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ORIGINAL ARTICLE

S

SUPERCONDUCTIVITY FROM WEAK TO STRONG
COUPLING IN THE ATTRACTIVE HUBBARD MODEL:
AN OVERVIEW

ARUN KR. SINGH

ASSOCIATE PROFESSOR CUM PRINCIPAL INVESTIGATOR
DEPT. OF PHYSICS
C.M.Sc.College, Darbhanga.

Abstract:

In this review paper we will complement the analysis of the phase diagram to
finite temperature. But, still using exact diagonalization (ED) to solve the impurity
model associated with the DMFT of the Hubbard model. We also compare the normal-
state solutions with the superconducting solutions which are stable at low temperatures.
The use of ED allows us to reach arbitrarily small temperatures, which are hardly
accessible by means of OMC. Quite naturally, the extension of ED to finite temperature
requires a more severe truncation of the Hilbert space.

INDEX-TERMS :

DMEFT, Hubbard model.& Bose-Einstein (BE) superconductivity

INTRODUCTION

The attractive Hubbard model represents an invaluable tool to understand properties of pairing
and superconductivity in systems with attractive interactions. The simplifications introduced in this model
allow a comprehensive study of the evolution from the weak-coupling regime, where superconductivity is
due to BCS pairing in a Fermi liquid phase, and a strong-coupling regime, in which the system is better
described in terms of bosonic pairs, whose condensation gives rise to superconductivity (Bose-Einstein
(BE) superconductivity) [L]. It has been convincingly shown that such an evolution is a smooth crossover
and the highest critical temperature is achieved in the intermediate regime where none of the limiting
approaches is rigorously valid [L, 2]. A realization of such a crossover scenario has been recently obtained
through the development of experiments on the condensation of ultracold trapped fermionic atoms §]. In
these systems, the strength of the attraction can be tuned by means of a tunable Fano-Feschbach resonance,
and the whole crossover can be describedd]].

In the context of high-temperature superconductivity, the intermediate-strong coupling regime in
which incoherent pairs are formed well above the critical temperature has been invoked as an interpretation
of the pseudogap phase 2]. Moreover, since the early days of the discovery of these materials, the evolution
of both the normal- and the superconducting-phase properties with the doping level made some author§ |
6] to recognize the fingerprints of a crossover between a relatively standard BCS-like superconductivity in
the overdoped materials and a strong-coupling superconductivity associated with BE condensation in the
underdoped materials. Indeed, at optimal doping, the zero-temperature coherence length is estimated to be
about 10-20 A [7, 8], i.e., much smaller than for conventional superconductors but still large enough to
exclude the formation of local pairs9, 10]. It is understood that the attractive Hubbard model should not be
taken as a microscopic model for the cuprates, since a realistic description of the copper-oxygen planes of
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these materials unavoidably requires a proper treatment of strong Coulomb repulsion. This simplified
model represents instead an ideal framework where the evolution from weak to strong coupling can be
studied by simply tuning the strength of the attraction. The main aim of the present work is to determine
whether, and to what extent, at least some aspects of the phenomenology of the cuprates can be interpreted
simply in terms of a crossover from weak to strong coupling.

DISCUSSION
The main simplifications introduced by the attractive Hubbard model can be summarized as follows:

(i)neglect of repulsion. Even if some attraction has to develop at low energy, the large short-range Coulomb
repulsion implies that the interaction must become repulsive at high energy in real systems. In some sense,
an attractive Hubbard model picture can at the most be applied to the low-energy quasi particles.

(ii) (ii) The model naturally presents s-wave superconductivity, as opposed to the d-wave symmetry
observed in the cuprates.

(iii) (iii) Neglect of retardation effects. The Hubbard model describes instantaneous interactions, while
every physical pairing is expected to present a typical energy scale.For this purpose a model will be
considered.

The limiting regimes on equal footing overcoming the drawbacks of perturbative expansions.
quantum Monte Carlo (QMC) simulations represent a valuable tool in this regard, and they have been
applied to the two- [2], [11]-[14] and three-dimensional [15] attractive Hubbard model. Even if the sign
problem does not affect these simulations, finite-size effects and memory requirements still partially limit
the potentiality of this approach.

A different non-perturbative approach is the dynamical mean-field theory (DMFT), which
neglects the spatial correlations beyond the mean-field level in order to fully retain the local quantum
dynamics and becomes exact in the limit of infinite dimensions [ 16]. Due to the local nature of the
interaction in the attractive Hubbard model, we expect that the physics of local pairing is well described in
DMEFT. Moreover, this approach is not biased towards metallic or insulating states, and it is therefore
particularly useful to analyse the BE-BCS crossover. On the other hand, the simplifications introduced by
the DMFT are rigorously valid only in the infinite-dimensionality limit, and even if the DMFT has obtained
many successes for three-dimensional systems.In particular, the role of dimensionality in determining the
pseudogap properties of the attractive Hubbard model has been discussed in7].

The study of the attractive Hubbard model can greatly benefit from mapping it onto a repulsive
model in a magnetic field. The mapping is realized in a bipartite lattice [L8] by a “staggered' particle-hole

transformation on the down spins ci ! - l)i(il T-The attractive model with a finite density n
transforms into a half-filled repulsive model with a finite magnetization m = n - 1. The chemical potential
is transformed, accordingly, into a magnetic field h = p. In the n = 1 case (half-filling), the two models are
therefore completely equivalent. We notice that the above mapping not only holds for the normal phases,
but extends to the broken symmetry solutions. The three components of the antiferromagnetic order
parameter of the repulsive Hubbard model are in fact mapped onto a staggered charge-density-wave
parameter (z component of the spin) and an s-wave superconducting order parameter (x-y components).
The above mapping is extremely useful, since it allows us to exploit all the known results for the repulsive
model and for the Mott-Hubbard transition to improve our understanding of the attractive model.

. In particular, a phase transition has been found both at finite [ 19] and at zero temperature [20]
between a metallic solution and a pairing phase of pairs. The insulating-pairs phase is nothing but a
realization of a superconductor without phase coherence, i.e., a collection of independent pairs. As it has
been discussed in [19, 20], this phase is the ‘negative-U' counterpart of the paramagnetic Mott insulator
found for the repulsive Hubbard model. We notice that the insulating character of the pairing phase is a
limitation of the DMFT approach in which the residual kinetic energy of the preformed pairs is not
described. The pairing transition has been first identified in [ 19] by means of a finite temperature QMC
solution of the DMFT. The T = 0 study o20] has clarified that the pairing transition is always of first order
except for the half-filled case, and that it takes place with a finite value of the quasi-particle weight Z = {1 -

[62(0))/6@]} - 1, associated with a finite spectral weight at the Fermi level. As to the onset of

superconductivity, a DMFT calculation of the critical temperature Tc has been performed in [ 19] for the
case of n =0.5. The Tc curve, extracted from the divergence of the pair-correlation function in the normal
phase, displays a clear maximum at intermediate coupling and reproduces correctly both the BCS and the
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BE predictions in the asymptotic limits, remaining finite for all UZ 0.
METHOD

In this research project, we will look at the destruction of the superconducting state in the
attractive Hubbard model through the systematic inclusion of U= 0 sites. A consistent picture will emerge
from an analysis of the paring structure factor and the super fluid fraction, namely that paring survives out
to a dilution of about 3/ 10 of the attractive sites, and that this value is not very dependent on the filling,
although it may be somewhat increased away from half filling , this result is inmarked contrast with data
obtained within the coherent potential approximation , which will show a linear dependence of f crit on the
density. As the fraction f of U= 0 sites will increase the high temperature peak in C (t) which signals local
pair formation, will remain relatively unchanged. The low T peak which signals the establishment of paring
order gets will be pushed down. Although the inclusion of noninteracting sites might remind one of
percolation, the transition here is not percolative . The critical value of f is neither that of classical site
percolation nor of quantum percolation. Finally, we will show that directly at half filling, paring
correlations are enhanced by the inclusion of vacancy sites. We will attribute this effect to the breaking of
degenrecy of the CDW and superconducting order in favour of paring. The obtained results will be
compared with the available literature so that the comment will be made for their suitability.

OBJECTIVE

Hubbard model exists , both on finite lattatices and within dynamical mean field theory where the
momentum dependence of the self energy is neglected. Several interesting effects, including the possibility
of the enhancement of Nee by side disorder, a Mott trasition away from half film, 15 and a change in the
temperature dependence resistivity from insulating metallic behavior when interactions are turned on ,
have been predicted.

SUMMARY

The DMFT extends the concept of classical mean-field theories to quantum problems, by
describing a lattice model in terms of an effective dynamical local theory. The latter can be represented
through an impurity model subject to a self-consistency condition, which contains all the information about
the original lattice structure through the non-interacting density of states (DOS) [ 16]. Starting with the
Hubbard model (1), we obtain an attractive Anderson impurity model.

ACKNOWLEDGEMENT

I 'am very much grateful to University Grants Commission ERO, Kolkata for the financial
assistance (Minor Research Project). I am also grateful to Physics Dept. of C.M.Sc. College, Darbhanga-
846004 for providing the all necessary facilities for my project.

REFERENCES

[1] Micnas R, Ranninger J and Robaskiewicz S 1990 Rev. Mod. Phys. 62 113

[2] Randeria M, Duan J and Shieh L 1989 Phys. Rev. Lett. 62 981

[3] Randeria M, Trivedi N, Moreo A and Scalettar R T 1992 Phys. Rev. Lett. 69 2001

[4] Greiner M, Regal C A and Jin D S 2003 Nature 426 537 Jochim S, Bartelstein M, Altmeyer A,
Hendl G, Riedl S, Chin C, Hecker Denschlag J and Grimm R 2003 Science 302 2101

[5]Sa de Melo C A R et al 1993 Phys. Rev. Lett. 71 3202ross Ref PubMedHaussmann R 1993 Z. Phys. B
91291 Emery V J and Kivelson S A 1995 Nature 347 434

[6]Pistolesi F and Strinati G C 1996 Phys. Rev. B 53 15 168rossRef Andrenacci N et al 1999 Phys. Rev. B
60 12410

[7]Pan S H et al 2001 Nature 413

[8]Iguchi I, Yamaguchi T and Sugimoto A 2001 Nature 412 420

[9]See, e.g., Poole C P, Farach H A and Creswick R J 1995 Superconductivity (New York: Academic)
[10]JUemura Y J et al 1989 Phys. Rev. Lett. 62 2317

[I[1]Moreo A, Scalapino D J and White S R 1992 Phys. Rev. B 45 7544 (R)

[12]Singer J M, Pedersen M H, Schneider T, Beck H and Matuttis H-G 1996 Phys. Rev. B 54 1286

Indian Streams Research Journal ¢ Volume 2 Issue 11 ¢ Dec 2012 3




SUPERCONDUCTIVITY FROM WEAK TO STRONG COUPLING IN THE ............ ]js pace

[13]Singer J M, Schneider T and Pedersen M H 1998 Eur. Phys. J. B2 17

[14]Moukouri S, Vilk Y M and Tremblay A-M S 1999 Phys. Rev. Lett. 83 4128

[15]Sewer A, Zotos X and Beck H 2002 Phys. Rev. B 66 140504R

[16]Georges A, Kotliar G, Krauth W and Rozenberg M J 1996 Rev. Mod. Phys. 68 13
[17]Vilk Y M and Tremblay A-M S 1997 J. Physique 7 1309%CrossRef Kyung B, Allen S and Tremblay A-
M S 2001 Phys. Rev. B 64 07511&rossRef

[18]See, for example, Auerbach A 1994 Interacting Electrons and Quantum Magnetism (New York:
Springer)

[19]Keller M, Metzner W and Schollwock U 2001 Phys. Rev. Lett. 86 4612

[20]Capone M, Castellani C and Grilli M 2002 Phys. Rev. Lett. 88 126403

[21]Caffarel M and Krauth W 1994 Phys. Rev. Lett. 72 1545

[22]Kotliar G, Lange E and Rozenberg M J 2000 Phys. Rev. Lett. 84 5180

[23]Moeller G, Si Q, Kotliar G, Rozenberg M J and Fisher D S 1995 Phys. Rev. Lett. 74 2082
[24]Kotliar G 1999 Eur. Phys. J. B 11 27

[25]Keller M, Metzner W and Schollwock U 2002 J. Low Temp. Phys. 126 961

[26] Heiselberg H, Pethick C J, Smith H and Viverit L 2002 Phys. Rev. Lett. 85 2418

[27]See, e.g., Perali A, Pieri P, Strinati G C and Castellani C 2002 Phys. Rev. B 66 024510

[28]Capone M, Fabrizio M, Castellani C and Tosatti E 2002 Science 296 2364

[29]Capone M, Fabrizio M, Castellani C and Tosatti E 2004 Phys. Rev. Lett. 93 047001

Indian Streams Research Journal ¢ Volume 2 Issue 11 ¢ Dec 2012 4




Publish Research Article
International Level Multidisciplinary Research Journal
For All Subjects

Dear Sir/Mam,

We invite unpublished research paper.Summary of Research
Project, Theses,Books and Books Review of publication,you will be pleased to
know that our journals are

Associated and Indexed,India

= International Scientific Journal Consortium  Scientific
= OPEN J-GATE

Associated and Indexed,USA

«Google Scholar

=EBSCO

«=DOAJ

«Index Copernicus

ePublication Index

«Academic Journal Database
«Contemporary Research Index
«Academic Paper Databse
#Digital Journals Database
«Current Index to Scholarly Journals
«Elite Scientific Journal Archive
«Directory Of Academic Resources
«3cholar Journal Index

«Recent Science Index

=3cientific Resources Database

Indian Streams Research Journal

258/34 Raviwar Peth Solapur-413005,Maharashtra
Contact-9595359435
E-Mail-ayisrj@yahoo.in/ayisrj2011@gmail.com
Website : www.isrj.net




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7

