Heterogeneous High Temperature Cuprate Superconductors
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Abstract

The boundary between highly under-doped and over-doped cuprate superconductors is studied within the frame-
work of the slave-boson mean-field theory of the ¢-J model. Because of the proximity effect of singlet resonating
valence bond order, the superconductivity appears at the boundary even when there is no bulk superconductivity.
Remarkably, the transition temperature of this “boundary superconductivity” exceeds the maximum superconduct-

ing transition temperature of the base material in the bulk.
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1. Introduction

In the slave-boson mean-field theory of the ¢-J
model, the singlet resonating valence bond (s-RVB)
order of spinons and the bose condensation of holons
are considered to be essential ingredients of the super-
conductivity [1-4]. Until now, it has been clarified that
this picture explains the most physical properties of
the cuprate superconductors very well [5,6]. Although
there still remain some subtle questions about the va-
lidity of the spin-charge separation, the ¢-J model may
be considered as an effective model, which captures
the essence of the cuprate superconductors.

In this paper, we consider the situation where the
doping rate is spatially varying. We especially study
the boundary between highly over-doped and under-
doped regions, existing in the same CuO2 plane. We
consider that, in the over-doped region, holons are
bose-condensed and, in the under-doped region, the
s-RVB order exists. In general, when an ordered phase
touches a disordered phase at a boundary, the order
penetrates into the disordered region with a charac-
teristic penetration length, a phenomenon known as
the “proximity effect”. Therefore, in our case, it is
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expected that the holon condensate and the s-RVB
order coexist at the boundary, suggesting a possibility
of finding superconductivity there. Remarkably, the
transition temperature of this “boundary supercon-
ductivity”can be as high as the transition temperature
of the s-RVB order, namely the pseudogap tempera-
ture, which largely exceeds the maximum supercon-
ducting transition temperature of the base material.
Our idea has some relation with the “spin-gap prox-
imity effect” previously introduced by Emery, Kivelson
and Zacher [7] based on a somewhat different model
of high temperature superconductors. Here we es-
pecially study, based on a simple Ginzburg-Landau
(GL) theory, the linear boundary between over-doped
and under-doped region existing in a two-dimensional
CuOgz plane. This situation may also be accessible
employing several experimental techniques.

2. Ginzburg-Landau theory of t-J model

The Hamiltonian of the ¢-J model is given by
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where fi, and b; are the annihilation operators of the
spinon and holon, respectively, with the index ¢ and o
standing for the lattice cite in two dimension and the
spin index, respectively. S; denotes %Za,@‘ f;aaagfw
with 0.8 being Pauli matrices. A; is the Lagrange mul-
tiplier to exclude double occupancy. Within the frame-
work of the slave-boson mean-field theory [3,4], two or-
der parameters (OP’s) are introduced to describe the
low temperature phase of the cuprate superconductors,
which are the s-RVB OP, A;; = %(fnf]-l — fifit),
and the holon condensate density, B; = (b;).

Our next purpose is to derive the GL theory which
describe the spatial variation of A;; and B;. We assume

1) B; is almost fixed to the density of dopants be-
cause of a strong Coulomb interaction. Therefore
it is treated as an external parameter.

2) Ayj favors d-wave symmetry and it is described
by a single complex OP, A4(r), in the continuum
limit.

The GL free energy of Ag4(r) is obtained using a con-
ventional perturbation technique as [8]

Firve = aalAd]® + B|Ad|* + 7a|TTAG)?, (2)

where IT = —iV+(27/¢0) A with ¢o = he/(2e). A(r) is
the vector potential. Here the CuOs plane is set parallel
to z-y plane. The GL coefficients are given by
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where N (0), 0 and D are the density of states at Fermi
energy, the doping rate and the band width, respec-
tively. ¢(z) is the zeta function. The transition temper-
ature is given by Ty ~ T* exp[—1/{2V N(0)(1 — §)*}]
with T = 2De” /7 where v is the Euler’s constant and
V denotes 3.J/8. The doping dependence of the GL co-
efficients comes from Ty, aq and . Among them, the
dependence arising from 73 is dominant.

3. The boundary superconductivity

We assume that the holon condensate and s-RVB
order occupy the region z > 0 and x < 0, respectively.
This situation is incorporated by setting Ty ~ T at
< 0and Ty < T at z > 0. We denote the transition
temperature of the latter region by T3;. The solution of
Aq4(r), then, reads
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where Ay is the equilibrium value of the gap at © —
—o00. We note that Ay and its derivative is continuous
at £ = 0. The coherence lengths, & and &, charac-
terize the strength of the proximity effect. These are
given by

for x > 0, (7
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c1 and ¢z are constants defined in eq. (5). Since the
holon condensate is assumed in z > 0, we conclude

that the superconductivity appears in the region 0 <
T <&

C:
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4. Discussion

We have demonstrated that the superconductivity
appears at the boundary due to the proximity effect
of s-RVB order. Except when &g is divergently large
(namely T ~ Ty), the energy gap is of the order of
Ay and the width of the superconducting region is of
the order of the bulk superconducting coherence length
of the base material at T = 0. Therefore it may be
experimentally observable. For example, the field effect
transistor may be an appropriate experimental setup to
realize our proposal [9], if the spatially varying doping
rate can be managed. Careful crystal growth may also
realize this system.
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