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The Green Function Approach to the Two-Dimensional t — J model *
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We investigate the two-dimensional t — J model by the Green function approach with the Hubbard operator. The

phase diagram, including the Neel temperature and the superconducting transition temperature simultaneously,
is derived. The results are consistent with experiments of cuprate compounds.

PACS: 74.72.—h, 74.25.—q, 74.25. Dw

The discovery of the high-T,. superconductivity in
cuprates(!! has stimulated strong experimental and
theoretical interests in mechanisms of superconduc-
tivity. Experimental results indicate that the follow-
ing properties are essential. Firstly, the CuO, lay-
ered structure is intrinsic to superconductivity and
both of the undoped and carrier doped CuQO; planes
are characterized as a two-dimensional system from
its magnetic,/?! transport,’3 and optical properties.[*!
Secondly, superconductivity occurs in a disordered
spin background.!®! For the undoped case, the system
is a Mott insulator and spins at Cu sites show anti-
ferromagnetic (AF) long-range order below the Neel
temperature TyN. For the doping case, Ty decreases
to zero and spin-glass behaviour is observed.l! Super-
conductivity emerges with the further doping. Appar-
ently disorder in the spin system is due to doped holes.
Thirdly, the Cooper pairs exhibit d-wave symmetry.[”!

Anderson suggested that the large-U limit of the
Hubbard model is related to high-T¢ superconductiv-
ity in cuprates.l’] It is well known that the Hubbard
model in the large-U limit is equivalent to the so-
called t — J model.3?] Many investigations on this
model have used the slave-boson approach in mean-
field theory.['9=12] This approach is based on spin-
charge separation in two dimensions (2D). The basic
idea is that there are three kinds of excitations of the
resonating valence bond (RVB) states. The first is
fermion spin soliton (spinon). The second is boson—
hole with charge (holon). The third is an electron or a
hole, which is the product of the above two. The spin-
charge correlation between the holon and the spinon is
sufficiently weak for spin-charge separation.!'?14 By
this method, the superconducting (SC) phase is sta-
ble for heavy hole doping, i.e., large §, which coincides
with experimental results. However, in small § region,
the method yields the results that are not consistent
with experimental results.

In this Letter, we consider the t — J model in
a square lattice. Instead of assuming spin-charge

separation, we investigate the ¢ — J model with the
Hubbard operator!® directly. By the Green function
method in mean-field theory, we obtain the phase di-
agram and discuss the AF order and the SC order
simultaneously.

The model Hamiltonian reads

H=-t Z P(CJA7UCiB’U + C’LTB,O'CiA;U)P
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where i4 and ip label the sublattices A and B re-
spectively, which are introduced for investigating the
AF order; (ia,ip) means the nearest neighbour; t is
the hopping constant and J > 0 is the AF coupling
constant of electron spins; P --- P represents the sin-
gle occupation condition n;, = ) _ CJA,aCiA,o <1
cl.(Cl,,
trons on site i4 (i), Ci o (Cip,o) means the annihi-
lation operator of electrons on site ia (ig); Si, (Siz)
denotes the spin operator of electron on site i4 (ip);
to is the chemical potential; 4 and ig run through
the sublattices A and B, respectively.

We introduce the SC order parameter in the form

of

) represents the creation operator of elec-

A= (Ciz,1Ciy 1t = Cig1Ci, ). (2)

Because we have divided the lattice into sublattices A
and B, the AF order parameters can be introduced as
follows:

M :<C‘T Ciat— CJA,¢CiA,i>

ia,T
=—(C] Cir—Cl Ci,)). (3)

In addition, we assume (ng ) = (naz). With the or-
der parameters defined above, using the Green func-
tion and cut-off techniques,*® we obtain the Green
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functions and the energy spectrum of the system as
follows:
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with
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L 1
J* = ZJ' (18)

Then, we can obtain the free energy of system from
the equation:

1 [P
Fe 5/0 (H)dB. (19)

The phases of parameters K,, K, and A;, A, in
Egs. (10) and (11) are introduced as follows:

K, = K,exp (ia), A, = A,exp(if). (20)

By minimizing the free energy, we can determine

a = 0 and f = w. Thus we can see that Cooper
pairs show the d-wave symmetry.

With spectral function,'® we obtain the self-
consistent equations of the mean-field order param-
eters A,, Ky, K, and M:
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where g, = 2cos (kza) — 2 cos (kya).

Taking |Ag| = 0, from Egs.(21)—(25), we can
obtain the critical temperature of the SC order T¢,
chemical potential u, K4p and M. Similarly, taking
M = 0, we can obtain the critical temperature Ty of

the AF order, p, Kap and |A,|.
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Fig.1l. Phase diagram at ¢t = 2.5J. TN: Neel tempera-
ture, T: critical temperature of the SC order, |§|: doping
of holes.

For calculation, we take J as energy unit. T and
Tc with respect to the doping of holes § are obtained
as shown in Fig. 1.

The numerical results show that for t = 2.5J, the
AF order is stable only for small §, while the SC or-
der is stable for intermediate 6. The AF order and
the SC order do not coexist. In the region of the SC
order, T¢ has a maximum, Tc max = 98K if we take

J = 0.17eV according to LayCuO.'%! From Eq. (20),
we can see that Cooper pairs show the d-wave symme-
try. All of these features we have derived by the nu-
merical methods are consistent with the experimental
results for cuprate compounds.[!! Hopping holes easily
destroy the AF order. Thus for large ¢, the AF order
can be stable only for small § region. For the SC or-
der, in the over-doping region, the effect of electron
hopping is strong so that Cooper pairs are easily de-
stroyed. Electron hopping breaks down the SC order
when § is large. In the under-doping region, the hop-
ping of Copper pairs weaken with decreasing ¢, which
can prevent from condensation of Copper pairs. Thus
in contrast to the experimental results, this method
does not shows the SC order in the range of very small
d region (such as § < 0.1).

In summary, the 2D t — J model is studied by
the Green function technique with the cutoff theory.
The advantage of this approach exhibits that we can
use the hard-core fermion operator directly and can
avoid to use the slave bosons. The phase diagram,
including the Neel temperature and the SC transition
temperature, which are consistent with experiments,
are derived simultaneously.
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