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A fermion-spin transformation is used to implement the charge-spin separation, and is developed
to study the low-dimensional t-J model. In this approach, the charge and spin degrees of freedom
of the physical electron are separated, and the charge degree of freedom is represented by a spinless
fermion while the spin degree of freedom is represented by a hard-core boson. The on-site local
constraint for single occupancy is satisfied even in the mean-field approximation and the sum rule
for the physical electron is obeyed. This approach can be applied to both one and two-dimensional
systems. In the one-dimensional case, the spinon as well as the physical electron behave like Luttinger
liquids. We have obtained a gapless charge and spin excitation spectrum, a good ground state
energy, and a reasonable electron-momentum distribution within the mean-field approximation. The
correct exponents of the correlation functions and momentum distribution are also obtained if the
squeezing effect and rearrangement of the spin configurations are taken into account. In the two-
dimensional case, within the mean-field approximation the magnetized flux state with a gap in the
spinon spectrum has the lowest energy at half-filling. The antiferromagnetic long-range order is
destroyed by hole doping of the order ~ 10 — 15% for ¢/J = 3 — 5 and a disordered flux state with
gapless spinon spectrum becomes stable. The calculated specific heat is roughly consistent with
observed results on copper oxide superconductors. The possible phase separation is also discussed

15 JANUARY 1994-11

at the mean-field level.

I. INTRODUCTION

The large-U Hubbard model and its equivalent, the
t-J model, are prototypes to study strong correlation ef-
fects in solids, especially in connection with the high-T,
superconductivity.!™® The central issue under debate is
whether the non-Fermi-liquid behavior, showing up as
charge-spin separation and vanishing of the quasiparticle
residue, inherent to the one-dimensional (1D) Hubbard
model, is also true for two-dimensional (2D) models, as
conjectured by Anderson.*

In 1D, the exact Bethe-ansatz solutions®® are avail-
able for the t-J model in the limit J/t — 0 and J/t = 2.
The Hubbard model and the ¢t-J model in the small-J
limit scale to the Luttinger model.>"® Using Lieb-Wu’s
exact wave function, Ogata and Shiba® have shown the
existence of an electron Fermi surface as well as a sin-
gular behavior at k ~ kg and k ~ 3kp in the electron-
momentum distribution function. Moreover, Yokoyama
and Ogata® and Assaad and Wiirtz'? have studied the 1D
t-J model using the exact diagonalization of small sys-
tems and quantum Monte Carlo methods, respectively,
and their results show that the ¢t-J model behaves like
a Luttinger liquid for low values of J/t, and undergoes
phase separation at large values of J/t. Hellberg and
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Mele!! came to the same conclusion by using the Jastrow
variational wave function. Thus the typical behavior of
the Luttinger liquid!2 in 1D, i.e., the absence of quasipar-
ticle propagation and charge-spin separation, has been
demonstrated explicitly for the ¢t-J model in the small-J
limit.

There are no exact solutions available in 2D. The varia-
tional calculations'3 seem to support Anderson’s conjec-
ture. The quantum Monte Carlo simulations gave some
hint at the vanishing of the quasiparticle residue in the
thermodynamic limit.'* However, this result is not con-
clusive because of the “fermion minus sign” problem in
the Monte Carlo technique and contrary results in ex-
act diagonalization of clusters'® as well as analytic treat-
ments of the single-hole problem.!®

The crucial requirement!”? for the ¢-J model (and the
large-U Hubbard model) is to impose the single oc-
cupancy constraint Y C;",C,- < 1. An intuitively
appealing approach to implement this constraint and
the charge-spin separation scheme is the slave particle
formalism,®3 where the electron operator is decomposed
as C,-t,zazr fie with a:f as the slave boson and f;, as the
fermion and the local constraint f,-I'cr fie + a:-‘ai =1,

! as fermion and fio as boson. Due

or vice versa,i.e., a;
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to the constraint, these particles are also coupled by a
strong gauge field,!® allowed by this slave-particle rep-
resentation. In the mean-field approximation (MFA) the
spin (spinons) and charge (holons) degrees of freedom are
fully separated. However, there are a number of difficul-
ties in this approach. First of all, in the slave-boson ver-
sion, the antiferromagnetic correlation is absent for zero
doping, so the ground state energy in the 2D case is high
compared with the numerical estimate for small clusters,
and the Marshall sign rule?? is not obeyed.?!:22 Alterna-
tively, in the slave-fermion approach, the ground state is
antiferromagnetic for the undoped case and persists until
very high doping (~ 60 %).2% The large Fermi surface of
spinons, present in the slave-boson approach, is absent
there. Moreover, if, following the common practice, we
let fi; keep track of the spin, while letting a; keep track
of the charge, satisfying the sum rules: § = (a:-'a,-) and
1-6 = ¥ _(f} fis), where & is the hole doping concentra-
tion, we find2* that the sum rule for the physical electron
>,(Cl Ciy) = 1 —§ is not satisfied for both versions.
This expectation value is (1 — §)? in the slave-fermion
representation, and 1 — 6% in the slave-boson version.
Since the total number of particles does not depend on
the interactions, this difficulty will persist even beyond
the MFA, so long as the spinon and holon expectation
value decoupling is assumed. Furthermore, we have also
shown?? that the overall electron distribution does not
have the appropriate Fermi surface within this scheme
even for the 1D case. These are intrinsic difficulties of
this decoupling scheme.

In this paper we develop another scheme, the fermion-
spin transformation, to implement the local constraint
and the charge-spin separation. In this scheme the charge
degree of freedom is represented by a spinless fermion,
while the spin degree of freedom is represented by a hard-
core boson in terms of Pauli operators (with a projection
operator to be specified later). Using this representation
the local constraint is satisfied in the decoupling scheme
in contrast with the existing slave particle approach,'®3
where the local constraint is replaced by a global one.
As a consequence, the sum rule for the physical elec-
tron is obeyed. Moreover, the hard-core bosons can be
expressed in terms of spinless fermions via the Jordan-
Wigner transformation in 1D (Ref. 25) and its general-
ization in 2D.26 This is an efficient calculation scheme
which can provide very good results even at the mean-
field level.

Here we summarize our main results. In 1D we can in-
tegrate out the spinless charge field (holons) and obtain
an effective Hamiltonian for an interacting spinon field
which behaves like a Luttinger liquid. Hence the physi-
cal electron, as a convolution of spinon and holon, also
behaves like a Luttinger liquid in consistency with the ex-
act solution.® Moreover, we obtain a gapless spectrum for
both holons and spinons at the mean-field level which is
not true in the slave-fermion approach. The ground state
energy at and away from half-filling is in good agreement
with exact results. By going beyond the MFA to in-
clude the “squeezing” effect and rearrangement of the
spin configurations due to the hole presence, we obtain
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not only correct exponents of correlation functions and
momentum distribution at the Fermi surface but also a
reasonable global distribution function. In 2D we have
considered various phases at and away from half-filling
in the MFA. The magnetized flux state with a gap in
the spinon spectrum has the lowest energy at half-filling.
The antiferromagnetic long-range order (AFLRO) fades
away by hole doping of the order 10—15% for t/J = 3—5
in contrast to the Schwinger boson approach where the
AFLRO is destroyed at 62% doping.?® Beyond the criti-
cal concentration, a disordered flux phase with a gapless
spectrum becomes stable. We have also calculated the
specific heat and considered the phase separation issue.
The results are consistent with experiments and numeri-
cal simulations, respectively.

The rest of the paper is organized as follows: In Sec.
II, we explain in detail the fermion-spin transformation
which is exact in the single occupancy Hilbert space, if a
projection operator is introduced to remove the extra de-
grees of freedom. We also estimate the errors introduced
by the MFA. In Sec. III we apply the proposed scheme
to the 1D t-J model within the MFA. The main results
obtained have been mentioned above. In Sec. IV we
calculate the correlation functions and momentum dis-
tribution by introducing two “string” operators which
take care of the squeezing effect and rearrangement of
the spin configurations. The exponents thus obtained
agree with the exact results. The applications to 2D at
the mean-field level are described in Sec. V. Finally, in
the concluding section we make some further remarks to
explain our current understanding why this simple trans-
formation works so well and outline some open problems.

II. FERMION-SPIN TRANSFORMATION TO
IMPLEMENT THE CHARGE-SPIN
SEPARATION

A. Model, constraints, and sum rules
We start from the ¢-J model which can be written as
H=-t) (CLCjo+Hc)-pY CLCi+IYS:S;,
0

(i) )
(1)

where C} (Ci,) are the electron creation (annihilation)
operators, S; = C’J 0C;/2 spin operators with o as Pauli
matrices, and p is the chemical potential. The summa-
tion (ij) is carried over nearest neighbor nonrepeated
bonds.

The Hamiltonian (1) is defined in a restricted Hilbert
space without double electron occupancy. There are two
ways to implement this requirement: either to solve (1)
combined with a nonholonomic constraint 3 - CI,C;, <
1 or to introduce constrained fermion operators,?” replac-
ing Cis by Cio = Cis(1 — n;5), where n;, = CLC',-G. We
will use both representations in this paper.

The constrained operators C;, satisfy the following re-
lations:
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Y CLCiw =) CLCi(1 - nis),

<zc~;a,> —1-,

where the latter equation is a sum rule for the electron
at the hole doping concentration 4, and (- - -) means the
thermodynamical average. The on-site anticommutation
relation of the constrained electron operator C'i, is

> {Ci,ClL} =2~ Z Cios

(2)

®3)
{Cir,CL}) =1+35, 3
(Ztemety)

(4

which gives rise to a sum rule for the spectral function
Aco(k,w)

E/ ——Awkw)_1+5 (4)

Of course, this value is less than 2 since 1 — § states are
pushed to infinity as U — oo in deriving the ¢t-J model.
Hence the electron spectral function A.,(k,w) describes
only the lower Hubbard band. Equations (2) and (4)
are exact sum rules for the ¢-J model, and they must be
preserved in adequate treatments.

B. CP? hard-core boson

The decoupling of the charge and spin degrees of free-
dom for the physical electron is undoubtedly correct in
the 1D t-J model,® but the situation is still not clear
in 2D. In this paper, we presume that the decoupling of
charge and spin degrees of freedom for the physical elec-
tron is also valid for the 2D ¢-J model, and we propose
another scheme to decouple the charge and spin degrees
of freedom.

To motivate this transformation, we sta.rt from the no-
double occupancy local constraint Y C Cic < 1. Sup-

posing C;, = hi b;, with the spinless fermion operator h;
keeping track of the charge (holon) while the operator b;,
keeping track of the spin (spinon), then this on-site local
constraint can be rewritten as Y. _h; h:rbwbw < 1. Since
the electron obeys the Fermi statistics, the operator b;,
must be a boson when the operator h; has been assigned
a fermion character in this electron decoupling scheme.
If bosons are subject to the condition ) bl ,bic =1, the
on-site electron local constraint

=3 CLCiy =hihl =1-hlh; <1 (5)

is exactly satisfied, where ny = h:-rhi is the spinless holon
number at site 7, equal to 1 or 0. This way the non-
holonomic on-site electron constraint is converted into a
holonomic boson constraint.

We should note that so long as h*h =1, z Cio =

0, no matter what the value of np, = Y b! bw is. How—

o o
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ever, the choice n, = 1 is convenient, because it also
guarantees the condition n. = 1, when n; = 0. This de-
coupling scheme, the so-called CP! representation, was
proposed by Wiegmann?® and was used in Ref. 29. The
constraint n. = 1 means the presence of one boson (spin-
up or -down) on each site, i.e., we assign a “spin” even
to an empty site. This will not affect the physical expec-
tation values, because the hole number expectation (ns)
will remove the spurious effects. Nevertheless, the extra
degrees of freedom will affect the partition function and
thermodynamical quantities. In the next subsection we
will define a projection operator to cure this defect. As a
result, the commutation relations and sum rules (2)—(4)
will be satisfied exactly.

Now we explore further the properties of the CP!
bosons. First note that if we restrict the boson occu-
pation number to 0 or 1, the infinite-dimensional Fock
space for bosons becomes two-dimensional, where we can
choose the following representation:

we (88) =3 0), g

which are nothing but spin-lowering S~ and spin-raising
S+ operators for S = 1/2 and satisfy the hard-core con-
straints bb = btbt = 0.

Moreover, if we request that 1 and | hard-core bosons
satisfy the CP! condition n; = 1, the 2 x 2 representa-
tion space becomes two-dimensional. Assume (3)+, (9)1
are singly occupied and empty spin-up, while (9);, (3),
are singly occupied and empty spin-down states, respec-
tively. Due to the constraint bITb,-T + b;‘ib,- 1 = 1, out of
four possible states as direct products, only two, namely
®)+ )y and (D)1 (9),, are allowed. Thus we can ignore
the spin label in the state and represent b4 as (3 9), and
b, as (3 1) in the reduced two-dimensional representa-
tion space. Of course, all the hard-core boson conditions,
ie., bigbl, + bl b, = 1, bf bl = b,b;, = 0 (without
summation over o), are satlsﬁed As a result, by and b
are identified with the spin lowering S~ and raising S*
operators, respectively, while the boson occupation space
is identified with the spin—— representation space.

To sum up, as solutlons of the single occupancy
constraint Za C o < 1 under CP! convention
> bIa o = 1, we ﬁnd the following fermion-spin trans-
formation:

Ci =hlS7, Ci=hlSS (7)

in terms of which the ¢t-J Hamiltonian (1) can be rewrit-
ten as

H=—tY hhl(SFS; +575])+He.
(ij)o

—uzhhT+JZ (1 — hiR:)S;i - S;(1 — kiR,

(23)
(8)

where S; is the pseudospin operator at site 2 which can be
expressed as CP! hard-core bosons and is different from
the electron spin operator in Eq. (1). We would empha-
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size that the present CP! hard-core boson representation
of spin operators is different from the CP! boson repre-
sentation of the spin operator used before.2%:2° In their
approach, the spin degree of freedom is represented by
ordinary boson operators, while, in the present scheme,
the hard-core boson operator b;, behaves as a fermion on
the same site, and as a boson on different sites.

C. Projection operator

In the local representation the restricted Hilbert space
of no-double occupancy consists of three states, |0}, | 1),
| 1), while in the fermion-spin transformation presented
in the previous subsection there are four states |hole) ®
|spin), namely [1,1), |1,{), |0,1), and |0,]), where 1 or
0 means hole occupation. We can introduce a projection
operator P to remove the extra degrees of freedom. The
matrix elements of this operator can be defined as

Pea = |k)(al, (9)

where |&) is one of the bases of the physical states, while
|a) is one of the bases in the space |hole) ® |spin). Since
the space dimensions of |k) and |a) are different, the
usual relations for the projection operator P2 = P = Pt
are not satisfied. Using this operator, one can define the
electron operators in the constrained space as

Ciy = PiRlS; P!, Ci = PilS}P],
C’JT = P,h;S} P}, C~'L = P;h;S] P}, (10)

where P, is the projection operator for the site i, and Pf is
the Hermitian conjugate of P;. Making use of the matrix
representation of the holon operator hl = (§ 1), h; =
(9 3), we can write down explicitly all these operators
in matrix form (see the Appendix). In particular, the
constrained electron operators in the basis of the physical
states |0), | 1), | {) can be written as

0

0) ,

0

i 010 i 0
C,-T=(O 0 0), C}T=<1
0 0 0 0

) 0 0 1 ) 000
c,-¢=(0 0 0), CL:(O 0 0), (11)
000 100

which are nothing but the Hubbard X operators Xo4,
Xoy, etc.3? It is then straightforward to check that

(== =)

Z é:aé,;g =1- nh, (12)
D {Cir, CLY =14 na, (13)
where

1 00
np = (0 0 0)
0 00

is the hole number operator. Taking expectation values

of Eqs. (12) and (13), one sees immediately that the
sum rules (2) and (4) are exactly satisfied. Thus we have
shown that the fermion-spin transformation defined with
an additional projection operator P satisfies exactly the
no-double-occupancy constraint and all sum rules, i.e.,
they are an exact mapping.

However, the projection operator P is cumbersome to
handle and in many cases, for example in the mean-field
treatment of Secs. III-V, we will drop it. Now let us
see which of these properties are still preserved and what
kind of errors we are committing in such approximate
treatments. First of all, the local constraints are ex-
actly obeyed even in the MFA. Second, those expectation
values of electron operators, including spin-spin correla-
tion functions, which should vanish, actually do not ap-
pear due to the presence of the holon number operator
ny = h:‘r h;. Furthermore, as we will see later, the sum
rules for the physical electron are also satisfied in the
MFA. By adding an extra spin degree of freedom to an
empty site we are making errors of the order 4 in count-
ing the number of states, which is negligible if § — 0.
For comparison we should note that in the usual slave-
particle approach,!® the local constraint is explicitly re-
placed by a global constraint in the MFA, and therefore
the representation space is much larger than the repre-
sentation space for the physical electron, which leads to
some unphysical results.!”?4 From this point of view, our
treatment of constraints for the physical electron is much
better than the slave-particle approach, and therefore we
believe the mean-field result based on the fermion-spin
approach even without the projection operator should
be better than those obtained by using the slave-particle
mean-field theory. This is indeed confirmed by the mean-
field calculations presented in the following sections.

We note that a similar transformation has been dis-
cussed in Ref. 31, but these authors did not stick to the
single-occupancy constraints in their actual calculations.

III. THE MEAN-FIELD THEORY IN 1D
WITHIN THE FERMION-SPIN APPROACH

Since an exact solution3? for the Hubbard model
(hence for the J/t — 0 limit of the ¢t-J model) is avail-
able in 1D, it is important to confront any approximate
treatment with this solution. In this section we consider
the 1D t-J model, using the fermion-spin transformation
described in the previous section at the mean-field level,
neglecting the effects of the projection operator P. As
mentioned in the Introduction, the 1D ¢-J model exhibits
a Luttinger liquid behavior, including charge-spin sepa-
ration, vanishing of the quasiparticle residue, etc. We
should also mention that both spin and charge excita-
tions are gapless in 1D.5 In the standard slave-particle
approach, many of these properties are not preserved.
For example, in the slave-boson case3® there is a Bose
condensation at the mean-field level which leads to a
Fermi-liquid behavior. On the other hand, there is a gap
in the spin excitation spectrum in 1D within the slave-
fermion framework, even at half-filling.2> Now consider
the mean-field results in the fermion-spin approach.
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A. Luttinger liquid behavior

In the fermion-spin representation, the 1D ¢-J model
may be written as

H=- tzaja,-ﬂ(sjs;d +S7S%,) +He.

—pZa a,-}-JZaa,)(S -S; )(a a;), (14)
(i7)
where, for the convenience of the following discussion, we
have introduced the particle operators a; and a! defined
as
a; = hl, al = h,. (15)

In the 1D case, the hard-core bosons S} and S; can be
mapped exactly onto spinless fermions using the Jordan-
Wigner?® transformation

t+ = f:ei" zl<i fl1f1’ (16)
T o= fie—i"21<ifl'f‘, (17)
7z _ e _ 1

SE=flfi-3 (18)

where f; is the spinless fermion operator. Substituting
Egs. (16)—(18) into Eq. (14), the ¢t-J Hamiltonian (14)
can be expressed as

H = ——tz aTai+1 + aL_lai)(f'ffH-l + f:+1fi)

—uza a;+J > ala3(ff; + £l )
(i3)
+(f -1 (f;'ffj - %)]a;"lj- (19)
We can now employ the path-integral representation in
which the Lagrangian L and the partition function Z of

the t-J model in the imaginary time 7 can be expressed
as

L=> aldra;+> flo.f;+H, (20)

Z= /DaDa*DfoTe—fde(ﬂ. (21)

Integrating out the spinless charge field a; of the t-J
model, we obtain an interacting spinon system, which,
like any interacting fermion systems in 1D, is described
by a Luttinger liquid theory.'?3* Moreover, the physi-
cal electron as a convolution of spinon and holon also
behaves like a Luttinger liquid, which means that the
electron wave function renormalization constant Z = 0
in the 1D t-J model.

In the path-integral representation, one can introduce
a SU(2)-invariant Hubbard-Stratonovich transformation
to decouple the Lagrangian (20) by using the following
auxiliary fields

Xijitn = 8787, (22)

biitn = alaity, (23)

where 7 = +1. Note the auxiliary field x; 4+ is a boson
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type field. The MFA to the ¢t-J model (19) is just the
saddle point solution of the Lagrangian (20), i.e., the
auxiliary fields x; i+, and ¢;i+n are replaced by their
mean-field values x; ;+n, = x and ¢; i1, = ¢, respectively,
and the Hamiltonian (19) can be diagonalized as

H= Zs(k akak+z fk fr +4Ntxo
k
+2NJ[(1-48)% - ¢2]x : (24)

where N is the number of sites, and

e(k) = —4tx cos(k) — p, (25)
o(h) = [10- 97 - 4210 - 200 = T (2T)conti),
(26)

while the self-consistent equations for the order param-
eters x and ¢ can be obtained by minimizing the free
energy. We can now proceed to a brief discussion of the
results in the MFA.

B. Ground-state properties at half-filling

At half-filling, there are no charge degrees of freedom,
and the t-J model (24) reduces to the antiferromagnetic
Heisenberg model in the fermion representation,

HJ—ZWO

In this case the order parameter x can be evaluated to
be x = —1/m, and we obtain a gapless spinon spectrum,

fkfk + 2N Jx>. (27)

wo(k) = (1 + ;) (2J)cos(k), (28)

which is rather close to the exact result of the Heisen-
berg chain obtained by using the Bethe-ansatz method,3®
wo(k) = (n/2)(2J)cos(k). Correspondingly, the spinon
spectrum near the spinon Fermi surface (k = +7/2) is
linear with velocity v, = (1 + 2/7)(2J) = 1.6366(2J),
which is also very close to the exact result of the Heisen-
berg chain obtained by Haldane3® v, = (7/2)(2J) =
1.5708(2J). The ground state energy of the Heisenberg
model at temperature T = 0 is Eg = —0.4196(2J) which
is only 5.3% higher than the exact Bethe-ansatz value®®
of Eg = —(1/4 — In2)(2J) = —0.4431(2J).

Thus in the half-filled case, the spinon has a gapless
spectrum, and the spinon ground state energy can be de-
scribed adequately by the Jordan-Wigner transformation
within the MFA. This case has already been considered
earlier.29:37

C. Ground-state energy away from half-filling

Away from half-filling, a gapless holon spectrum is ob-
tained

e(k) = ——2t%cos(k), (29)
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from which the holon Fermi velocity is given by
2
vp = 2t%sin[(1 — &7 = 2t—7;sin(51r), (30)

and the holon ground state energy at temperature 7' =0
is obtained as

B = — (%) (%) sin(ém). (31)

All these quantities differ from the corresponding exact
values® of the 1D large-U limit Hubbard model (k) =
—2t cos(k), v, = 2tsin(ér), and Ep = —(%)sin(ém), only
by a factor 2/x.

At the same time, the gapless spinon spectrum at finite
dopings becomes

- [fa-or- =) )

2t %sin(&r)] (2J)cos(k), (32)

7

with the spinon ground state energy

Sinz(&r)z] Eo, (33)

ES:—(I—J)Z |:1—m

which is again very close to the exact result of the spinon
ground state energy® of the 1D large-U limit Hubbard
model over the entire doping range. Here F; is the
ground state energy at half-filling. Therefore the total
ground state energy of the 1D ¢-J model in the fermion-
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spin approach within the MFA can be expressed as
E;=EL+ E,

=— (%) (%) sin(ém)
—(1-9)32 [1 - %} 0.4196(2J). (34)

The ground state energy and thermodynamical quanti-
ties for the 1D Hubbard model in the atomic limit were
calculated a long time ago.3® Our result for the ground
state energy is rather close to theirs.

D. Momentum distribution

Now we turn to discuss the global features of the
electron-momentum distribution within the MFA. This
distribution for the physical electron is defined as

At A 1 ik(z1—zm) (AT A
n(k) = Z(C;acka) = ﬁ Ze k( ! m)<leoCm'~7>‘

lmo

(35)

In the present fermion-spin approach, neglecting the ef-
fects due to the projection operator defined in Sec. II C,
this distribution function can be rewritten as

1 .
n(k) = > e = alan (S S + 57 SE)). (36)
lm

Using the Jordan-Wigner transformation (16)—(18), n(k)
can be further expressed as

1 ; ; — . —in(C f 5T, tfi
n(k) = v 3 e @) (afam (fe T Eiat N Eyan I fr 4 frem Cuct M Tyam 1) fL)). (37)
lm

Since eXimflfi =1 — 2f1-Tf,-, in the MFA, we obtain

s e (1) i,

™
m=1

which is plotted (solid line) in Fig. 1 for doping § = 0.5.
For comparison, the corresponding curves for the slave-
boson (dashed line) and the slave-fermion (dot-dashed
line) cases are also given. It is obvious that ny > 1—46 in
the slave-boson case and < 1—4 in the slave-fermion case,
which is very far from a should-be electron-momentum
distribution. The integrated area under the curve is equal
to (1 — 62) in the slave-boson case and is (1 — 6)% in
the slave-fermion case, while the correct value should be
1—4.2% The solid curve corresponding to our transforma-
tion is closer to the exact result.> The integrated area is

os(mk), (38)

correct and the shape looks like a reasonable momentum
distribution, i.e., in some part the distribution is greater,
while in the other part it is less than 1 — §. To get a
more accurate result (including the correct location of
the Fermi surface and a correct slope at it) one should go
beyond the MFA to include the spinon-holon interactions
as discussed in the next section.

Thus away from half-filling, the spinons and holons
are decoupled completely, with the holon behaving like
a spinless fermion, while the spinon has the Jordan-
Wigner?® form in 1D. The gapless spectra for both holons
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S
~
SN—"
(9]
-
0 0.2 0.4 0.6 0.8 1
k/m
FIG.1. The momentum distribution of physical electrons

in the mean-field approximation obtained by the fermion-spin
transformation proposed in this paper (solid line) in compari-
son with corresponding curves in the slave-boson (dashed line)
and the slave-fermion (dot-dashed line) approaches. The dop-
ing concentration § = 0.5.

and spinons, as well as the ground state energy, can be
described adequately within the fermion-spin approach
even in the MFA.

IV. THE ASYMPTOTIC BEHAVIOR
OF CORRELATION FUNCTIONS
IN THE 1D CASE

A. Motivation

Interacting 1D electron systems generally behave like
Luttinger liquids!? where the electron correlation func-
tions show a power-law decay with unusual exponents.
These systems exhibit an electron Fermi surface with a
correct Luttinger volume but the momentum distribu-
tion function is singular at the Fermi surface, also with
unusual exponents.’. These exponents depend on the in-
teraction strength. Haldane!? has shown that the char-
acteristics of Luttinger liquids can be calculated using
the bosonization techniques. To get more insight into
the problem let us consider the Bethe ansatz wave func-
tion for the Hubbard model in the large-U limit (hence
for the t-J model in the small-J limit), derived by Ogata
and Shiba,’

U(zy,...,zn) = detlexp(ikizg,)|®(y1, .-, ym), (39)

where the determinant depends only on the coordi-
nates zq, of particles, but not on their spins, while
®(y1,...,ym) is the Bethe ansatz wave function for an AF
Heisenberg chain with y;,...,ysm as coordinates of down
spins.3® This asymptotic form can be interpreted as a
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complete separation of charge and spin degrees of free-
dom in some sense. In fact, the determinant describes
spinless fermions (holons), whereas ® is the “spinon”
wave function. Our fermion-spin transformation is, to
some extent, an approximate second quantized version
of this solution, with the holon being represented by a
spinless fermion and the spin represented by a hard-core
boson.

However, there is an important “detail” in the wave
function (39), namely, the spin wave function & is for
a “squeezed’ Heisenberg chain, i.e., all holes should be
removed. This will lead to rearrangement of spin con-
figurations and far-reaching nonlocal effects. Therefore,
spinons and holons are not completely independent, but
interacting with each other rather strongly. As shown
in Ref. 5, the correct exponents of correlation functions
and an adequate description of the momentum distribu-
tion function (Fermi surface at kp, rather than 2kr with
appropriate singular behavior) can be obtained only if
these interaction effects are properly taken into account.
Weng et al.?® have shown that the effects due to squeez-
ing and rearrangement of spin configurations can be in-
cluded by introducing a nonlocal “string” field. After
doing that correct results for the correlation function ex-
ponents, etc., can be obtained for a 1D ¢-J chain. In this
section we calculate these exponents within our fermion-
spin approach, following their technique with some mod-
ifications. The nonlocal effects due to spinon-holon and
spinon-spinon interactions will be included by introduc-
ing two string fields. After squeezing, there are no holes
in the chain, so the additional degrees of freedom due to
assigning “spin” to a hole site disappear, hence the pro-
jection operator introduced in Sec. II C is not needed for
our purpose.

B. String operators

Let us consider the ¢-term in the ¢-J Hamiltonian
within the fermion-spin representation. Following Ref.
29, the largest holon kinetic energy may be obtained if
the spin configurations are squeezed as

P,(alS} P Piy1ai+1S5, + ol S; P! Piiain ST, Pl
=alai;,  (40)

for all sites ¢ where a holon is present. However, after
such squeezing, the spin configurations are not optimal
to favor the spinon energy. Thus at the same time spin
configurations must be rearranged into optimum config-
urations to provide the lowest spinon energy. These op-
timum spin configurations can be obtained by reversing
the original spin polarization for all sites on the left-hand
side of site i. These processes of first squeezing the t-J
chain and then rearranging the spin configurations, are
shown schematically in Fig. 2. These nonlocal processes
cannot be described by any formal perturbation theory,
but can be taken into account approximately by introduc-
ing the string fields.??>24 In our case, we introduce two
string fields to describe the above physical processes, so
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the constrained electron operator C;, can be expressed
within the fermion-spin approach as

Ciy = ("W -Tiscalalg)(e=imTicsalargn)  (41)

é’i = (ei"(N+Zl>i a:al)ai)(ei" Zl(i alal Sj’)’ (42)

which means that the spinless fermion a; and the hard-
core boson Sii are replaced by corresponding string op-
erators as

a; — a;e"NVEL, alar) (43)

SE - SFetinTicialar, (44)

where e*i™ Zic: @9l is the string field for the spinon due
to the presence of holons, describing the effects of re-
arrangements of spin configurations from —oo to site ¢
when an electron is removed or added at site . For the
t-J chain, holons on the right-hand side of site 7 can feel
some indirect effects of holons on the left-hand side of
site ¢ due to the rearrangements of spin configurations
from —oo to site ¢ when one electron was removed or
added at site i. These indirect effects can be described

? ? ?
@ s ¥ CZRN .
0 ?
® . 7 §7y) .
? ?
© . i 1+ .
? ? ?
@ 1 +1
4 { 4

FIG. 2. The spin background is assumed to be an anti-
ferromagnetic state for the J > 0 case of the 1D ¢-J model.
The t-J chain is squeezed and the spin configuration is rear-
ranged due to the spin-up electron hopping: (a) Before hop-
ping, when the holon is at site . (b) After hopping, when the
holon has hopped to site ¢ + 1 from site %, while the spinon
has hopped to site i from site ¢ + 1. The spin polarization
directions to the left of the hole are already optimized by the
fermion-spin transformation, but there is still a hole in the
chain. (c) Squeezing out the hole from the ¢-J chain. After
this squeezing, the spin configuration is not optimal to favor
the lowest spinon energy. (d) Rearranging the spin configu-
ration from —oo to site ¢ to favor the lowest spinon energy.
The situation for the spin-down electron hopping is similar.
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by the string field e?™(VEXi>: ala1) for the holon. One can
check easily that the anticommutation relations for the
physical electron are preserved exactly in our case.

C. Energy spectrum for a squeezed chain

After squeezing and rearranging the spin configura-
tions, the t-J model can be written as

H=-t Z(azaiﬂ +H.c) - p,z alTai

+J[(1-8)2 - ¢%>_S:-S;, (45)
(i7)

where we have approximated the probability of the spin

exchange process of the Heisenberg term as a}aia;aj ~

(a}a,-)(a;aﬁ - (a}‘aj)(a;r-ai) = (1—6)%—¢?, and the lattice
constant of the squeezed spin chain has become a/(1—4),
where a is the original lattice constant. Therefore the
Fermi points of spinons are shifted from kp = +7/2 of
the half-filled case to kr = £7(1 — §)/2 for the doped
case.

For the squeezed chain, the gapless holon spectrum, the
holon Fermi velocity, and the holon ground state energy
are

e(k) = —2tcos(k), (46)
vy, = 2tsin(é7), (47)
E, = —?Sin(&r), (48)

respectively, which are in full agreement with the corre-
sponding exact values of the 1D large-U Hubbard model.’
At the same time, the gapless spinon spectrum, spinon
Fermi velocity, and the spinon ground state energy are
given by

sin2(67r)

w(k) = [(1 —6)% - — ] (2J)cos(k), (49)

v, = [(1 — 8)% — sin®(6) /7%](2J)cos (67 /2), (50)

sin? ()

E;= [(1 —8) = ——;, ] E, (51)
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respectively, which are very close to the corresponding ex-
act values of the 1D large-U limit Hubbard model.® Here
E, is the ground state energy at half-filling. Therefore,
the total energy of the {-J model E; = E; + E; agrees
quantitatively with the exact value of the 1D large-U
limit Hubbard model in the entire doping range. It fully
agrees with the 1D results for the Hubbard model ob-
tained earlier in the atomic limit.>® The gapless spinon
and holon spectra and the ground state energy are all
better than the mean-field results obtained in Sec. III,
which indicates that the string fields take into account
the spinon-holon interactions in the ¢-J model, and renor-
malize considerably the results obtained in the MFA
without string fields.

J

SHIPING FENG, Z. B. SU, AND L. YU 49

D. Correlation functions

The spin-spin correlation function is defined as
S(zi — z;,t) = (S¥(£)S7 (0)) = (S (£)S7 (0))
= (57 (t)S7(0))

= HST OS50 + 57 (ST 0). (52)

In the doped case, we need to replace the operator Sft
in Eq. (52) by Eq. (44) to account for the presence
of holons. Thus substituting Eq. (44) into Eq. (52), we
obtain the spin-spin correlation function of the ¢-J model
as

S~ 3,8) = (ST ()57 (0))(e'™ Ercs ol Oor(0emim T ol 011 (0)

(S5 ()55 (0)) (e Bncs o et gir Tacy ef (0020 (53)

K3

Following Haldane,'>?° we apply the bosonization

method to the free holon field, and obtain the following
asymptotic form:

(eXi™ Ticiaf (Mar(t) gFin Ty af (o)a,(o)>

1
~ > (54)
[(z: — 25)% — (vat)?]4

where vy, is the holon Fermi velocity. Luther and
Peschel3* have mapped the 1D Heisenberg model into an
interacting spinless fermion system by using the Jordan-
Wigner?® transformation. Their work involves general-
ization of the Jordan-Wigner transformation to provide a
representation for continuum spin operators. The asymp-
totic form of the spin-spin correlation function of the
Heisenberg model can then be obtained by considering
the spinon-spinon interactions. Following their calcula-
tion, we get

cos[2kp(z; — x;)]

[(z: — z;)2 — (vat)?]?

(87 (8)S7(0) + 57 ()55 (0)) ~

Ll

where v, is the spinon Fermi velocity. Combining Eq.
(54) with Eq. (55), we obtain the asymptotic form of the
spin-spin correlation function of the 1D t-J model as

1
((@: — 2;)2 — (vat)?]3
cos[2kp(z; — ;)]

[(@: —2)? = (vat)?]3

S(z; —zj,t) ~

) (56)

which shows a power-law decay with exponent 3/2, in full
agreememt with the numerical result of the 1D large-U
limit Hubbard model obtained by Ogata and Shiba.®

E. Momentum distribution function

The electron-momentum distribution function n(k) is
defined in Eq. (36) within the fermion-spin approach. To
consider the squeezing effect and rearrangements of the
spin configurations, we need to substitute Eqgs. (43) and

(55)  (44) into Eq. (36). Then n(k) can be rewritten as
_
n(k) = ]_3[- Z eik(“’i_‘”j)(eig ici “l'ala:_fst;‘Gij‘aje_i% e a{al>, (57)
ij
I
where the factor G; = e'Z(N—Zis ala) In what to the case without string fields within the MFA and the

follows, we will drop this factor as in the previous
calculations,?%24 since it will only contribute a next-to-
leading additional power-law decay in the asymptotic
single-electron Green’s function, so one may neglect it
if only interested in the leading contribution.

The calculation for the global features of n(k) is similar

result is
n(k) =1—6+ A1(k) + Az(k) + As(k) + - - -,

Ay (k) = (%)2 sin(dm)cos(k),
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™

Ay (k) = (3)3 [1sin2(51r) - gsin(261r)] cos(2k),

As(k) = (%)4 [ 71—rsin(67r)sin(267r)

+3 (1 - %é)sin@&r)}cos(fik). (58)
The curve n(k) is plotted in Fig. 3 (solid line) for 6 = 0.25
in comparison with the result without string fields (dot-
dashed line). We find some substantial improvement by
including the string fields. In particular, the location of
the Fermi points was wrong in the MFA without string
fields, while it is correct [kp = Z(1 — d)] if they are in-
cluded. In the same figure we have also plotted the n(k)
curve obtained in the early treatment (dashed line)?* for
the CP?! electron representation (without accounting for
the hard-core nature of the bosons). Obviously, the global
features of this curve are not correct [n(k) goes up again
as k further increases|. Nevertheless, the asymptotic form
of the momentum distribution near kr, obtained in both
approaches, is correct, namely,

n(k) ~ const — Clk — kp|%sgn(k —kr), (59)

again in agreement with the exact numerical result.® This
singularity is washed out in the numerical calculations
and does not show up in Fig. 3.

To sum up we have confirmed that by introducing the
string fields the spinon-holon interactions can be included
to some extent, which allows us to obtain correct expo-
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FIG. 3. The momentum distribution of physical electrons

in the mean-field approximation obtained by the fermion-spin
transformation with the string fields (solid line), and without
string fields (dot-dashed line), in comparison with the cor-
responding curve in the conventional CP! approach (dashed
line) (see Ref. 24). The doping concentration § = 0.25.
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nents for the correlation functions and momentum distri-
bution, as proposed earlier.?? Moreover, the global fea-
tures of the energy spectrum and the momentum distri-
bution, found in our fermion-spin approach, are correct
in contrast with the previous approach,?® which could
not provide such an adequate description.

V. THE MEAN-FIELD THEORY IN 2D
WITHIN THE FERMION-SPIN APPROACH

In this section, we consider the 2D ¢-J model.
Very soon after the discovery of oxide superconductors
Anderson! revived his idea of the resonating valence bond
(RVB) to describe the short-range AF fluctuations in the
2D Hubbard model. Baskaran, Zou, and Anderson3® de-
veloped a mean-field theory of the RVB state. Later a
number of other more elaborate mean-field solutions were
discussed both at half-filling and away from it, such as
the flux phase,® the spiral phase,%:23 and the commen-
surate flux phase,?? which breaks the time-reversal sym-
metry and parity. The latter is related to the proposed
fractional statistics and anyon superconductivity.*® For
the early suggested flux phase,*? the lowest energy so-
lution is a state with % flux quantum (or phase 7) per
plaquette, which does not break the time-reversal sym-
metry and parity. Sheng, Su, and Yu found that the
m-flux phase can coexist with the s + id wave RVB state
for small dopings.#* Lee and Feng,?? and later Chen, Su,
and Yu?® found that the magnetized RVB state with co-
existing AF order and a d-wave RVB order parameter
has a gain in energy. Furthermore, Hsu® has shown
that the magnetized flux state which is the coexistence
of AF order with a flux state has a similar gain in en-
ergy. Recently, Wang®” and Ubbens and Lee*’ obtained
the same result in a different framework. In this section,
we discuss the 2D t-J model along this line.

A. Generalized Jordan-Wigner transformation

In the fermion-spin approach, the success of the theory
depends strongly on whether one can map the hard-core
boson onto an appropriate fermion or boson represen-
tation. In the 2D case, the Jordan-Wigner transforma-
tion of the spin operators has been generalized by several
authors.?6 In particular, Wang3” discussed the Heisen-
berg model in the MFA using this generalized Jordan-
Wigner transformation. Using our fermion-spin trans-
formation (7), this mean-field calculation can be easily
generalized to the ¢t-J model. The generalized Jordan-
Wigner transformation may be written as26-37

St = fle®, (60)

57 = fie™™, (61)
1

st =flfi-35 (62)

where f; is a spinless fermion, 6; = Zl# f;r fiBi. In
order to preserve the hard-core properties of the spin op-
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erators, B; should be such that e*Bit = —e*Bii. One
possible way of materializing this equality is to set By =
ImIn(Z; — Z;), with a complex representation of the lat-
tice sites Z; = X; + 1Y;. If the effects connected with
the projection operator P are neglected, then the 2D t-J
model can be mapped onto the fermion representation as

H_—chh*(ffe“"- %) + H.c.) Zhhf
(i5)
+ 7 3 hehlh Y[ (f1 £674 %) + Hee)
(i3)
+(Ffi = 5 i = 3 (63)
It has been shown?%37 that the phase factor in the Hamil-

tonian (63) creates a gauge field, with the vector potential
given by

Ar) =Y n 2207 (” v =), (64)
l#1 1'
where n; = flT fi- On average, there is a 7-flux attached to

each spinless fermion f;, which is nothing but the Chern-
Simons gauge field converting a hard-core boson into a

spinless fermion. As mentioned earlier, the m-flux does
not break the time-reversal symmetry and parity.

The Hamiltonian (63) is obviously very complicated,
so a more complete discussion about it beyond the MFA
will be given elsewhere. In this section, we only dis-
cuss some mean-field properties of the 2D t-J model
within the fermion-spin approach. In the MFA, follow-
ing the similar discussion of Laughlin et al.,*3 Mele,?%
and Wang,37 the phase factor is absorbed by redefin-
ing a bond-dependent exchange parameter J;;. At half-
filling, there are many possible phases and the state
with the lowest energy®” turned out to be the magne-
tized flux state with a coexisting Néel order parameter
(SZ) = (—1)*M and an orbital current order param-
eter (S S;,,) = x, where v = +x,+y. The ground
state energy per bond is Eq = —0.33J, while the stag-
gered magnetization is M = 0.389, which are rather close
to the best numerical estimates?*® E; = —0.3346J and
M = 0.31, respectively. This state is completely equiva-
lent to what was first discussed by Hsu,*¢ who obtained
the ground state energy Ep = —0.331J and staggered
magnetization M = 0.3 within a different theoretical
framework. All these results show the accuracy of the
mean-field result within the generalized Jordan-Wigner
transformation.?®

B. Mean-field theory away from half-filling

Away from half-filling we need to introduce an additional holon particle-hole order parameter ¢ =

the t-J model can be decoupled in the MFA as

(hIhH,,), and

H=2xY hlhi—p Z hihl + (Jeg + 2td — 2Jeax) > €O~ f1

Gn

—2JeaM Z

(30
where Jog = J[(1 —§8)% —

)'f]f; + AN Jegx® — 8Ntxo + 4N JegM?, (65)

#?], and N is the number of lattice sites. In the magnetized flux phase, the ¢t-J model can

be diagonalized by using the Bogoliubov transformation to give

H= )" (e;afox+c}Bl6) +

k(red) k(red)

> (ExALAx — ExB]By) + 4N Jeax” — 8Ntxe + 4N JgM?, (66)

where (red) means the summation is carried only over the reduced Brillouin zone. The new operators o, Bk, Ak, and

By, are related to hf, hf, f#, and f,f’ by
1

1

hii = 75(0% + Br), he = E(ak = Br), (67)

and
A cosk, — isink, B
fi = (ur Ak — viBs), fic = ukBi + vkAk, (68)
cos2k, + sin?k,
where
1 8JM 1 8JM
A-L(E), (o), o

and the spin excitation spectrum is

B = \/(8J.aM)? + 4(Jeg + 2t — 2Jesrx)? (cos?ky, + sin’k,), (70)
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while the charge excitation spectrum is
€f = £2txvk — pt, Yk = 2(cosk, + cosky). (71)

In obtaining the above results, we have considered two
sublattices A and B with ¢ € A and ¢ + v € B. The free
energy of the 2D ¢-J model can be obtained as

F=-1 Y Inf(1+e7Fe)(1+ e7Pek))

k(red)
1 _
=5 X Inl(1+ B (14 PE]
k(red)
+ 4N J.gx? — 8Ntx¢ + 4Jeg M2, (72)

from which we find the self-consistent equations for the
order parameters x, M, ¢ by minimizing the free energy
with respect to these parameters.

C. Doping dependence of the staggered
magnetization

At half-filling, the 2D ¢-J model reduces to a 2D AF
Heisenberg Hamiltonian, and the result is the same as
discussed by Hsu*® and Wang.3” The spinon spectrum in
the magnetized flux phase with AF long-range order is
expressed as

By = \/(8TM)? + 4J2(1 — 2x)?(cos?k, + sin’k,),
(73)

where a gap appears due to the presence of AF stag-
gered magnetization. We note that a gap in the spinon
spectrum of the flux phase at half-filling was suggested
by Laughlin earlier.#*> However, this gap coming from
the staggered magnetization M decreases very rapidly
upon doping. In the MFA, M vanishes around doping
d = 0.1 —0.15 for t/J = 3 — 5, which is plotted in
Fig. 4(a). This result is in reasonably good agreement
with experiments*®®® and Monte-Carlo simulations.?2
For comparison we note that the magnetization van-
ishes only at § = 0.62 in the MFA for the slave-fermion
approach.?® At finite dopings, but still within the mag-
netized flux phase, we find a competition between the
Néel order parameter M and the orbital current order
parameter x, with M decreasing very rapidly [see Fig.
4(a)], and —x increasing very fast [see Fig. 4(b)] upon
doping. In the small doping range, the holon particle-
hole order parameter ¢ increases roughly linearly upon
doping, and is almost independent of t/J, which is shown
in Fig. 4(c). The t-J model is characterized by a com-
petition between the kinetic energy (¢) and the magnetic
energy (J). The magnetic energy J favors an AFLRO for
the spins, whereas the kinetic energy ¢ favors delocaliza-
tion of the holes and tends to destroy the spin AFLRO.
Thus the rapid suppression of the AFLRO upon doping
means that the present mean-field kinetic energy is better
than those obtained in the slave-fermion approach and is
closer to the optimal kinetic energy of the system. Be-
yond doping § = 0.1 — 0.15, corresponding to the range
of the actual high-temperature superconductors, there is

no AFLRO, but short-range AF correlations persist and
the spinons are in a disordered flux phase with a gapless
spectrum,

Er = 2(Jegr + 2td — 2JeqX) m’ (74)

as conjectured by Anderson.! This spinon spectrum is
similar to that of the flux state discussed also at the
mean-field level by Affleck and Marston and Kotliar.4°

The mean-field phase boundary between the magne-
tized flux and disordered flux states is, of course, at some-
what higher doping § than the value given by experiments
and numerical simulations. In fact, the frustrations of
spins can shift the mean-field phase boundary towards
smaller doping 6.5} Thus we believe that the result will
be even closer to experiments and numerical simulations
by going beyond the MFA.

D. Specific heat

The specific heat measurements on oxide superconduc-
tors have been made for many compounds by different
researchers.’> The descrepancies are mostly due to the
difficulty in preparing and characterizing samples of the
oxide compounds. Although the specific heat data for
the superconducting compounds show considerable vari-
ations for samples measured by different groups, some
qualitative features seem common to all the measure-
ments. Hence a quantitative comparison between theory
and experiment is still early, but the qualitative tendency
of the specific heat in an adequate theoretical description
should be consistent with experiments.

In the half-filled case, there are no charge degrees of
freedom and the spinon specific heat has been considered
by Wang.3” Away from half-filling, we are interested in
the doping range 6 = 0.1 —0.2 where the superconductiv-
ity appears. In this doping range, we have shown that the
magnetization M vanishes and the system is in a disor-
dered flux state, where the internal energy of the system
in the MFA is given by

U(T) = 4N Jeax(1 — x*) — 8Ntx¢, (75)

from which the specific heat can be obtained as

C\(T) = (%)V (76)

The numerical result is shown in Fig. 5 at doping
4 = 0.2 for t/J=3 (solid line), t/J=5 (dashed line), and
the shape is similar to the experimental results.5%:53 For
T > 0.0005J, the specific heat is found to increase with
temperature T, which is also consistent with the experi-
ments. Therefore our simple mean-field calculation pro-
vides a correct qualitative description of the specific heat
for oxide compounds.

E. Phase separation

The possible phase separation in the t-J model was
proposed by Emery, Kivelson, and Lin.?* They argued
that the dilute holes in an antiferromagnet are unsta-
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ble against phase separation into hole-rich and no-hole
phases, and the transition from an ordered state to a
doped state is of first order. Later investigation®® us-
ing high-temperature expansions shows that a line of the
phase separation extends from J/t = 3.8 at zero filling
to J/t = 1.2 near half-filling, but for the range of pa-
rameter interesting to the copper oxide planes there is
no evidence for phase separation. Within the mean-field
theory of our fermion-spin approach, we find that the
phase separation is robust for the ¢-J model, and the

phase separation manifests itself at the mean-field level
by a negative compressibility (slope of the chemical po-
tential). The total energy Ejota) and the chemical poten-
tial p as a function of the doping § for ¢t/J = 5 is plotted
in Fig. 6, which shows that the phase separation occurs
roughly at dopings é < é. = 0.08. In this doping range
(6 < éc), the compressibility of the t-J model is negative,
and therefore the magnetized flux state with long-range
order is unstable. The range of the phase separation will
be reduced by considering the frustrations of spins.>!
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FIG. 4. (a) The staggered magnetization, (b) the orbital current order parameter x, and (c) the order parameter ¢ as a

function of the hole concentration 4, for t/J=5 (solid line) and t/J=3 (dashed line). MF denotes magnetized flux phase with

long-range order, while DF is the disordered flux phase.
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FIG. 5. Specific heat data as a function of temperature T

(in units of J) at the hole concentration § = 0.2 for t/J = 3
(solid line) and t/J = 5 (dashed line).

VI. SUMMARY AND DISCUSSIONS

In this paper, we have developed a theoretical
framework, fermion-spin approach, to study the low-
dimensional ¢-J model. In this approach, the physical
electron is decoupled as a product of a spinless fermion
(holon) and hard-core boson (spinon). The main advan-

FIG. 6. The total energy FEiota (dashed line) and the
chemical potential 1/3 (solid line) as a function of doping
d for t/J = 5. The range of the phase instability is roughly
0< 6 <0.08.

tage of this approach is that the on-site local constraints
of the t-J model or the large-U limit Hubbard model
can be treated exactly in analytical calculations. In this
framework, we have shown that the holon behaves like a
spinless fermion, while the spinon is neither boson nor
fermion, but a hard-core boson, and the sum rule for
the physical electron is obeyed. This is not true for the
conventional slave-particle theories, where the spinon be-
haves like a boson (slave-boson approach) or a fermion
(slave-fermion approach), and the sum rule for the physi-
cal electron is not obeyed within the decoupling scheme.?*

We have applied this approach to study the low-
dimensional t-J model.

In the 1D case, we have obtained gapless spinon and
holon spectra, a good ground state energy, and a reason-
able electron-momentum distribution within the MFA.
Thus the ground-state in the fermion-spin formalism is
in some sense closer to the Bethe-ansatz Lieb-Wu exact
wave function of the 1D large-U limit Hubbard model
than the slave-particle approach. It is shown that the
spinon and consequently also the physical electron be-
have like Luttinger liquids. We have also obtained the
correct asymptotic form of the spin-spin correlation func-
tions as well as the electron-momentum distribution func-
tion of the 1D ¢-J model within the fermion-spin ap-
proach by considering the string effects, with results in
agreement with the exact numerical simulations of the
1D large-U limit Hubbard model obtained by Ogata and
Shiba.®

The 1D problem is a good testing ground where the
charge and spin are truly separated (not in the literal
sense of product of spinon and holon, but rather as inde-
pendent collective excitations) and the Fermi liquid the-
ory fails to describe its physical properties. To our knowl-
edge, neither the standard perturbation theory nor the
conventional slave-particle approach is capable of han-
dling this aspect. Our results of the MFA seem to hint
that the fermion-spin approach has some potential to ex-
plore further.

The results for 2D are also very encouraging. The
magnetized flux phase with a gap proportional to the
staggered magnetization, in the spinon excitation spec-
trum, has the lowest energy at half-filling in the MFA.
However, this AFLRO fades away at 10 — 15 % hole dop-
ing for t/J = 3 — 5, beyond which a gapless flux state
becomes stable. This result agrees with experiments
and numerical simulations.*®5%22 It is essential that this
mean-field result was obtained without any adjustable
parameters. This means that the formalism itself is pow-
erful enough to handle the frustration (delocalization)
effect of the t-term in destroying the AFLRO favored by
the J-term. However, we should mention that the spin
excitation spectrum at half-filling is not gapless in this
approach within the MFA as it should be (spin waves).
Both Laughlin’s approach*® and Hus’s treatment*® suffer
from the same weakness. Probably, it can be cured by
including vertex corrections.

As mentioned in Sec. II, this formalism counts dou-
bly the empty site by assigning a “spin” to it. As shown
there, this defect can be cured by introducing a projec-
tion operator to remove the extra degrees of freedom.
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However, in our mean-field treatments we have not taken
this projection operator explicitly into account. The fact
that we still obtain very good results, as summarized
above, indicates that we are not making substantial er-
rors by allowing this extra degree of freedom, at least in
problems considered so far.

A natural question is what is the reason why this
simple-minded transformation is so useful? To our
present understanding, there are at least three reasons:
(1) The local constraint is exactly satisfied even at the
mean-field level. (2) The hard-core nature is kept in the
calculation via the Jordan-Wigner transformation in 1D
(Ref. 25) or its generalization in 2D.2¢ (3) The repre-
sentation of the hard-core boson in terms of spin raising
and lowering operators is essential, because whenever a
hole hops it gives rise immediately to a change of the
spin background as a result of careful treatment of the
constraint given in Sec. II B. This is why the t-term is
so efficient in destroying the AFLRO. Of course, there
are many open questions in this approach, e.g., how to
go beyond the MFA, what is the gauge field in this ap-
proach, what are its major effects, and so on. These and
other related issues are under investigation now.

Recently, we found Ref. 56, where a similar approach
was used to study the normal state properties of oxide
superconductors. Apart from the difference in issues ad-
dressed in our paper and theirs, a careful reader could
easily discover the substantial distinction in the interpre-
tation of transformations used in these two papers.
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APPENDIX A: MATRIX REPRESENTATION
OF THE PROJECTION OPERATOR

The holon operators h' and h in the basis (3)n, ($)s of
holon states are given by

hfz(o 1) :(0 0)
00)," 1 0),°

while the spin raising and lowering operators S*, S~ in
the spin- space (), ({), are given by

+ (01 __ (01
=(00), =(50),

In the product space |hole) ® |spin) the basis vectors are

(A1)

(A2)

()02, )
w-(3),0(0).-3)
w=(2),0().- (1)
ORI H A

which form a complete set.

The fermion-spin transformation defined by Eq. (7)
gives the following matrix representation for the fermion
operators:

0 1 0 0
— pto— _
CT—hS—<OO>h®<1 0)3
0 0 0 O
[0 0 10
“lo o o0 o]
0 0 0 0
0 1 0 1
—ptet —
co=ws'=(5 5) (5 o),
0 0 0 1
I R
“lo o0 o0 0]
0 0 0 O
t e+ (00O 0 1
ct=ns'=(1 5),2 (0 o),
0 0 0 0
{0 00 0
1o 10 0}
00 0 0
t _Le-_f[0 0 0 0
clons=(10) o (00
8
0 0 0 0
000 0
1o 00 0 (A4)
1 000

On the other hand, there are only three physical states
in the constrained Hilbert space, namely

1 0 0
IO>=(0), IT)=<1>, |¢>=(0)- (A5)
0 0 1

To remove the extra degrees of freedom in the |hole) ®
|spin) space, we introduce a projection operator P. By

requiring P|1,1) = P|1,1) = [0), P|0,1) = | 1), and
P|0,l) = | |), one can easily find its matrix representa-
tion
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1 10 0
P={P,m}=(0 01 0), (A6)
0 0 01
and its Hermitian conjugation
1 0 0
1 00
) -
Pl = 010 (A7)
0 0 1

Using this projection operator, the electron operators in
the restricted Hilbert space are given by

) 010
Cit = PhIS™ P! = (0 0) ,

(==}

0 0 0

(==}

) 000
Cl, = PhS*P' = (1 o) ,
000

(=}

) 0 0 1
C,-¢=Ph"S+P1=(O 0 0),
0 0 0
) 0 0 0
CflzPhS‘P"=(0 0 0), (A8)
1 00

as quoted in Eq. (11). It is then straightforward to verify
the operator relations quoted in the main text [Egs. (12)
and (13)]. In particular, the hole number operator

1 0 0
n,,=(o 0 0)=|0>(0|
0 0 O

1
=S PUIDAT+[L L DP" (49)
The physical meaning of Eq. (A9) is transparent: The
empty state should be counted only once, not twice.
Since in the mean-field treatment the constraint on the
average doping concentration § is imposed directly on
hth, the sum rule for the physical electron is satisfied.
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