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In this paper we have studied the phased t-U Hubbard model. Using the constrained path Monte Carlo method,

we investigated the effects of phase factor on pairing correlation functions in the ground state, and we found that the

long-range correlations are dependent on the choice of phase factor, and for some special values of phase factor there

exist long-range pairing correlations only in the strong coupling region.
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1. Introduction

The physics of the Hubbard model is quite rich,
including magnetism, metal-insulator transition and
heavy fermion behaviour. Over a long period of time,
in search of an electronic model for high-temperature
superconductivity, many researchers have studied
Hubbard model and its various variants. They focused
on the extent in which these models might exhibit
superconductivity. Although they found pairing cor-
relations in one-band as well as three-band Hubbard
models '~ using the quantum Monte Carlo method,
they also found that these correlations did not in-
crease when the lattice size was increased. Both the
d,>_,» wave and extended s-wave pairing correlations
decayed quickly as functions of distance between pairs.
These results suggest the absence of off-diagonal long-
range order in the conventional t-U Hubbard model.

A possible way to improve this state might be
to consider a modified Hubbard model in which the
phase factor is present. For instance, for the simple

t—U model, the phased Hamiltonian has the form

H=—t Z (efia"j CZTUC]-U +he)+ UZ”Z’T”ZIL’
<ij>,0 i

where < 7 > denotes the nearest neighbour sites 7 and

j, 0;; is the phase angle between them, ¢ is the ampli-
tude for hopping process between the corresponding
lattice sites and U > 0 stands for the Coulomb re-
pulsion of two electrons on the same lattice site. The
operators CZ-TU and C;, create and destroy an electron
with spin o at site 2. n;, = CZTUC,-U is the number
operator for an electron with spin o at lattice site <.
If we take all the phase angles to be zero, ;; =0,
this phased Hubbard model is reduced to the con-
ventional Hubbard model. If we carefully choose the
phase factor, this model can be identical to the so-
called d-p model. This model can be also considered
at least as a modified version of the conventional t-U
Hubbard model if we take the orbital coupling into
account when the system is coupled with an external

magnetic field.l] In this case,

e R

0;; = —

3
i e . d:BA(:E),

and in order to investigate the effects of the phase fac-
tor, we ignore temporarily the Zeeman coupling which
couples the spin with the magnetic field. Perhaps in
some cases it is not impossible to regard the appear-
ance of phase factor as the results of some “inner field”

in the system in some sense; this “inner field” plays
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a role in long-range correlations similar to the role
of molecular field in a magnet. It is obvious that this
model has richer mathematical structures and physics.
Especially, there might exist the long-range pairing
correlations in such a phased model. For example,
if we consider the traditional square lattice and take
phase angles as follows: (1) 6;;=0 (or 2nm) if the pair
< 4,j > is parallel to the z axis, (2) 6;;=0 (or 2nm)
if the pair < 7,5 > is parallel to the y axis and the
site number i is even, (3) 6;; = (2n + 1) if the pair
< 1,7 > is parallel to the y axis and the site number
i is odd, (n is any integer), we will find the results of

the pairing correlations are encouraging.

2. Pairing correlation functions

In our calculation periodic boundary conditions
were imposed. We have computed the pairing cor-
relation functions by using a constrained path Monte
Carlo (CPMC) method 17 which is different from the

(8:9] in working space.

ordinary Monte Carlo method
This method projects the ground state wavefunction
|to) from a known initial wavefunction [¢T) by a
branching random walk in the Slater determinant
space. Within the framework of this random walk, im-
portance sampling and the constrained path approx-
imation are imposed. We also use a population con-
trol procedure "% and a numerical stabilization tech-
nique M in the random walk.

There are three wavefunctions in simulations.
The first one is the importance wavefunction which
is used to guide the random walkers. The second one
is the constrained wavefunction which is used to con-
strain the random walker to one side of the nodal sur-
face. The third one is the initial wavefunction. As
is often the case, one can take the same trial wave-
functions |¢) as the three wavefunctions for conve-
nience. The trial wavefunction can be either one in
which the electrons with z component of spin are lo-
calized on sites 7, ,i%. or a filled Fermi sea, the
correct ground state for U = 0. (N? is the number
of fermions with spin o). The unrestricted Hartree—
Fock solution is also a good choice. However, we take
the trial wavefunction as the combination of several
Slater determinants in which each of them can be ob-
tained from the methods mentioned above in order to
improve the quality of Monte Carlo simulation.

We compute the pairing correlation functions as

a function of the distance R between pairs. For the
extended s-wave and the d,2_,» pairing functions we

use

P.(R) = (AL(R)A4(0)),

Aa(R) =" fa(8)(CriCp s, — CriCris.4):

é
and § = +2,+9.
ing fs(6) = 1 for all § and for the d,2_,> pairing,
fa(d) =1 for § = £2 and f4(8) = —1 for § = 4.

We also investigate the “vertex contribution” to the

For the extended s-wave pair-

correlation functions [Y defined as
Vo(R) = Py(R) — PQ(R).

P,(R) has the contribution of dressed four-point
Green functions of the form <C;CTCIC’¢). It is ob-
tained in our simulations by calculating such four-
point Green functions in a fixed auxiliary field first,
then averaging over all auxiliary fields. P,(R) has
terms like <C;CT><CIC ). In simulations, the dressed
single-particle Green functions are obtained first, then
the product of <C;CT><CIC ) is computed. It should
be noted that over a few nearest neighbour dis-
tances, P, (R) measures local correlations among spin
and charge, giving little information about long-range
pairing correlations, and even may give a “false posi-
tive” indication of enhanced pairing. So we will report
neither the k = 0 spatial Fourier transformation of
P,(R) nor its partial sums like Z P,(R) as done in

R<L
some author’s works. Instead, as a measure of long-

range order, we will report partial averages like

1
Va—ave(R > L) = ﬁ Z Va(R)a
R>L

where R = |R)|, L is about two lattice spacings, and
N’ is the number of distances larger than L.

Figure 1 indicates the extended s-wave pairing
correlations as a function of the displacement R be-
tween pairs. It can be found that even for some large
distances the extended s-wave pairing correlations are
not small. The same situation exists in the d-wave
paring correlations which are shown in Fig.2. In con-
trast, in the conventional -U model, both the pairing

correlations in large distances are quite small.
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Fig.1. Extended s-wave pairing correlations as a function of the displacement R = (Rz, Ry) between

pairs, U = 4. (a) The lattice size is 6 x 6, (b) the lattice size is 8 x 8.

It can also be seen that the pairing correlations  the above two figures that the pairing correlations do

usually increase when electronic numbers increase. not decrease when the size of lattice is increased from

(Ne is the number of electrons). We can see from 6 x 6 to8 x 8.
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Fig.2. The d-wave pairing correlation as a function of the displacement R = (R, Ry)
between pairs, U = 4. (a) The lattice size is 6 X 6, (b) the lattice size is 8 X 8.

In Figs.3 and 4 is shown the vertex contribution  that the vertex contributions to pairing correlations

to the pairing correlation as a function of the displace- do not decrease when the size of lattice is increased.

ment R between pairs for the same lattice sizes and  These contributions are not small even for some large

electron densities as in Figs.1 and 2. We can see again  distances of pairs.
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Fig.8. Vertex contribution to the extended s-wave pairing correlations as a function of the displacement
R = (Rg, Ry) between pairs. U = 4. (a) The lattice size is 6 x 6, (b) The lattice size is 8 x 8.
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Fig.4. Vertex contribution to the d-wave pairing correlations as a function of the displacement
R = (Rz, Ry) between pairs. U = 4. (a) The lattice size is 6 x 6, (b) the lattice size is 8 x 8.

In Fig.5 with the specific phase we chose above,
we show the effects of changing U on the vertex con-
tributions to the d-wave pairing correlations. Com-
paring with the conventional Hubbard model which
corresponds to zero phase angle, we can find some ob-
In the
region of strong coupling (U > 4) the long-range ver-

vious differences between these two models.

tex contribution in phased model is not suppressed
with the increase of lattice size from 6 X 6 to 8 x 8 sys-
tem. These facts are consistent with the current points
of view that high-T, superconductivity is related to
the effect of strong correlations. In contrast, in the
conventional t—U model the long-range behaviour is
suppressed from the intermediate to strong coupling
region.[’l We also compare the long-range vertex con-
tributions to the phased model with those to the con-
ventional model in the case of U = 4 in Table 1. We
make the electron densities in the third row as close as
possible to those in the second row in order to com-
pare the existing results of the ordinary model with

our results.
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Fig.5. Long-range vertex contribution to the d-wave
pairing correlations as a function of U for the 6 X 6

and 8 X 8 systems.
We can find from Table 1 that the long-range ver-
tex contributions to s-wave pairing correlations do not

decrease with the increase of lattice size in the phased

model, while the long-range vertex contributions to
d-wave pairing correlations decrease (slowly) with the
increase of lattice size in the phased model (the sec-
ond row). On the other hand, in the conventional
model the long-range vertex contributions decrease
more quickly with the increase of lattice size in the

Same case.

Table 1. The long-range vertex contributions.

Ve-ave (R > 2) Vi-ave (R > 2)
(6x6, No=22) (8x8, No=40)| (6x6, Ne=22) (8x8, N.=40)
2.32x10~4 1.48x10~3 2.54x10~3 1.50x10~3
*(6x6, Ne=26) *(8x8, Ne=42)
5.8x103 1.5x103

*Means in ordinary model 51,

3. Conclusion and discussion

Using the CPMC method, we have simulated the
two-dimensional phased Hubbard t-U model to inves-
tigate the effects of the phase factor. As we know,
the scaling behaviour with the lattice size of long-
range vertex contributions in the conventional Hub-
bard model means no long-range off-diagonal order
can be observed. However, in the phased Hubbard
model, the scaling behaviour with the lattice size is
satisfactory. These results suggest there might ex-
ist long-range pairing correlations (only) in the strong
coupling region in the phased model. It is well known
that strongly correlated effect and strongly magnetic
coupling effect are the key part to understand many
anomalous properties of high-7,. superconductors. In
the phased Hubbard model, we can regard the action
of the phase factor as the action of equivalently effec-
tive field. It is its coupling that can strongly influence
the behaviour of long-range correlation.

This is the first time (to our knowledge) that the

effects of phase factor on long-range correlations are
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discussed for such strongly correlated systems. Al-
though our discussion is restricted to a special phase
factor which corresponds to the case that the “inner”
or “external” magnetic field is parallel to the z axis
(the relationship between the long-range pair corre-
lations and the general phase angles is not a trivial
problem in CPMC, which will be reported elsewhere),
it still gives a positive indication of long pairing cor-
relations.

We have also studied the Zeeman coupling using

the same magnetic field corresponding to the phase
factor chosen in the above case of phased Hubbard
model, and we find that the Zeeman coupling does
not change our above results qualitatively. Our results
suggest that the phase factor may play some role in

realizing long-range order in such models.
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