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Within the BCS framework generalized Fermi surface topologies, modeled with band overlapping, are
proposed as a mechanism to enhance the electronic density of states at the Fermi level. This band
overlapping allows the high-T. values observed in cuprate superconductors at different pressures. With
this approach the correlation between the critical temperature, the charge carrier density and the
pressure is obtained in terms of the coupling constant and the band overlapping parameter. In order to
obtain numerical results the model is applied to a Tl-based superconductor.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

At present it seems well established that the superconducting
and normal state properties of high-T. cuprates and other related
ceramic compounds depend strongly on the charge carrier
density. It is commonly believed that the charge -carriers
responsible for the superconducting pairing of many high-T.
cuprates are holes mainly confined to the CuO, layers [1]. The
charge carrier density ny, is defined as the number of holes per
CuO, layer. Taking this property into account a two-dimensional
(2D) fermion gas is a good model for high-T. cuprates.

The principal experimental results in cuprates related to the
charge carrier density can be summarized with the following
points [2]: at atmospherical pressure, the concentration of charge
carriers in the CuO, planes can be changed either by changing the
oxygen concentration or by substituting some suitable element in
the charge reservoir layers which lie between the CuO, planes.
Experimentally, n;, can be changed by preparing various samples
with different doping. The critical temperature T. depends on the
carrier concentration and for most cuprates it is generally
accepted that it obeys an inverse parabolic relation with the hole
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concentration ny,. The maximum T (Tcmax) appears at the optimal
carrier concentration, nyep,. Compounds with lower ny, are said to
be underdoped while compounds with higher n;, are said to be
overdoped.

On the other hand, the high-T. cuprate superconductors
(HTSC) have been extensively studied under high pressures
[3,4]. The pressure is an important parameter capable of
increasing the T, of several HTSC. However, this is not a general
trend for all HTSC. It is known both from experiments and
calculations that the application of high pressures is a useful
mechanism to modify the charge carrier concentration ny,. T.(p) is
expected to follow a parabolic curve, which is indeed observed for
a number of compounds [5]. This parabolic behavior can be
different in some high-T. superconductors in which nonequiva-
lent superconducting layers are present due to the peculiarities of
the crystallographic structure. Nevertheless, pressure can increase
Temax to a value higher than the one obtained at any doping under
atmospheric pressure, implying that there exists an intrinsic
enhancement of T. due to pressure. The resulting T.(p) of every
compound is determined by the combination of these effects,
which provide important clues to the existence of superconduc-
tivity at higher temperatures.

High-pressure experiments can be done to find new materials
and to test theoretical models, since the pressure dependence of
T. must be predicted correctly by the theory. The hydrostatic
pressure modifies the lattice parameters taking into account the
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specific compressibility of each HTSC under pressure: it is widely
noted that these parameters are intimately related to the nature of
the electronic band structure of the superconducting cuprates.
Additionally, first principle calculations show overlapping energy
bands at the Fermi level [6]. The short coherence length observed
in high T. superconductors has been also related to the presence
of overlapping energy bands [7].

The predominant dependence of T. on the electronic density of
states (DOS) on the proximity and at the Fermi level is supported
by numerous experiments. An increase in DOS favors higher T,
values. In order to increase the DOS for the 2D system at the Fermi
level, a generalized Fermi surface with two overlapping bands is
proposed as a prototype to describe multiband HTSC [8]. The
energy band overlapping modifies the DOS near the Fermi level
allowing the high T. values observed. A similar effect can also be
obtained with other mechanisms as a van Hove singularity in the
DOS [9].

In this work, a simple schematic form of these generalized
surface structures is proposed for a 2D fermion system. Within the
BCS framework, a generalized Fermi surface with two overlapping
bands is proposed. This model is applied to study the behavior of
HTSC with equivalent CuO, layers, i.e. with only one kind of
charge carriers, in order to separate doping and intrinsic effects on
T. under pressure. Different doping and high pressures are
considered. An important issue to address is how the variation
of pressure affects the bands overlapping so that T, increases.

2. Theory

A generalized Fermi sea of concentric shells of occupied orbitals
is considered. The basic hypothesis of the model with two
overlapping bands is introduced by the following particular
distribution in momentum space:

g = O(yks — k) + O(pke — k)O(k — Bkp), (1)

with kg the Fermi momentum, and 0< ff <y < 1. The distribution in
momentum space induces one in energy, Ez = BPEp <E, = y?E¢ [8].
Eg is the Fermi energy. There is only one independent parameter
because they must satisfy 272 — [32 =1 to keep the average
number of electron states constant. Then y? is the overlapping
parameter, if 2 = 1 the distribution in momentum space reduces
to the normal one.

The gap equation at T =T, is the starting point. In this
approach, an integral related to each band is obtained.
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where 4 = VoD(E) is the coupling parameter, with D(E) the DOS
of a bidimensional system. kg is the Boltzmann constant,
Er = (hzn/m)nzp, with nyp the number of carriers per CuO, layer.
The phonon-mediated effective interaction is considered to be a
constant V =V, within a range of the order Ep = hwp at E,, and
zero elsewhere. Here Ep and wp are the Debye energy and
the cutoff frequency for phonon-mediated superconductivity,
respectively.

The integration in the surface at E, in the first band is restricted
to states in the interval E, — Ep <Ey<E, + Ep. In the second band,
in order to conserve the particle number, the integration is
restricted to the interval Eg = (2y% — 1)Ep<Ey <Ej, if E, + Ep>Ep,
while Er — E, <Ep implies that the energy difference between the
anomalously occupied states must be provided by the material
itself. Then the overlapping parameter > must be in the

range y3 <y? <1 where the minimum overlapping parameter y3 =
1 — Ep/Er is determined by the Debye limit. It means that the
maximum overlapping is given by 1 — 3.

After the integration, a relationship between A and the
characteristic parameters 2, T. and T can be obtained for high-
T. compounds. It is possible to obtain a numerical exact solution
or an approximate analytical expression for these integrals [10]. In
any case a specific material must be selected to introduce the
available experimental data. Ranges for the coupling parameter 4,
and the overlapping parameter 2, consistent with the model and
the experimental data, can be obtained for each material.

3. Results

In this work, characteristic properties of HTSC are evaluated.
The two overlapping band model has been applied to describe
HTSC with different number of layers [10]: however, in order to
separate doping and intrinsic effects on T. under pressure a
system with only one kind of charge carriers in the CuO, layers
must be considered, nyp = ny,.

A systematic investigation of TlysPbgsSr,Ca;_YxCu,O; was
carried out by Liu [11]. They changed the charge carrier density ny
of the CuO, layers by adjusting the doping x. This system exhibits
superconductivity over the entire range from x =0 to 0.6. The
maximum T. is obtained at x = 0.21. Thus, samples at atmo-
spheric pressure were available at different points on the T.(x)
curve. Initially, the model proposed here is applied to study the
behavior of this material with different doping.

The possible T, values for this cuprate, from Eq. (2), that the
model with two overlapping bands can predict at atmospherical
pressure are calculated. In Fig. 1, T, as function of 4 in the weak
coupling regime /<0.58 is shown. Different 72 values in the range
1<y?<y3, for nyp =npe, = 0.16 [12], were considered. The
continuous curve shows the relationship between T. and 4, with
maximum overlap, y? = y3 = 0.88, for this carrier density. The
other curves are calculated at intermediate overlaps, the small
dashed curve with 2 =0.94 and the large dashed one with
7% = 0.96. Consistent with the maximum experimental T, value
for TlgsPbgsSryCa_xYxCu, 0, obtained at atmospheric pressure
we obtain, with all these overlapping parameters, a T, = 105K at
A=0.5,0.52 and 0.56, respectively. All the curves are strictly
increasing with T.: then for a given overlap the system requires
bigger A values to reproduce higher T. values. From this figure it is
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Fig. 1. T as a function of the coupling parameter A, with nyp =0.16 for
Tlo5Pbg 5SroCay_YxCu,07. The continuous curve shows the results with y? = 3.
T. = 105K is obtained at A = 0.5, consistent with the maximum experimental T,
value for this cuprate. The other curves, from top to bottom, are calculated with
7% = 0.94 and 0.96.
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