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Using the density matrix renormalization group, we study the20model at a hole doping of = é
on clusters as large d9 X 8. We find a striped phase consistent with recent neutron scattering experi-
ments. We find that bond-centered and site-centered stripes have nearly the same energy, suggesting
that in the absence of pinning effects the domain walls can fluctuate. [S0031-9007(97)05257-5]

PACS numbers: 71.10.Fd, 74.20.Mn, 71.10.Pm

In the low temperature tetragonal (LTT) phase ofcentered domain walls have substantial hole densities over
La; ¢—,Ndy4Sr,CuQy, the tilt pattern of the Cu@octahe- three rows of sites, rather than one. Previous attempts to
dra form lines of displaced oxygens parallel to the Cu-Ounderstand the charge degrees of freedom of the striped
bond directions. These lines are rotated by Bétween phase have focused on single chain models [5,8]. We
adjacent layers. At a filling of = é superconductivity —consider another approach, in which coupled ladders are
is suppressed, and neutron scattering studies [1,2] revea$ed to model the 2D system. In particular, in order to
a striped domain wall ordering of holes and spins whichunderstand bond-centered stripes, we consider an array of
is believed to be commensurately locked by the tilt distwo-leg ladders which are coupled antiferromagnetically
tortion of the lattice. One model for this striped ordervia a mean field. We find that ther phase-shifted
[1,2] is illustrated in Fig. 1(a). Here the charge domainmagnetic order of the bond-centered striped phase can be
walls are shown running vertically and centered along théinderstood within this mean field picture.

Cu-O-Cu legs, although the phase information required to The -/ Hamiltonian in the subspace of no doubly
determine whether the domains should be leg centered @ccupied sites is given by

bond centered (centered between two legs) is not known,, _ _ T < e _ ”i"j>
As shown, the domains are separated by four Cu-O-CuH I%S (cisei + HE) =+ J% Si+ 8 4 )
spacings and, far = g, contain one hole per twé X 1 . (@
domain wall unit cells. This latter feature is at odds withHere(ij) are near-neighbor sites,is a spin indexs; =
one-electron Hartree-Fock calculations [3] which predictc; ;s ¢, andn; = CiJrTCiT + CiJrlcib with cfs (cis) being

a domain wall filling of one hole per domain wall unit an operator which creates (destroys) an electron at site
cell. The spins in the regions between the walls are an: with spins. The near-neighbor hopping interactiorvis
tiferromagnetically correlated with & phase shift across and the near-neighbor exchange interactiah isVe refer

a domain wall. When # é , superconductivity is found to the Cu-Cu lattice spacing asand measure energies in
to coexist with a weakened domain wall ordering, sug-units ofz. We consider only /r = 0.35 here.

gesting a close connection between the two.

Here we present the results of numerical density matrix
renormalization group (DMRG) [14] calculations forra/ {
model with a hole dopingr = 3. We find evidence
for domain walls with7 phase-shifted antiferromagnetic {

1
regions separating the walls, and with a filling of one }_E

hole per two4 X 1 domain wall unit cells. Kivelson and {
Emery [5] have suggested that domain walls arise when
phase separation of the holes into uniform hole-rich and
hole-poor regions is frustrated by long-range Coulomb Y
forces. The question of whether, in fact, thd model (a)
exhibits phase separation for the relevant physical values
of J/t and dopingx remains controversial [6,7]. Our FiG. 1. (a) Spin and hole structure suggested in Ref. [1] to
present results show that long-range Coulomb forces arsccount for neutron scattering experiments. (b) Hole density
not necessary for the formation of domain walls. and spin moments for the centr@lx< 8 region of al6 x 8
Depending on the size and boundary conditions (BCS?'J system. The diameter of the gray holes is proportional

) .10 the hole densityl — (n;), and the length of the arrows
of the cluster we study, the domain walls may be S'tﬁs proportional to(S;), according to the scales shown. The

centered, as shown in Fig. 1(a), bond centered, or i@omain wall order shown in (b) depends on the boundary
between. In contrast to Fig. 1(a), however, the siteconditions as discussed in the text.
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We present results here fdr X 8 clusters, withL as  domain walls in the configuration shown. In an LTT
large as 19. As first discussed by Liang and Pang [9]phase, the domain walls are oriented, and possible pinned,
the truncation errors in a DMRG calculation typically rise by the lattice distortion. The staggered edge field further
exponentiallywith the width of a large two-dimensional acts to pick a direction for the spin order, which allows
system (while only linearly with the length). However, direct measurement of the spin configurations and reduces
the errors also tend tfall exponentially with the number truncation errors in the DMRG calculation. Previous to
of states kept per block. Consequently, while studies ofhis calculation, dozens of simulations were performed,
dopedL X 8 clusters are quite difficult, by keeping from mostly on8 X 8 clusters, to find the nature of the ground
1000-2000 states per block, we can obtain useful resultstate and the effect of various BCs. Included were several
with truncation errors of 0.0002—0.0001. We are able tanitial conditions corresponding to phase separation, with
keep this many states because of recent improvements the hole cluster either on the edge or in the center of
the DMRG finite-system algorithm [10]. the system. These phase-separated configurations were

The nature of the ground state of the 25 systems unstable, with the hole cluster tending to split or lengthen
causes additional numerical difficulties. Rather than annto domain walls. A single eight-hole vertical domain
approximately homogeneous phase, we find that the sysvall was also unstable, even when initial conditions and
tem tends to have inhomogeneous charge and spin disttboundary staggered magnetic fields favored one. Objects
butions (such as domain walls), which can be pinned by theesembling diagonal domain walls have been observed in
open BCs usually used in DMRG. Usually more than onghree chain and four chain ladders [12,13], but attempts
such low-energy configuration is possible: For examplefo stabilize a diagonal domain wall on &nX 8 system
one could have horizontal as opposed to vertical stripes. Mstead yielded a bent domain wall with the central part
DMRG calculation involves sweeps through the sites of thaligned in the (1,0) direction. Periodic BCs in the
lattice, and the energy of the approximate DMRG groundlirection tend to favor vertical domain walls; open BCs
state of the system is decreased mostly through “local” imin the direction of the stripes tend to suppress them.
provements of the wave function. We find that, in a large In the simulation shown in Fig. 1(b), eleven sweeps
2D system, DMRG is usually unable to tunnel between twowere performed, and in the final sweep 1400 states were
substantially different low-energy configurations. Evenkept. A local chemical potential was applied to confine
when a low-energy tunneling path exists between two veryhe holes to the width-two stripes shown for the first six
different configurations, the calculation may move alongsweeps, and then removed. No initial magnetic field was
the path slowly. To deal with these difficulties, we usu-needed away from the left and right edges to orient the
ally perform several simulations for each system. Theser-shifted antiferromagnetic domains as shown.
systems differ in the charge and spin configurations in the Figure 2 shows the domain wall structure in a different
first few sweeps. Later sweeps drive the system to a locabay. With the solid circles, we show the local hole
energy minimum. One can then compare the total energyensity, n,,(¢) = 1 — <C§TC€T + C{ZC&)’ as a function of
of different simulations to find which configuration is the the x-coordinate¢,. The bond-centered nature of these
ground state. The charge and spin configurations can hgmain walls is evident. To show the spin structure, we
controlled in two ways: (1) by adjusting the total quantumdefine
numbers of the system at each step as the lattice is first L
built up from a few sites, and (2) by applying local chemi- - " (1Lt
cal potentials and magnetic fields for the first few sweeps. Salle) = 1/L, ,Zl( DF S: s b)) @
Unfortunately, it is possible to miss the true ground state
configuration if it is substantially different from what one
expects. However, unlike an ordinary variational calcula-
tion, only the crudest overall features of the wave function,
such as the general location of the domain walls, are spec-
ified in the initial sweeps. These various runs can give
substantial insight into what types of low-energy configu-
rations can possibly occur under slightly different BCs or
small perturbations to the Hamiltonian [11].

Figure 1(b) shows the charge and spin density in the
ground state for the centrdl X 8 section of al6 X
8 system withJ/r = 0.35 and 16 holes, corresponding
to a filling x = % Periodic BCs were used in the
direction, and open BCs were used in thedirection. I,

Along the left and right edges of the system a SmallFIG. 2. Average hole density,(¢,) (solid circles) and spin

staggered magnetic field o1 was applied. The BCs structure functiors., (¢,) (open squares) for thes X 8 system
and the edge staggered field serve to orient and pin thef Fig. 1(b).
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With the open squares, we sha¥y.(l,). The period-8 a ladder, but which may or may not haveraphase shift
spin structure is clearly evident. across a doped ladder. The properties of a single ladder
The boundary conditions have a strong effect on theare calculated with DMRG, with a static magnetic field

structure of the domain walls which appear. Bond-with wave vector {r,7) or (0,7). In Fig. 4 we show the
centered domain walls tend to form one lattice spacingnagnetic respons§S.)| to an applied field with mag-
away from an open boundary. This initially led us to be-nitude 4. As expected, an undoped ladder has a much
lieve that site-centered domain walls were not stable, bugreater response at the Néel wave vector). A doped
subsequent simulations showed that site-centered walladder, in contrast, shows a substantially greater response
also occur. In Fig. 3 we show the local hole density andat (077). Hence the mean field treatment shows the
spin structure functiors . (I,) for a 19 X 8 cluster with  phase shift seen in the 2D calculations. The mean field
20 holes. The same BCs and edge magnetic field as faelf-consistency conditions are

the system shown in Fig. 2 were applied. A system such hyy = TS0l 3)

as this, with an odd number of domain walls and open d.u z/udl>
BCs in thex direction, is forced by symmetry under re- where u and d stand for doped and undoped ladders.
flection about a vertical line to have a site-centered doFrom the results shown in Fig. 3, we fif¢b.),| = 0.32

main wall in the center if., is odd, and a bond-centered and|(S,);| = 0.15. The results from thé6 X 8 system,

wall if L, is even. In the calculation shown, reflection in contrast, arel(S.),| = 0.29 and [(S.)s] = 0.13. As
symmetry is used explicitly, which ensures that a site-one expects, the mean field treatment overestimates the
centered domain wall appears in the center. Note thanagnetic order. (We expect that correction for trunca-
the second and fourth domain walls, which are not sdion errors and finite size effects would further decrease
constrained by geometrical effects, are more site centeretie DMRG results.) The energy of this mean field striped
than bond centered. We have compared the local enephase (withx = 0 andx = 0.25), including the exchange
gies averaged ovetr X 4 regions covering site-centered coupling between ladders, is about 2% higher than the
and bond-centered walls; the difference in energy per sitenergy of an array of uncoupled ladders at uniform den-
between these was within our numerical errors for lo-sity (x = 0.125). Hence the mean field approach does not
cal energies, with both giving/N = 0.62r = 0.01z. In  predict the charge ordering of the striped phase. Never-
addition to bond-centered and site-centered walls, asyntheless, these results suggest that coupled ladders are nat-
metrical walls can occur. The close energy differencesiral starting points for understanding striped phases.
between these different types of walls suggests that a

large 2D t-J system atx = é might have fluctuating

domain walls.

. . . . 0.5
The 7 phase-shifted antiferromagnetic regions reduce
the energy for transverse hopping of holes within a
domain wall. To understand in more detail the bond-
centered striped structure, we consider a model of antifer-
romagnetically coupled two-leg ladders. Ladders doped (a)
with x = 0.25 are alternated with undoped ladders, and
no hopping is allowed between ladders. Ladders are ex-
change coupled via a mean field, which is staggered along
A 0.1
~ e S
= 2 * (b)
: N
—a (0,n)
&—o(nn)
0.0 : > :
0.00 0.05 0.10 0.15
-0.4
h
1 FIG. 4. Magnetization per sit§S,)| induced by an applied

magnetic fieldz at wave vectorgs, 77) and(0, =) on a2 X 32
FIG. 3. Average hole density,(¢,) (solid circles) and spin ladder. (a) An undoped ladder. (b) A ladder with doping
structure functiors..(£,) (open squares) for 8 X 8 system. x = 0.25.
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A similar mean field treatment can be made for site-potential [5] or thorough a lattice distortion, could induce
centered domain walls, coupling doped three-leg laddera static CDW order along the domain walls. This CDW
with undoped single chains. This also yieldsphase- order would tend to suppress superconductivity.
shifted antiferromagnetism, with reasonable magnitudes We thank J. Tranquada, J. Lawrence, and S. Kivel-
for |(S,)|. We will present these results elsewhere. son for helpful discussions. S.R.W. acknowledges sup-
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agreement in previous studies about whether phase sepa-
ration occurs in the low-doping region fdys = 0.3-0.5,
it is clear that the curvature in the energy versus filling
curve is small [6,7]. The possibility of a striped phase, [1] J.M. Tranquadaet al., Nature (London)375, 561 (1995);
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array of weakly repulsive, widely spaced domain walls Vergéset al., Phys. Rev. B43, 6099 (1991); M. Inui and

would show a nearly linear energy versus filling depen-  p g |jttlewood, Phys. Rev. B4, 4415 (1991); J. Zaanen
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