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The fully relativistic real-space scattering cluster coherent-potential approximation is applied to
Bi,Sr,CaCuy04_5 for 0<8<0.5 with respect to each oxygen sublattice and to
(Bi, -, Pb, ),Sr,CaCu,0; for 0<x <0.25. Increasing £, was found as the vacancy content increases,
while n(gp) is decreased by disorder in the O(1) sublattice (Cu-O layers) and increased due to vacan-
cies in the O(2) sublaitice (Bi-O layers). As in the Y-Ba-Cu-O system, the effective oxygen-oxygen
pair interactions in the Cu-O plane indicate the creation of “isolated” Cu ions. By “doping” the Bi
sublattice with Pb, ¢ drops and n (ez) increases. From the effective Bi-Bi pair interactions an (anti-
likewise) ordering of Bi and Pb atoms can be deduced. Calculated x-ray-emission and uv-
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photoemission intensities for the nonstoichiometric system are presented.

I. INTRODUCTION

The superconducting Bi-Sr-Ca-Cu-O system has been
studied extensively during the last two years. Several
Bi,Sr,Ca, _{Cu, O, politypoids have been identified with
different superconducting transition temperatures,! ~* but
only for the n=1 (2:2:0:1) and n=2 (2:2:1:2) phases
could single crystals be obtained with T,=7-22 and
75-85 K, respectively, while the n =3 phase (2:2:2:3) with
T.=110 K is stable only by partially replacing Bi by
Pb.>~7 The substitution of Pb on the Bi sites, therefore,
seems to be a dominating effect in modifying the thermo-
dynamics of these systems.® As far as the crystal struc-
ture is concerned, a face-centered orthorhombic subcell
(b=1.00078a, c =8a) was determined with an approxi-
mate 2X 5V/2 superlattice formation in the a—b plane.**
In the 2:2:1:2 phase, both the addition and the removal of
oxygen decrease T, with respect to the stoichiometric
composition.”'® When decreasing the oxygen content, a
metal-insulator transition is observed as confirmed by
also decreasing Hall numbers (effective charge car-
riers).'>!! Nevertheless, a set of data of physical quanti-
ties as a function of precise oxygen content has not yet
been presented.

Subsequently, a considerable number of local-density-
approximation (LDA) band-structure calculations for
Bi,Sr,CaCu,0; have been published using the linearized
muffin-tin orbital method in the atomic-sphere approxi-
mation (LMTO-ASA),'>!? the pseudofunction method,!*
or the full-potential linearized augmented-plane-wave
method (FLAPW).5~!7 Note that, in all of these calcula-
tions, a body-centered tetragonal'>~ !¢ or a face-centered
orthorhombic!” crystal structure was assumed to be
neglected thus, the superlattice effects. In agreement
with the notation used in Ref. 17, we shall refer to the ox-
ygen positions in the Cu-O, Bi-O, and Sr-O layers as O(1),
O(2), and O(3), respectively. Owing to the small disper-
sion along the ¢ axis, the resulting band structure shows a
highly two-dimensional character. The striking features
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of the valence band can be summarized as follows: (a)
widely dispersed (~9 eV) bands mainly below the Fermi
energy related to the Cu d and O(1) p o bonds, (b) Cu-
O(1)-0O(3) dp bands resulting in two major peaks in the
density of states (DOS) around —1.4 and —3.6 eV, (c) Bi
p and O(2) p o bonds with strong ionic character, thus in-
dicating an asymmetric weight of mainly O(2) p-like
states below € and Bi p-like states from —0.3 eV below
to 3.6 eV above e, and (d) strongly interacting (anti-
bonding) Bi-O(2)-0O(3) and Cu-O(1) bands at the Fermi
surface giving rise to highly hybridized and localized
states at gp.

Although the experimental valence-band photoelectron
spectra suggest a metallic-like character for the normal
state of the 2:2:1:2 phase,'* 2! probably due to large
correlation effects in the Cu-O layers, the calculated
angle-integrated LDA photoelectron spectra?? deviate
considerably from the experimental data. In the vicinity
of the Fermi surface, the bandstructure deduced from
angle-resolved photoemission spectra is in reasonable
agreement with the theoretical one; the experimental
binding energies, however, are by about 0.3 eV lower
than those calculated in terms of the density-functional
theory.22~%* An attempt to improve the agreement be-
tween experiment and theory has been made very recent-
ly by Hormandinger et al.? performing a fully relativistic
Korringa-Kohn-Rostocker (RKKR) calculation on
Bi,Sr,CaCu,0;. As expected, the bands below the Fermi
level having less Bi character remain practically un-
changed compared to the scalar-relativistic bands. The
bands above €5 having dominantly Bi p character, how-
ever, are split by about 1 eV pushing an increased weight
of these states into the occupied region which, in turn, re-
sults in a dropping of £, by about 0.14 eV. Consequently,
near the Fermi level this improves the agreement with
the experimentally observed band structure.

Burgizy et al.?’ have presented O K, x-ray-emission
spectroscopy (XES) experiments for Bi,Sr,CaCu,Oq.
They have found satisfactory agreement with the calcu-
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lated LDA spectrum? when putting the O(2) and O(3) 1s
binding energies, as computed by Massidda ez al,!” at an
equal level and by shifting the O(1) 1s binding energy by
about 0.5 eV below this level. This deviation has been at-
tributed to the more ionic nature of the Bi—O bond than
inferred from the band-structure calculations or to the
smaller length of this bond than assumed.

II. THEORY AND COMPUTATIONAL DETAILS

The concept of the real-space scattering cluster
coherent-potential approximation (RSSC-CPA) has been
discussed previously.”® In the fully relativistic case, the
corresponding equations for the scattering path operator
are formally identical to the nonrelativistic case [see Eqs.
(1) and (2) of Ref. 28], the occurring angular-momentum
representations, however, are labeled by the relativistic
quantum numbers « and u:

Le)={t; oo}, QU(8)={G3'Q:(E)} , (1
—i—1, j=I+4

Q=(k,u), k= I, j=l-1 , —JSu<j.

In (1), £;(¢) are the (relativistic) single-site ¢+ matrices and

G () are the (relativistic) structure constants,

Giple)= "3 clljl/2;u—s,s)
s=%+1/2

XGIU(e)e(I'j'1 /20 ~s,5), (2)

where G77¥(g) refers to the nonrelativistic structure con-
stants, c¢(/j1/2;u—s,s) denotes Clebsch-Gordan
coefficients, € is the energy, and i,j denote sites. For a
detailed description see Secs. 5.3.2 and 6.1.2 of Ref. 29.
Similar to the nonrelativistic formalism, from the k-like
partial local densities of states (LDOS) and k-like partial
cross sections, one can corhpute spectroscopic intensities
[XES, photoemission spectroscopy PES)] (see, e.g., Secs.
11.3.2 and 11.4.2 of Ref. 29). Furthermore, the calcula-
tion of effective (cluster) pair interactions®® is also
straightforward within a relativistic formalism.

In the present calculations we used the muffin-tinized
self-consistent potentials of Massidda et al.!” The vacan-
cy and the lead potentials were approximated by match-
ing the potentials derived from the concentration weight-
ed superposed ionic charge densities to the self-consistent
potentials as described in Ref. 31, whereby formal ionici-
ties of Bi**, Sr2*, Ca?*, Cu?*, and 0%~ were assumed.
Because of the non-self-consistent way of this potential
construction, the long-range Madelung-type effects
(charge waves) could be estimated merely due to the
concentration-dependent superposition of the charge den-
sities. It should be noted that the vacancy site, represent-
ed by a rather flat positive potential, is basically an s
scatterer, which, in turn, is not described by a resonant-
like phase shift, i.e., a phase-shift crossing sharply
through /2 as a function of energy. As studied in Ref.
32, the calculated physical quantities are fairly insensitive
with respect to the shape of such vacancy potentials.
Similarly, the p-like phase shift corresponding to the lead
potential shows no resonance, its flat maximum is indeed
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well beyond the occupied region of the valence band.
Concomitantly, we do not expect essential changes of the
calculated physical properties (spectroscopical intensities,
effective pair interactions) due to a more sophisticated
(self-consistent) way of potential construction.

A cluster of exactly 100 sites in a sphere with a radius
of 15 A centered around the bisecting point of a Bi—Bi
bond between two neighboring Bi-O layers was found to
be sufficient for reliable LDOS’s and effective scattering
amplitudes. The radii used for the radial integration®
are Rp=Rg5 =R, =2.85 au, Rg=2.0 au., and
Ro(1)=Ro3)=R3;=3.08 a.u. The method of Gina-
tempo and Staunton®® has been employed for solving the
CPA condition for the effective scattering amplitudes
(1077 deviation for each matrix element between two
successive steps). The calculations were performed along
the real energy axis for the nonstoichiometric system and
with an imaginary part for the energy of 2 mRy in the
case of the Pb substitution. In the latter case, the scatter-
ing path operator and the effective scattering amplitudes
have been deconvoluted to the real axis by means of the
Rieman-Cauchy condition. An inequidistant energy
mesh of nearly 200 points was used from —5.4 eV (zero
level of the muffin-tin potentials) up to 4 eV with respect
to the FLAPW Fermi level.!’

In what follows we denote by “nonstoichiometric” the
case when the “law of constant proportions” is not
resolved in terms of integer numbers as for
Bi,Sr,CaCu,04_5 (0<8<0.5). Since, in this case, the
components of a particular sublattice, namely, vacancies
and oxygen atoms, are assumed in the CPA to be distri-
buted randomly, as in a binary substitutional alloy, we
speak about a disordered oxygen sublattice, in the same
way as about a disordered bismuth sublattice in the case
of (Bi,_,Pb, ),Sr,CaCu,0;.

III. RESULTS

A. Bi ZSIZCaCUZO 3

As a first step we carried out a scalar-relativistic calcu-
lation for the ordered system. Qur scalar-relativistic
DOS’s show an overall good agreement with the muffin-
tin-projected DOS’s of the (semirelativistic) FLAPW cal-
culation.!” The integrated total muffin-tin DOS at the
FLAPW Fermi level for our scalar-relativistic calculation
compares, within an error of 0.6%, to that obtained from
the FLAPW method, while the total number of electrons
computed using the enlarged oxygen spheres® yields only
65.2 electrons at eE“A*¥, which is by 0.8 electron less
than required. While the FLAPW Fermi energy is
thought to be correct for our scalar-relativistic calcula-
tion, this missing charge A is considered as a constant
correction to all integrated cluster DOS (Ref. 28) and is
attributed to the incomplete description of the interstitial
region within a cluster model.

The relativistic DOS’s for the ordered system differ
from their scalar-relativistic counterparts due to the
spin-orbit splitting only in the Bi p-like LDOS and, con-
sequently, because of the strong hybridization, also in the
O(2) and O(3) p-like LDOS’s. This is clearly illustrated in
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Fig. 1 showing a spin-orbit splitting of about 1.3 eV in FIG. 2. Differences of the integrated LDOS’s in

the Bi LDOS above €. Since the weight of gravity of
these states is shifted downwards by about 0.5 eV, a small
downward shift is also seen for the states just below €.
This implies a dropping of the calculated Fermi energy
by 0.12 eV with respect to the scalar-relativistic case.
This is in full agreement with the result of Hormandinger
et al.?® In addition, n(eg) increases from 3.14 states/(eV
cell) for the scalar-relativistic case to 3.75 states/(eV cell)
for the relativistic case.

The states at about —5 eV are also shifted downwards
(see also, Fig. 3 of Ref. 26), thus coming very close to the
zero level of the muffin-tin potentials. Considering no
bound states in the real-space (finite cluster) Green’s-
function theory, the diagonal elements of the scattering
path operator are real for negative energies (see also, Bee-
by,**), and therefore the entire valence band has to lie in
the positive-energy region, i.e., above —5.4 eV with
respect to €7 in the present case. Since the number of
electrons in the valence band is given independently from
the method of calculation by Lloyd’s integrated DOS, in
the vicinity of the zero level of the muffin-tin potentials
very sharp peaks can occur in the DOS to account for the
correct behavior of the integrated DOS. This explains
the artificially sharp peeks at —5 eV in the relativistic
LDOS of Bi seen in Fig. 1.

B. BiszzCﬂClles -8

We have performed relativistic CPA calculations for
all three different oxygen sublattices in the concentration
range of 0 <8 <0.5. The main changes in the electronic
structure can be monitored in the difference, AN, between
the muffin-tin-projected integrated LDOS for the disor-
dered case and the ordered case, which is plotted as a
function of the energy for the Bi, O(2), and O(3) as well as
for the Cu and O(1) sites in Figs. 2 and 3, respectively.
Apparently, vacancies on the O(1) sublattice induce negli-
gible effects on the Bi-O layers and, concomitantly, disor-
der on the O(2) sublattice leaves nearly uneffected the
states related to the Cu-O planes. However, the states at-
tributed to the O(3) site interact with those of both the

Bi-O and the Cu-O layers. The overall features are close-

Bi,Sr,CaCu,0;4_5 relative to the ordered system as a function of
the energy for Bi (upper sheet), O(2) (middle sheet), and O(3)
(lower sheet). The labels (a), (b), and (c) refer to a disordered
0O(1), 0O(2), and O(3) sublattice, respectively. The solid line cor-
responds to §=0.2, the dashed line to §=0.5.

ly related to the nonstoichiometric Y-Ba-Cu-O system in
so far as the Cu-O, Sr-O, and Bi-O layers in
Bi,Sr,CaCu, 04 correspond to the Cu-O, Ba-O layers, and
Cu-O chains in YBa,Cu;0,, respectively. The crucial
difference between these two compounds is that, while
the Cu(1) states (chain) in the Y-Ba-Cu-O system are oc-
cupied, the Bi states lie mainly in the unoccupied energy
region. Therefore, disorder in the Bi-O layers (and also
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FIG. 3. Differences of the integrated LDOS’s in

Bi,Sr,CaCu,0;_; relative to the ordered system as a function of
the energy for Cu (upper sheet) and O(1) (lower sheet). The la-
bels (a), (b), and (c) refer to a disordered O(1), O(2), and O(3)
sublattice, respectively. The solid line corresponds to §=0.2,

the dashed line to §=0.5.
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in the Sr-O layers) effect the Bi states mainly above gg.
The two major peaks above € in the Bi LDOS [and also
in the O(2) and O(3) LDOS’s] are broadened due to disor-
der. This leads to an increased weight of states related to
Bi, O(2), and O(3) at & if the O(2) sublattice is partially
occupied by vacancies. For a disordered O(3) sublattice,
this broadening is less pronounced. Since the Cu—O
bonds are partially broken, in the case of the O(1) and
O(3) vacancies, the weight of the nonbonding Cu d states
at energies —3-—2 eV is increased.

The calculated Fermi energies and DOS’s at the Fermi
energy for the nonstoichiometric Bi-Sr-Ca-Cu-O system
are shown in Table I as the difference with respect to the
stoichiometric case. The steady increase of € seems to
partially follow a rigid-band behavior: the increase of €
reflects the charge difference between a negative oxygen
ion and a neutral oxygen atom. The modifications of the
electronic states discussed in the previous paragraph
merely have a secondary effect on €. Due to the hybridi-
zation with Bi p-like states, for O(2) and O(3), a larger
amount of states is unoccupied than for O(1). Conse-
quently, the removal of oxygen atoms from the O(1) sub-
lattice increases € the most. The decreasing contribu-
tion of the O(1) partial density of states (PDOS) also ex-
plains the dropping of n(eg) for a disordered O(1) sublat-
tice. Nevertheless, for the disordered O(2) and O(3) sub-
lattices the rigid-band model alone cannot be used, since,
especially for vacancies in the O(2) sublattice, the
broadening of the mainly unoccupied hybridized Bi-
0(2)-O(3) states mentioned above gives rise to an increas-
ing n(gp). It should be noted, however, that the calculat-
ed relative changes of n(ez) for the nonstoichiometric
cases do not exceed 15% relative to the stoichiometric
case.

The calculation of the O Ka x-ray-emission and HeIl
(40.8-eV) photoemission spectra has been performed us-
ing the same approximations as Marksteiner et al.?> In
the case of the O Ka XES, however, we took into ac-

TABLE I. Changes of the calculated Fermi energy, Aey (eV)
and of the DOS at the Fermi level, An(ey) [states/(eV cell)] in
Bi,Sr,CaCu,04_5 with respect to the ordered system. The
column labeled CPA denotes the disordered sublattice.

CPA 5  Aer

o(1) 0.1 0.045 ~0.206
0.2 0.083 —0.350
0.3 0.118 —0.445
0.5 0.195 —0.429

o) 0.1 0.022 0.127
0.2 0.045 0.258
0.3 0.074 0.340
0.5 0.106 0.479

o) 0.1 0.010 0.057
0.2 0.036 0.050
03 0.055 0.075
0.5 0.105 0.094

AH(EF)
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FIG. 4. Calculated O Ka x-ray-emission and Heil photo-
emission spectra of Bi,Sr,CaCu,0;5 as the normalized
difference with respect to Bi,Sr,CaCuyOy [AI=( 14ered
—Lisorderea ) /T oierea - The solid, dashed, and dotted lines
denote the cases when the O(1), O(2), or O(3) sublattice is disor-
dered.

count the empirical corrections for the O Is binding ener-
gies made by Burgizy et al.?’ The calculated spectra for
Bi,Sr,CaCu,0, 5 are presented in Fig. 4 as the normal-
ized difference with respect to the ordered system. Since
the He II photoemission spectrum also mainly maps O p
PDOS (see Fig. 1 of Ref. 22), the two difference spectra
show close similarities. Note that in order to mimic the
experimental spectrometer resolution for the Heni PES
and the O Ka XES a Gaussian broadening with a half-
width of 0.2 and 0.55 eV, respectively, was applied. Since
the decreased oxygen contribution to the intensity mainly
maps the changing shape of the O p-like LDOS, the
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FIG. 5. Sketch of atomic positions within the (a) Bi-O or Sr-
O and (b) Cu-O layers. Open circles denote oxygen sites, small
solid circles denote copper sites, and large solid circles denote
Bi or Sr sites.
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TABLE II. Calculated effective oxygen-oxygen pair interac-
tions, V¥ [mRy/atom] in Bi,Sr,CaCu;0;_5s. The column head-
ed CPA denotes the disordered sublattice. The pairs of neigh-
bors are labeled as follows (see also, Fig. 5). O(1) sublattice: 1,
first pair of neighbors; 2, second pair of neighbors with bisecting
Cu site; 3, second pair of neighbors with no bisecting Cu site.
0O(2) or O(3) sublattice: 1, first pair of neighbors; 2, second pair
of neighbors; 3, third pair of neighbors.

VY pairs
CPA ) 1 2 3
o(1) 0.1 4.1 —3.6 —0.9
0.3 4.2 —4.0 —0.9
0.5 4.5 —~4.1 —0.7
0(2) 0.1 —1.2 1.3 —-0.8
0.3 —3.1 —0.6 —0.4
0.5 —4.6 —1.6 0.0
0o(3) 0.1 —02 0.1 0.0
0.3 —-0.2 0.1 0.0

0.5 —0.2 0.1 0.0

difference spectra are sensitive with respect to the sublat-
tice where vacancies are built in. In the He Il photoelec-
tron spectrum, however, an induced peak can be seen at
about —0.8 eV, which is associated with a decrease of the
Cu d-like contribution. For a deficient O(1) sublattice,
this effect is amplified also by the missing O(1) contribu-
tion.

Figure 5 illustrates the arrangement of atoms in the
Bi-O, Sr-0O, and Cu-O layers. Due to the very minor or-
thorhombic distortion, the calculated effective pair in-
teractions showed no sensitivity for corresponding pairs
along the x (i.e., {100)) and y ({010)) directions. The
results are shown in Table II. The effective O(1)-O(1) pair
interactions can be correlated fairly well with the corre-
sponding pair interactions found for the Cu-O planes of
the Y-Ba-Cu-O system.>> The pairs bisected by copper
atoms again give definite negative contributions, indicat-
ing that a vacancy-(copper)-vacancy or oxygen-(copper)-
oxygen type of ordering is also energetically preferred in
this system. On the contrary, the positive effective in-
teractions for the pairs with no intersecting Cu sites sug-
gest an oxygen-vacancy (antilikewise) ordering along the
{110) directions. For the O{2) sublattice (Bi-O layers),
however, an increasing tendency of likewise ordering is
found since the effective first-neighbor interactions be-
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FIG. 6. (a) Bi (solid line) and Pb (dashed line) LDOS’s in
Bi, sPbg sSr,CaCuy0y, (b) O(2) LDOS for the ordered system
(dashed line) and for Bi; sPb; sSr,CaCu,Oy (solid line).

come more and more negative with increasing vacancy
content. This implies the onset of a complete phase sepa-
ration on this sublattice with respect to the oxygen atoms
and vacancies. Due to the very small magnitude of pair
interactions, no tendency of any kind of ordering is found
for the oxygen-vacancy system on the O(3) sublattice.

C. (Bil_x Pbx )2Sl'2C8.CU203

Substitution of Bi with Pb has only a minor effect on
the LDOS’s of Bi,Sr,CaCu,0;. Figures 6(a) and 6(b) sug-

" gest that the Pb p-like states hybridized weakly with the

0O(2) [and O(3)] states give rise to a small Pb LDOS below
gr. It is apparent that the sharp peaks in the Bi and O(2)
LDOS’s around —5 eV disappear due to the (now) disor-
dered Bi sublattice. The breaking of the covalent Bi—O
bonds leads to an increase of the O(2) states around —2
eV, while the weight of the bonding and antibonding
peaks is decreased, which resuits in a charge localization
on the O(2) sites. This is the very reason for the dropping
of £ with increasing Pb content (Table III). Due to the
Cu-O band below eg, n{ey) increases considerably. The
effective Bi-Bi pair energies are positive and the pairs
with a bisecting O(2) sites (labeled by 2 in Table III) give

TABLE III. Changes of the calculated Fermi energy, Aer (€V) and of the DOS at the Fermi level,
An(ep) [states/(eV cell)] with respect to the ordered system as well as the effective Bi-Bi pair interac-
tions, V¥ (mRy/atom) in (Bi,_,Pb, ),Sr,CaCu,04. The first, second, and third Bi-Bi pairs of intralayer
neighbors are labeled 1, 2, and 3, respectively. For visualization of the neighbors, see Fig. 5.

Vi pairs
x 7 Agp An(ep) 1 2 3
0.05 —0.064 0471 0.7 26 Y
0.15 —0.137 1.132 0.4 35 0.2
0.25 =0.196 0.7 4,5 0.0

1.817
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an increasing contribution as the Pb concentration in-
creases. Thus, the Bi and Pb atoms tend to order by
forming an antilikewise neighborhood in this concentra-
tion range.

IV. CONCLUSION

We have presented a systematic study of the
electronic  structure  of  Bi,Sr,CaCu,04_5 and
(Bi;_,Pb, ),Sr,CaCu,0; in terms of the relativistic
RSSC-CPA method. Pronounced differences have been
found in the behavior of n(ey) when the O(1) or the O(2)
sublattices are disordered. The dropping of n(ey) for a
deficient O(1) sublattice correlates with the decreasing T,
for the nonstoichiometric system. From the effective pair
interactions on this sublattice, we found indications for
the creation of Cu sites with reduced oxygen coordina-
tion. The oxygen-vacancy subsystem on the O(2) sublat-
tice shows effects of a phase separation. Based on the
fairly good agreement between experiment and theory,?’
we are convinced that experimental O Ka XES intensi-
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ties can provide information about the preferential disor-
dered sublattice.

The increasing n(ey) in the case of Pb “doping” into
the Bi sublattice may also be correlated with the experi-
mental finding that Pb supports superconductivity in the
Bi-Sr-Ca-Cu-O system associated, however, essentially
with the disappearance of the structural modulations (su-
perlattice structure) with increasing Pb content.® Quali-
tatively good confirmation of our results is provided by
inverse photoemission experiments®’ and scanning tun-
neling spectroscopy®® (STS) indicating a decrease of the
unfilled Bi 6p and O 2p states due to the replacement of
Bi by Pb.
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