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Competition between stripes and pairing in at-t’-J model
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As the number of lega 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 resultstidrf-d model in which a diagonal, single-particle,
next-nearest-neighbor hoppingis introduced. We find that this can suppress the formation of stripes and, for
t' positive, enhance the,2_2-like pairing correlations. The effect 6> 0 is to cause the stripes to evaporate
into pairs and fort’ <0 to evaporate into quasiparticles. Resultsfer4 and 6n-leg ladders are discussed.
[S0163-182699)51326-X

Neutron-scattering experiments on4lga,Nd; ,Sr,CuQ,  calculations and finite CuO cluster calculations. For the hole-
show evidence of a competition between stétjaasistatit ~ doped cuprates’ is found to be negative while for the
stripes and superconductivityHere the stripes consist of electron-doped cuprates it is positive. Bathand the one-
(1,00 domain walls of holes separatingphase shifted, anti- electron hopping”, which connects next-nearest-neighbor
ferromagnetic regions. For=0.12 (x~ 1/8), the intensity of  sites along th€0,1) or (1,0) axis, have been usedint’-t"-J
the charge and spin superlattice peaks is largesTamslless models to fit angle-resolved photoemission spectroscopy
than 5 K. Asx deviates from this value, the relative intensity (ARPES data® In addition, Lanczos calculations by To-
of the magnetic superlattice peaks decrease and the supdwama and Maekaweon t-t'-J clusters and Monte Carlo
conducting transition temperaturg, increases. High-field calculationg on t-t’ Hubbard lattices show that>0 tends
magnetization studiésindicate that in this material super- to stabilize the commensurate, ) antiferromagnetic corre-
conductivity can coexist with quasistatic stripe order. How-lations. Recently, exact diagonalization and density-matrix
ever, the fact thafl; is a minimum where the superlattice renormalization grougDMRG) calculations on small clus-
peaks are most intense suggests that static stripe order coters and four-leg ladders have found that 0 destabilizes

petes with superconductivity. stripes’ Furthermore, it was concluded that a small positive
We are interested in understanding whethet-dlike t' did not destabilize the stripes on these systems.
model can exhibit this type of behavior. In studiesneleg, Here we consider the effect ¢f on both open four-leg

t-J ladders we have previously found evidence for stripeand cylindrical six-leg ladders. In addition to considering the
formation. In particular, fon=3 and 4 legs we have found effect oft’ on stripe stability, we measure its effect on pair-
evidence for both stripes and pairifi These systems have ing correlations. We find that stripes are destabilized for ei-
open boundary conditions in both directions, and the stripether sign oft’, and that pairing is suppressed t6x 0, and
are open ended. Of particular interest is the result that thenhanced fot’>0. This latter effect is surprising, since su-
pairing is enhanced in both of these systems when increasquerconducting transition temperatures are generally higher
doping induces the stripes, compared with unstriped lowefor hole-doped cuprates’(<0) than for electron-doped (
doped phases. However, in wider laddéns=6 andn=8) >0).
with cylindrical boundary conditions, where the stripes close Thet-t’-J Hamiltonian which we have studied is
on themselves rather than having free ends, the stripes ap-
peared to be more static and the pairing correlations were H
found to be suppressédrhis suppression of the pairing cor-
relations was also observed when an external potential was
applied to further pin the stripes. Thus there appears to be a
! . . +3>,

tendency for pairing to favor strongly fluctuating stripes. &

If the formation of static stripes could be suppressed by an o . o .
additional term in the Hamiltonian, one might hope to find Here(ij) are nearest-neighbor sitesj)" are diagonal next-
generally enhanced pairing correlations. It is not cleamearest-neighbor site§=3c oy Cis, Ni=C/1Ci;+Ci G,
whether the complete elimination of stripes or only a slightandc;;(c;s) creategdestroy$ an electron of spirs at sitei.
destabilization would be more favorable to pairing correla-No double occupancy is allowed. We use DMRG calcula-
tions. We have been investigating various interaction termsions to explore the charge, spin, and pairing correlations on
which could destabilize stripes. Here we focus on the effectioped four- and six-leg ladders. The pairing correlations
of a next-nearest-neighbor diagonal hoppirig Effective  were found to be especially slowly converging with the num-
hopping parameters have been evaluated from band-structuber of states kept per block. Therefore, long runs were made,

=—t> (CisCjs+CjsCis) —t’ > (CisCjs+CjsCis)
(ij)s (ij)'s

. - 1
(Si~Sj—Zninj). 1)
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] ! mation of two domain walls, signaled by two broad peaks in
(n,(1)). As t’/t is increased, one clearly sees that the static
FIG. 1. (a) Hole density per rung for a 224 system with eight ~domain wall structure is suppressed.

holes, J/t=0.35, and open-boundary conditions, with<0. (b) Fort’ <0, the four-hole domain-wall density oscillation is
Same as in@), but witht’=0. (c) and(d) d-wave pairing correla-  suppressed, but equally large density oscillations occur
tions for the systems shown {a) and (b), respectively. which appear to be pairs of holes. However, our results be-

low indicate that pair formation is suppressedtfox 0. Con-
keeping up to 2400 states per block for thex¥2 systems  sequently, the nature of the density oscillationstfor 0 is
and up to 2200 states per block for theXl@ systems, with  ynclear.
from 10 to 12 finite system sweeps, giving truncation errors  For this same 12 4 lattice, we have studied the pair-field
of about 4<107° and 104, respectively. Even so, uncer- correlation function
tainties in the pairing amplitudes at the largest distances re-
mained in the neighborhood of +B0 %. These uncertain- D(I)=(A; A" (©)
ties do not affect the qualitative nature of our results. We N ) . ) )
have checked the inclusion bf in our program by compar- With A;" a pair creation operator which creates a singlet
ing the results for the rung hole density on axi4l system dxz_yz pair centered on thih site of the second Ieg Figures
with the results of Tohyamat al.;® precise agreement was 1(c) and(d) show a plot oD(l) versud for the 12<4 ladder
found. for J/t=0.35 with eight holes and various valuestoft. As
Previously, we found that in the four-legJ ladder, four-  t'/t initially increases, the pairing correlations are enhanced
hole diagonal domain walls form as the doping increased. Ifput ast’/t becomes greater than0.3, they are suppressed.
Figs. Xa) and(b) we show the rung density They are suppressed fot negative, with very strong sup-
pression occurring fot'<—0.2.
4 Results for the charge density and spin structure of a 12
<”r(|)>:,21 (ny;) (20 x6 lattice withd/t=0.5 and eight holes are shown in Fig. 2.
o Here we have taken cylindrical boundary conditions, i.e.,
versud for J/t=0.35 on a 1X 4 lattice with eight holes and periodic in they direction, open in thex direction. In this
open-boundary conditions. Fbr=0, we clearly see the for- case, fott’/t=0, the holes form two transverse domains each



RAPID COMMUNICATIONS

PRB 60 COMPETITION BETWEEN STRIPES AND PAIRINGN . . . R755
14 : T . . be necessary to substantially reduce the charge-density struc-
A R 1 ' ture. The domain walls it X 6 ladders at’=0 are stable
1.2 bound states of two-hole pairs, and a finite change in the
parameters of the systems is needed to break them up. We
1.0 believe thatL X 6 cylindrical systems have unusually stable
domain walls, and that more generally a smaller valugt'of
A 0.8 would destabilize the stripes. Here, we see that the stripes are
Q suppressed fot’=0.2, and completely destabilized fof
¥ 06} =0.3.
Figures 3c) and(d) show the pair-field correlatiorid(I)
04 versusl for various values of’/t for the 12<6 ladder. We
see when the stripes are weakened by a positivgairing
0.2 correlations are strongly enhanced. The optithappears to
be neart’=0.2. Pairing is once again suppressed for nega-
0.0 tive t’, even when the domain walls are destabilized.
0 From a weak coupling point of view, our results on the
0.010 i ' ' effect oft’ on pairing are surprising. In Wgak cogpling, the
: Fe : effect of t’ <0 is to shift the Van Hove singularity in the
(c) (d) \.‘ g._';tg'? density of states away from haIf'fiIIing, so that the singularity
0.008 1 % Ht’;o.z £ may occur near the Fermi level in a doped system. Thus, one
®—@1-00 YL **f=0:3 might have expected to find an enhancement in pairing for
B8 t=—0.1 \\ wwr=04 t’<0. However, in thet-J model, we find a suppression of
30'006 [ |e--et=-02 1T w x| 1 the pairing. In strong coupling, one can understand this ef-
Q F-%t=—0.3 - fect. Consider a pair of holes, and imagine we fix one hole
0.004 | 1l -\\ i and let the other hole hop around it. Consider the phase of
\ the wave function of the second hole on the four sites next to
‘.‘\ the first hole. It appears that <0 will directly favor a
0.002 t 1t ly .- 1 +—+— d-wave phase pattern as the second hole hops
N, _3_'% around the first, whered$>0 would favor thes-wave pat-
5-9-9 Vi tern ++++.1° However, the actual phase of a pair is a rela-
0.000 | #ooeeee : : rdibd tive phase between a system whkhholes and one witiN

2 4 6 g8 2 4 6 8 +2 holes. If one considers axX2t-J system, one finds that
I i the two-hole ground state haswave rotational symmetry,
whereas the wundoped state had-wave rotational
FIG. 3. (a) and (b) Density of holes per rung for the ¥% symmetry**~*3Thed-wave nature of the pairing comes from
ladder systems shown in Fig. &) and(d) d-wave pairing corre-  the difference in these rotational symmetries, with the crucial
lations for the same systems. minus sign coming from the undoped system. Assuming this
situation generalizes to larger systerris; 0, by suppressing
containing four holes. The phase shifted antiferromagnetic the two-hole +++4 pattern, actually suppresseswave
regions which are separated by these domains are clearpairing, whilet’>0 can enhance it.
visible in Fig. 2 fort’=0.1; the results fot’=0.0 look Consider the X2 system-® The energy of the undoped
almost identical. The DMRG calculation has selected a parsystem is independent of; we find E(0)=—3J. The en-
ticular spin order, breaking symmetry; as the number ofergy of the one hole system depends only weaklyt'orfor
states kept per block increases, the magnitude of this spitt  small, we find E(1)=-—J—1/2(3%+12t2+4Jt’
order decreases, and the exact ground state would have Re4t’'?)12 For J=0.35, t=1, this varies witht’ as E~
net spin on any site. However, here the spin order serves te 2.090870.1005’. The energy of the two-hole system, in
illustrate the underlying spin correlations in the exact grounctontrast, depends strongly dh: E(2)=—J/2—t' —[32t2
state, which we expect to be a superposition of the broken- (J+2t’)?]'2. The pair binding energy is defined as
symmetry state rotated to all possible directions.
As t'/t increases, we again see a suppression of the E,=2E(1)—E(2)—E(0). (4
charge order and in addition the phase shifted antiferro-
magnetic regions disappear. This is also truetfanegative. ~The dependence of the pair binding energytons domi-
For t'=0.3, we see that N& spin order, without anyr  nated byE(2), and we findhatt’ >0 strongly enhances the
phase shifts, is now the broken symmetry state. As previpair binding.
ously noted, Lanczdsand Monte Carl® calculations indi- On larger systems, the detailed energetics are more com-
cated that a positive’ tended to stabilize the commensurate plex, but a similar effect occurs. In Fig. 4, we show the
() antiferromagnetic correlations, which is consistentenergy per hole of several systems as a functiori 3f The
with our results. systems allow us to compare the stability of paired states,
The rung density shown in Figs(é88 and 3b) provides a striped states, and states with isolated holes. The first system
more quantitative display of the suppression of the chargés a single hole in an 88 open system, with a staggered
domains walls. In this case, a finite magnitude’'ofeems to  antiferromagnetic field of strength 0.1 on the edges to ap-
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-1.6 : - - believe the general trends are reliable. That is, the striped
system is lowest in energy netdr=0, but becomes unstable
ast’ becomes less thar 0.1, or ast’ increases above a
value slightly greater than 0.0. Thus, the striped region is
quite narrow as a function of . This conclusion differs
somewhat from that of Ref. 9, where it was found that stripes
were enhanced for 9t’<0.2, but were suppressed for
larger values ot'. For positivet’, the new stable state has
pairs of holes, as Tohyamat al. (Ref. 9 also found fort’
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Energy per hole

¥—¥ Stripe ~0.5. Fort’<—0.1, the near degeneracy between one and

-1.9 . ; ; two holes indicates that the holes are not bound into pairs:
-02 -0.1 0.0 0.1 0.2 instead, the stripes break up into quasiparticles. These obser-

e vations are consistent with enhanced pairing correlations for

t’>0, and suppressed pairing correlations tfox 0.
FIG. 4. Energy per hole of various hole configurations, as dis- |n summary, we have studied two differant’ -J ladders:
cussed in the text. one, an open four-leg ladder which exhibits diagonal stripes
whent’=0 and a second, periodic six-leg ladder which ex-
hibits (0,1) stripes whert’ =0. We find that a diagonal, next-

proximate the magnetic coupling to the rest of the system, X . . .
which is assumed to be undoped. The second system is Sinﬁ_earest-nelghbor hoppmg_ suppresses the formation of static
tripes and that fotr’ >0 this can lead to an enhancement of

lar, but has two holes. We plot the energy difference betwee edes. .2 paifing correlations. while fot’ <0 there is SUp-
these systems and the same system without holes, divided p¥ Xy Ff) ng ' P
the number of hole¥ The third system is a 166 system, ession of pairng.
with open-boundary conditions, and staggered fields of mag- We thank M. P. A. Fisher, S. A. Kivelson, A. Millis, S.
nitude 0.1 with am phase shift applied on the first and last Sachdev, and E. Dagotto for interesting discussions. D. J.
chain. These boundary conditions favor the development of 8calapino would like to acknowledge the Aspen Center for
stripe down the center of the ladder. Then we subtract th@hysics where the interplay of stripes and superconductivity
energy of an undoped ¥ system, also with staggered in these models was discussed. S. R. White acknowledges
fields, but without the phase shift.We expect that finite- support from the NSF under Grant No. DMR98-70930 and
size effects are not neglible, and these could shift the stripeD. J. Scalapino acknowledges support from the NSF under
phase curve relative to the other two curves. However, wé&rant No. DMR95-27304.
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