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Quasiparticle gap in a two-dimensional Kosterlitz-Thouless superconductor
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The negative-U Hubbard model, doped away from half filling, is believed to undergo a Kosterlitz-
Thouless transition into a superconducting state with power-law pair-field correlations. We have used

numerical simulation techniques to calculate the temperature dependence of the spin susceptibility and

the single-particle density of states. These quantities show that a gap in the single-particle spectrum

develops for a two-dimensional layer in the Kosterlitz-Thouless state.

The two-dimensional negative-U Hubbard model pro-
vides perhaps the simplest many-body description of a sin-

gle layer which can become superconducting. For a half-
filled band (one electron per site), the degeneracy of the
charge-density-wave (CDW) phase and the superconduct-
ing phase drives the transition temperature to zero. How-
ever, when the system is doped away from half filling, the
CDW correlations are suppressed and the system is be-
lieved to undergo a Kosterlitz-Thouless' transition into a
superconducting state with power-law pair-field correla-
tions. -' Here we examine the nature of this state as
determined from numerical simulations of the spin suscep-
tibility g(T) and the single-particle density of states
IV(to).

The Hubbard model we have studied has a near-
neighbor hopping t and a negative on-site U interaction:

H = —tg (c;,.c„,+c;,.c;, )+Urn;tn;1 —ttgn;, .
(ij) I 1$

Here c;, creates an electron of spin s on the ith site of the
lattice, (ij) are near neighbors on a two-dimensional
square lattice, and n;,. =c;,c;,. The numerical simula-
tions reported here were carried out for an 8&8 periodic

I

C(l) =(6;+(A;t), (2)

with h, ; =c;
~ c;~. The open squares in Fig. l show the

Monte Carlo data for C(4, 4) corresponding to the largest
possible separation on an 8x8 lattice. From a finite-size
scaling analysis, the Kosterlitz-Thouless transition tem-
perature (TxT) of the infinite two-dimensional lattice was
estimated to be of order O. l t for U/t = —4 and (n) =0.87.
On an 8 x 8 lattice, the pairing correlations extend over
the finite-size lattice at higher temperatures than this, as
seen from the rapid growth of C(4, 4) for temperatures
less than 0.2t in Fig. 1(a).

The spin susceptibility

lattice. Qualitatively similar results were obtained for
4&4 and 6&6 lattices and at different densities. The
chemical potential was set such that the average site occu-
pation was (n) =0.87. This corresponds to having of order
8 holes (56 electrons) on the 64-site lattice. ' The on-site
interaction, for most of the results reported here, was tak-
en as U/t = —4, corresponding in magnitude to half the
bandwidth of 8t.

The onset of superconductivity was monitored by study-
ing the equal-time pair-field correlation function

r j9

g= lim —ge'v „dr([n;+t t(r) —n;+t t(r)][n; (1)0n; (10)—])
I

is denoted by the solid squares in Fig. 1. For U/t = —4,
Fig. 1(a), at temperatures well above the TKT, g ap-
proaches a constant Pauli-like behavior with g approxi-
mately equal to the single-particle density of states iV(p)
at the Fermi energy. As the system is cooled and pairing
fluctuations developed, g begins to decrease. As the sys-
tem enters the Kosterlitz-Thouless phase and correlations
extend across the 8 x 8 lattice C(4,4) rises and g decreases
dramatically indicating the opening of a superconducting
gap. Figure 1(b) shows a similar behavior for U/t = —6.
Note that in this case, the deviation in g begins at a higher
temperature and the value of g at temperature well above
TqT is smaller than for U/t = —4. This reduction of the
high-temperature susceptibility reflects the decrease in the

I

local moment" due to the increase in double site occupa-
tion (n;in;t) at temperature less than IUI.

In order to further explore the nature of the two-

dimensional superconducting state and the existence of a

gap in the quasiparticle spectrum, we have calculated the
single-particle density of states

iV(co) =—QA(p, co) .
l (4)

jv I,

Here A(p, co) is the single-particle spectral weight, which

we have determined from the Monte Carlo data for
the single-particle Green's function

G(p, r ) = —(Tct, (r )c,', (0))
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