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Abstract

We have studied the possibility of superconductivity (SC) in the titled model by computing the SC condensation energy
per site as the energy gain in the d-pairing SC state using the variational Monte Carlo method. Its bulk limit was obtained
by "nite-size scaling with approximately "xed electron density o. This value survived "nite for o*0.84 when next n.n.
transfer energy t@ satis"ed !0.25t)t@)!0.10t with on-site Coulomb energy;"8t; here t is the n.n. transfer energy.
The obtained values are of the order of the experimental one for YBCO. ( 2000 Elsevier Science B.V. All rights
reserved.
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The possibility of occurrence of superconductivity [1]
in the two-dimensional (2D) Hubbard model was denied
by several groups [2}6] but supported by some [7,8]. In
preceding works [9,10] we performed variational Monte
Carlo (MC) calculations with various values of on-site
Coulomb energy ;, next nearest-neighbor (n.n.n.) trans-
fer energy t@, and the lattice sizes. The results indicated
that the d-wave superconducting (SC) state has a de"nite
energy gain with reference to the normal state, when t@
takes a suitable negative value. In order to judge if the SC
energy gain remains "nite in the bulk limit, we have
extended such calculations to larger lattices with number
of sites N

4
up to 22]22 with approximately "xed elec-

tron density o in the range from 0.80 to 0.86 with
t@"0&!0.30; energy unit is n.n. transfer t. ;"8 is
"xed since the energy gain in the SC state is largest
around this value [9,10]. Competition with SDW will be
studied elsewhere.

Our model is the 2D Hubbard model de"ned by
H"!t+
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, with the standard notation. S jlT and
SS jlTT denote summation over n.n. and n.n.n. pairs,
respectively. We evaluate the total energy in the SC state
for this Hamiltonian using the variational MC method.
Our trial wavefunction is a Gutzwiller-projected BCS-
type wavefunction W
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where P

G
is the Gutzwiller projection operator with

variational parameter g. Projector P
N%

assures a "xed
total electron number N

%
. Coe$cient wk is given by
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!k and k-dependent gap function
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) for d-pairing. ckp is the Fourier

transform of c
jp . The boundary conditions along the x-

and y-axis are periodic and anti-periodic, respectively.
The ground state energy E
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calculated using an MC procedure. For "xed values of
o and t@ we optimized variational parameters g, * and
k by means of the correlated measurements method and
then computed E

'
with 4]108 MC steps. We computed

E
'
also for a "xed small value of * with g and k optimized

again. Assuming the parabola dependence of E
'

on * we
estimated from the two sets of data the energy gain *E

'
in the SC state with reference to the normal state.

Our main results are shown in Fig. 1. *E
'
/N

4
, which is

nothing but the SC condensation energy, is plotted as
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Fig. 1. Energy gain per site *E
'
/N

4
in the SC state with refer-

ence to the normal state is plotted as a function of 1/N
4
in cases

(a), (b) and (c) mentioned in the text.

a function of 1/N
4
. The displayed three series of plots are

for the cases of (a) oK0.86 and t@"!0.20, (b) oK0.84
and t@"!0.15, and (c) oK0.80 and t@"!0.10. The
treated are square lattices with edge length ¸"10}22. In
case (a) the linear "tting line indicates very clearly that
the limit to N

4
PR, i.e., bulk limit, remains "nite, giving

0.00117$0.00013. We get the bulk limit of
*"0.049$0.005 similarly. On the other hand, in case
(c) the bulk limit vanishes. Case (b) shows a transient
situation in-between. The gain per site sharply increased
with increasing o. When o"0.84, it also increased with
increase of Dt@D in the range !0.25)t@)0 and it started
to decrease at t@"!0.30. At t@"0 the bulk-limit value
vanished in the whole range 0.80)o)0.86. Thus, the
present result indicates that the bulk SC state survives
with "nite appropriate values of negative t@ although at
relatively large values of o, e.g., o*0.84 when ;"8,
corresponding to low hole doping. This result strongly
supports the assertion that the 2D Hubbard model has
SC when t@ is "nite [7]. It is also not inconsistent with the
statement that it has no SC in its simplest form [2}6]. In
order to delineate the SC parameter region correctly the

present work clearly shows the necessity to take the bulk
limit. This work is the "rst to succeed in obtaining this
limit for the SC condensation energy.

The above-mentioned bulk-limit value of SC conden-
sation energy is equal to 0.59 meV/site, if we take t"0.5
eV following [11]. This is in a reasonable range around
experimental values &0.26 meV/site estimated from the
critical magnetic "eld [12] and the speci"c heat [13].
This indicates the relevance of the 2D Hubbard model for
the high-¹

#
cuprates. It should be noted that the t}J

model gives a huge condensation energy on the contrary
[14].
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