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Antiferromagnetic phase transition in high-T, superconductors

L. Hu and L. P. Shi
The Microelectronics Research Institute of Zhongshan University, Guangzhou, People's Republic of China

X. M. Hua
Center of Theoretical Physics, Chinese Center of Advanced Science and Technology (CCAST)

(World Laboratory), Beijing, People's Republic of China
and Ultrafast Laser Spectroscopy Laboratory, Zhongshan University, Guangzhou, People's Republic of China

(Received 1 March 1989)

A random-phase-approximation calculation of the antiferromagnetic phase transition tempera-
ture TN for the Zou-Anderson spinor-holon e6'ective Hamiltonian is given. The calculation in-
cludes spin-exchange interaction, which enlarges the bandwidth. The results show that at low
temperature ksTNIJ is a function of bUI2t, where b is the doping fraction, t the doping integral,
and U the Hubbard U.

Recent high-T, experiments have shown clearly that
the low-temperature phase of high-T, oxides is antiferro-
magnetic for small doping. '2 Not many calculations have
concerned the phase transition between paramagnetism
and antiferromagnetism. Hasagawa and Fukuyama have
calculated the critical temperature T~ as a function of
doping fraction b using a quasi-two-dimensional tight-
binding model. A few different theoretical models for
high-T, oxides, including spin-exchange interaction, have
been proposed. Zou and Anderson started from the
finite-U Hubbard model and proposed a two-dimensional
(2D) effective Hamiltonian for large U. 4 In the following
we shall start from the Zou-Anderson effective Hamil-
tonian and discuss the relation between paramagnetic
fiuctuation and static susceptibility of high-T, oxides.

Let us start with the 2D Hubbard model

H —t C;tCJ +Urn;)n;i —p+C; Ct
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neutral fermion field. Operators S, e, and d are satisfied
by the following condition:

e;te;+ d,td;+& S,t~; (3)

At the large-U case, Zou and Anderson derived the fol-
lowing effective Hamiltonian:

H,tt-Hp —J$ (S;1SJtSItS;t+S;tSItSJiSti) ~
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Hp —t g (e;ej —d;d )S.~ +Used; dt

+pg (e;te; —d;td; —1), (4)

where J 4t /U.
Assuming e;~ (e;) vS and d; ~ (d;) 0, after mak-

ing Fourier transformation the Zou-Anderson effective
Hamiltonian can be written as

here p is the chemical potential. By introducing the
operator transformation

(2)

where e and d are holon and double occupation field
operators, they are both charged-boson fields and S is a

I

H, tt H&+ HJ —pN(1 —b) .

In Eq. (5) the corresponding terms can be written as

H, -peg, Sjt St,

and

(5)

HJ — g yq[Sgt+q, Sgt
q -(Sq -Sg, —Sy,~g -)],

2N g,g', q,
(7)

where ~, —Ztbyg, .yg (1/Z)+se'" , and N'is the
number of the lattice sites.

In an external magnetic 6eld 8 zBcosq r, where q
and r are on the XY plane and z is a unit vector. The sys-
tem has a Zeeman energy

l

and
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Hz ——[Mz(q)+Mz( —q)],B
2

where

Mz(q) ,' gott g my,q—
Here g is the Lande factor and ptt is the Bohr magneton.

A random-phase approximation is allowed for b) t/U
and the resulting susceptibility is

) gp(q)
1+J(q)gp(q)

'
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where

g't ' +f —f
4N

(12)

tion is to enlarge the bandwidth. We shall use

2W 8t b+ (ln2+ 4 )
X2

4J)q
g pg
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as the effective bandwidth in the following calculation.
To calculate the critical temperature Ttv for the phase

transition between paramagnetism and antiferromagne-
tism, we take q Q= (n/a, x/a) as usual, here a is the lat-
tice spacing. At low temperature the &an Hove singulari-

ty gives

J ~
sk sk ~ W 3k —k'fk' ~ (is) 1 +fk —fkg 2, , W

ln
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The bare spinor energy has been renormalized and the
second term in the right-hand side of Eq. (15) comes from
the spin-exchange term

where kg is the Boltzman constant. The Neel tempera-
ture T~ is

zpSv+p, a Sl q ~S&',~S),,a2N g,g,q,

in Eq. (7). For small doping b the effective bandwidth
2W Sbt is also small. By using the logarithmic density-
of-states (DQS) approximation, the density of states near
the Fermi surface is

kBTtv b 4- —+ (in2+ —,
' )J 8 g

xexp —x b+ (ln2+ —, ) 2848
g2
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(20)

g(s) - ln
2 48'

+28' (16)

With Eq. (16) as the approximate density of states, at low
temperature the spin-exchange contribution could be ob-
tained as

0.1 2

——gyk kfk —8t(cosk„+cosk~) (ln2+ —, )N g

(i7)

where 8 2t/U When bt .)J, the effect of spin iluctua-

The above result shows that k&TIv/J is only the function
of b/8 for large-U Hubbard model at low temperature and
b) t/U. In Fig. 1 we plotted kttTtv/J as a function of b/8,
which shows that a small increase of doping will cause a
rapid decrease of TN. This is consistent with Nagaoka's
result.

Constraint (3) has not been considered in the above cal-
culations. This is equivalent to our neglecting the chemi-
cal potential p. A more detailed calculation shows that
the chemical potential p will play an important role in
changing effective bandwidth for 6nite b. But p can be
neglected for small b (b ~ 0.05).

Figure 2 is the result of the variational Monte Carlo
calculation for large-U Hubbard model given by Yokoya-
ma and Shiba. The straight line for b 8t/x U has been
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FIG. 1. ksTlv/J vs b/8.

FIG. 2. The phase diagram of 2D square-lattice Hubbard
model given in Ref. 7. The straight line was added by us. On
the left-hand side of the line RPA calculation is valid.



ll 308 BRIEF REPORTS

added by us. We can see that on the left-hand side of the
line (b & St/tr U) there exists a antiferromagnetic region,
and a random-phase-approximation (RPA) calculation
may apply to the region. On the right-hand side of the
line (b & St/rr U), the RPA scheme is invalid.

Starting from the effective Hamiltonian [Eq. (1)] by
solving the Gor'kov equation we can also obtain the
spinor-gap equation

ZJ
h(P) g yq(Sq —p, 1Sp —q 1

—Sq —p 1Sp q 1)
N q

where

(22)

This superconducting-gap equation (21) is formally con-
sistent with Ref. 8, provided that we do not stress on the
resonating-valence-band assumption. The detailed calcu-
lation of the relation between the doping fraction 8 and
superconducting transition temperature T„will be dis-
cussed in a future paper.
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