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Superconductivity in the two-dimensional Hubbard model close to
the metal-insulator transition: A strong-coupling description

Janusz Zieliski and Marcin Mierzejewski
Institute of Physics, University of Silesia, 40-007 Katowice, Poland

Peter Entel
Theoretische Physik, Gerhard-Mercator-UniversiBuisburg, 47048 Duisburg, Germany
(Received 9 December 1997

We discuss the problem of phonon-induced superconductivity in the two-dimensional Hubbard model close
to the metal-insulator transition. The Coulomb correlations have been taken into account within the Hubbard |
approximation, whereas superconductivity is treated by the Eliashberg scheme. The superconducting transition
temperature has been evaluated for the anisot®piave andd-wave channels. Results support the view that
the gap function is of mixedd+s wave, symmetry but with a dominatingl-wave component.
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The actual symmetry of the order parameter in high-where
temperature superconductors is still ur;}sczttled. There is ex-
perimental evidence fai-wave symmetry™" However, one
cannot exclude admixture of components withlike HO:EK: (Sk_'“)\PZTﬂ’kJFEq: ©qBq By @
symmetry>® In particular, there is a new class of Josephson
tunneling experiments that provide convincing arguments foand
mixed d- and s-wave pairing, at least in YBCO®.On one
hand, in systems under consideration, superconductivity oc-
curs in the vicinity of the metal-insulator transition. On the Hl:% 9kk+q\P;+qT3q’k(th+Bq)’ 3
other hand, there is evidence for strong electron-phonon in- '
teractions that can contribute to the formation of a superconwith the Nambu notation****%7,...7, stand for the Pauli
ducting state and modify phononic properties below the tranmatrices. The band energy is,=—ty(k), where y(k)
sition temperatur&.*® Therefore, one may expect that the =2(coska+coska) for the nearest-neighbor hoppig
symmetry of the gap function can be related both to Couis the chemical potential. In the systems under consideration
lomb correlations and the electron-phonon interaction. Th@ne deals with highly ionic layers close to the metallic
problem that arises is, how to consider the metal-insulatogheets. The ionic contribution dominates in the electron-
transition within the strong-coupling theory of superconduc-phonon interaction. Therefore, it is justified to model
tivity (see Ref. 11 for the Eliashberg formalism phonons by an Einstein oscillator of frequeney. The

This can partially be taken into account within the mean-electron-phonon interaction given tty; will be considered
field approximation for the slave-boson fieléi®f the two-  within the Eliashberg scherie!3-2%and we assumeas an
dimensional Hubbard model. Using this scheme we find thagnergy unit. It can be provéd (also for multiband
d-wave symmetry dominates for small dopitig:*However,  model¢®19 that to account for local Coulomb repulsion in
this approach does not allow us to reproduce the formatiothe Hubbard | approximatidh one has to renormalize the
of the insulating gap in the density of states at half filling. electron propagator in the Dyson equation
The same refers to the more refined perturbative treatment of
Coulomb correlation$? The simplest approach that allows Sio)=Gol(io)—G, iw), 4)
us to mimic the metal-insulator transition is the Hubbard |
approximationt® One should be aware that this approxima-which corresponds to the substitution
tion neither reproduces the Hartree-Fock solution for small
values of the Coulomb repulsidda nor fulfills the Luttinger
theorem. These drawbacks are certainly important when con-
sidering superconductivity within the bare Hubbard model.
However, in the case of phonon induced pairing this apWith
proach can be useful to discuss pairing in the vicinity of the
metal-insulator transition, even if this approximation overes-

G (iw)— e 0

Goc ()= 0 —Gyl(—iw)+e ) ©

(ot piota-U)

timates the magnitude of the insulating gap as a function of Gar (i) = (ioj+p)—U(1—n/2) " ®)
U. This is the problem we address in this paper.
The Hamiltonian is of the form w; is the Matsubara frequency,=(#/B)(21+1), B
=(kgT) L. In the present notation the usual ansatz for
H=Hy+H,, (1) S(w) is of the formt™13
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2(io)=[1-Z(iw)]iojTo+ ¢k(iw|)71+)(k(iwl)73a(7)

whereZ, (i w;) stands for the wave-function renormalization
factor that can be considered as a momentum-independent

quantity Z(iw)=Z(iw).}* ¢(iw) denotes the
momentum-dependent order parameter
(i) = doliw) +y(K)d(iw)+n(k) b, (iw) (8

with (k) =2(coska—coska). Here, ¢, ¢,, ¢, denote
the s-wave, extended-wave, andd-wave amplitudesg,,

and ¢, originate from nearest-neighbor Cooper pairs. In

what follows we will neglect the energy shift, and make

use of the Kresin’s method of introducing an average phonon

frequency(Q) (Ref. 20

(@)

Ve 27TkBTC ’

9
corresponding to the frequency of an Einstein oscillaigr
We assumewy= 0.1t throughout this paper.

At T=T, thes symmetry separates from tldesymmetry

and one gets the following system of Eliashberg equations

) 1 A2 )
Z(Iw|)=1+m§ (|—I'])—2+1/2d2(lwn), (10)
. 1 VP . .
¢v("‘")=ﬁg (I_n)—2+v2d7;2(|wn)¢n(|wn)a
” (11
. 1 A v . .
¢>o(lw|)=§; (l_m—z+vz[do(lwn)¢o(lwn)
+d,(iwn) ¢, (ioy)], (12
1 A2 i,
plion=3 3 o |4yt S0
+d,2(i wy) M : (13
where

dz(i wy) = % ; dy(i wp) 0,(2U(1—Nn/2)(U—2u) + w?

+ P+ [Z(iwy) — 13+ [ w—U(1-n/2)]?}),

(14
do(iwp)
3:2((22““)) = % ; di(iwp){wi+[w—U(1-n/2)]%}
d,2(iwn)
1
;2(&)) ! (19
7%(k)

and
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FIG. 1. The superconducting transition temperature as a func-
tion of band filling. Here, s refers to T, for s-wave
+extendeds-wave channel wheread corresponds tod-wave
symmetry. The dashed curves represent the results for the uncorre-
lated case and solid curves have been obtained within the Hubbard
| approximation J=2t). A\ and\, are the electron-phonon cou-
‘pling functions, where the first one determines the magnitude of the
renormalization factoZ (and accounts fos-wave superconductiv-
ity) and the second one is responsible for anisotropic superconduc-
tivity.

di (i) = (of + 1?) (@} + (u—U)*+2{ o[ Z(iw) ~ 1]
—(u=U)e)+2U(1-n2){of{(Z(iw)—1]
X(U=2p)+ (2=~ wf=U,)}
+Hof +[p=U(1-n2)]%}

x{wf+[Z(iw)— 112+ &} (16)
When considering superconductivity originating from
nearest-neighbor Cooper pairs, one obtains two different

electron-phonon coupling functionsandX ,.**~*>2!In gen-
eral,\ and\ , depend on the occupation numB&however,
in order to simplify the numerical calculations, we consider
them as parametet3:1°

Figures 1 and 2 show the dependence of the supercon-
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FIG. 2. The same as in Fig. 1 but for=4t.
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ducting transition temperature on the occupation number foapproaching the metal-insulator transition at half filling.
different types of symmetry of the order parameter.Therefore, this simple description may partially account for
First.  One can note that the renormalization introducedthe d+ s-wave scenario of high-temperature superconductiv-
within the Hubbard | approximation leads to results WhiChity_ One must be aware that the Hubbard | approximation
correspond to the experimentally observed behav®c-  does not reproduce the Hartree-Fock term that is of repulsive
ond: The superconducting transition temperaturesfoand  character and destroys locaiwave pairing in the purely
d-wave superconductivity is of the same order of magnitudejectronic channéf However, its role may be of minor im-

in the physically interesting region of concer)tration of _holes. ortance when considering superconductivity originating
Both these features are related to the opening of the insulafzym strong electron-phonon interactions in the vicinity of
ing gap. The insulating gap increases wlith which implies  yho metalinsulator transition. We expect that if we would
the shift in the position of maximal.-values in Figs. 1 and use an improved treatment of correlation effe@itke the

2. A larger value ot would imply a higherT, yalue f‘?r the two-pole approximatioff) then qualitatively the result for
s-wave channel and larger valuesof would imply higher the mixing ofs- andd-wave pairing will not change.

Tc's for extendeds-wave andd-wave symmetries. Dué 0 \ye have not taken into account many-body effects that
the fact that the extendesdwave contribution becomes small 0\ i the perturbative treatment of Coulomb correlations
because of the nesting of the Fermi surfacerfes1, it is ;4 contribute tod-wave pairing® The incorporation of

clear that it is the isotropis-wave component that adds 10 yhege effects in a strong-coupling theory of superconductivity
the d-wave component. Previously we used the slave-bosoith the inclusion of the metal-insulator transition could

method to deal with correlatiorior mathematical simplicity complete the actual picture of high-temperature supercon-
in the U— o limit*>!. In the present work finite values of ductivity.

U have been considered and the results clearly showsthat
and d-wave components can mix considerably. In addition, J.Z. appreciates the financial support from the Alexander
one can see that both types of pairing rapidly vanish whewon Humboldt Foundation.
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