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Abstract. A single tight-binding model, with transferable parameters, provides a good 
description u l  the electroilic structures of a!! currently known high-temperature super- 
conductors, in the sense that results in the local density approximation are satisfactorily 
reproduced. Using this model, one can study the effects of atomic substitutions, vacancies, 
and structural modifications. 

In earlier work [1], we calculated the energy bands, the local densities of states, and the 
atomic valences of La1,85Sro,,5Cu04 and YBa2Cu307 in the one-electron approximation, 
using a semi-empirical tight-binding model with p and s orbitals included for the 0 atoms 
and d and s orbitals for all the metal atoms. We now apply this same model to the Bi 
cuprates [2-61, the T1 cuprates [7-131, and the bismuthates [14-181. In addition to the 
parameters previously fitted [ l ]  to La2Cu04, we need the s, p, and d energies for Bi and 
Pb, and the spa,  ppa,  and ppn  inter-atomic matrix elements [19,20]. (In [l] ,  no ppaor  
ppn interactions were needed, and the results were insensitive to the value qsp: = 0.9 
used in that work.) To obtain these new parameters, we have fitted the calculations of 
Mattheiss and Hamann [21] for BaBi03 and BaPbO,. The resulting atomic parameters 
are listed in table 1; the inter-atomic parameters are qsFo = 1.4, qFFo = 1.5, and qFFx = 

Using the crystal structure and atomic positions determined by Tarascon and co- 
workers [22], we first consider the T, -- 85 K material Bi2CaSr2Cu208. Other workers 
[6,23] have identified structural displacements of the atoms from their ideal locations 
in, e.g., the BiO bilayers; however, we neglect these modifications in order to compare 
with other calculations. The one-electron band structure for this material has been 
calculated by several groups, all obtaining similar results [24-281. It is found to be 
predominantly two-dimensional, with little dispersion in the direction perpendicular to 
the copper-oxygen planes. Two Cu(d)-O( p) anti-bonding bands are found to cross the 
Fermi energy from below, while two Bi p bands dip below EF near the Brillouin zone 
boundary at the symmetry point D in the [ 1001 direction. In order to fit these results with 
our tight-binding model, we have included the second-neighbour Bi-Bi interactions 
[24], using the same inter-atomic parameters q as for nearest neighbours, but neglecting 
d-d interactions. We regard these Bi-Bi interactions as justified by the large covalent 
radius of Bi and the relatively small lattice parameter a = 3.81 A [22], even though only 
nearest-neighbour interactions were needed for the earlier materials [ l] .  (To be precise, 

-0.6. 
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Table 1. Atomic tight-binding parameters for Bi and TI superconductors. 

Hg 
TI 
Pba 
Bib 
K 
Ca 
Sr 
Ba 
CU' 
0 

-11.6 
-14.8 
-18.0 
-21.2 
-4.2 
-5.4 
-5.0 
-4.5 
- 12.0 
-29.0 

-7.2 
-8.3 
-9.4 

-10.5 

- 
-14.0 

-17.0 
-23.0 
-29.0 
-35.0 

-3.2 
-3.2 
-6.8 
-6.6 

-14.0 
- 

1.0 
1 .o 
1.0 
1.0 
1.2 
1.2 
1.6 
1.6 
0.95 
- 

Parameters fitted to BaPbO, [21]. 
Parameters fitted to BaBiO, [21]. 
Parameters fitted to La,CuO, [l]. 

' "  I 
5 

- 0  P 
c W 

-5  

-10 
r 0 z r  X Z 

Figure 1. Electronic energy bands for the BCT 
crystal structure of Bi,CaSr,Cu,O,. The zero of 
energy has been shifted to the Fermi energy EF. 
Two Cu(d)-O( p) anti-bonding bands cross EF 
along the TX symmetry line. Two Bi p bands 
disperse to the Fermi energy, with one band dip- 
ping below EF near the Brillouin zone boundary 
at the symmetry point D in the [loo] direction. 

we include interactions between the large atoms Bi and Pb when the atomic separation 
is less than 3.9 A.) We ignore the long-range structural modulation [22], which should 
have only a minor effect on the electronic properties. The electronic energy bands, local 
densities of states, Fermi energy EF,  and atomic valences of all materials are calculated 
as in [l]. 

The energy bands of Bi2CaSr2Cu2O8 along the symmetry lines of the Brillouin zone 
for the BCT crystal structure [29] are shown in figure 1, with the zero of energy shifted to 
EF. We note that the bands show relatively little dispersion along TZ, perpendicular to 
the copper-oxygen planes, and are dominated by anti-bonding bands of Cu(d)-O( p) 
crossing the Fermi energy along TX, just as for Lal,8sSro,,5C~04 and YBa2Cu307 [l]. 
The new features of this band structure are the two Bi p bands which disperse down to 
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Table 2. Valences An for (a )  Bi-Ca-Sr-Cu-0 systems and ( b )  BaPb,,,Bi,,,O, and 
Bao a& 4Bi03. 

( 0 )  
Bi Pb Ca Srd Cud O(l)d O(2)" O(3)d 

Bi2CaSr,Cu20, 1.80 - 1.51 1.09 0.84 -1.09 -1.14 -1.18 
BiPbCaSr,Cu20R 1.79 1.23 1.51 1.09 1.01 -1.03 -1.14 -1.17 
Bi2Sr2CuO6 1.83 - - 1.15 0.87 -1.05 -1.18 -1.20 

( b )  
Ba K Bi Pb 0 

BaPb,,,Bi,,,O, 1.49 - 2.29 1.29 -1.01 
6& 4Bi03 1.62 0.62 1.80 - -1.01 

a Averaged over sites in the unit cell for BiPbCaSrzCuzOx. 

the Fermi energy, with one band crossing below EF to about -0.7 eV at D. As in the 
other calculations [24-281, these p bands form occupied electron pockets near the 
Brillouin zone boundary. Distortion in the BiO layers [6,23], neglected here and in 
previous theoretical treatments, may affect the occupation of these bands. 

The atomic valences An are presented in table 2. In our notation, 0(1)  is the oxygen 
site within the CuOz planes, O(2) is in the SrO region separating the Cu and Bi layers, 
and O(3) is in the BiO layer. The valences for Cu and 0(1)  are similar to those found 
previously for the copper-oxygen plane regions in La1,8jSro,1jCu04 and YBa2Cu307 [l]. 

Photoemission studies [30-351 of the phase Bi2CaSr2Cu2O8 confirm the basic occu- 
pied electronic states predicted by the earlier one-electron calculations [24-281 and this 
work (with some discrepancies in detail). In particular, the photoemission feature 
observed at a binding energy of 10-11 eV [14-171 corresponds to the occupied Bi s bands 
of the calculations. Angle-resolved resonant photoemission studies [36] indicate an 
energybanddispersionof0.2 to0.5 eVneartheFermienergyalongtheTXsymmetryline 
in Bi2CaSr2Cu208. Also, inverse photoemission measurements [37] of Bi2CaSr2Cu208 
reveal unoccupied states similar to those of the calculated bands. 

We now consider the effect of periodic substitution of Pb for one Bi atom within the 
crystal structure of Bi2CaSr2Cu208. We neglect local strains and changes in the lattice 
constants resulting from substitution, but the fact that Bi and Pb have nearly equal 
covalent radii indicates that such changes should be small. The Fermi energy is found to 
shift by -0.19 eV; the calculated valences are given in table 2. 

We next consider the material Bi2Sr2Cu06, with T, = 6 K [38]. We find a single 
Cu(d)-O( p) band crossing E,  along TX, with Bi p bands again dipping below the Fermi 
energy at D. The valences shown in table 2 are similar to those of Bi2CaSr2Cu208. 

Let us now turn to the bismuthates BaPb,-,Bi,O3, with T, = 13 K [14], and 
Ba1-,K,BiO3, with T, = 30-34 K [15-181. The doping is treated in the virtual-crystal 
approximation. Our energy bands in figure 2 for BaPb0,7jBi0,2j03 agree well with the 
previous calculation [21] for this superconductor, with both calculations using a model 
cubic structure with a. = 4.29 A. For Bao.6Ko 4Bi03, we use the cubic structure of Cava 
and co-workers [16], with a. = 4.293 A. Our energy bands in figure 3 are in good 
agreement with the calculation [39] for Bao.5Ko.jBi03. (We omit the very core-like B a p  
states.) The valences for these bismuth oxide superconductors are again listed in table 2. 
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Figure2. Energy bandsforcubicBaPb, 75Bi, 2503 

r x ~  r R X 

Figure 3. Energy bands for cubic Ba, 61(o ,BiO,. 
The Bi(s)-O( p) anti-bonding bands provide the 
conduction states. 

Photoemission studies by Ruckman and co-workers [40] of Ba0,6K0,4Bi03 show 
occupied states similar to those of the calculated bands, with oxygen p states dominating 
the structure near the Fermi energy. Using both photoemission and inverse photo- 
emission, Weaver and co-workers [41] find occupied and unoccupied states that are in 
good agreement with those calculated here. 

Let us now consider T1 cuprates [7-131. (The atomic positions for T1Ca3Ba2Cu4011 
were extrapolated from those of the analogous three-layer copper oxide superconductor 
[42].) The atomic parameters are given in table 1. We have included the valence p 
orbitals for T1, Hg, and Pb, since these orbitals are required for a proper treatment of 
charge transfer in the M-0 layers, where M represents one of these metal atoms. We 
extrapolate the energies E ~ ,  E ~ ,  and &d for T1 and Hg from the Bi and Pb energies 
determined above for the Bi-containing superconductors. For T1 atoms (and for Pb or 
Hg replacing Tl), we include the same second-neighbour interactions as were required 
for Bi. 

Our calculated bands for T12Ba2Cu06 are shown in figure 4. We note again the pda 
anti-bonding state of Cu(d)-O( p) near the Fermi energy. The TI-T1 in-plane interactions 
cause the T1 p bands to disperse by about 3 eV from r to D along the [loo] direction. 
These bands do not dip below the Fermi energy as do the Bi p bands in Bi2CaSr2Cu208, 
but the Tl(s)-O( p) hybrid states do cross below EF to about -0.5 eV at r, forming 
occupied electron pockets. The valences for T1,BaZCu06 are shown in table 3. Our 
notation for the atomic sites places oxygen site 0(1)  within the Cu02plane, site O(2) in 
the BaO region separating the Cu and T1 layers, and site O(3) in the T10 layer. In the 
present model, the total density of states at the Fermi energy p(E,) is 2.0 states eV-'/ 
cell. Our calculated valences for T12CaBa2Cu20B [43-451 are also given in table 3; for 
this material, p(E,) = 2.7 states eV-'/cell. 



Tight-binding description of high- T, superconductors 9447 

10 -f t 

." . 
r D z r  X 2 

Figure 4. Electronic energy bands for BCT 

TI,Ba,Cu06. A Tl(s)-O( p) band dips below E F ,  
making both the Cu0,planes andT10 layers met- 
allic. 

, , 

-1 0 
r 0 z r  X Z 

Figure 5. Electronic energy bands for BCT 
T12Ca,BaZCu,0 

Table 3. Valences An for (a )  TI-containing superconductors and ( b )  T1MCaBa2Cu20,. 

- 
TI2Ba2CuO, 1.05 - 1.36 0.89 - -1.10 -1.04 -0.72 - 
Tl,CaBa,Cu,O, 1.05 1.45 1.37 0.86 - -1.13 -1.03 -0.71 - 
T1,Ca2Ba2Cu3OIo 1.06 1.45 1.38 0.54 1.02 -1.27 -1.09 -1.08 -0.65 
TICa,Ba,Cu,O,, 1.07 1.45 1.36 0.90 1.07 -1.12 -1.06 -1.10 -1.17 

~- ~~ ~ 

( b )  
TI M Ca Ba' Cu' O(1)' O(2)' O(3)' 

M=Hg 1.02 0.50 1.45 1.38 1.14 -1.03 -1.10 -0.83 
M=Pb 1.06 1.46 1.45 1.37 0.66 -1.21 -0.98 -0.62 

a Averaged over central Ca( 1) and outer Ca(2) sites for TICa3Ba2Cu4OI1. 
Central Cu(1) site for TI2Ca2Ba,Cu3Olo and T1Ca3Ba,Cu,011. 
Averaged over sites in the unit cell. 

The electronic energy bands of T12Ca2Ba2Cu30,, are shown in figure 5. This 125 K 
superconductor has three anti-bonding Cu(d)-O( p) states which cross EF, cor- 
responding to the triple layer of CuOz planes stacked with Ca ions. Small electron 
pockets are again formed by Tl(s)-O( p) anti-bonding states which dip below E,  to 
-0.6 eV at the symmetry points r and Z .  The atomic valences in table 3 show that Cu(2), 
in the outer Cu02planes adjacent to the BaO layers, has a higher valence than those of 
theotherT1 materials. However, thecentralcoppersite Cu(1) showsadecreasednumber 
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of holes, with a valence of only 0.54. The notation for the oxygen atoms places 0(1)  in 
the central CuO, planes, O(2) in the outer CuO, planes, O(3) in the BaO layer, and 
O(4) in the T10 layer. The calculated p(E,) is 5.3 states eV-'/cell. 

contains four CuO, layers 
separated by Ca ions. The results of the valence calculation for this material in table 3 
show that the inner C u 0 2  layers have fewer holes than the outer layers. 

Let us now consider the modification of the electronic structure when T1 is partially 
replaced by Hg or Pb, focusing on the representative material Tl2CaBa2Cu2O8. We 
perform a single periodic substitution for T1 within the BCT structure. The added hole of 
Hg is found to lower E F  by 0.23 eV, and in the present model there is an increase in 
p(EF) to 4.2 states eV-'/cell. As can be seen in table 3 there is a small increase in the 
valence of both Cu and O(1) in the charge-carrying CuO, planes, indicating that 
hole carriers are added in the superconducting region. A similar calculation for Pb 
replacing T1 shows the Fermi energy to be raised, by 0.19 eV. The valences of table 3 
for TlPbCaBa,Cu,O, indicate that doping with Pb significantly decreases the valences 
of the Cu and 0(1) sites in the CuO, planes. The density of states at the Fermi energy is 
also lowered: p(E,) = 1.9 states eV-'/cell, in the present model. The most obvious 
effect of doping with Hg or Pb in T1MCaBa2Cu208 is thus the shift of the Fermi energy, 
with Hg creating holes and Pb destroying them as one expects. 

The single-T1-layer superconductor T1Ca3Ba2Cu,0 
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