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Abstract. The spinor-holon effectiveHamiltonian proposed by Zou and Anderson is used to
calculate the chemical potential and the self-energycorrection of spinors, taking into account
the effect of spin exchange interaction. In the superfluid phase, the transition temperature is
sensitive to various choices of the on-site Coulomb repulsion U and the band parameter t. The
correction due to spin fluctuations is extremely important for small doping fractions ,5. In the
region of 6 < 8t/Tz2U, the effect of paramagnon fluctuations renders the mean field theory
invalid. The paramagnetic susceptibility Z in the long wavelength limit is almost independent
of temperature T at high temperatures. For fixed T,Xincreases with doping 3 while for fixed ,5,Z
decreases with T, in qualitative agreement with experiments.
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1. Introduction
Since the discovery of high temperature superconductivity (HTSC) in the copper-oxide
compounds, a variety of mechanisms have been proposed. M a n y of the models are
based on the two-dimensional H u b b a r d model for a square lattice of CuOz. The
research can be roughly divided into two categories. A notable one is based on the
resonating valence bond (RVB) mean field analysis (Baskaran et al 1987; Andrei et al
1987) and the other on the investigation of what role the spin fluctuations played
(Bickers 1987; Littlewood et al 1989a, b; Hirsch 1987)in the H T S C mechanism.
In this paper, we discuss the effect of spin fluctuations on the H T S C mechanism (Hu
et al 1989a, b, c; H u and Yu 1989). Starting with the effective Hamiltonian of the largeU H u b b a r d model proposed by Zou and Anderson (1988), we investigate the effect of
p a r a m a g n o n fluctuations on the spinor chemical potential and the self-energy
correction.

Z Spinorself-energyand chemicalpotential
We start with the Z o u - A n d e r s o n large-U effective Hamiltonian in the m o m e n t u m
representation (Zou and Anderson 1988). In the case of large on-site C o u l o m b
potential U, after taking averages of the holons, the effective Hamiltonian can be
written as

Hcf:

=

H, + H j + constant.

(1)
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In (1), the corresponding terms are
H, = E

k,o"

--

SL Sk,o,

Hs=-(ZJ/2N)

~
k,k',q,o"

")Yq[-Sk' +q,o- Sk'-,
* q,o- (Sk',# Sk,c, -- Sk',o Sk,#) ],

(2)

where ek,~= -- Zat?k, ?k = (I/Z)Z._ exp (ik. z), Z being the number of nearest neighbours
denoted by z(Z = 4 for square lattice) and d = 4t2/U. Sk, is the spinor operator and N is
the total number of lattice sites on the X Y plane. The first term describes the kinetic
energy of spinors and the second the exchange interaction. This model has three
independent parameters, t, J and the doping fraction a. The lowest order correction (in
J) for the spinor self-energy can be obtained from the random phase approximation
(RPA) calculation (Fetter and Walecka 1971), one gets
gk = ek -- (ZJ/N)Yk'Tk

(3)

- k'fk',

where fk is the Fermi-Dirac distribution at a temperature T and /3 = l/knT is the
reciprocal temperature and
fk = [1 + expfl(~k --/2)] -1

(4)

The approximate density of states (DOS) in two dimensions can be written as
2
p(e) = ~ l n

[4D/el,

(5)

where D = 4t6 being the bare half width. By a lengthy but straightforward calculation,
one obtains
(6)

~k = -- fi~k"

In the notation of BZA (Baskaran et al 1987; Andrei et al 1987), we can write the
renormalized half width as/3 = 46t + 2PJ and

}
Since the spinor bare energy is given by ek = - 46tTk, it can be understood that the effect
of the spin correlation on the self-energy correction is to enlarge the bare energy band of
spinors.
The calculation of the spinor chemical potential is as follows. For large U, the
relation between the spinor number and the doping fraction can be approximated by
N, = N(I - 6) = Y'.fk, hence we get the relation between the chemical potential/~ and
ka

the doping fraction 6
6 = ~ tanh [(fl/Z)(gk --/~)].
(8)
k
Here for consistency, we use the renormalized spinor energy ~k"We obtain the following
expression

4 ~ln(2flD)lnC°Sh(fi/2)(~71~)fl/t(lnfl~-I-1)+
6 = ~Ffi/3 (
cosh(fl/2)(D + It) +

...}

(9)
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giving the doping fraction 6 as a function of/~,/3 and T. The numerical results show that
for low temperatures and fixed 6, with t = 0"2 to 0.5 eV and U = 2 to 5 eV, the chemical
potential/t and the renormalized spinor half bandwidth/~ are nearly independent of
temperature, but both change rapidly with the doping fraction 6. The larger t becomes,
the faster/~ decreases with increasing 6, but/~ remains nearly zero in the region 6 < 0.05,
with ~ = 0 when 6 = 0, which satisfies the half-filling condition. Moreover, the
correction of spin fluctuations is extremely important for small 6. For t = 0-05 eV and
U = 2.5 eV, the correction doubles the bare half-width when 6 ~ 0.15, thus rendering
the RPA invalid.

2. Spinor superfluid phase
From equation (1) and by using the renormalized bandwidth and DOS, we obtain the
following integral equation which determines the S-wave superfluid transition
temperature Ts.

8J =

" \

x-+v

+

x-v-

/dx"

,110)

where y=/~//3 and tic= 1/kBT~. Taking t =0.5eV and t/U =0-2, and by numerical
calculations, we obtain the relation between the S-wave transition temperature T~ and
the doping fraction 6. The effect of increasing the doping fraction or increasing U is to
increase the relative kinetic energy of spinors, leading to the decrease of the superfluid
transition temperature T~(6), which is sensitive to different choices of the parameters t
and U. The increase of U tends to shift the boundary of T~(6) to the left. While our
results agree qualitatively with those of BZA (Baskaran et al 1987; Andrei et al 1987) at
large doping fraction, the discrepancy becomes significant for small doping fractions,
indicating that the correction due to spin fluctuations cannot be ignored for small 6.

3. Pauli paramagnetism
In the following, we present the calculations of the Pauli susceptibility. From the RPA
calculations,
ziq) = zo(q)/[ t + J(q)Zo(q)],

(11)

~(q) = 4ZJTq/g~122,

(12)

where

and
(13)
where gL and PB being the Lande factor and the Bohr magneton respectively. We use
the renormalized density of states to calculate the susceptibility in the long wavelength
limit. Taking q = 0 in equations (11)-(13), we find that ;( is almost independent of
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temperature T at high temperatures. For fixed T, g increases with the doping 6 while for
fixed 6, 7. decreases with T, in qualitative agreement with experiment (lshii et al 1987).
The increase of X(6, T) with 6 at fixed T can be explained by the increase of density of
states on the spinor pseudo Fermi surface with the doping fraction.

4.

Conclusions

We have used the spinor-holon effective Hamiltonian proposed by Zou and Anderson
to calculate the chemical potential and the self-energy correction of spinors. Our results
show that the effect of spin exchange interaction is to enlarge the spinor bandwidth. In
the superfluid phase, the effect of increasing the doping fraction or increasing the onsite Coulomb potential is to increase the relative kinetic energy of spinors, leading to
the decrease of superfluid transition temperature, which is sensitive to various choices
of U and the band parameter t. The increase of U tends to shift the boundary of Ts(6)
towards lower doping fraction. The correction due to spin fluctuations is extremely
important for small doping fractions, leading to the modification of the results of
Baskaran etal (Baskaran etal 1987; Andrei etal 1987). Moreover, in the
region of 6 ~ 8t/rt2U, the effect of paramagnon fluctuations renders the mean field
theory invalid. We also calculated the paramagnetic susceptibility Z in the long
wavelength limit. We find that 7. is almost independent of temperature T at high
temperatures. For fixed T, Xincreases with doping 6 while for fixed 6, 7.decreases with T,
in qualitative agreement with experiments. The present analysis is more convenient to
study the magnetic properties of the two-dimensional large-U Hubbard model.
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