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Triplet superconductivity in a one-dimensional ferromagnetic t-J model
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Institut für Theoretische Physik, Universita¨t Köln, 50937 Köln, Germany

~Received 27 July 1999!

In this paper we study the ground-state phase diagram of a one-dimensionalt-U-J model, at half-filling. In
the large-bandwidth limit and for ferromagnetic exchange with easy-plane anisotropy, a phase with gapless
charge and massive spin excitations, characterized by the coexistence of triplet superconducting and spin
density wave instabilities is realized in the ground state. With reduction of the bandwidth, a transition into an
insulating phase showing properties of the spin-1

2 XY model takes place. In the case of weakly anisotropic
antiferromagnetic exchange the system shows a long-range dimerized~Peierls! ordering in the ground state.
The complete weak-coupling phase diagram of the model, including effects of the on-site Hubbard interaction,
is obtained.
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I. INTRODUCTION

Soon after the discovery of superconductivity in copp
oxide systems, a new oxide-superconductor, Sr2RuO4, was
discovered.1 Having the same layered perovskite structure
La2CuO4 the layered ruthenate shows a rather unconv
tional superconducting phase.2–4 Shortly after the discovery
of Sr2RuO4 it was suggested that a triplet superconduct
phase is realized in this compound.5–7 Since then convincing
experimental evidence has been collected that Sr2RuO4 is
most likely ap-wave superconductor~for a recent review see
Ref. 8!. An important feature of related ruthenate compoun
is close proximity to magnetic instability (SrRuO3 and
Sr2RuYO6 are ferro- and antiferromagnetic, respectivel!,
indicating strong correlations in the Ru ions. The NMR stu
ies clearly show tendency towards ferromagnetism
Sr2RuO4 .9 Moreover, very recent experiments indicate t
easy-plane anisotropy of ferromagnetic spin fluctuations
this compound.10 The presence of ferromagnetism in SrRuO3

and the analogy with3He made Sigrist and Rice predict th
triplet nature of superconductivity in Sr2RuO4 .5 Close prox-
imity of the ferromagnetic and triplet superconducting ins
bilities in Sr2RuO4 increase the interest in models providin
a mechanism for Cooper pairing via ferromagnetic s
fluctuations.5,11,8

Another group of unconventional superconductors sho
ing close proximity of magnetic and superconducting ord
ing belongs to the (TMTSF)2X family of quasi-one-
dimensional conductors~the Bechgaard salts!.12 At ambient
pressure, most of these compounds show a spin-density w
~SDW! ordering in the ground state. Under moderate pr
sure, the SDW instability is suppressed and replaced b
superconducting transition at a critical temperature of
order of 1 K.13 The most interesting exceptions to th
scheme are: 1! (TMTSF)2ClO4, which is supperconducting
at ambient pressure and 2! (TMTSF)2PF6, which shows a
spin-Peierls~SP! phase in the ground state at atmosphe
pressure. In this latter case, increasing pressure leads fir
a transition from the SP phase into a SDW phase, and fin
to the suppression of the SDW ground state in favor
superconductivity.13 Triplet superconducting ordering i
Bechgaard salts was suggested soon after the discove
TMTSF systems14 to explain the strong suppression ofTc by
nonmagnetic impurities.15 Although the symmetry of the su
PRB 610163-1829/2000/61~13!/9019~9!/$15.00
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percunducting phase in Bechgaard salts still remains the
ject of some controversy, growing experimental evidence
been collected in the last few years, indicating that the Be
gaard salts (TMTSF)2ClO4 and (TMTSF)2PF6 under pres-
sure are triplet superconductors~TS!.16

In this paper we put forward a rather simple extension
the Hubbard model by incorporating direct anisotropic e
change ~of either sign! between electrons on neares
neighbor sites. In one-dimension~1D! the Hamiltonian
reads:

H52t(
n,a

~cn,a
† cn11,a1cn11,a

† cn,a!1U(
n

cn,↑
† cn,↑cn,↓

† cn,↓

1(
n

$ 1
2 J'~Sn

1Sn11
2 1H.c.!1JiSn

zSn11
z %. ~1!

Herecn,a
† (cn,a) is the creation~annihilation! operator for an

electron at siten with spin a, S¢(n)5 1
2 cn,a

† sW ab
† cn,b, where

s i( i 5x,y,z) are the Pauli matrices.
The model~1! was intensively studied in the context o

High-Tc superconductivity for strong on-site repulsion a
for isotropic antiferromagnetic exchange.17–20 Below we
study the weak-coupling phase diagram of the model~1!
focusing on effects of exchange anisotropy, in particular
the case of ferromagnetic exchange. We will show that
one-dimensional version of this~1! model has a ground-stat
phase diagram characterized by the close proximity oftriplet
superconducting, spin density wave, ferromagnetic, and
Peierls dimerizedphases.

That the TS phase can be realized in 1D correlated e
tron systems is well known from standard ‘‘g-ology’’
studies.21 The extended (U-V) Hubbard model with nearest
neighbor attraction (V,0) has been intensively studied t
explain the competition between SDW and superconduc
instabilities in TMTSF compounds.22 However, due to spin
rotational invariance, in the extended Hubbard model the
phase is realized only in the Luttinger liquid phase foruUu
,22V,21,23,24 where both charge and spin excitations a
gapless. Singlet superconducting~SS! and TS correlations
show identical power-low decay at large distances and
TS instability dominates only due to weak logarithm
corrections.24 On the other hand, in the spin-gapped pha
U,2V, the dynamical generation of a spin gap leads to
complete suppressionof the TS and SDW instabilities.
9019 ©2000 The American Physical Society
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9020 PRB 61G. I. JAPARIDZE AND E. MÜLLER-HARTMANN
In this paper we study the weak-coupling ground-st
phase diagram of the model~1! at half-filling. As we will
show below, in the case offerromagnetic easy-plane aniso
ropy (J',Ji,0), the TS and SDW are the only instabilitie
in the system. In some sense, theferromagnetic t-J model
~1! shows infrared behavior, which is dual to that of t
attractiveU-V Hubbard model. This duality is most easi
seen by comparing the attractive Hubbard model (U,0,Ji
5J'50) and theferromagnetic itinerant XY model (J'

,0,U5Ji50). In both models the spin excitation spectru
is gapped and the charge excitation spectrum is gaples
the attractive Hubbard model the dynamical generation
the spin gap is associated with the suppresion of SDW
TS fluctuations. In the ground state only the charge den
wave~CDW! and SS correlations survive. At half-filling, du
to SU(2)-symmetry of the charge channel, the ground st
is characterized by the coexistence of CDW and SS insta
ties. Away from half-filling the singlet superconducting in
stability dominates.25 In the ~weak-coupling limit of the! fer-
romagnetic itinerantXY model, however, due to th
U(1)-spin symmetry, the dynamical generation of a spin g
leads tocomplete suppressionof the SS and CDW fluctua
tions. At half-filling, due to theSU(2)-symmetry of the
charge channel, the TS and SDW instabilities coexist~see
Fig. 1!. Doping of the system, as in the case of the Hubb
model, splits the degeneracy, in this case in favor of the
ordering.

The Ising part of the ferromagnetic exchange tends
reduce the TS ordering. The lineJi5J'5J,0, correspond-
ing to isotropic ferromagnetic exchangemarks the transition
into a regime with gapless spin excitations. At half-filling,

FIG. 1. The weak-coupling phase diagram of the model~1! in
the case of a half-filled band and atU50. Dc(s) denotes the charge
~spin! gap. Thick lines seperate different phases: 1.Dimer ~LRO!:
long range ordered dimerized~Peierls! phase. 2. SDWz ~LRO!: the
long-range ordered antiferromagnetic~Néel! phase. 3. SDWx,y: in-
sulating state with dominating easy-plane antiferromagnetic co
lations. 4. SDWx,y ~LL !: Luttinger liquid phase with dominating
easy-plane antiferromagnetic correlations. 5. TS1SDWz: phase
with gapless charge and gapped spin excitation spectrum chara
ized by the coexistence of the triplet superconducting and ant
romagnetic instabilities.
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the case of isotropic exchange the model~1! is characterized
by the highSU(2)^ SU(2) symmetry. Due to this symmetr
the ground state of the ferromagnetic itinerantXXX model is
a Luttinger liquid~LL ! phase, characterized by an identic
power-law decay of all correlations at large distances. In
case of ferromagnetic easy-axisanisotropy (Ji,J',0) a
LL phase with weakly dominating easy-plane magnetic
stabilities is realized. In the case of antiferromagnetic
change, the lineJ'52 1

2 Ji marks the transition into a regim
where a charge gap opens. Therefore in the case ofantifer-
romagnetic easy-axisanisotropy (Ji.2uJ'u) both the charge
and the spin channels are massive and long-range SDz

~Néel! ordering takes place.
Very rich is the phase diagram of the model~1! in the

case ofantiferromagneticexchange. The lineJ'5 1
2 Ji.0 is

the transition line from the LRO SDWz phase into a LRO
dimerized~Peierls! phase. The long-range ordered dimeriz
phase is realized in particular in the ground state of the
tiferromagnetic itinerantXXX model (Ji5J'.0). The line
J'5A2ptJi marks the transition into an insulating pha
with gapless spin excitation spectrum and dominating
plane (XY) magnetic correlations.

We have to stress the weak-coupling nature of the p
sented phase diagram. Higher order corrections will mod
the shape of borderlines between phases. However, far m
important are strong coupling effects. In the case of stro
exchange interaction, there are additional phase transit
due to the finite band width. Usually such effects cannot
traced within the continuum-limit~infinite band! approach
used in this paper and will require numerical studies. Bel
we focus only on the TS part of the phase diagram a
present a qualitative analysis of the transition from the
phase into a magnetic insulating phase.

Let us first consider the itinerantXY model (Ji5U
50). In the weak-coupling limituJ'u!t, the charge excita-
tion spectrum is gapless and the spin excitation spectrum
massive. However, in the limit of strong ferromagnetic e
changeuJ'u@t, the model is equivalent to theXY spin chain.
Therefore, with increasing coupling one has to expect a tr
sition from the regime with massive spin and massl
charge excitation spectrum into a insulating magnetic ph
with gapless spin excitations. Our finite system studies sh
~see Fig. 2! that this transition takes place atJ'

c ;24t and is
of level crossing type.26 After the transition the ground-stat
energy of the itinerant model becomes very close to
ground state of the spin-1

2 XY chain. In the case of antifer
romagnetic exchange there is no transition with increas
J'.0 and the system continuously approaches its limit
behavior atJ' /t→`.

The numerical data presented in Fig. 2 clearly indicate
renormalization of the critical value of the transverse e
changeJ'

c by the on-site Hubbard interaction. In the limit o
strong Hubbard repulsionJ'

c is reduced to values of the or
der t2/U. Detailed numerical studies of the strong-coupli
phase diagram of the model~1! is in progress and will be
published elsewhere.

Figure 3 shows phase diagram of the itinera
XY-Hubbard model. Below we will focus on the ferroma
netic part of the phase diagram. We will see that for mod
ate values of the Hubbard repulsion the TS and the SD
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phases survive. In the case of weak exchange one ob
that a charge gap opens atU.2J' and a transition into a
long-range ordered SDWz phase takes place. Therefore,
U.0 with increasing exchange one has to expect two
ferent transitions: forU,uJ'u,t the transition discusse
above will take place, but forU@t,uJ'u a ‘‘spin-flop’’ tran-
sition from the LRO SDWz phase into theXY phase has to
occur.

The paper is organized as follows: in the next section
weak-coupling continuum-limit version of the model~1! is
constructed and the renormalization-group analysis is
formed. In the Sec. III, the weak-coupling phase diagram
discussed. Finally, Sec. IV is devoted to a discussion an
concluding remarks.

FIG. 2. The ground-state energy of the half-filled itinera
XY-Hubbard chain~6 sites! vs exchange forU50 ~diamonds!, U
54 ~stars!, and U58 ~triangles!. The dashed line corresponds
the ground-state energy of the spin-1

2 XY model.

FIG. 3. The weak-coupling phase diagram of the model~1! at
Ji50. Solid lines indicate borders between the weak-coupling li
phases. The dashed line marks~qualitatively! the transition into the
XY magnetic phase.
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II. CONTINUUM-LIMIT THEORY AND BOSONIZATION

In this section we construct the continuum-limit versio
of the model Eq.~1! at half-filling. While this procedure has
a long history and is reviewed in many places,28 for clarity
we briefly sketch the most important points.

The field theory treatment of 1D systems of correlat
electrons is based on the weak-coupling appro
uUu,uJ'u,uJiu!t. Assuming that the low-energy physics
controlled by states near the Fermi points6kF (kF5p/2a0,
where a0 is the lattice spacing! we linearize the spectrum
around these points and obtain two species~for each spin
projectiona! of fermions,Ra(n) andLa(n), which describe
excitations with dispersion relationsE56vFp. Here, vF
52ta0 is the Fermi velocity and the momentump is mea-
sured from the two Fermi points. More explicitly, one d
composes the momentum expansion for the initial lattice
erators into two parts centered around6kF to obtain the
mapping:

cn,a→ i nRa~n!1~2 i !nLa~n!, ~2!

where the fieldsRa(n) andLa(n) describe right-moving and
left-moving particles, respectively, and are assumed to
smooth on the scale of the lattice spacing. This allows us
introduce the continuum fieldsRa(x) andLa(x) by

Ra~n!→Aa0Ra~x5na0!,

La~n!→Aa0La~x5na0!. ~3!

In terms of the continuum fields the free Hamiltonia
reads:

H05E02 ivF(
a

E dx@ :Ra
†]xRa :2:La

†]xLa :#, ~4!

which is recognized as the Hamiltonian of a free massl
Dirac field and the symbols: . . . : denote normal ordering
with respect to the ground state of the free system.

The advantage of the linearization of the spectrum is tw
fold: the initial lattice problem is reformulated in terms o
smooth continuum fields and—using the bosonizat
procedure—is mapped to the theory of two independent~in
the weak-coupling limit! quantum sine-Gordon~SG! models
describing charge and spin degrees of freedom, respectiv

In terms of the continuum fields the initial lattice oper
tors have the form:

r̂n,a2
1

2
5a0$~JR,a1JL,a!1~21!n

„Ra
†~x!La~x!

1La
†~x!Ra~x!…%, ~5!

hereJR,a[:Ra
†(x)Ra(x): andJL,a[:La

†(x)La(x):,

S¢~n!5a0•$M¢ ~x!1~21!nL¢ ~x!%, ~6!

where

M¢ ~x!5Ra
†~x!

sW ab

2
Rb~x!1La

†~x!
sW ab

2
Lb~x! ~7!

t

it
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9022 PRB 61G. I. JAPARIDZE AND E. MÜLLER-HARTMANN
determines the smooth part of the spin density in the c
tinuum limit, and

L¢ ~x!5Ra
†~x!

sW ab

2
Lb~x!1La

†~x!
sW ab

2
Rb~x! ~8!

is the staggered part of the local spin density.
The second step is to use the standard bosonization

pressions for fermionic bilinears:28

2 i(
a

@ :Ra
†]xRa :2:La

†]xLa :#→1

2
$~]xuc!

21~]xfc!
2%

1
1

2
$~]xus!

21~]xfs!
2%, ~9!

JR,a1JL,a→
1

A2p
@~]xfc!1a~]xfs!#, ~10!

JR,a2JL,a→
1

A2p
@~]xuc!1a~]xus!#, ~11!

Ra
†~x!R2a~x!→ 1

2pa0
exp@2 iaA2p~fs2us!#, ~12!

La
†~x!L2a~x!→ 1

2pa0
exp@1 iaA2p~fs1us!#, ~13!

Ra
†~x!La~x!→ 2 i

2pa0
exp@1 iA2p~fc1afs!#, ~14!

Ra
†~x!L2a~x!→ 1

2pa0
exp@2 iA2p~fc2aus!#. ~15!

Here scalar fieldsfc,s(x) describe the charge and the sp
degrees of freedom and fieldsuc,s(x) are their dual counter
parts:]xuc,s5Pc,s wherePc,s is the momentum conjugate
to the fieldfc,s .29

Using bosonization formulas~9!–~15!, after rescaling of
the fields and lengths, the continuum-limit version of t
Hamiltonian~1! acquires the following form,

H5Hc1Hs , ~16!

where

Hc5vcE dxH 1

2
@~]xwc!

21~]xqc!
2#1

mc

a0
2
cos~A8pKcwc!J ,

~17!

Hs5vsE dxH 1

2
@~]xqs!

21~]xws!
2#1

ms

a0
2
cos~A8pKsws!J .

~18!

Here we have defined

Kc.11
1

2
gc , mc52

1

2p
gu , ~19!
-

x-

Ks.11
1

2
gs , ms5

1

2p
g' , ~20!

vc(s)5vFKc(s)
21 and small dimensionless coupling constan

given by:

gc5gu52
1

2pt S U1J'1
1

2
Ji D , ~21!

gs5
1

2pt S U1J'2
3

2
Ji D , ~22!

g'5
1

2pt S U2J'1
1

2
Ji D . ~23!

The relation betweenKc (Ks), mc (ms), andgc (gs), gu
(g') is universal in the weak-coupling limit. In obtaining Eq
~16!, several terms corresponding to scattering processe
the vicinity of a Fermi point, which lead to a renormalizatio
of the Fermi velocities in second order ing, as well as
strongly irrelevant terms;cos(A8pKcwc)cos(A8pKsws)
describing umklapp processes with parallel spins, were om
ted.

The mapping of the initial lattice Hamiltonian Eq.~1! into
the continuum theory of two decoupled quantum SG mod
Eqs. ~17!–~18! performed above allows the study of th
ground-state phase diagram of the system based on the i
red properties of the SG Hamiltonians. The correspond
1behavior of the SG model is described by pairs of ren
malization group equations for the effective coupling co
stantsG i

30

dGu /dL52GcGu , dGc /dL52Gu
2 , ~24!

dG' /dL52GsG' , dGs /dL52G'
2 , ~25!

whereL5 log(a/a0) andG i(0)5gi . Each pair of equations
~24! and~25! describes a Kosterlitz–Thouless transition31 in
the charge and spin channels. The flow diagram is given
Fig. 4. The flow lines lie on the hyperbola

Gc(s)
2 2Gu(')

2 5mc(s)5gc(s)
2 2gu(')

2 , ~26!

and – depending on the relation between the bare coup
constantsgc(s) andgu(') – exhibit two different regimes:

For gc>uguu (gs>ug'u) we are in the weak-coupling re
gime; the effective massMc(s) scales to 0. The low-energ
~large distance! behavior of the gapless charge~spin! degrees
of freedom is described by a free scalar field

Hc(s)5
1

2
vc(s)E dx$~]xuc(s)!

21~]xwc(s)!
2% , ~27!

where]xuc(s)5Pc(s) .
The corresponding correlations show a power-law dec

^eiA2pKw(x)e2 iA2pKw(x8)&;ux2x8u2K, ~28!

^eiA2p/Ku(x)e2 iA2p/Ku(x8)&;ux2x8u21/K, ~29!

and the only parameter controlling the infrared behavior
the gapless regime is the fixed-point value of the effect
coupling constantsKc(s) .

For gc,uguu (gs,ug'u) the system scales to the stron
coupling regime; depending on the sign of the bare m
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PRB 61 9023TRIPLET SUPERCONDUCTIVITY IN A ONE- . . .
mc(s) the effective massMc(s) scales to6`, which signals
the crossover to the strong coupling regime and indicates
dynamical generation of a commensurability gap in
charge~spin! excitation spectrum. The fieldswc (ws) get
ordered with the vacuum expectation values32

^wc(s)&5HAp/8Ks ~mc(s).0!

0 ~mc(s),0!
. ~30!

Using the initial values of the coupling constants, given
~21!–~23!, we see that flow trajectories in the charge sec
@due to the SU~2!-charge symmetry# are along the separatri
gc5gu . Therefore, at

U1J'1
1

2
Ji.0 ~31!

there is a gap in the charge excitation spectrum (DcÞ0) and
the charge fieldwc is ordered with the vacuum expectatio
value

^wc&50, ~32!

while atU1J'1 1
2 Ji,0 the charge sector is gapless and

fixed-point value of the parameterKc* is 1.
The U(1) symmetry of the spin channel ensures mo

alternatives. Depending on the relation between the b
coupling constants there aretwo different strong-coupling
sectors in the spin channel. For

U,
1

2
Ji,J'2U ~33!

the spin channel is massive (DsÞ0) and the fieldws gets
ordered with the vacuum expectation value

^ws&50, ~34!

while for

J',minH U1
1

2
Ji ;JiJ ~35!

FIG. 4. The renormalization-group flow diagram; the arro
denote the direction of flow with increasing length scale.
he
e
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e

e
e-

the spin channel is massive (DsÞ0), with the vacuum ex-
pectation value

^ws&5Ap/8Ks. ~36!

In all other cases the excitation spectrum in the cor
sponding channel is gapless. The low-energy behavior of
system is controlled by the fixed-point value of th
Luttinger-liquid parameterKs* 511 1

2 gs* .
However, in the particular case of strong antiferroma

netic easy-plane anisotropy (J'@uJiu), the clarification of
details of the phase diagram requires a closer inspection.
us first consider theXY limit of the model:U5Ji50. As we
see, the initial values of the coupling constantsgs and g' ,
given in ~22!–~23!, lie exactly on the separatrixgs52g'

and scale to the SU~2!-symmetric fixed-point valuegs5g'

50. However, due to the lowU(1)-symmetry of the model,
there is no symmetry reason, which would guarantee that
bare couplings lieexactlyon the separatrix. As we will show
below, the higher order~finite band! effects push the scaling
trajectories from the separatrix. For details of the method
refer the reader to the paper,33 where a similar effect in the
pair-hopping model was considered.

Since in first order the couplings lie on the separatrix,
must work toO(J2). We find, that in the SU~2!-symmetric
case (J'5Ji5J) gs2ug'u50 up to O(J2), but for J'ÞJi
there is anO„(J'2Ji)

2
… correction to this quantity. This

correction occurs due to the nonlocal character of the in
action and to deviations from the linear dispersion relatio
for electrons on the lattice.

In particular, upon integrating out all modes with m
menta outside the small region around each Fermi poinup
2pFu,L[2/a, whereL is small compared topF , we ob-
tain the effective theory described by equations~17!–~18!,
with the following coupling constants:

gc5gu52
1

2pt S J'1
1

2
Ji D1

1

~2pt !2 S J'Ji2
1

4
Ji

2D
2

1

~2pt !2 S J'1
1

2
Ji D 2

ln~a/a0!, ~37!

g'5
1

2pt S 1

2
Ji2J'D2

1

~2pt !2 S J'
2 22J'Ji1

1

4
Ji

2D
2

1

~2pt !2 S J'2
3

2
Ji D S 1

2
Ji2J'D ln~a/a0! ~38!

gs5
1

2pt S J'2
3

2
Ji D1

1

~2pt !2 S 2J'
2 2J'Ji2

1

2
Ji

2D
2

1

~2pt !2 S J'2
1

2
Ji D 2

ln~a/a0!. ~39!

Thus we see, while the bare couplingsgc andgu always
lie on the SU~2! separatrix,gs equalsug'u only in the SU~2!-
symmetric caseJ'5Ji5J:

gs5g'52
J

4pt
2

J2

4~2pt !2
@ ln~a/a023#. ~40!
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In the case of theXY model the corresponding paramete
are:

g'52
1

2pt
J'1

1

~2pt !2
J'

2 @ ln~a/a0!21# ~41!

gs5
1

2pt
J'2

1

~2pt !2
J'

2 @ ln~a/a0!22#. ~42!

Thus we see that the values of the coupling constantsg' and
gs move off the separatrix into the region of the flow di
gram that flows to non zerogs . This movement occurs be
cause now

m5gs
22g'

2 5~J'/2pt !31O~J' /t !4.0. ~43!

To actually find the end-point value of the parameterGs , we
need the second-order renormalization group equations
the effective coupling constants. These equations read34

dG' /dL52GsG'2
1

2
G'

3 ,

dGs /dL52G'
2 2

1

2
G'

2 Gs . ~44!

Combining equations~44!–~43! one obtains

dm/dL52G'
2 m. ~45!

Substituting the first-order solution forG' and solving~45!
we obtain

m~`![~gs* !25S J'

2pt D
3

exp~2J'/2pt !. ~46!

At small J'.0 theXY model scales to a point on the fixed
point line G'50, which approaches the SU~2! end-point at
J'→0 and moves along the critical line with increasing p
rameterJ' .

Using ~39! and~38! and applying a similar analysis in th
caseJiÞ0, one easily obtains that a gapless regime in
spin channel exists for

J'<A2ptJi. ~47!

III. THE WEAK-COUPLING PHASE DIAGRAM

Let us now consider the weak-coupling ground-st
phase diagram of the model Eq.~1!.

A. Order parameters

To clarify the symmetry properties of the ground states
the system in different sectors of the phase diagram we
the following set of order parameters describing the sh
wavelength fluctuations of thesite–locatedcharge density,

DCDW5~21!n(
a

cn,a
† cn,a

;sin~A2pKcwc!cos~A2pKsws!, ~48!
or

-

e

e

f
se
rt

the site-locatedspin density,

DSDW
z 5~21!n(

a
acn,a

† cn,a

;cos~A2pKcwc!sin~A2pKsws!, ~49!

DSDW
x 5~21!n(

a
cn,a

† cn,2a

;cos~A2pKcwc!cos~A~2p/Ks!us!, ~50!

DSDW
y 5 i ~21!n(

a
acn,a

† cn,2a

;cos~A2pKcwc!sin~A~2p/Ks!us!, ~51!

and the short wavelength fluctuations of thebond-located
charge density,

Ddimer5~21!n(
a

~cn,a
† cn11,a1H.c.!

;cos~A2pKcwc!cos~A2pKsws!. ~52!

In addition we use two superconducting order parame
corresponding to singlet (DSS) and triplet (DTS) supercon-
ductivity:

DSS~x!5R↑
†~x!L↓

†~x!2R↓
†~x!L↑

†~x!

;exp~ iA~2p/Kc!uc!cos~A2pKsws!, ~53!

DTS~x!5R↑
†~x!L↓

†~x!1R↓
†~x!L↑

†~x!

;exp~ iA~2p/Kc!uc!sin~A2pKsws!. ~54!

B. Phases

With the results of the previous section for the excitati
spectrum and the behavior of the corresponding fields E
~28!–~30! we now analyze the ground-state phase diagram
the model~1! ~see Fig. 5 and Fig. 6!.

Let us first consider the sector of the phase diagram c
responding toU1J'1 1

2 Ji.0, characterized by agap in the
charge excitation spectrum. In this case we obtain the fol
lowing regimes of behavior:

A. DcÞ0, DsÞ0, ^wc&5^ws&50;

This regime corresponds to the appearance of a lo
range ordereddimerized (Peierls)phase

^Ddimer~x!Ddimer~x8!&;constant ~55!

in the ground state of the model. This phase is realized in
case ofdominating antiferromagnetic exchange, in particular
for isotropic exchangeJi5J'5J.2U.

B. DcÞ0, DsÞ0, ^wc&50, ^ws&5Ap/8Ks;

This regime corresponds to the appearance of a lo
range orderedantiferromagnetic (Ne´el) phase

^DSDW
z ~x!DSDW

z ~x8!&;constant ~56!
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in the ground state. In this regime the Hubbard mode
extended by incorporating an easy-axis spin exchange in
action.

C. DcÞ0, ^wc&50, Ds50;

The charge excitation spectrum is gapped. Ordering of
field wc with vacuum expectation valuêwc&50 leads to a
suppression of the CDW andsuperconductingcorrelations.
The SDW andPeierlscorrelations show a power-low deca
at large distances. The low-energy properties of the gap
spin degrees of freedom are controlled by the fixed-po
value of the Luttinger liquid parameterKs* .

In the SU~2!-spin symmetric case

FIG. 5. The weak-coupling phase diagram of model~1! at
U.0.

FIG. 6. The weak-coupling phase diagram of model~1! at
U,0.
s
r-

e

ss
t

C1. Ji5J'5J, 2
2

3
U,J,2U;

Ks* 51 and thePeierlsand SDWi ( i 5x,y,z) correlations
show identical power-law decayat large distances:

^Ddimer~x!Ddimer~x8!&.^DSDW~x!DSDW~x8!&

;ux2x8u21. ~57!

In the general case ofU(1)-spin symmetry,Ks* .1 and
the ‘‘in-plane’’ SDWx,y correlations dominate in the groun
state,

^DSDW
x ~x!DSDW

x ~x8!&.^DSDW
y ~x!DSDW

y ~x8!&

;ux2x8u21/Ks* , ~58!

while thePeierlsand SDWz correlations decay faster,

^Ddimer~x!Ddimer~x8!&.^DSDW~x!DSDW~x8!&

;ux2x8u2Ks* . ~59!

This case corresponds to an extension of the Hubbard m
by incorporating an easy-plane spin exchange interaction

Let us now consider the sectorU1J'1 1
2 Ji,0 in which

the charge excitation spectrum is gapless. The following
ferent regimes are realized in this sector:

D. Dc50, DsÞ0, ^ws&50;

This phase is realized in the case ofdominating attractive
Hubbard interaction, in particular for isotropic exchangeJi
5J'5J at 2U,J,2 2

3 U.
There is a gap in the spin excitation spectrum. The s

field is ordered,̂ ws&50. Ordering of the field̂ws& leads to
a suppressionof the SDW and TS fluctuations. The low
energy properties of the gapless charge degrees of free
are controlled by the fixed-point value of the Luttinger liqu
parameterKc* .

In the case of a half-filled band, which we are consider
here, the charge degrees of freedom are governed by
SU~2!-charge symmetry. The fixed-point value of the para
eterKc ~due to the SU~2!-charge symmetry! is Kc* 51. The
CDW, SS, andPeierlscorrelations show identical power-law
decay at large distances,

^DCDW~x!DCDW~x8!&5^DSS~x!DSS~x8!&

^Ddimer~x!Ddimer~x8!&;ux2x8u21. ~60!

E. Dc50, Ds50;

In this case the Luttinger liquid~LL ! phase is realized
The charge and the spin channel are gapless. The low-en
behavior of the system is controlled by the Luttinger liqu
parametersKc* andKs* .

In the case of SU~2!-invariant spin exchange

E1. Ji5J'5J,minH 2
2

3
U,2UJ
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Kc* 5Ks* 51 and all correlations showux2x8u22 decay at
large distances.

In the case of aU(1)-symmetric spin channel, the LL
phase is realized for easy-axis ferromagnetic anisotropy
this caseKc* 51, Ks* .1 and in the weak-coupling limit the
in-plane antiferromagnetic correlations dominate

^DSDW
x,y ~x!DSDW

x,y ~x8!&;ux2x8u2121/Ks. ~61!

F. Dc50, DsÞ0^ws&5Ap/8Ks;

This sector of the phase diagram is dual to the sectoD.
As common in the half-filled band case, the gapless cha
excitation spectrum opens a possibility for the realization
a superconductinginstability in the system. Moreover, due t
the U(1)-symmetry of the system, ordering of thews with
vacuum expectation valuêws&5Ap/8Ks leads to a suppres
sion of the CDW and SS correlations. In this case the SD
and TS fluctuations show identical power-law decay at la
distances,

^DSDW~x!DSDW~x8!&5^DTS~x!DTS~x8!&

;ux2x8u21, ~62!

and are thedominating instabilitiesin the system. This phas
is realized only for anisotropic spin exchange in the case
strongferromagnetic easy-planeanisotropy.

IV. DISCUSSION AND SUMMARY

In this paper we have studied the one-dimensionalt-J
model of correlated electrons in the case of a half-filled ba
This model describes a system of itinerant electrons w
spin-exchange interaction between electrons on nea
neighbor sites. We have demonstrated that in the cas
easy-plane anisotropic ferromagnetic exchange thetriplet su-
In

e
f

e

f

d.
h
st-
of

perconductingand SDW instabilities are the dominating in
stabilities in the system. These instabilities remain domin
ing instabilities in the ground state also for moderate val
of the on-site Hubbard interaction. We stress that, in 1D t
phase can be realized only in the case ofU(1)-spin symme-
try. This result is in agreement with recent experimental
sults showing strong easy-plane anisotropy of ferromagn
spin fluctuations in the triplet superconductor Sr2RuO4 .10

We want to stress, that although in this paper we presen
results considering the half-filled band case only, it is ob
ous that doping will split the degeneracy between the TS
SDW phases and will favor the superconducting instabi
in the system.

We also demonstrated a strong enhancement of ten
cies towards Peierls ordering in the electron system cau
by an isotropic~or weakly anisotropic! antiferromagnetic ex-
change. We have shown that the half-filledt-J model shows
a long-range dimerized~Peierls! ordering in the ground state
in the case of antiferromagnetic exchange.

We also demonstrated the importance of the finite-ba
effects in this model and presented a qualitative descrip
of the transition from the band-dominated TS1SDW phase
into the insulating spin-1/2 magneticXY phase. Detailed nu-
merical studies of the phase diagram for strong excha
coupling and for arbitrary filling are in progress and will b
published elsewhere.
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