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~e apply a finite-temperature functional-integral approach by means of which Arovas and Auer-
bach analyzed low-dimensional Heisenberg spin models to the t-J model in the slave-fermion repre-
sentation. Using a perturbation theory of the t-J model for t ((J, self-consistent equations are de-
rived for finite hole concentration that reduce to those in the case of the pure Heisenberg spin mod-
el, i.e., to those of Arovas and Auerbach, and Takahashi as a special case. Numerical solution of
the corresponding self-consistent equations for the one-dimensional t-J model at su5ciently low
temperature suggests that, if the transfer t is not too large, there is a phase-separation state into a
hole-rich and a no-hole phase as conjectured recently by Emery et al.

I. INTRODUCTION

It has been clear recently that a detailed study of the
motion of holes in an antiferromagnet is of fundamental
importance for the understanding of the mechanism of
hole-type high-T, superconductivity. ' The parent com-
pounds such as La2Cu04 and YBa2Cu306 are antiferro-
magnetic insulators described by the Heisenberg spin
model with spin S =

—,', but when holes are introduced
into the CuOz planes by doping, some compounds be-
come high-T, superconductors. It indicates that antifer-
romagnetic ordering probably is related to the supercon-
ductivity of holes in the metallic state. This behavior of
holes in the superconducting metallic state is expected to
have a strong connection with low-lying magnonlike exci-
tation due to the creation or destruction of a spin singlet
on nearest-neighbor sites in the antiferromagnetic order-
ing state. We are interested in investigating this connec-
tion between the holes and magnonlike excitations. As
the simplest effective model for studying this problem,
the t-J model was proposed. ' To begin, we review
briefly how the t-J model in the slave-fermion representa-
tion can be established from the one-band Hubbard mod-
el.

We focus on the one-band Hubbard model on a d-
dimensional lattice. The grand canonical Hamiltonian is

given by

lation ((1/N)g;g c; c; ) =1—5, where N is total num-

ber of lattice sites and 5 is the hole concentration per site.
When we use the slave-fermion representation and

neglect doubly occupied states, we can introduce two bo-
son creation operators a; ~

and a; l, and a fermion creation
operator e; corresponding to three basis states c, &

~0),
c;i ~0), and ~0) at each site i. The original electron
operator c; is expressed b~ c; =e a;, and then the com-
pleteness condition g a, a, +e, e, = 1 for each site i
should be imposed in order to satisfy anticommutation
relations of the original operators c; and c;~ . Such a for-
mulation in a slave-fermion representation was applied to
the one-band Hubbard model by Matsui and to the t-J
model by Yoshioka. In this formulation the Hubbard
model in the limit t/U «1 is equivalent to the Heisen-
berg spin model in the Schwinger boson representation of
spin operators. Arovas and Auerbach used such a formu-
lation to analyze the problem of the low-dimensional
quantum Heisenberg spin model.

When we write the one-band Hubbard-model Hamil-
tonian (1.1) in the slave-fermion representation and then
perform a canonical transformation which retains terms
only up to the first order in t/U, ' the effective Hamil-
tonian for t /U « 1 is given by

H= 2t g g—eea;a
&i j) o

I= t g g(c, c—. +H. c. ) + U g c; &c, &c, &c,&.
(ij) 0 l

pg gciac~a .

&i j) a

—p N —pe;e; (1.2}

Here c; (c; ) is the annihilation (creation) operator of an
electron with spin o (=1 or J, ) at lattice site i These.
operators satisfy the anticommutation relation
[c;,cj. ]+=5,~5 . The notation g&; .

&
means summa-

tion over nearest-neighbor bonds, t denotes the transfer
amplitude, and U ()0) the an-site Coulomb repulsion.
The chemical potential p is introduced to enforce the re-

with J =4t /U. By defining the spin operator
o; =(o";,o~, o',- } as

a;&
a (alai )

a
tl a. (1.3}

with Pauli spin matrices o (a=x,y, z) and number
operator n, as
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~i ainaiu &
(1.4)

we can rewrite the Hamiltonian (1.2) in the following
form:

H= 2—t g ge, ea., a +(J/4} g (cr, n, .—n, n.
~
).

(ij ) cz (i,j)
—p(N —ge;e;) . (1.5)

The Hamiltonian (1.5) should, of course, be accompanied
by the completeness condition g a; a; +e;e;=1 for
each site i. The first term in (1.5) denotes the transfer en-

ergy characterized by the magnitude t of the transfer in-
tegral, the second one denotes the Heisenberg exchange
interaction characterized by the magnitude J of exchange
integral, and the last one is the chemical potential term.
This effective Hamiltonian (1.5) written in slave-fermion
representation is equivalent to the well-known t-J model
Hamiltonian written by applying the Gutzwiller projec-
tion to the original electron operators c; and c;~ or to
the one written in the slave-boson representation. Al-
though it is true that the t-J model describes well behav-
iors of the one-band Hubbard model when t/J )) I (i.e.,
t/U &( I), we will see from the following discussion that
it is very significant to study the t-J model Hamiltonian
(1.5) for arbitrary values of t and J.

According to the Zhang-Rice mapping, the t-J model
Hamiltonian on a two-dimensional lattice is expected to
contain sufficient physics to describe the high-T, super-
conductivity of copper oxide materials. The electronic
state of undoped copper oxide materials is formed from a
Wannier localized orbital about each copper site which
produces the copper local moment of S =

—,
' because of

large on-site Coulomb repulsion U. That is to say, a
Mott-Hubbard-type insulator is built up. A superex-
change interaction transmitted via oxygen couples
nearest-neighbor copper spins. As holes are doped in the
insulating copper oxide materials, oxygen holes are pro-
duced and then a spin singlet between the oxygen hole
and the copper localized moment is built up because of
strong antiferromagnetic exchange interaction between
them due to hybridization of the copper and oxygen or-
bitals. The resulting singlet complex can be mapped as a
hole produced in the antiferromagnetic spin system with
S =

—,'. The suitable model Hamiltonian describing this

system of spinless holes inserted in the antiferromagnetic
Heisenberg spin model is the t Jmodel Ham-iltonian (1.5).
So it is important and necessary to study the behavior of
holes moving in an antiferromagnet for arbitrary values
of t and J.

Next, we use the slave-fermion representation (i.e., the
Schwinger boson one) to study the t Jmodel Hamiltoni-an
(1.5) on a d-dimensional lattice system. Arovas and Auer-
bach use this representation to describe the antiferro-
magnetic spin fluctuation accurately for low-dimensional
Heisenberg spin models. The definition of the spin opera-
tor in terms of expression (1.3) exactly corresponds to the
Schwinger boson representation of spin with S=—,'. It
will be seen later that these Schwinger boson operators
a; (o = 1, J, ) imply low-lying magnonlike excitations in-

duced in the antiferromagnetic ordering background, as
was suggested by Arovas and Auerbach and Takahashi.
On the other hand, the spinless fermion operator e,. de-
scribes a hole whose motion is determined via the
transfer term of the Hamiltonian (1.5). Recent experi-
mental results on various hole-type high-T, supercon-
ductors by many different methods show a common
feature that hole carriers in the Cu02 planes induce su-
perconductivity. These form a square lattice which
possesses a strong antiferromagnetic spin correlation
with S=—,'. It means that the antiferromagnetic spin
correlation has something to do with the appearance of
superconductivity on holes. In this respect we are very
interested in studying the t Jmo-del Hamiltonian (1.5),
taking the strong antiferromagnetic spin correlation into
consideration.

We proceed as follows. In Sec. II we will establish a
finite-temperature functional-integral formalism in order
to study the t-J model Hamiltonian (1.5) in the slave-
fermion representation. In Sec. III we will develop the
perturbation theory effective for t &&J. In Sec. IV this
perturbation theory will be applied to the one-
dimensional t-J model. Section V will be devoted to con-
clusions and future problems.

II. FUNCTIONAL-INTEGRAL FORMALISM
OF THE t-J MODEL

According to a study of the antiferroma netic Heisen-
berg spin model by Arovas and Auerbach, we introduce
a bond operator S;, for nearest-neighbor sites (i,j )
defined by

S; =—a;~a ~
—a;~a ~. (2.1)

This bond operator describes the destruction of a spin
singlet on nearest-neighbor sites. The grand canonical
Hamiltonian (1.5) can be then rewritten in the following
form:

H=2t g ge, a; a e; —(J/2) g S;~S;,.
(i j) a &i,j &

—p, (X —ge;e;), (2.2)

should be imposed for each site i. Let us separate the lat-
tice into two sublattices A and 8. For the A sublattice
we leave the operators a; (o =1,1) and e, as they are,
while for the B sublattice we introduce the new operators
b, (o = 1, 1) and f, via the following unitary transforma-
tion:

a&~ b&, a, ,~b t,—e~f, (2.4)

For sublattice 8, therefore, the following relationship
holds between spin number operators in the original a;,
e; and in the new b, ,f, :

where we have written it in the form of normal-ordered
product. In addition to the Hamiltonian (2.2), the con-
straint of the completeness condition

(2.3}
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In-=n-i i

where we have defined the o,'. (a=x,y, z) and n by

and n,
'=. g b, b;, respectively. As a result of the above

unitary transformation, the bond operator S, . is written
as S; =g a; b .for the nearest-neighbor sites of the
i E 3 and jE8 sublattices, and so the grand canonical
Hamiltoman (2.2) with the constrain (2.3) can be written
as follows:

X f (a tb i'
&i,j)

iE A, jEB

0=—2t

&ij )
iE A, jEB

accompanied by the constraint

et(b;tta, t b,~pa—, t )f;
&ij )

iEB,jEA

S,tS,
~
—p N ge—;e;—g f; f;

iEA iEB
(2.5)

for each site i E. 3, and

gb; b; +f; f;=1,

(2.6)

for each site i E:8.
Now we apply a finite-temperature functional-integral method' to this normal-ordered canonical Hamiltonian (2.5)

with the constraint (2.6). As a simplification, we assume that a Lagrange multiplier A, , (r) for each site i, which multi-
plies the constraint (2.6), is time independent, spatially uniform, and takes a real value A, . When we note that the a; s
and b; 's are boson operators, while the e s and f s are fermion ones, the general partition function Za =Tr(e ~ ),
taking the above simplification of the Lagrange multiplier A, into consideration, can be written in the form of a function-
al integral with respect to imaginary time r With th. e inverse temperature P= 1 /T, then ZG is expressed as

Za = f „d[a,a]d[b, b]d[e, e]d[f,f ]d[A]exp —f dr L(a, a, b, b, e, e,f,f, A ), (2.7)
e(P) = -e(0),f (P)= —f(0)

where the imaginary time Lagrangian I. is given by

L(a, a, b, b, e, e,f,f,A)=g ga; (r} a; (r}+ gb;~(r) b; (r) + g e;(r) e;(r)+ gf;(r) f;(r)
8 — 8 8 — 8

~a ~r e~ ~r; a

2t g— f,(r)[a, t(r)bji(r) a, i(r)b, &(r)—]e,(r)
&i,j)

iEA, jEB

ej(r)[b;&(r)a i(r) b;&(r)a t(r)]f;(—r) —J g S; (r)S; (r)
&ij ) &i,j)iEBj E A 1E A,J EB

+I, g ga; (r)a; (r)+e;(r)e;(r) —1 + g $b, (r)b, (r)+f, (r)f, (r) 1. . —
iEA 0

—p N —g e, (r)e;(r) g f; (r)f;(r)—
iEB o

(2.8)
iEA iEB

We now apply a Hubbard-Stratonovich transformation to the bilinear product S; (r)S;.(r) of the bond variables in (2.8).
An auxiliary field g, (r), which is introdu"ced via this transformation, is also assumed to be time independent, spatially
uniform, and to take a real value g, again as a simplification. This assumption corresponds to including only an uni-
form mean-field state due to antiferromagnetic ordering. Consequently, we obtain the following grand partition func-
tion ZG..
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ZG =f d [a,a ]d [b, b ]d [e,e ]d [f,f ]d [k]d [y]exp —P g (2/J)y p—N —g A,

e(P) = —e(0),f(P) = —f(0) &ij )

X exp. —I dr g g a; (r) a; (r)+ gb; (r) b; (r)8
0 e ieA ~ iEB

+ g e, (r) e, ( r)+ Q f, (r) f, (r)
iEA i E. B

—2t g f~(r)[a;t(r)b/~(r) a;—&(r)b t(r). ]e,(r)
&ij &

iE A, jGB

e (r}[b;t(r)a &(r) . b, &(—r)a, t(r)]f. ;(r)
&ij &

iEBj 6A

[a; (r)b, (r)+b, (~)a, (r)]
i&

iGA, jEB

+ g [aj (r)b; (r)+b; (r}a~ (r)]
&i,j)

iGBj 6 A

+A, g g a, (~)a, (r)+ g b, (r)b; (r)
o i&A i E'B

+(A, +p) g e;(r)e, (r)+ g f, (r)f, (r) (2.9)
iEA iEB

It will be shown later that for the Heisenberg exchange interaction term in the Hamiltonian (1.5), we can describe very
well low-lying antiferromagnetic magnonlike excitation even under such approximate simplifications with respect to A,

anci g.
The effective grand canonical Hamiltonian which corresponds to the above grand partition function (2.9) takes the

following form:

I = —2teff

Let us perform Fourier transformations de6ned by

1 —iq R,. —sq-R,.

't/N /2 q
v'N /2 q

for each site i E A, and

1 iq R,. ], iq R,.

&N/2 ~ ' ' f' &N/2~fq
q

ft(a;tb ) a;t)b t)e; —— g e (b;tta t b;Ia ))f;—
&ij & &ij )

iEA, jEB i&Bj E A

—2yg g (a; b +b a; )+A, g ga; a; + gb; b; +(1,+p) pe;e;+ g f;f;
&i,j ) o iG A t'EB iE A iEB

iE; A,j EB

(2.10)

for each site i EB, where R,. denotes a lattice vector of site i and the summation g runs over half of the first Brillouin
zone. The Hamiltonian (2.10}is then written as

H,e= t hazy 5—+— 0[ft (a tb &

—aq tbq &)eq
—

eq (bq taq & bq ~aq t)f+—]
1

N/2

—gg gzyq(a bq +bq aq )+A g g(aq aq +bq bq }+(k+p)g(eqeq+fgq) . (2.11)

Here z denotes number of nearest-neighbor sites, and we have defined y by y =(I/z)use q', in which 5 denotes a
nearest-neighbor unit vector. For the purpose of diagonalizing the corresponding Heisenberg exchange interaction
term, furthermore, we introduce the following Bogoliubov transformation for o = 1, J, :
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A =cosh8 aq +sinh8qbq
(2.12)

Bq cosA 8q bq~ +sinh8 a

The boson commutation relation holds both between the A and A, and between 8 and 8 . When the
coefficients cosh8 and sinh8 satisfy the relations given by

cosh28q
COq

(2.13a)

sinh28 =—
q

X 3 q (2.13b)

and

coq=[A, —(Xzf q) ]' (2.13c)

the remaining part of the Hamiltonian (2.11) can be diagonalized except for the transfer term. The diagonalized part of
the Heisenberg exchange interaction term describes a system of low-lying antiferromagnetic magnonlike excitations.
After performing the Bogoliubov transformation (2.12), the effective Hamiltonian (2.11) is written as

H,tt= g g (coq —A)+Ho( A, A, B,B,ete f,f )+H~( A, A, Bt,B,et, e,fr, f),
q cr

where

Ho(A, A, B,B,e, e,f,f )= g g toq(Aq~Aq~+Bq Bq )+(A+@)g (eqeq+ fgq),
q 0 q

and

H, (A, A, B,B,e,e,f,f )

1
t g— zyq q 5q + q q OIcosh8q cosheq [ft (At &8 &

—At &8 t)e
q( qg q3 q4

t—e@(Bq tAq )
—Bq tAq t)fq ]

+sinh8q sinh8q [eq (Bq &Aq ~
—Bq ~Aq t)fq fq (Aq ~Bq

—
~
—

Aq ~Bq t )eq ]

—coshe sinheq [fq (Aq &Aq ~
—

Aq tA &)e —e (A &A ~
—A

~
A t)fq ]

sinh8 cosh8q [eq (8 &8 & 8&B
& )f —f (8 &8 & B&8

&
)e —]j

(2.14)

(2.15a)

(2.15b)

It is expected, however, that this resulting effective grand canonical Hamiltonian (2.14) describes well a system of holes
interacting with antiferromagnetic magnonlike excitations. By substituting the normal-ordered form (2.14) into expres-
sion (2.9) of the grand partition function ZG, we obtain

Z. = fd[&)d[X]exp W ——' X' —»—p+ —'
2 N/2

X I d[tT ttld[b bld[e e]d[f f]
(P)'='-:('0)",f'('P)'=-"f'{0)

Xexp —I dr gg Aq (r) +toq Aq (r)+Bq (r) +coq Bq (r)8
a.

+ g e (r) +A, +p eq(r)+fq(r) +&+p fq(r)
a 7

q

+H)( A (r), A(r), 8(r),8(r),e(r), e(r),f(r),f(r)) . (2.16)

According to this grand partition function (2.16), we stress that holes with uniform density interact with antiferromag-
netic magnonlike excitations because of the neglect of the site-i dependence of the Lagrange multiplier A.;. This point is
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important later in discussing the possibility of a phase separation state into a hole-rich and a no-hole phase, which was
conjectured by Emery, Kivelson, and Lin. "

III. PERTURBATION THEORY FOR E/J «1
We first consider the case without the transfer term, i.e., t =0. In this case we can immediately calculate the func-

tional integrals in (2.16), and then its grand partition function ZG ~, 0 is expressed as

ZG~, o= f1[A]d,[y]exp PN— —y —2A, —p+ — g g coq

q 0
II II (1—~

q o

'2
q)

—1
( 1 + ff(A—.+P) )N (3 1)

The thermodynamic potential per site, Qo= —(1/PN )lnZG ~, 0, in the steepest-descent approximation becomes

Qo= —y —2A, —p+ — +geo +— +gin(1 —e ') ——ln(1+e @ 4') .=Z 2 1 1 1 1 pco (A, + )

J 2 N/2 q PN/2 (3.2)

This expression describes a noninteracting system of antiferromagnetic magnonlike excitations and holes with uniform
density. The saddle-point equations determining self-consistent values of Ao, yo, and po for the case of t =0 are to be
derived from the minimization relations an /as=0, an /By=0, and the chemical potential relation 1 —5= dn /a—~
in which 5 denotes the hole concentration per site 5=([1/(N/2)](g;~ „e;e;+g;~+f; f; ) ). Thus we have the self-
consistent equations with respect to kp pp and pp..

1 ——=—g g cosh28, +—1 p 1 1

e ' —1

~Xp 1 p 1 1

J 2
= ——g g zy sinh28

q q p 0
+-

q cr e q —1

(3.3a)

(3.3b)

and

5=
p( A,o+po)

e
(3.3c)

Here aPq= [Ao
—(yozyq) ]', cosh28q=ko/aPq, and sinh28q= —yozy /co . These self-consistent equations (3.3a)—(3.3c),

which have been derived by introducing the contribution of holes with uniform density, are the extension of the ones
which were obtained for the antiferromagnetic Heisenberg model with spin S=—,

' by Arovas and Auerbach and
Takahashi.

We now investigate a system of the antiferromagnetic magnonlike excitations interacting with holes with uniform
density. Under the assumption of t /J «1, now, we apply a perturbation theory to the grand partition function ZG of
(2.16). That is, let us consider the transfer term H, as a perturbation. As a result, we have the following perturbation
formula:

T

ZG =f d [A, ]d [y]exp PN —y' —2—A,
—p+ — g g coq

XZGo exp — d~H, A ~, A ~,B ~,B ~,e ~,e ~, 7, t

=fd[A]d[y]exp , PN —y —2A, ——p+ — g g coJ 2 N/2

XZGO g f dr& dr„(H&(A(r&), . . . , f(r&)). . . H&(A(r„), . . . , f(r„)))0,
n=p

(3.4)

where the unperturbed grand partition function ZGp is given by



MAMORU UCHiNAMI

ZGo= g,g, e, e d
e(p) = —e(0),f(p) = —f(0)

Xexp —f dv g g Aq (~) +~q Aq (&)+Bq (&) +~q Bq (&)
p — i3 a

a.

+ g e (~) +A, +p eq(r)+f (r) +A, +p fq(r)8'7 8'7
I

(3.5)

and for a certain quantity Q( A (~i ), . . . ,f(r„})we have delned the thermal average ( Q )0 in the unperturbed Hamil-
tonian by

Q ~0 z' f (pi (0) b(p) b( )
[ & ] [ t ] [ & 1 [fif]

GO e(P) = —e(0),f(P)= —f(0)

Xexp — z ~

Aqp p +Nq Aq& T +Bq& T +Nq q~a~

+ g eq(w) +A, +p eq(~)+ fq(r) +A, +p fq(v)8'r 8'r
I

Q( A (&i ), ,f(~„)) . (3.6}

At the moment it seems to be impossible to calculate systematically terms higher in order than the third order. %'e will
take only contributions up to the second-order term of O(t /J ) ) into consideration. We find immediately that the con-
tribution of the erst-order term vanishes. To calculate the second-order term, let us introduce the following single-
particle thermal Green's functions:

( A (7 )A ~ (7'))0=(Bq (v)Bq (7'))0——5 5 Go (1 —7'), (3.7a)

and

(e (r)e (r')) =(f (r)f, (~')) =5 .g (g g') . —

Here GD (~—r'} in (3.7a) and go(r r') in (3.7b—) are given by

(3.7b)

—cu (w —8)
G~( T7 }—e'[8(r w' rt}(l—+n—q)+8(v' v+p)—nq],

and

go(~ —~') =e '"+i'"' ' '[8(v —~' —ri)(1 —
t7& ) 8(r' ~+ri—)tti, ],

respectively. These Green's functions have been evaluated straightforwardly by introducing the step function 8( )

and the limit r1~0+ at equal time. The expression n denotes the Bose distribution function nq =1/(e —1) for an
antiferromagnetic magnonlike excitation, while 8zdenotes the Fer'mi distribution function Ez =1/(e~' +"'+1) for a
hole as a spinless fermion. By using these single-particle thermal Green s functions, we can thus write the total grand
partition function ZG up to O((t/J) ) as follows:

ZG= f d[A, ]d[y]exp PN —y 2A,—p+ — —g g—co
q

N
X g g (1—e q)-' 1+e-t'"+~' (1+Z„),

q G'

(3.8)

where the contribution ZGz of the second order in (3.8} is given as
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1
ZG2 = —( tz) d r, d ~2

(N/2)'

~q& —
q3

X ~q)+q~ —
qz

—
q3, 0 go(+2 1}go(+I +2)

ql, q2, q3, q4

X I [yq q (cosh28q cosh28q + 1)—y sinh28 sinh28 ]

X [Goq (vz —r))Goq (r) —rz)+ Go (z) —rz}G0 (rz —r( }]

+[yq q (cosh28q cosh28q —1)—yq q
sinh28 sinh28 ]

X[Goq (&2 &&)Go (~z &i}+Goq (r) ~z)Go (&& &2)]I ~ (3.9}

When we introduce the following frequency representation for the bosonic Green's function Go (r—r') of the antiferro-
rnagnetic magnonlike excitation,

—ice (v —w'j

Go (r —r')= $e
l CO„COq

with co„=2nn/p, a.nd also introduce the following one for the fermionic Green's function go(r r') o—f the hole,

go(~ —r') = —i v„(~—v')ge 1

iv„—(A, +p)

with v„=(2n +1)n /P, expression (3.9) can be written as

=1 1 1 —1 1
ZGz —2&N p X . (~+ )

I'er (vn vn) —
p

n tl

In (3.10}the effective potential V",s" that denotes interaction between holes is given by

(3.10)

1=(tz) g [y q
(cosh28 cosh28q +1)—y sinh28q sinh28q ](N/2) 2 q2 q3 q1 q2 q2 q3'

q, .q, .q,

Pa)

e ' —1
i (V„—V'„)+COq —

CO

I

l (V„V„) COq +COq

—[y (cosh28 cosh28 —1)—y sinh28 sinh28 ]

pcs

e ' —1
E ( V„V„}+COq +COq l ( V„—V„) COq COq

(3.11)

Furthermore, by summing with respect to the imaginary frequencies, calculation of (3.11) gives the following more
compact form for the Zoz..

1
ZGz= PN(tz) nh(1 —

nl, )—
(N/2)

~q& q3 1
[yq (cosh28 cosh28 +1)—yq q sinh28q sinh28q ](nq nq )—2 q2 q3 q$ q2 CO CO

1—
[yq q (cosh28 cosh28q —1)—yq sinh28q sinh28 ](nq +nq +1)

Q) +6)
q2 q3

(3.12}

Consequently, the thermodynamic potential per site, 0= —(I/PN)lnZG, up to O((t/J) } in the steepest-descent ap-
proximation is
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Q= —g —2A, —p+ — g g coq+ — g g ln(1 —e ') ——ln(1+e ~ " )
Z 2 1 1 1 1 —(~+ )

J 2 N/2 q P N/2 P

+(tz) nq(1 —nh)
1

(X/2)'

ql, q2, q3

[yq q
(cosh28 cosh28q +1)—y sinh28 sinh28 ]

X(n n—)
1

CO N
q2

—[y (cosh28q cosh28 —1)—y sinh28 sinh28 ]

X(n +n +1) 1

COq +COq
(3.13)

The first part of the perturbation term proportional to t
in (3.13) gives the contribution from one magnonlike ex-
citation, while the second part gives the contribution
from two magnonlike excitations. From the thermo-
dynamic potential Q of (3.13) up to the second order
0 ( t /J ) ), the saddle-point equations determining self-
consistent values of A, , y, and JM are to be derived by cal-
culating the minimization relations BQ/M, =O and
BQ/Bg =0, and the chemical potential relation
1 —5= —BQ/Bp with hole concentration per site 5. Al-
though we can write explicit expressions of these three
self-consistent equations with respect to A, , y, and p, they
are very complicated equations. At the moment it seems
to be very difficult to treat them analytically and even nu-
merically.

It is convenient to calculate the free energy per site I'
from the thermodynamic potential per site 0 by using a
thermodynainic formula F =Q+p(1 —5). It enables one
to compare the free energy I' at sufficiently low tempera-
ture with the ground-state energy E at T =0.

IV. APPLICATION TO THE ONE-DIMENSIONAL CASE

We apply the formulas obtained in Sec. III to the one-
dimensional t-J model. The t-J model for the case of
t =0 (i.e., without the transfer term) describes the
Heisenberg spin system together with holes with a uni-
form density. If the hole concentration 5 is zero, it
reduces to the pure Heisenberg spin model. Then the
self-consistent equations (3.3a) and (3.3b) at T =0 can be
written in a compact form by using the complete elliptic
integrals K(m) and E(m) of the first and second kind, re-
spectively. Taking m =(zoo/A, o), we have the corre-
sponding equations:

=1.3800, =0.6793 . (4.2)

(4.3)E(' = —0.9228

which is lower than the rigorous value.
Next we examine the Heisenberg spin system in the

presence of holes with a uniform density. For an arbi-
trary value of hole concentration 5 in 0 ~ 5 ~ 1, we have
to solve numerically the self-consistent equations
(3.3a)—(3.3c) with r =0 at sufficiently low temperature
T/J =0.01. The results calculated numerically for the
dependence of the auxiliary field gz and the Lagrange
multiplier A.o on 5 are shown in Figs. 1 and 2, respective-

06-

0.5
O.a-

0
0.3-

0.2-

And then the index m which illustrates degree of gapless-
ness (rigorously gapless as m =1.0) has got m =0.9691.
Although the excitation spectrum for the one-
dimensional antiferromagnetic Heisenberg model must be
rigorously gapless (i;e., des Cloizeaux-Pearson inagnon
spectrum) according to rigorous theory, ' the approxima-
tion used in this paper indicates that one has obtained a
very small but finite gap. We have called this excitation
the antiferromagnetic magnonlike excitation because it is
almost gapless. Although a rigorous value of the
ground-state energy Ez of the antiferromagnetic Heisen-
berg spin model is —ln2 also, the approximate value of
Eo obtained here is

m. =K(m),
~o n —E(m)
J (n /2)m

(4.1a)

(4.1b)

O.t-

0.6 0.8 1.0

These equations [(4.1a) and (4.1b)] obtained for the one-
dimensional antiferromagnetic Heisenberg model are
equivalent to the ones which were derived by Arovas and
Auerbach. A solution for them is

FIG. 1. Dependence of goal on hole concentration 5 at
suSciently low temperature T/J =0.01, when we consider the
one-dimensional t-J model without taking the transfer part into
consideration (i.e., with t =0).
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09-

0.6-
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03- —0.4

0.2 p4 0.6 0.8 1.P -0.6

FIG. 2. Dependence of po on hole concentration 5 at
suSciently low temperature T/J =0.01, when we consider the
one-dimensional t-J model without taking the transfer part into
consideration (i.e., with t =0).

-0.8

-1.0-

1.0-

0.8-

0.6-
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0.2-

0.2 0.4 0.6 0.8 1.0

FIG. 3. Dependence of the gapless index m on hole concen-
tration 6 at sufFiciently low temperature T/J =0.01, when we
consider the one-dimensional t-J model without taking the
transfer part into consideration (i.e., with t =0).

ly. By using these numerical results of yo and Ao, the 5
dependence of the index m, which represents the degree
of gaplessness, is evaluated and is shown in Fig. 3. The
values of yo and A,o in the limit of 5=0 approach the cor-
responding values of the pure Heisenberg spin model in
(4.2), respectively. Also, the value of m in the same limit
approaches m =0.9691. The result calculated numerical-
ly for the 5 dependence of the free energy per site,
Fo =Qo+ go(1 —5), at sufficiently low temperature
T/J =0.01, for the case of t =0, is shown by (a) in Fig. 4.
The limiting value of Fo at 5=0 approaches the approxi-
mate value (4.3) of the ground-state energy of the pure
Heisenberg spin model. Let us consider next the 5 depen-
dences at sufficiently low temperature T/J =0.01 for the
case of t =0. As seen in Figs. 1 and 2, both go and A,o de-
crease almost linearly as the hole concentration 5 in-
creases from 0.02 to 0.96. The value of yo is seen to rap-
idly approach to zero as 5 becomes near one (i.e., as only
holes exist), because it describes the auxiliary field for the
resulting spin singlet generated with the insertion of a
hole. We see from Fig. 3 that as 5 increases from 0.02 to
0.96, the degree m of gaplessness deviates more and more
from m =1, and so the magnonlike excitation becomes
more and more massive. The corresponding result on the
free energy Fo which is shown by (a) in Fig. 4 indicates an

FIG. 4. Dependences of the free energy F on hole concentra-
tion 5 at sufFiciently low temperature T/J =0.01, when we con-
sider the one-dimensional t-J model. The curves (a), (b), (c), and
(d) are the ones for the case of t/J =0, 0.4, 0.8, and 1.0, respec-
tively; the dotted straight line denotes a curve conjectured un-

der the existence of the phase-separation state into a hole-rich
and a no-hole phase.

upward convex curve connected between the value Fo =0
at 5=1 and the extrapolated value of Fo sufficiently near
(4.3) at 5=0.

We can make the following considerations on this be-
havior of the free energy Fo. According to a recent study
on the t-J model due to Emery, Kivelson, and Lin, " and
Imada, ' it is suggested that, in the region of small t/J,
such a mean-field state with a uniform antiferromagnetic
ordering over the whole lattice obtained above is unstable
against phase separation into a hole-rich and a no-hole
phase. This phase-separation state means that all of the
doped holes exist in one phase, while the other phase is
the undoped pure antiferromagnetic Heisenberg spin sys-
tern. Under the conditions of this phase separation, we
can conjecture a straight line connecting between the
values at 5= 1 and 0 for the 5 dependence of the ground-
state energy Eo. However, we find that our actual curve
[Fig. 4(a)] of the case t /J =0 of the free energy Fo, which
is obtained at sufficiently low temperature, lies higher in
energy than the expected straight line in the region of
0(5(1. Note that the curve we have obtained is the
one derived by solving numerically the self-consistent
equations (3.3a)—(3.3c) under the assumption that the
mean-field state is uniform over the whole lattice. We
thus conclude that when we neglect the transfer term
(i.e., for the case of t =0), the phase-separation state con-
jectured by Emery, Kivelson, and Lin appears in the re-
gion of 0 (5( l.

Taking account of the transfer term, now, let us con-
sider the case of tAO based on the perturbation theory
developed in Sec. III. We pay attention to the expression
(3.13) of the thermodynamic potential 0 up to the second
order O((t/J) ) for t/J«1. As a matter of fact, we
have to solve the self-consistent equations determining
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the values of k, y, and p to be derived from the minimiza-
tion relations t)Q/N, =O and t)Q/t)y=O, and the chemi-
cal potential relation 1 —5= —BQ/t)p, with a hole con-
centration 5 of uniform density. But it is very difficult to
solve them even numerically. By substituting the above
numerical results of A,o, yo, and LMO, which we have ob-
tained for the case of t =0, it is therefore possible to esti-
mate a contribution of the second-order perturbation of
t/J to the free energy F =Q+ls(1 —5). Such an estima-
tion corresponds to neglecting the renormalizations of A, ,

y, and p, which are caused by taking the transfer term
into consideration. The 5 dependences of the free energy
F up to the second order 0((t/J) }calculated under this
estimation are given in Fig. 4 for various values of
t/J=0. 4, 0,8, and 1.0 at sufficiently low temperature
T/J=0. 01. As the transfer term is introduced, we find
that in the region of 0&5& 1 the free energy F for t%0
becomes lower than the one Fo at t =0. For compara-
tively large t/J there is a possibility that the free energy
F becomes lower than the conjectured straight line of the
phase separation state by Emery, Kivelson, and Lin" in
the region of small 5. We then find that the contribution
to lowering of the free energy is dominant at sufficiently
low temperature from the term of two magnonlike excita-
tions in (3.13). Thus for the small transfer t/J the
phase-separation state is stable for arbitrary hole concen-
tration, but we may conclude that the introduction of the
large transfer t/J supports an appearance of the mean-
field state, uniform over the whole lattice for small hole
concentration, while the phase-separation state remains
elsewhere.

respect to the t term (i.e., the transfer one) for t «J. As
a consequence we have obtained the self-consistent equa-
tions containing the hole concentration 5 which are
effective for t «J. Up to now, the self-consistent equa-
tions have been numerically solved only for the one-
dimensiona1 t-J model, and then the 5 dependences of
various physical quantities have been obtained.
Specifically, the study of the contribution of the transfer
part to the free energy has indicated that the two mag-
nonlike excitations have a much more dominant contri-
bution than the one magnonlike one at suSciently low
temperature. If the magnitude t of the transfer term is
not too large, then there is not a realization of the mean-
field state with uniform antiferromagnetic ordering over
the whole lattice but the phase-separation state with
coexisting hole-rich and no-hole phases for arbitrary hole
concentration. If its magnitude t becomes large enough,
we have the possibility that the uniform mean-field state
appears in the region of small hole concentration, while
the phase separation state remains elsewhere.

As a matter of fact, with respect to the high-T, super-
conductivity, we are particularly interested in solving the
corresponding self-consistent equations numerically for
the two-dimensional t-J model. Although we have ap-
plied an approximation of uniform mean-field to the J
term in the t-J model in the finite-temperature
functional-integral formalism, it is expected that a result
for the two-dimensional t-J model is a better approxima-
tion than for the one-dimensional t-J model from the
point of view of mean-field theory. This is our future
problem.
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the J term (i.e., the Heisenberg spin part) in the t-J mod-
el, we have developed the perturbation theory with

I would like to thank the Theoretical Condensed
Matter Physics Group at Eidgenossiche Technische
Hochschule (ETH) for warm hospitality. I would like
also to acknowledge many helpful discussions with Pro-
fessor T. M. Rice and Dr. M. Ogata. I am particularly
grateful to Professor T. M. Rice for many useful com-
ments on the manuscript. The Swiss National Fond is
gratefully acknowledged for financial support.

'Present address: Laboratory of Mathematics, Meiji College of
Pharmacy, Nozawa, Tokyo 154, Japan.

'P. A. Lee, in Mechanism ofHigh Temperature Superconductiui

ty, Vol. 11 of Springer Series in Material Science, edited by H.
Kamimura and A. Oshiyama (Springer-Verlag, Berlin, 1989),
p. 383 ~

2C. Gros, R. Joynt, and T. M. Rice, Phys. Rev. B 36, 381 (1987).
Z. Zou and P. W. Anderson, Phys. Rev. B 37, 627 (1988).

4T. Matsui, Int. J. Mod. Phys. B 1, 613 (1988).
5D. Yoshioka, J. Phys. Soc. Jpn. 58, 32 (1989);58, 1516 (1989).
D. P. Arovas and A. Auerbach, Phys. Rev. B 38, 316 (1988).

7F. C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759 (1988).
8M. Takahashi, Prog. Theor. Phys. Suppl. 87, 233; Phys. Rev.

Lett. 58, 168 (1987);Phys. Rev. B 40, 2494 (1989).

R. Birgeneau and G. Shirane, in Physical Properties of High
Temperature Superconductors, edited by D. M. Ginsberg
(World Scientific, Singapore, 1989); H. R. Ott, in Ref. 1, p.
376.

'OJ. W. Negele and H. Orland, Quantum Many Particle Sys-terns

(Addison-Wesley, Reading, MA, 1988).
~~V. J. Emery, S. A. Kivelson, and H. Q. Lin, Phys. Rev. Lett.

64, 475 (1990).
'~M. Imada, Proceedings of the International Workshop on

Quantum Simulations of Condensed Matter Phenomena, edit-
ed by J. D. Doll and J. E. Gubernatis (World Scientific,
Singapore, 1990),p. 127.

' J. des Cloizeaux and J. J. Pearson, Phys. Rev. 128, 2131
(1962).


