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Competition between stripes and pairing in at-t8-J model
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As the number of legsn of ann-leg, t-J ladder increases, density-matrix renormalization group calculations
have shown that the doped state tends to be characterized by a static array of domain walls and that pairing
correlations are suppressed. Here we present results for at-t8-J model in which a diagonal, single-particle,
next-nearest-neighbor hoppingt8 is introduced. We find that this can suppress the formation of stripes and, for
t8 positive, enhance thedx22y2-like pairing correlations. The effect oft8.0 is to cause the stripes to evaporate
into pairs and fort8,0 to evaporate into quasiparticles. Results forn54 and 6n-leg ladders are discussed.
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Neutron-scattering experiments on La1.62xNd0.4SrxCuO4

show evidence of a competition between static~quasistatic!
stripes and superconductivity.1 Here the stripes consist o
~1,0! domain walls of holes separatingp phase shifted, anti-
ferromagnetic regions. Forx50.12 (x'1/8), the intensity of
the charge and spin superlattice peaks is largest andTc is less
than 5 K. Asx deviates from this value, the relative intensi
of the magnetic superlattice peaks decrease and the s
conducting transition temperatureTc increases. High-field
magnetization studies2 indicate that in this material supe
conductivity can coexist with quasistatic stripe order. Ho
ever, the fact thatTc is a minimum where the superlattic
peaks are most intense suggests that static stripe order
petes with superconductivity.

We are interested in understanding whether at-J-like
model can exhibit this type of behavior. In studies ofn-leg,
t-J ladders we have previously found evidence for str
formation. In particular, forn53 and 4 legs we have foun
evidence for both stripes and pairing.3,4 These systems hav
open boundary conditions in both directions, and the stri
are open ended. Of particular interest is the result that
pairing is enhanced in both of these systems when incre
doping induces the stripes, compared with unstriped lo
doped phases. However, in wider ladders~n56 andn58!
with cylindrical boundary conditions, where the stripes clo
on themselves rather than having free ends, the stripes
peared to be more static and the pairing correlations w
found to be suppressed.5 This suppression of the pairing co
relations was also observed when an external potential
applied to further pin the stripes. Thus there appears to b
tendency for pairing to favor strongly fluctuating stripes.

If the formation of static stripes could be suppressed by
additional term in the Hamiltonian, one might hope to fi
generally enhanced pairing correlations. It is not cle
whether the complete elimination of stripes or only a slig
destabilization would be more favorable to pairing corre
tions. We have been investigating various interaction te
which could destabilize stripes. Here we focus on the eff
of a next-nearest-neighbor diagonal hoppingt8. Effective
hopping parameters have been evaluated from band-stru
PRB 600163-1829/99/60~2!/753~4!/$15.00
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calculations and finite CuO cluster calculations. For the ho
doped cupratest8 is found to be negative while for the
electron-doped cuprates it is positive. Botht8 and the one-
electron hoppingt9, which connects next-nearest-neighb
sites along the~0,1! or ~1,0! axis, have been used int-t8-t9-J
models to fit angle-resolved photoemission spectrosc
~ARPES! data.6 In addition, Lanczos calculations by To
hyama and Maekawa7 on t-t8-J clusters and Monte Carlo
calculations8 on t-t8 Hubbard lattices show thatt8.0 tends
to stabilize the commensurate~p,p! antiferromagnetic corre-
lations. Recently, exact diagonalization and density-ma
renormalization group~DMRG! calculations on small clus
ters and four-leg ladders have found thatt8,0 destabilizes
stripes.9 Furthermore, it was concluded that a small positi
t8 did not destabilize the stripes on these systems.

Here we consider the effect oft8 on both open four-leg
and cylindrical six-leg ladders. In addition to considering t
effect of t8 on stripe stability, we measure its effect on pa
ing correlations. We find that stripes are destabilized for
ther sign oft8, and that pairing is suppressed fort8,0, and
enhanced fort8.0. This latter effect is surprising, since su
perconducting transition temperatures are generally hig
for hole-doped cuprates (t8,0) than for electron-doped (t8
.0).

The t-t8-J Hamiltonian which we have studied is

H52t (
^ i j &s

~cis
1cjs1cjs

1cis!2t8 (
^ i j &8s

~cis
1cjs1cjs

1cis!

1J(̂
i j &

S SW i•SW j2
1

4
ninj D . ~1!

Here^ i j & are nearest-neighbor sites,^ i j &8 are diagonal next-
nearest-neighbor sites,SW i5

1
2 cis

1sss8cis , ni5ci↑
1ci↑1ci↓

1ci↓ ,
andcis

1(cis) creates~destroys! an electron of spins at sitei .
No double occupancy is allowed. We use DMRG calcu
tions to explore the charge, spin, and pairing correlations
doped four- and six-leg ladders. The pairing correlatio
were found to be especially slowly converging with the nu
ber of states kept per block. Therefore, long runs were ma
R753 ©1999 The American Physical Society
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keeping up to 2400 states per block for the 1234 systems
and up to 2200 states per block for the 1236 systems, with
from 10 to 12 finite system sweeps, giving truncation err
of about 431025 and 1024, respectively. Even so, unce
tainties in the pairing amplitudes at the largest distances
mained in the neighborhood of 10230 %. These uncertain
ties do not affect the qualitative nature of our results. W
have checked the inclusion oft8 in our program by compar
ing the results for the rung hole density on a 1434 system
with the results of Tohyamaet al.;9 precise agreement wa
found.

Previously, we found that in the four-legt-J ladder, four-
hole diagonal domain walls form as the doping increased
Figs. 1~a! and ~b! we show the rung density

^nr~ l !&5(
i 51

4

^nli & ~2!

versusl for J/t50.35 on a 1234 lattice with eight holes and
open-boundary conditions. Fort850, we clearly see the for

FIG. 1. ~a! Hole density per rung for a 1234 system with eight
holes, J/t50.35, and open-boundary conditions, witht8<0. ~b!
Same as in~a!, but with t8>0. ~c! and ~d! d-wave pairing correla-
tions for the systems shown in~a! and ~b!, respectively.
s
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mation of two domain walls, signaled by two broad peaks
^nr( l )&. As t8/t is increased, one clearly sees that the sta
domain wall structure is suppressed.

For t8,0, the four-hole domain-wall density oscillation
suppressed, but equally large density oscillations oc
which appear to be pairs of holes. However, our results
low indicate that pair formation is suppressed fort8,0. Con-
sequently, the nature of the density oscillations fort8,0 is
unclear.

For this same 1234 lattice, we have studied the pair-fiel
correlation function

D~ l !5^D i 1 lD i
1& ~3!

with D i
1 a pair creation operator which creates a sing

dx22y2 pair centered on thei th site of the second leg. Figure
1~c! and~d! show a plot ofD( l ) versusl for the 1234 ladder
for J/t50.35 with eight holes and various values oft8/t. As
t8/t initially increases, the pairing correlations are enhanc
but ast8/t becomes greater than;0.3, they are suppressed
They are suppressed fort8 negative, with very strong sup
pression occurring fort8<20.2.

Results for the charge density and spin structure of a
36 lattice withJ/t50.5 and eight holes are shown in Fig.
Here we have taken cylindrical boundary conditions, i.
periodic in they direction, open in thex direction. In this
case, fort8/t50, the holes form two transverse domains ea

FIG. 2. Hole and spin densities on 1236 systems with cylindri-
cal boundary conditions. The hole density is proportional to
diameter of the circles, according to the indicated scale, and s
larly the length of the arrows gives the expectation value ofSz .
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containing four holes. Thep phase shifted antiferromagnet
regions which are separated by these domains are cle
visible in Fig. 2 for t850.1; the results fort850.0 look
almost identical. The DMRG calculation has selected a p
ticular spin order, breaking symmetry; as the number
states kept per block increases, the magnitude of this
order decreases, and the exact ground state would hav
net spin on any site. However, here the spin order serve
illustrate the underlying spin correlations in the exact grou
state, which we expect to be a superposition of the bro
symmetry state rotated to all possible directions.

As t8/t increases, we again see a suppression of
charge order and in addition thep phase shifted antiferro
magnetic regions disappear. This is also true fort8 negative.
For t850.3, we see that Ne´el spin order, without anyp
phase shifts, is now the broken symmetry state. As pr
ously noted, Lanczos7 and Monte Carlo8 calculations indi-
cated that a positivet8 tended to stabilize the commensura
~p,p! antiferromagnetic correlations, which is consiste
with our results.

The rung density shown in Figs. 3~a! and 3~b! provides a
more quantitative display of the suppression of the cha
domains walls. In this case, a finite magnitude oft8 seems to

FIG. 3. ~a! and ~b! Density of holes per rung for the 1236
ladder systems shown in Fig. 2.~c! and ~d! d-wave pairing corre-
lations for the same systems.
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be necessary to substantially reduce the charge-density s
ture. The domain walls inL36 ladders att850 are stable
bound states of two-hole pairs, and a finite change in
parameters of the systems is needed to break them up.
believe thatL36 cylindrical systems have unusually stab
domain walls, and that more generally a smaller value ofut8u
would destabilize the stripes. Here, we see that the stripes
suppressed fort850.2, and completely destabilized fort8
50.3.

Figures 3~c! and~d! show the pair-field correlationsD( l )
versusl for various values oft8/t for the 1236 ladder. We
see when the stripes are weakened by a positivet8, pairing
correlations are strongly enhanced. The optimalt8 appears to
be neart850.2. Pairing is once again suppressed for ne
tive t8, even when the domain walls are destabilized.

From a weak coupling point of view, our results on th
effect of t8 on pairing are surprising. In weak coupling, th
effect of t8,0 is to shift the Van Hove singularity in the
density of states away from half filling, so that the singular
may occur near the Fermi level in a doped system. Thus,
might have expected to find an enhancement in pairing
t8,0. However, in thet-J model, we find a suppression o
the pairing. In strong coupling, one can understand this
fect. Consider a pair of holes, and imagine we fix one h
and let the other hole hop around it. Consider the phas
the wave function of the second hole on the four sites nex
the first hole. It appears thatt8,0 will directly favor a
1212 d-wave phase pattern as the second hole h
around the first, whereast8.0 would favor thes-wave pat-
tern1111.10 However, the actual phase of a pair is a re
tive phase between a system withN holes and one withN
12 holes. If one considers a 232t-J system, one finds tha
the two-hole ground state hass-wave rotational symmetry
whereas the undoped state hasd-wave rotational
symmetry.11–13Thed-wave nature of the pairing comes from
the difference in these rotational symmetries, with the cruc
minus sign coming from the undoped system. Assuming
situation generalizes to larger systems,t8,0, by suppressing
the two-hole1111 pattern, actually suppressesd-wave
pairing, whilet8.0 can enhance it.

Consider the 232 system.13 The energy of the undope
system is independent oft8; we find E(0)523J. The en-
ergy of the one hole system depends only weakly ont8; for
t8 small, we find E(1)52J21/2(J2112t214Jt8
14t82)1/2. For J50.35, t51, this varies witht8 as E'
22.0908720.1005t8. The energy of the two-hole system,
contrast, depends strongly ont8: E(2)52J/22t82@32t2

1(J12t8)2#1/2. The pair binding energy is defined as

Eb52E~1!2E~2!2E~0!. ~4!

The dependence of the pair binding energy ont8 is domi-
nated byE(2), and we findthat t8.0 strongly enhances th
pair binding.

On larger systems, the detailed energetics are more c
plex, but a similar effect occurs. In Fig. 4, we show t
energy per hole of several systems as a function oft8.14 The
systems allow us to compare the stability of paired sta
striped states, and states with isolated holes. The first sys
is a single hole in an 838 open system, with a staggere
antiferromagnetic field of strength 0.1 on the edges to
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proximate the magnetic coupling to the rest of the syste
which is assumed to be undoped. The second system is s
lar, but has two holes. We plot the energy difference betw
these systems and the same system without holes, divide
the number of holes.14 The third system is a 1636 system,
with open-boundary conditions, and staggered fields of m
nitude 0.1 with ap phase shift applied on the first and la
chain. These boundary conditions favor the development
stripe down the center of the ladder. Then we subtract
energy of an undoped 1636 system, also with staggere
fields, but without the phase shift.14 We expect that finite-
size effects are not neglible, and these could shift the stri
phase curve relative to the other two curves. However,

FIG. 4. Energy per hole of various hole configurations, as d
cussed in the text.
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believe the general trends are reliable. That is, the stri
system is lowest in energy neart850, but becomes unstabl
as t8 becomes less than20.1, or ast8 increases above a
value slightly greater than 0.0. Thus, the striped region
quite narrow as a function oft8. This conclusion differs
somewhat from that of Ref. 9, where it was found that strip
were enhanced for 0,t8,0.2, but were suppressed fo
larger values oft8. For positivet8, the new stable state ha
pairs of holes, as Tohyama,et al. ~Ref. 9! also found fort8
;0.5. Fort8,20.1, the near degeneracy between one a
two holes indicates that the holes are not bound into pa
instead, the stripes break up into quasiparticles. These ob
vations are consistent with enhanced pairing correlations
t8.0, and suppressed pairing correlations fort8,0.

In summary, we have studied two differentt-t8-J ladders:
one, an open four-leg ladder which exhibits diagonal strip
when t850 and a second, periodic six-leg ladder which e
hibits ~0,1! stripes whent850. We find that a diagonal, next
nearest-neighbor hopping suppresses the formation of s
stripes and that fort8.0 this can lead to an enhancement
the dx22y2 pairing correlations, while fort8,0 there is sup-
pression of pairing.
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