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The crystal structure ofBi; gdPhy 19 (St gdlPhy 19 CuQ; was determined from single-crystal intensity data
measured on a four-circle diffractometer. The structure is orthorhombic, space@eonggNo. 66); the lattice
parametersa=5.3923) A, b=24.6035) A, ¢=5.3003) A, V=703.2(5) A2 (the space group can be denoted
asAmaaby a cyclic transformation of the cell constant¥he R value was 0.048 for 418 unique reflections
with 1>3.000(1). One of the O atoms bonded to Bi ions is disordered at two sites with a half occupancy and
Beq=3.6(6) A2 although the thermal parameter is not so large as that reported by TetaidjPhys. Rev. B
38, 225(1988)], the disorder suggests that the crystal has a lower symmetry. The valence state of the Cu ion
in the present compound was evaluated to be trivalent based on the Cu-O di§fssimatk and Norrby, Acta
Crystallogr. B26, 8 (1970] and the valence of Bi was estimated in comparison with that in other compounds.
The O@3) sublattice dynamics in these types of superconductors is discussed based on the structural investi-
gations.[S0163-182@8)05629-X]

[. INTRODUCTION workerg~8in order to investigate the conduction mechanism
in the superconducting state. It is very interesting that the
The discovery by Bednorz and Mer of high- T, super-  substitution of trivalent rare-earth atoms for Y in Y8a,0,
conductivity in the Ba-La-Cu-O systénled to the subse- has little effect on the superconductivity and relatively little
guent discovery by Wet al. of high-temperature supercon- changes are observed in the cell constants for Pr, Sm, Eu,
ductivity in the Y-Ba-Cu-O(YBCO) systen? Many high-  Gd, Dy, Ho, Er, and Tm substitutiod$,in spite of the dif-
temperature superconducting oxides have been prepared wilirent structure types of their sesquioxides like,Smand
elemental substitutions in these systems. FundamentallDy,O;. In the 2212 system, superconductors are the Bi-
such oxides contain cations such as Cu at¢aneritical el- based highf, materials with the general formula
ement for the occurrence of superconductivitgn alkaline  Bi,Sr,Ca,_,Cu,0, (n=1, 2, or 3 where all Cu atoms lie in
earth, and a rare earth or yttrium atoms. Moreover, sinc€uQ, planes’ The crystal structures in this system were in-
superconducting materials witf. of 85 or 105 K in a Bi- vestigated energetically and systematically by Tarascon
Sr-Ca-Cu-O compound2212 system were discovered by et all®*®and some worket$ using single crystals. Taras-
Maedaet al,> many studies have been carried out by el-conet al® concluded that the transition temperature is inde-
emental substitutions in order to increabg and improve pendent of the average copper valency, determined to be
other superconducting properties of this system. The crystél.15+0.3 for Bi,Sr,Ca,_ 1Cu,0, with n=1, 2, and 3, though
structures of the YBCO system were analyzed by previoughe crystal structures have not been discussed in detail be-
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TABLE |. Atomic parameters and occupancy for orthorhombic cell were determined by a least-squares fitting
Pb-doped Bi-2201. A sample dimensions are &@6.0<0.01  using the setting angles of 25 carefully centered reflections in
mm?. Estimated standard deviations refer to the lastthe range of 32.86260<34.81° with the Bond methotf:
digit. Be=(837%{Usy(aa*)® +  Uyf(bb*)?+Ugfcc*)’® 3=53923) A, b=24.6035) A, c=5.3003) A, and
+2U 88" bb* cosy+2U 5aa*cc* cosB+2U,bb* cc* cosal. V=703.25) A3. On the basis of systematic absenchks k
=2n for hkl, =2n for Okl andl=2n for h0l reflections,

Atom x/a ylb Zc Beg  Occupancy  he gpace group was determined to ®ecmor Ccc2 An

Bi 0.26821) 0.063404) 0.0000 1.9) 0.93 empirical absorption correction based on azimuthal scans of
Pb 0.26821) 0.0634@4) 0.0000 1.9 0.07 several reflections was applied which resulted in transmis-
Sr 0.247%3) 0.17761) 05000 2.8(6) 0.922) sion factors ranging fror_n 0.16 to 1.0_0, because the correc-
Pb 0.24783) 0.17761) 05000 2.8(6) 0.08 tion coyld not succeed in the analytical method due to the
cu 0.7500 0.2500 05000 2@ 1 ve[y .thn:. san}?le.t The data were corrected for Lorentz and

polarization effects.

88 8:22;2) 0(.)'124541§ ) g:gggg ig i The structure adopting the space gr@tpr:mwas _sp_lved
03 03475 0.07a1) 0.3945) 3.66) 1 by the Patterson methdd.The occupation probabilities in

the Bi and Sr sites are included in the refinement. All atoms
were refined anisotropically. A correction for secondary

. . 8 . . . _ ._
cause of a poor structure determination. Generally, it isextmctlonl was appliedcoefficient=5.57200E-08 The f

. . nal cycle of full matrix least-squares refinement was based
known that in BjS,CuQ (hereafter denoted 22f)1the on 418 observed reflectiorj$>3.000(1)] and 39 variable

higher the Pb content, the smaller the incommensurateararneters and convergedRe=0.048 andRw=0.077. The
modulation in.the structure. Sin%e qrystals of Pb d_oped 220 argest parameter shift was 0.26 times its stan('dard'deviation
were syntheS|zdedI by Choreg al.™ with very small incom- [for the space grougcc2, R=0.043 ancRw=0.064 for 700
mensurate modulation. . ’ . N X :

In order to determine the valences of Bi and Cu cations?nbusrir\;enddrif]lﬁ] (i:rtrlwznrﬁ>§é(l)<?(olr)1) t(hin}aglogﬁgééziemggbrier
from accurateM-O (M =Bi and Cy distances in these su- P

perconductors, a detailed crystal structure analysis of Pbg]tzasicwsecrstt:r'iiz ?;(g;fés%v;f’taLeeSnpef?g\rflyér(')\lrﬁgtrra;n q
doped 2201 was made using the single-crystal x-rayy,.,o19 anomalous dispersion effects were included in the
diffraction method. We present its crystal structure in detail L , ”

F calculation; the values foAf’ and Af” were those of

and comment on the valences of cations in this system to-
gether with those in the Ta analog and other related comgrigﬁgchoggicii'gﬁéu;?ftgggevgiugfefidgg(rjtuil%aesls attenu-
pounds in the discussion section. 9 '

Ill. RESULTS AND DISCUSSION

IIl. STRUCTURE ANALYSES . . .
The coordinates, temperature factors, and site occupancies

A single crystal having approximate dimensions of 0.16are listed in Table I. The doped Pb ions are distributed in
%0.10x0.01 mn? was selected for the x-ray-diffraction both Bi and Sr sites. The position of ® was obtained from
study. All measurements were made on a Rigaku AFC5Ry difference Fourier map. The(8) atom is statistically dis-
diffractometer with a graphite monochromated Ma ra-  tributed at two equivalent sites. The anisotropic temperature
diation. factors(Table Il) of the metal atom$Bi, Sr, and Cl have

The data were collected using thg26 scan technique to very large U; components along the axis in a space group
a maximum 2 value of 60°. The scan speed was 8.0°/min inof Cccm this direction for the large component in the tem-
w. The weak reflections were rescanned to attdin perature factors is different from that of Bi-2212 reported by
>50.00(1) (maximum of four scans Of 3888h+k=1| re-  Sunshineet al}* The appearance on the incommensurate
flections measured, 573 were uniqu®,(=0.082. The structure might be related to the direction of the large com-
equivalent reflections were merged. Four standard reflectionsonents in the anisotropic temperature factors of metals. The
monitored every 150 reflections showed no significant flucbond distances are given in Table Il and those adopting the
tuation. The lattice parameters corresponding to a C-centerespace grougCcc2 are also given for a comparison.

TABLE II. Anisotropic temperature factors for the atoms of Pb-doped Bi-2201. The general temperature
factor expression: exfp 272(a* 2U 1h%+ b* 2U k% + ¢* 2U 34 24+ 2a* b* U  shk+ 2a* ¢* U g ghl
+2b* c* U,kl)}.

Atom Un Uz Uss U Uis Uzs
Bi 0.01454) 0.0187%5) 0.039@5) —0.00084) 0 0
Sr 0.00888) 0.0331) 0.0642) —0.00177) 0 0
Cu 0.0032) 0.0222) 0.05223) 0.0001) 0 0
0(1) 0.0088) 0.035810) 0.061) 0 —0.0048) 0
0(2) 0.0189) 0.031) 0.11(2) —0.0037) 0 0

(0]()) 0.021) 0.072) 0.051) -0.021) —0.00410) 0.021)
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TABLE III. Interatomic distance$A) in Pb-doped Bi-2201. Cu-
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Rs=1.92 A in the large number of the compounds including

O(1): 1.722 for Ccc2is unreasonable short distance. Therefore,Cy (11) atom. A square pyramidal polyhedron around the Cu
space-groufCccmis selected for the compound.

Bond type

Cccm

Interatomic distandd)

Cu-Q1)
Cu-02)
Bi-O(2)
Bi-O(3)
Bi-O(3)
Bi-O(3)
Bi-O(3)
Bi-O(3)
Sr-Q(1)
Sr-Q(1)
Sr-Q(2)
Sr-O2)
Sr-Q(3)
Sr-Q(2)

Cu-Q1)
Cu-Q1)
Cu-02)

1.89056)(x4)
2.6011254)(X2)
2.003254)(x 1)

2.1358244)(x2)
2.1541244)(x2)
3.2457244)(X2)
3.3547302)(x2)
3.3708245)(x2)
2.5697107)(X2)
2.6252109)(X2)
2.6846173)(x 1)
2.775276)(X2)

2.7623301)(X2)
2.9504171)(x 1)

Ccce2
2.07017)(x2)
1.72218)(X2)
2.59513)(x2)

atom is characteristic in the superconducting compounds and
the pyramid clusters are stabilized by the crystal environ-
ment. Therefore, it is a reasonable consideration judging
from bothRg and R, bond distances in the 2201 and 2212
compounds that the valence of Cu ion in the pyramid is
trivalent.

Next, we should focus on the coordination around the Bi
atom. It is considered that the occurrence of(Bj is un-
likely in these superconducting compourti$n Bi-2201 and
2212 superconductors, the Bi atom is coordinated to six oxy-
gens in a slightly distorted octahedral arrangement, the Bi-O
distances are different from compound to compound, the av-
eraging being 2.66 A, for Bi-2201, and 2.67 and 2.74 A for
the 2212 compoundTable V). These values could not be
evaluated from the viewpoint of crystallography; actually, it
is difficult to distinguish the valence of the Bi atom in the
crystal. The average of the five or six short @il )-O dis-
tances is generally in a range of 2.32—2.40TAble \).2°%
However, these values are taken from oxides where the co-
ordination polyhedra are very irregular and the true coordi-
nation number is greater than five or six. Cox and Sléight
concluded from neutron-diffraction dafdable V) that the
occurrence of Billl) and Bi(V) results from the Bi-O bond
distanceg2.28 and 2.12 Acoordinated octahedrally in Ba
Bi (Ill) Bi (V) Og and the shorter average, 2.28 A of Bi

The structure of the Bi-2201 compound is generally well(1|1)-O distances is due to the covalency of Bi-O bonds;

known to have similarities to the perovskite-typeN{F,
structure and also has a striking resemblance tJigD,
(tetragonal) 4/mmm a=3.90 A, ¢=20.38 A which may be

therefore, this covalency favors a low coordination number.
In the present study of the Pb-doped 2201 compound, Bi
is coordinated by five oxygens with shorter Bi-O distance of

considered to have an intermediate structure betweep.12 and by six @8) and its equivalents with longer Bi-O

S, TiO, (K,NiF, type) and SrTiQ (perovskite.?? In the
substitution of Bi(lll ) or C&ll) for Sr and Cull) for Ti (IV)
sites in the SiTiO, structure, Miler-Buschbaumet al. and
Boivin et al. have proposed structure models fop@u0;,%3

bonds(Table Ill). The shorter value agrees very well with
that of Bi (V)-O bonds both expected from Shannon and
Prewit?! and obtained from some experimeriiable V).
Thus, the bonding of Bi can be rationalized on the basis that

CaCuy0s;,%* and B,LCuQ,?® based on their x-ray intensity it is Bi (V). For the space group @cc2, the shorter Bi-O
data. It was considered that copper ions exist in the divalendistance split into two 2.04 and 3.34 @he average being
oxidation state in these compounds which possess a single71 A) because of the disordered arrangement of th@ O
sheet of corner-sharing CyQunits. The 2201 compound atom. It is difficult to evaluate the valence of Bi in such a
could not be considered as a derivative mixed from comsituation as an unreasonable short Bi-O distance. Therefore,

pounds, for example, such as,SuQ, and BLCuQ,. The

the space grougccmselected for the present compound is

average Cu-O distances in these sheets are given in Table More reliable.
along with those of other oxide superconductors. It is gener- In order to elucidate the possibility of our proposed

ally believed that the oxygen polyhedra around the (Cu

double-well potential for @) with the program system

ion in the compounds are mainly elongated octahedra withPROMETHEUS>* another structure analysis of the compound
two ligands on the long axis and four on the short axes due twith the different content of Pb was executed using a single-

the Jahn-Teller effe® The equatorialdenoted aRRs) and
axial (denoted afR;) Cu-O bond distances in TI-220Ref.
27) (Nonzero values of the thermal factg®s, and 845 of the
Bi atom in the Bi-2201 compound was reported by Torardi

crystal x-ray-diffraction method. The results did not support
the Gram-Charlier expansion for(8), but our model, that is
the split atom model.

On the superconducting state, it may be considerable that

et al,?’ but they should be zero from the symmetry require-the structures of these superconductors are partly related

ment) are not different from those of Ctil) O;?® the orien-
tation of polyhedra around the Qi) ion in Pb-doped Bi-
2201 is very similar to that of TI-2201. The tetragonal
elongation of the coordination sphere around the(lCucat-

closely with that of a sodium chlorid@ocksalt type as seen
in Fig. 2).

In the crystals of the Bi-2201 compound and Tl analog, Bi
or Tl occupies only one site in contrast to two distinct Bi

ion shows the consequence of a strong Jahn-Teller effect igites in BaBiQ in which no atom mixing exists. It may be

the compound®

the nature of the TI-O versus the Bi-O bonding within the

The R, values in both Bi-2201 and -2212 systems is re-double layers that is very important in understanding the

duced significantly(Table IV); according to Bersukéef, the

ordered structure of the superconducting state at low tem-

R, distances fall within a range between 2.5 and 3.0 A, ancperature in the 2201 compounds.
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TABLE V. Bismuth-oxygen coordination and distances in some Bi compounds.

Upper Average
Total Range of Bi-O  break in Inner Bi-O

Compound Coord. dist. (A) dist.(A)  Coord. dist. (A) Refs.
Bi,Siz04, 9 2.15-3.55 2.62 6 2.39 (30
Bi,GeQ; 7 2.13-3.18 2.66 6 2.35 (30
BiOHCrO, (mono 9 2.228-3.326 2.579 6 2.376 (30
BiOHCrO, (ortho 9 2.185-3.089 2.678 6 2.382 (30
Bi,0,S0,- H,0 10 2.22-3.45 2.57 6 2.38 (30

2.10-3.35 2.59 6 2.32 (30
BiOHSeQ - H,0 9 2.19-3.16 2.64 6 2.40 (30
Bi;,GeOy 7 2.076-3.170 2.640 6 2.357 (30
Ba,Bi®*Bi®* O 6 2.28 for B{lll) (29)
Ba,Bi®'Bi®+0, 6 2.12 for B{V) (29
(BiPb)(Sr PHCuG; 11 2.005-3.371 2.60 5 212 This work

It is possible that there are microdomains within a singlegated, that is, the transfer of electron from Sr to(Bj to
phase, the local structure of which is smaller in size than thaform Bi (lll), or from Ca to Cu etc., as Sienko and Sohn
of the host structure. Since the size of the domains is togroposed for the role of the alkali metal in sodium vanadium
small to grow up as nuclei of a guest crystal and distributebronze® Such a very complicated ordered state may be con-
randomly throughout the crystal, their x-ray-diffraction pat- sidered for these compounds beldw.
tern would not show any periodicity corresponding to the On the basis of the structural data presented we can con-
Laue symmetry. It is conceivable that the structures of thessider some aspects of the oxygen sublattice dynamics, force
domains are in a dynamic state. The compositionally distinctonstants, and discuss influence of the Pb substitution on
domains do not firmly occupy in a portion, but, change thethem. The negatively charged(®) ions occupy one of two
sizes and shapes of the domains in the lattice with the corpositions between the positively charged Bi ones. This envi-
tinuous migration; These phenomena may lead to the locakonment leads to an effective double-well potentid(z) =
ization of the cations with different ionization state, for ex- —g,z?+g,z* whereg, andg, are positive parameters, and
ample, TI(I) and TI(lll) or Bi(lll) and Bi (V). is the 3) ion displacement. The importance of the double-

According to Torardiet al,?’ the average of TI-O bonds well potential for high-temperature superconductivity was
is 2.51 A in TI-2201. This value is almost the mean betweerdiscussed® This potential is characterized by two experi-
2.28 and 2.90 A calculated from the sum of (Tl )+O-(1l) mentally measured values: the interwell distande=4.12 A
radii, and TI(l)+O-(Il) radii, respectively. The coordination and a typical value of the @) vibration frequency at one of
number of TI(Il) in TI (111),0;3 is six and the average of Tl the potential wells which corresponds to the eneiay= 30
(Il)-O distances is 2.26 ATable IV).3? This fact suggests meV3® The values ofg, and g, can be estimated on the
that at the electron-ordered temperature the Tl atom in theasis of these two parameters. The interwell distance is
Tl-double layer has the order of Tl) and TI(lll) together  evaluated as followsdy= \g,/2g, with the corresponding
with a strong Jahn-Teller effect, in other words, each clustesecond derivativeU”(do)=4g, and the vibrational fre-
is formed from TI(I) Os and TI(lll) Og. At a low tempera-  quencyw=2./g,/M, whereM is the oxygen ion mass. The
ture, it is considered that they are localized to form an oreijght of the potential barrier between the minima is equal to
dered state. As previously mentioned in Bi-2201, there I§U (d)| = g2/4g,. First we can find how the oxygen moves

little of the electron-ordered state of Bi, i.e., it exists mainly yanyeen the potential wells. The tunneling time can be found
as Bi(V) together with also a strong Jahn-Teller effect. This,yithin the semiclassical approach which yields

supports the positional disorder of thé3patom. The differ-
ence of the electron-ordered structure may affect The 2 (d 22
Moreover, it is interesting that the average of Ba-O distances wrt=exy{ _J |p(x)|dx) =eXp( _‘2)) :
2.81 A is significantly shorter than the mean BB-O dis- ) -d 3Xg
tances of 2.87 A in TI-2201 and that the doped Pb atoms
partially occupy the Sfll) sites in Bi-2201. Ip(x)|=V2M[U(x)—U(dp)],

The Q3) atom which is bonded to Bi in the Bi-2212 has
very large temperature factor at room temperat(re: wherex,=\#%/2Mw is the zero-point vibrational amplitude.
Bis,=18(8) A2. The shortest Bi-O bond, 2.42 fRef. 14 in Due to large valued,/xy~10 the tunneling mechanism is
Bi-2:2:1:2 or 2.22 A(Ref. 7) in 2212 are longer than that in not effective in this case. However, the thermal activation
this study. The difference between them may be ascribed ttme 7,= ™ *exp(U(dy)|/T) is not larger than 10* s at
the cluster migration, though it is not clear. It is possible thatT=100 K. The ratiody/c~0.1 corresponds to the first-
the valence of the Bi atom changes partly from V to Il principles estimation of lattice nonlinearities which yields
corresponding to the mixed valence of copper. In thesaly/c~(m/M)Y¥4=0.076<1, wherem is the electron mas¥.
charge transfers of the compounds including 2201, the rol&nother way to understand the role of nonlinearities is to
of the alkaline-earth metals, Sr and Ca, should be investievaluate the relative shift of the phonon frequency due to
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FIG. 1. Crystal structures in Tl- and Bi-2201, and Bi-2212.
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nonlinearities: A w, /w = 15x3/4d3~0.04. This small value potential barrier between the wells of the value approxi-
confirms a weak role of nonlinearities for lattice dynamicsmately AW/2. This can drastically increase the thermal acti-
and superconductivity. vation time and prohibit thermal activation from the stable
Now we can estimate parameters of the effective potentigllower minimum to the metastabléhigher minimum state.
and compare them to the strength of the Coulomb interactioffof the same reason, the field of Pb decreases asymmetry of
at BiO(3) planes with the aim to understand what forces ardn€ potential in the vicinity of the stable minimum and leads
responsible for the lattice dynamics and crystal structuretNerefore to an increase of the nonlinearities in the oxygen
From experimental estimation we get=M w2/4~2x 10* sublattice dynamics. At the same time, the Pb-Bi asymmetry
erg/cn?. From consideration of the direct unscreened Coule2ds to the opposite change for the metastal@ @osition:
lomb interaction within the BiCB) planes we obtain the it considerably decreases both the activation and tunneling
value: g,c~—2QgQ0/(c/2)3~12X10* erglcn? where time for the ion motion from the metastable to the stable
Qg and Qg are the charges of the corresponding ions. ThiState- This can lead to changes in the part of the effective
sharp difference, -~ 6g,shows that Coulomb interaction is electron-electron interaction mediated by excitation of the
considerably screened and covalémon-Coulomb interac- O(3) motion within the double-well potential. This interac-
tions play a very important role for these planes. tion is strongly retarded because of the large time necessary
With this knowledge we can consider how Pb influenced©" the ion to overcome the interwell barrier,£>1/w). The
the properties of the Bi-(3) planes, especially the oxygen Pb substitution can make this interaction less retarded be-
disorder there. Pb ions at Bi sites induce asymmetry of th&ause of the decrease of the relaxation time between the
double-well potential. The relative energy sh¥W of the metastable and stable states. At the same time, the Pb sub-
minima due to the difference of Pb and Bi ions@=|Q stitution leads to a frozen disorder and an increase in the
—Qg) is estimated ad W=8y|Q,AQ|d,/c? where isP; height of the barrier. As a result of these two effects the
coefficient which includes both the screening of the Cou-SUbst'tUt'on. can d'm”_"Sh the role of this type of indirect
lomb interaction and the contribution of non-Coulomb Cafer-carrier interaction.
forces. The non-Coulomb forces should be changed under
the Pb substitution in the same way as the Coulomb ones
because the lattice is stable as a result of the equilibrium of Y. Ito developed this idea in Paris. He expresses his ap-
the screened Coulomb and non-Coulomb interactions. Ipreciation to C. Sebenne, Universite P&M Curie, for the ac-
AW>1% w/2, which is the case there, the oxygen will be fro- ceptance in the laboratory, to S. Kuehner, University of
zen in the lower minima and no tunneling will be possible Washington, for the correction of the paper, and to H. Boy-
because of the energy conservation. At the same time, th&en, UniversitaMunchen, for the useful advise on the pro-
asymmetry induced by Pb will increase the height of thegramPROMETHEUS
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