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On the basis of tight-binding band electronic structure calculations, we examined why TISTRCuQOs (R
= La, Nd) is a superconductor while its analog TIBaRCuOjs and its homolog TISrRCaCu,0; are not.
Our study strongly suggests that, for a T1-O single rock-salt layer phase with very short in-plane Cu-O
distance such as TISTRCuOs, the CuO, layer x2-y2 band is raised high enough in energy for the TI-O

layer to create holes in the CuO, layer.

The presence of holes in CuQ, layers is es-
sential for superconductivity in p-type cu-
prate superconductors (/-5). These cu-
prates are divided into three classes, based
on the cations occupying the 9-coordination
sites adjacent to the CuQ, layers (5, 6). To
first approximation, the superconducting
critical temperature T, of every class is rep-
resented by an inverted parabolic function
of the hole density of the CuO, layer (5, 7).
Holes are generated in the CuO, layer (i.e.,
the average formal oxidation state of copper
isincreased beyond + 2) by several different
mechanisms such as oxygen excess, cation
vacancy, and cation substitution. In YBa,
Cuy0¢, (x = 0-1), oxygen atoms loss from
the Cu~O chain alters the formal oxidation
states of the chain copper atoms and conse-
quently changes the hole density of the
Cu0, layer (8-10). In the T1-0O double rock-
salt layer phases Tl,Ba,Ca,_;Cu,0,,,,, the
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bottom of the Tl 6s-block bands lies below
the Fermi level (11—-13) so that the Tl 6s-
block bands remove electrons from the
CuO, layer x*-y? bands; i.e., the TI-O lay-
ers create holes in the CuO, layers. How-
ever, this is not the case for the T1-O single
rock-salt layer phases TIBa,Ca,_,Cu,0,,.
(11-13). Earlier band electronic structure
studies on Bi,Sr,Ca,_,Cu,0,, ,, in which
ideal rock-salt structures were postulated
for the Bi—O layers, suggested that the bot-
tom of the Bi 6p-block bands lies below the
Fermi level, in disagreement with experi-
ment (/4-15). This incorrect conclusion is
due to the use of ideal rock-salt structures
for the Bi-O layers (16). The holes of the
Bi,Sr,Ca,, _;Cu,0,, ., phases are generated
in part by excess oxygen atoms in the Bi—-O
layers (17, 18).

Several modifications of the TI-O single
rock-salt layer phases TIBa,Ca,_Cu,0,,.

0022-4596/91 $3.00
Copyright © 1991 by Academic Press. Inc.
All rights of reproduction in any form reserved.



404

have been made, which include ASr,Ca,_;
Cu,0,,.;[A = Tl sPbys (19),n = 2, 3; A
= Tl sBiys (20), n = 2), TIBaRCuOs (R =
La, Nd) (/2, 13), and TISrRCa,_,Cu,0,,., 1
(R = La, Nd) (21, 22). The ASr,Ca,_,Cu,
0,, .3 Phases are superconductors, like their
analogs TIBa,Ca, _,Cu,0,,,; (19, 20). The
formal oxidation states of the copper atoms
expected for ASr,Ca,_,Cu,0,,, ; are Cu>**
(Cu?*),_, (23, 24), slightly smaller than
Cu**(Cu?"),_, expected for the copper
atoms of TIBa,Ca,_,Cu,0,,.;. The TIBaR
CuO; phase is not a superconductor (12, 13),
which is not surprising because the copper
oxidation state is expected to be Cu?*. How-
ever, its isostructural phase TISrRCuO; is
a superconductor (27). On the other hand,
TISrRCaCu,0, (R = La, Nd), for which the
copper oxidation state is predicted to be
Cu?* as in TISrRCuOs, is not a supercon-
ductor (22). In the present work, we exam-
ine the origin of these apparently puzzling
observations.

The crystallographic a-parameters of
TIBal.aCuOs, TISrLaCuOs, and TISrLaCa
Cu,0, are 3.849 (25), 3.761 (21), and 3.828 A
(22), respectively. These a-parameters are
approximately twice the respective in-plane
Cu-O bond lengths. Thus, the in-plane
Cu-0 bond of the superconducting phase
TISrLaCuOs is considerably shorter than
those of the nonsuperconducting phases
TIBal.aCuOs and TiSrLaCaCu,0O,. The par-
tially filled bands responsible for the super-
conductivity of the p-type cuprates are the
CuO, layer x’-y? bands, which are anti-
bonding in nature and extend between the
in-plane Cu and O atoms (5-7, 26). There-
fore shortening of the in-plane Cu-O bond
length should raise the x>~y?band in energy.
When the in-plane Cu-O bond is signifi-
cantly short as in TISTRCuOs (R = La, Nd)
the Fermi level could rise above the bottom
of the Tl 6s-block bands, so that the T1-O
layer creates holes in the CuQ, layer. We
examined this possibility by performing ex-
tended Hiickel tight-binding (EHTB) band
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FiG. 1. Top and bottom of the x>-y? band calculated
for a flat CuO, layer as a function of the in-plane Cu-O
bond length, where the Fermi level is for the half-filled
case.

calculations ({1, 14, 23, 27) on a flat Cu0O,
layer and a model Tl1-O single rock-salt
layer. The atomic parameters employed in
this work were taken from Ref. (11).
Figure 1 shows the top and the bottom of
the x*-y? band calculated for a flat CuO,
layer as a function of the in-plane Cu-O
bond distance, where the dashed line refers
to the Fermi level for the copper oxidation
state Cu®* (i.e., half-filled band). Note that
the x2~y? band is raised as much as ~1.1eV
when the in-plane Cu-O distance is short-
ened from 2.00 to 1.85 A. To examine the
Tl 6s-block bands of the superconducting
phase TISrLaCuOQs, we construct a model
T1-O layer on the basis of its a-parameter
(3.761 A) @I). In general, the TI-O layers
of Tl,,Ba,Ca,_,Cu,0,, , .+, do not adopt an
ideal rock salt structure because such a
structure leads to a long in-plane TI-O dis-
tance of a/V?2 (e.g., 3.761/V/2 = 2.659 A for
TISrLaCuQy) (7, 11). The structures of the
real TI-O layers deviate from an ideal rock-
salt structure to produce short in-plane
TI-O contacts, thereby leading to ladder-,
chain-, or island-like patterns (7, 11, 14).
As shown in Fig. 2a, we adopt a chain-like
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Fi1G. 2. (a) Chain-like pattern adopted for the Ti-O
layer of TISrLaCuQs. (b) Arrangement of the out-of-
plane oxygen atoms (Q,,) at each Tl atom above and
below the T1-O plane.

pattern for the T1-O layer of TISrLaCuOs
with in-plane T1-0 of 2.30 A. Then, two out-
of-plane oxygen atoms (O,,) are attached to
each Tl atom of Fig. 2a with the bond angle
# as defined in Fig. 2b, where the dotted line
bisects the in-plane O-TI-O arrangement.
Figure 3 shows how the bottom of the Tl 6s-
block bands calculated for this TI-O single
rock-salt layer varies as a function of the
TI-0,, distance and of the bond angle 6. The
bottom of the Tl 6s-block bands is lowered in
energy with increasing the Ti-O,, distance
because this band is antibonding between
the Tl and O atoms. It is aiso lowered when
the bond angle 8 increases from 90° due to
the mixing of the Tl in-plane 6p-orbitals into
the Tl 6s-orbital, which leads to an in-plane

eV
(@

275 208
-0y A

Fi1G. 3. Bottom of the Tl 6s-block bands calculated
for the model T1-O layer representing the TI-O layer
of TISrLaCuO:s as a function of the T1-0,, distance for
the cases of (a) 8 = 90° and (b) 8 = 95°.
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hybrid orbital directed away from the chain
atoms (28).

It is clear from Figs. 1 and 3 that, for a
system like TISTRCuO; (R = La, Nd) for
which the a-parameter is short, the Fermi
level of the half-filled x*>-y? band very likely
lies above the bottom of the Tl 6s-block
bands, so that the T1-O layer creates holes
in the CuO, layer. For a system with alonger
a-parameter, the Fermi level of the half-
filled x>-y* band would be lowered below
the bottom of the Tl 6s-block bands, so that
the Ti-O layer does not generate holes in
the CuO, layer. This situation should be ap-
plicable for TISrLaCaCu,0,, because this
compound is not a superconductor and be-
cause its a-parameter is greater than that of
TISrLaCuOs. To summarize, the supercon-
ductivity of TISTRCuOQO; is due most likely
to the fact that its short in-plane Cu~-O bond
raises the x’~y? band high enough in energy
to place the Fermi level above the bottom
of the TI 6s-block bands. The difference of
TiSrRCuO; from TiBaRCuO; and TISrRCa
Cu,0, in superconducting property origi-
nates essentially from the fact that the in-
plane Cu-O bond length is strongly affected
by the steric effects of the cations located at
the 8- and/or 9-coordination sites adjacent
to the CuO, layer (5-7). Solid solution stud-
ies of TIBaLaCuO;s and TISrLaCuO; reveal
(29) that the a-parameter of the solid state
TI(Ba,Sr,_,)LaCuQy increases gradually
with increasing x, and that the solid solution
loses its superconductivity when x > 0.6.
These results are consistent with our con-
clusions.
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