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Abstract

The d-wave RVB mean field theory for the t–J model is generalized to the inhomogeneous case to incorporate

harmonic hole modulation manifestly. Numerical results show that there are a monotonous decrease of ground state

energy with the increase of amplitude of modulation. The form of this dependence strongly suggests the existence of

a nontrivial stripe phase of t–J model for different t=J , and doping values.
� 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The high Tc superconductor is believed to be
doped antiferromagnets shortly after its discovery
[1]. Anderson argued in his pioneering work [2]
that the ground state of superconductor is the
RVB state. Since then, many efforts has been made
based on such an idea [3,4]. Meanwhile, many
other theoretical works have been suggested for
the explanation of high Tc mechanism. For un-
derstanding the high Tc mechanism, the one of the
most prominent experiments is the d-wave sym-
metry identification [6], which was successfully
predicted by Koliar and Liu [4] for t–J model

based on the RVB mean field approximation.
Recently the RVB theory is greatly improved by
considering the gauge fluctuation [7,8]. Consider-
ing the long length/low energy gauge fluctuation
exactly, the 2e charge unit [8] can be success-
fully derived. It comes from different microscopic
mechanism compared to the usual BCS pairing.
Experimental evidences of stripe correlation, either
static or dynamic, in a wide class of strong corre-
lated systems including cuprates and other systems
are accumulating in the past few years [9–12].
There are many theoretical approaches to this in-
teresting problem [13–21]. It is believed that a wise
understanding of stripe phase will help to pene-
trate the core physics of high Tc superconductivity,
which is unclear up to now. Recently, through self-
consistent approach alike that for one-dimensional
phonon–electron polymer system, Matveenko and
Mukhin have found ground state spin–charge
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solitonic structure for Hubbard model as a func-
tion of hole doping [17]. The work of Machida
group has related metal–insulator transition for an
extended Hubbard model to the diagonal stripe
phase to vertical stripe phase transition [18]. In this
paper, however, we extend the usual d-wave RVB
decoupling scheme for t–J model to take into
account the stripe structure explicitly. Numerical
results show that modulated phase is more ener-
getically favorable than homogeneous one for the
ground state of t–J model without long range
Coulomb repulsion term. The ground state energy
is monotonously decreasing with increase of the
modulation amplitude of hole density. The result is
generally true for a broad range of parameter
values. This property of t–J model obtained from
the RVB framework is relevant to the mechanism
of stripe phase now under hot research. Based on
our calculation, we suggest that the stripe phase
formation is an intrinsic tendency for the t–J
model even without long range Coulomb interac-
tions which is in consistence with the results ob-
tained by DMRG calculations [19].

2. Theoretical method

The Hamiltonian of t–J model in the subspace
of no doubly occupied sites is:

H ¼ �t
X
hi;jis
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By a slave-boson transformation [22], we get

H ¼ �t
X
hi;jis

ðcyiseieyjcjs þ h:c:Þ þ J
X
hi;ji

byijbij: ð2Þ

The first term represents the boson–Fermi inter-
action, where the e and ey are holon of boson type,
and c, cþ are spinon of Fermi type. They must
obey the constraint of the single-occupation iden-
tity: eþi ei þ

P
sc

þ
is cis ¼ 1 and

byij ¼ cyi"cj# � cyi#cj" : ð3Þ

Usually, in a mean field treatment [4,5], we
simply set e, ey to be c number signifying complete
boson condensation. In order to take into account
the existence of stripe structure, we use a mean

field decoupling with harmonic modulation of hole
density in momentum space:

hey0e0i ¼ Nd;

heyqe0i ¼ hey0eqi ¼ hey�qe0i ¼ hey0e�qi ¼ NDe:
ð4Þ

It reduces to heþi eii ¼ d þ 4De cosðq 	 riÞ, where d is
hole density and 4De the modulation amplitude.
The average density of the spinon at site i is
1� heþi eii ¼ ð1� dÞ � 4De cosðq 	 riÞ. The d-pair-
ing RVB order parameter should be modulated
with the same period 2p=q. We assumed the con-
densation parameters of the spinon to be

hbii�xi ¼ Dð1� p cosðq 	 riÞÞ; ð5Þ

hbii�yi ¼ �Dð1� p cosðq 	 riÞÞ; ð6Þ

and choose p as 4De=ð1� dÞ. After such mean field
approximation, the effective mean field Hamilto-
nian becomes

Heff ¼ H1 þ H2 þ l
X
i

cyi ci; ð7Þ

where

H1 ¼� t
X
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The chemical potential l in the Hamiltonian can
be determined by 1� d ¼ 1

2Nh
P

isc
þ
is cisi,where N

is the number of lattice sites, and h	 	 	i represents
the average at ground state.

3. Numerical results and discussion

In the above formulation, we have discarded the
normal Hartree–Fock terms which will affect the
results quantitatively, but is not essential [23] for
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superconductivity. The order parameter D is de-
termined by minimizing the ground state energy.
We use the general formulation of Bogoliubov
transformation to diagonalize the Hamiltonian for
small lattices with sizes: 8Nx, Nx ¼ 4, 8, 12, 16, 20,
24. In Fig. 1, we have fixed the modulated period
to be 4 lattice constant, J=t ¼ 0:1 and hole density
d ¼ 0:12: The size dependent ground state energy
is calculated and shown in Fig. 1. One can see that
the convergence of the ground state energy is quite
good. The value of the 8� 16 lattice almost
reaches to the convergent limit, so all the following
calculations are for 8� 16 lattice only. We vary De
of Eq. (4), hence the modulation amplitude of hole
density. The ground state energy is decreasing as
the stripe becomes more ‘‘clear’’ as shown in Fig.
2. It corresponds to a general tendency of stripe
formation. We extrapolate that the more ‘‘sharp’’
striped structure, such as stripe phase with far
separated thin hole lines, will be more stable. Some
authors [15] argue that phase separation of t–J
model is ubiquitous phenomena in the limit of
small doping, and it is because of long range
Coulomb interaction which frustrates the local
tendency to the phase separation that drives the
formation of stripe phase. However, based on the
DMRG calculations, White et al. [19] argue that
the Coulomb interaction is not necessary to form
stripes which is consistent with our extended mean
field calculation. In real systems, the stripe for-
mation will break electroneutrality microscopi-

cally, taking into account the extra Coulomb
energy will only stabilize the stripe structure con-
sidering the phase separation arguments [15,16].
Furthermore, we have calculated the q depen-

dence of Eg shown in Fig. 3. From the figure, it
is clear that the modulated phases is more ener-
getically favorable than homogeneous one. Mean-
while, the most stable phase of the ground state is
in period 2 It is not well consistent with most ex-
perimental periods that can be changed [11].This
reflects the underlying antiferromagnetism which
is dominant in our harmonic decoupling. How-
ever, the existence of more stable nontrivial stripe
phase in t–J model based on the extended RVB
theory is qualitatively clear.
From physics point of the view, the t–J model is

a coupled field of spinons and holons after slave
boson transformation, and the system is two

Fig. 1. The lattice size dependence of ground energy per site.

Size Ny is fixed to 8 and Nx ¼ 4, 8, 12, 16, 20, 24 respectively.
The modulated period is chosen as 4 lattice constants, doping

density d ¼ 0:12 and J=t ¼ 0:1:

Fig. 2. The hole modulation amplitude dependence of ground

state energy. The modulation amplitude is in units of hole

density d. The monotonous decreasing behavior is characteristic
of intrinsic tendency of stripe forming.

Fig. 3. The ground state energy as a function of the modulation

period. The horizontal axis is wave vector q in units of p.
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dimensional. The ‘‘nesting property’’ of Fermi sur-
face in light doping region leads to the instability
toward some modulated structure. It is very simi-
lar to the two-dimensional electron–phonon field
which often shows modulated phase behavior due
to the intrinsic instability. The analogy suggest that
the mechanism of the stripe phase in t–Jmodel may
be from the two dimensionality and the coupling
of spinon (fermion) and holon (boson) fields.
In summary, the d-wave RVB mean field theory

[4] is extended to the inhomogeneous case, we
compare the ground state energy of different pe-
riodic phases and homogeneous one and find that
the modulated phases always have a lower energy.
The overall decreasing tendency of ground state
energy with the increase of modulation amplitude
strongly suggests the existence of a nontrivial
stripe-like phase that is closely related to the ex-
perimental findings. In this harmonic modulation
scheme, we cannot derive quantitatively good re-
sults by extended RVB mean field approximation.
The lowest energy corresponds to the period-2
stripe in our calculation which is not quantitatively
agree with experimental results. However, the
monotonous decreasing behavior of ground state
energy tells much about the intrinsic physics in t–J
model to form stripe, which is not completely
known yet.
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