik, L.I. Ivanova, (1997).
. and A.P. Rusakov, J. Mol. Stru@19, 147(1990. 20R. Kilaas, NCEM, Lawrence Berkeley Laboratory.
H. D. Rosenfeld and T. Egami, inattice Effects in High-T Su- 21g M. Heald, D. DiMarzio, M. Croft, M.S. Hegde, S. Li, and M.
perconductivity edited by Y. Bar-Yamet al. (World Scientific, Greenblatt, Phys. Rev. BO, 8828(1989; S. Salem-Sugui, Jr.,
. Singapore, 1992 p. 105. E.E. Alp, S.M. Mini, M. Ramanathan, J.C. Campuzano, G. Jen-
Y. Yacoby, S.M. Heald, and E.A. Stern, Solid State Commun. nings, M. Faiz, S. Pei, B. Dabrowski, Y. Zheng, D.R. Richards,
101, 801(1997. and D.G. Hinksjbid. 43, 5511(1991).
19A.P. Menushenkov, K.V. Klementev, P.V. Konarev, and A.A. ?2Y. Nagata, H. Samata, T. Uchida, M. Ohtsuka, and A. Mishiro, J.
Meshkov, JETP Lett67, 1034(1998. Phys. Chem. Solid60, 1933(1999.

140501-4



