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Quantum Monte Carlo simulations of the t-J, model with stripes on the square lattice
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Finite temperature quantum Monte Carlo simulations are performed on the anisdgsbpimdel and in
particular on its Ising limit. Straight site-centered stripes are imposed by an on-site potential representing
external mechanisms of stripe formation. In this model, we show that, even though charge inhomogeneity
exists at a high temperature, the antiphase ordering of the spin domains between stripes occurs at a much lower
temperature. The magnetic correlations at this spin ordering crossover are analyzed. The stripes show metal-
licity, with absence of hole attraction. Comparison between this model and others that have been proposed to
explain or describe stripes, as well as possible relations with experimental features on underdoped cuprates are
discussed.
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The nature of the underdoped region and of the pairingants of thet-J model by using the DMRG methdd is
mechanism in highF, cuprates is still a matter of strong affected by limitations of this method, particularly the open
controversies. From the experimental point of view, the relaboundary conditions adopted. The widely used Lanczos di-
tionship between the pseudogdG) and the superconduct- agonalization could not deal with clusters large enough to
ing gap (SG) is still under intense discussion. Older datareproduce the charge inhomogeneities. In the present study,
suggested a pseudogap smoothly connecting with the supake use the conventional finite temperature quantum Monte
conducting gapwhile some more recent studfésempha-  Carlo (QMC) method(world-line algorithm** which allows
size a different origin and behavior of the PG and the SG, th¢he study of reasonable large clusters with fully periodic
PG ending inside the superconducting phase at a “quantuiioundary conditions. As it is well-known, QMC simulations
critical point.”* From the theoretical point of view, the stripe of fermionic models are affected by strong “minus sign
scenario, which is an almost unavoidable consequence g@froblem™® that virtually makes impossible these kinds of
neutron experiments results on ,LaSr,CuO, (Refs. 5,6  studies at very low temperatures. However, as we discuss
and perhaps on YB&wOg, 5, offers a natural explanation below, in the model we consider the “minus sign problem”
for PG. Consistently with the experimental controversyis not as much severe as in the plain 2D model, and hence
about the nature of PG, there are widely diverging viewswe are able to look at physical features which appear at not
about the origin of stripes and its relationship with supercontoo low temperatures.
ductivity. In the theory by Emery, Kivelson and co-workérs, Let us first introduce the model here studied. In the first
the pseudogap is identified with the SG and stripes are a kgylace, as in many other studies on this sub{ect® we im-
ingredient to explain superconductivity in the cuprates. Inpose the presence of straight site-centered stripes by an on-
another view, stripes are regarded as competing with a uni-site potential. This on-site potential represents the effects of
form gas of hole pairs and hence with superconductivity. InCoulomb potential due to out-of-plane ions, electron-phonon
yet another approach, the stripes exclude hole patfing. coupling,a-b plane anisotropy or other structural details, etc.
There are even more important differences regarding the orSince in-plane long-range Coulomb repulsion can not be in-
gin of stripes. In Ref. 8, charge inhomogeneity appears as eluded in QMC simulations, its effects can eventually also be
combined effect of phase separation and long-range Couepresented by the on-site potential. The confinement of
lomb repulsion and the stripe phase can be thought as laoles to the stripes strongly reduces the “minus sign prob-
Wigner crystal. According to White and Scalapihstripes  lem.” As we show below, this problem strongly constrains
are already present in the simptd model at physical values the values of the on-site potential accessible in the simula-
of the parameters. In Ref. 10, the driving mechanism is theions. A further alleviation of this problem comes from re-
formation of strong singlets across a hole. In this sense, thducing quantum spin fluctuations. We are thus lead to an
stripes may be regarded as domain wHil©n the other anisotropict-J model, and in the Ising limit to the so-called
hand, in some other views, the stripes are not inherent t0-J, model?>?? Again, the “minus sign problem” strongly
two-dimensional(2D) extendedt-J models but are due to, constrains the off-diagonal exchange term we can deal with.
for example, electron-phonon coupliffgt® Following these  On the other hand, this Ising limit is not only convenient
alternative views, in this paper we formulate a model assumfrom the numerical point of view but has an additional value,
ing that the origin of stripes in the cuprates is nonintrinsic tospecially if one is interested in finite temperature effects. In
the 2D electronic correlations and our main goal is to examfact, a three-dimension&BD) AF (short- or long-rangeor-
ine the physically relevant properties of such model. der would imply, at a mean-field level, a staggered field act-

It is also well known the difficulty of studying micro- ing on the 2Dt-J model and in turn would induce an en-
scopic models of correlated electrons either by analytical ohancement of thezcomponent of the Heisenberg term as a
numerical techniques. The already mentioned work on varisecond order process.
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The Hamiltonian of the anisotropteJ model is 1.0
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where the notation is standard. The stripes are induced by a?
effective on-site potenti&l 04 0350500
=—u 0.35,1.0,0.0
He= eqin;, 2 | 0—00.7,0.5,0.0
ot Z st @ 0.2 5—00.7,1.0,0.0
. . . ©--¢0.7,1.0,0.25
esi= —2e,<0 (2e,) for sites on(outside the stripe. Then, *—%0.7,1.0,0.0
the total Hamiltonian of our model id =H;+Hg;,. Most of 0-00 0 02 0a 08 0.8
our calculations were performed on an<8 cluster with ) ' T'/t ) '
fully periodic boundary conditions and with eight holes
which corresponds to a filling of=1/8. The imposed stripes 0.5

involves columns separated by three-leg ladders, as in th
original picture in Ref. 5.

Our simulations were done att=0.35, a value generally
accepted to describe the cuprates, and alsd/tat 0.7. In
this second case, we have seen essentially the same physic
behavior but at a higher temperature scale and with a milde!
minus sign problem. As usudljs chosen as the unit scale of %
energy and temperature, was varied between 0.3 and 2.0,
andy=0.0 (the Ising limiy, 0.25 and 0.5 were examined. In
the limit e,— <0 each stripe would be at quarter filling. Simu-
lations were also performed for the 222 cluster with

0.4

@
a

stri

03

0—00.35,0.5,0.0

twelve holes and also two equidistant stripes. This corre- 02 [ 0—0035,1.0,0.0
sponds to a smaller density=1/12 and the spin domains in :f:g:;’ ?'g’ 8‘8
between the stripes are five-leg ladders. +—+ 0.7: 1:0: 0.5
The QMC algorithm employed is a straightforward exten- . . .
sion of the world-line one successfully used to study the 2D 0'10_0 05 10 15
Heisenberg modéf: In addition to the cube and plaquette Th I

local moves, we have kept the global moves that change the
total S, of the system. Most of the calculations were per-
formed with = 38/M =0.083, whereB=1/T and M is the
Trotter number. The average of the sign of exgH, is

FIG. 1. (a) Averaged sign in QMC simulations on thex®
cluster with eight holes. The set3, &, y) are indicated on the plot.
Stars correspond to X212, twelve holesX=0.083).(b) Hole den-

I . sity on the stripes vs temperaturex8 cluster. The dotted line
shown in Fig. 1a). It can be seen thaisgr) is smaller for corresponds to the uniform hole distribution={ 1/8). (c) Hole den-

largeryy and for smallees . In few words, the more isotropic sity profile (=0 and 4 correspond to the stripdsr thet-J, model

is the spin space and the more homogeneous is the holgi, - 35T<0.1 and for several values ef as indicated on the
movement in real space, the worse becomes the minus sigjjt (T=0.15 fore,=0.3).

problem. In Fig. 1b), the hole occupancy of sites on the

stripes are shown as a function of temperature for variousure factorsS(k) and C(k) (Fourier transformed spin-spin
sets of parameters]( e;, and y). As expected, the stripe and hole-hole correlations functions, respectiyedye par-
filling increases monotonically a6 decreases. At large tem- tially summarized in Fig. @). In the 8x 8 cluster k= 1/8),
perature there is already a filling of the stripes larger than that a rather largél there is a crossover in the peak of the
nominal one x=1/8) and it is driven solely by the on-site structure factor fromK, ,k,) = (r,0) (with thex axis perpen-
potential. As the temperature goes to zero, the stripe densitjicular to the stripes directigrio (25,0) with = w/4. This
saturates at a value smaller than 1/2 and it is apparent a smalossover, together with the behavior shown in Figp) in-
dependence o4, i.e., there is a correction due to the mag- dicates a nontrivial behavior of the charge ordering. One is

netic correlations of thé-J model. In Fig. 1c), the hole
density profile is shown fod=0.35 and several values ef

tempted to term this crossover as the “charge ordering”
temperaturé® although this concept is somewhat arbitrary in

at the lowest temperatures reached. The sharpness of theser model. The most important feature is that at a tempera-

profiles could be measured by neutron scattetfhg.
We start now to show the main features obserRrele-

ture much lower than this crossover there is a second cross-
over in the spin sector signaled by a change in the peak of

sults of the computation of magnetic and charge static structhe magnetic structure factor fromr(w) to (7= 8,7). This

104520-2



QUANTUM MONTE CARLO SIMULATIONS OF THEt-J,. .. PHYSICAL REVIEW B 64 104520

10.0 T T T T
// O0—0 (rt,m)
| o—e (3/4,m) |
10.0 e (1,0)
—_ A—a (1/2,0)
1.0 b £
' 0—00.350.0 ] O
- A—A07,00 |
= 007,025 | &
+0.7,05 |10} b
01 m A 4
(a) A
] ] ] [l 0.1 1
00 05 10 15 20 0.1 1.0 Th Th
le /it Th 1.0 o

FIG. 2. (a) Phase diagram in the temperature-on-site potential
plane. The curves at highow) T correspond to a crossover inthe 05 |
charge(magnetig structure factor. The setd( y) are indicated on
the plot. The star corresponds toX22, x=0.083)=0.7,y=0.0. %
(b) Magnetic and charge static structure factors vs. temperature fol 0.0
J/t=0.35]e,|=0.5,y=0.

peak very much resembles the one observed in neutron sca-p5 |
tering experimenfs’ signaling the presence of the “incom-
mensurate phase” in underdoped cuprates. Following Ref. 8
we call T3 this lower crossover at which a “spin ordering” _1 o Sk
occurs. A similar behavior is observed in theXI®2 lattice
with 12 holes &=0.083). Following the behavior observed ™ Th
in underdoped cuprate3; occurs at a temperature higher g 3. Spin-spin correlation&lefined in the te3tvs tempera-
than the one observed for similar parameters but Xor ture on the &8 cluster, for(a) J/t=0.35g,=1.0,y=0, (b) J/t
=0.125. The peaks di(k) andC(k) are the same as above =0.7g=0.75y=0, (c) J/t=0.7,,=1.0,y=0.0 (crosses:S;, 12
except that for this smaller hole doping= w/6. A more  x12 cluste), and(d) J/t=0.7, e.=1.0, y=0.25. (crossesS;, y
detailed evolution of the peaks with temperature is shown in=0.5). CorrelationsS; and Sg have been multiplied by 5.
Fig. 2(b). In particular, the crossover in the charge sector is
rather smooth. In the spin sector, the weight of thg ) pleteness we have also computed the correlations between
peak is strongly reduced below the crossover, B(tr nearest neighbofNN) sites in the center leg of a three-leg
+ 6,m) is definitely nonzero above it. ladder S;), and between sites at the maximum distance
We have detected important hysteresis effects in the crosglong this leg §,). Ss andSg are the correlations between
over region. The results shown in Figb2were obtained by NN and next NN(NNN) sites along the stripes. The spin-
starting the simulation from a configuration with-shifted ~ spin correlations have been normalized in such a way that
spin domains. If the starting configuration consists of in-their maximum(minimum) value is+1 (—1) for thez com-
phase spin domains the crossover temperature is pushed ponents of the two spins fully aligned or ferromagne¢Ei)
smaller values. In this case, for many values of the paramiespectively, antialigned or AFIn Fig. 3a), corresponding
etersJ, e;, andy (specially for largel ande,) we could not to J/t=0.35g,=1.0 it can be seen that the correlatid®s
detect that crossover to the lowest temperature attainable. BndS, across the stripe are positive at high temperature and
most cases, starting from a randomized spin configuratiorthey increase a$ is lowered. AroundT~0.12 these corre-
behaviors similar to those of Fig. 2 are recovered but wdations reach their maximum value and as the temperature is
cannot rule out the possibility of in-phase domains beingurther lowered they suddenly become fully AF and remain
more stable than or degenerate with antiphase do@ias  negative down to the lowest temperature reached. These
low temperatures and for very largeandes. changes from FM to AF indicate that the intervening mostly
We can analyze the crossover in the spin sector at a moreole-free ladders are in-phagentiphasg above (below) T
microscopic level by looking at the real-space spin-spin cor=~0.11. S3 and S, [only shown in Fig. 8a)] show a mono-
relations that experience the most important changes at thtsnic behavior as the temperature is decreased. They indicate
crossover. These correlations are between sites two latticefull polarization of the spin domains at low temperatures. A
spacings apart in the same row across a sfilipieeledS,;),  similar behavior can be observed for smakigrand largerd
and between sites belonging to the center leg of two confFig. 3(b)]. For thees=1.0 butJ=0.7 [Fig. 3(c)], T5 in-
secutive three-leg ladders in the same rd8y)( For com- creases and it increases further for smaller densky (
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=0.083 on the 1X 12 cluste). The same features survive 0.5 - - — 0.05

when aXY term in the exchange interaction is included, as it

can be seen in Fig.(8) for y=0.25 and 0.5. As the Heisen- 0.4 | 10.04 t

berg interaction is made more isotropi€; slightly de-

creases. Results for=0.5 suggest that the spin ladders are 0.3 t <1003

not going to be fully polarized in the isotropic limjt=1.01" = 15

As discussed below, the correlations along the st8pand 02 —o8x8,0.351,0 1002}

Sy are much smaller than the previous ones and hence the &4 12x12,0.7,1,0 -4

show a more erratic behavior, specially below the crossoveig.y | 2--98x8,0351.0  1go1 |~ o —o8x8, 0.351,01
temperature. Above this temperature, these correlations ar o 12x12,0.7,10 | &--2 8x8, 0.7,1,0
AF, and the NN correlation is in general largén absolute 00 [mwBE HFT - 0.00 ) . .
value than the NNN one, although fa3=0.35 and just 00 05 T/1t'0 15 00 05 T/l-o 1.5

aboveT} the opposite behavior is true in agreement with the
analysis made in Ref. 10 which is valid for smait. A note

of caution should be made. Since translational invariance in
the direction perpendicular to the stripes is broken, the spin- g4
spin correlations depends on the hole density on each siti
(e.g.,(S/Sy=(n;)) which in turn has a smooth variation 0.3 %/
with temperature as shown in Fig.(. However, the © '
changes in the spin-spin correlations, specially at low tem- %2
peratures, are much stronger than the variation of the hole 0
density, so one could safely ignore that dependency.

Our final study concerns the other important issue that is ggq . . . . ‘ .
the relationship between stripes and hole pairing. A sign of 10 20 3.0 4010 20 30 40 50 60
hole attraction is the presence of largest hole-hole correla- r r
tions at smallest distances. Taking into account the remark FIG. 4. (a) Hole-hole correlations along the stri@®, vs tem-
made earlier about the broken translational invariance thgerature. Lattice sizd, e, and y are indicated on the plot. Open
hole-hole correlationsC(ri,rj)=(n;jn;) result proportional (full) circles and triangles correspond to NMaximum distance
to the hole density at each site. It is then expected thatites. Squares and stars indic&lg, (see text at the maximum
C(r;,rj) along the stripeC4(r) as shown in Fig. @), present  distance(b) Hole-hole correlations on the “spin” ladde2,,. Open
a smooth increase as the temperature is reduced, while tli&ll) symbols correspond to NNNmaximum distancesites. (c)
correlations along the first column next to the str{pgare  Hole-hole correlations for the 88 cluster,J=0.35e5=1.0,y=0
smoothly decreasing. However, near and belgwthese cor- above(open circles, squares, and trianglesd below(full circles
relations behave roughly independently ofThe same be- @nd squares, plusT; . C, (squares Cg (circles, and Cy (tri-
havior can be observed f@(r; ,r;), with r; on the center leg angles, plusare shown. The last two correlations have been multi-

) . : plied by 10. The down triangles corresponddgbut for the meta-
of a three-leg Iadder ar‘rq on the cqlumn nextto iCe; [Fig. stable in-phase state. The stars indicate exact results for an eight site
4(b)]. The normalization adopted is such that

t-J, ring at quarter filling afT=T3 . (d) same adc) but for the
12X 12 clusterJ=0.7, e,=1.0, andy=0.

@; 5g"iv@;,;.;.,ﬂ@___.,,,;@;(_‘.‘...-‘@w“w:;@

; CL(X,Y0),(%,Y)1=(Np»),

ones forJ=0.35, for the sames=1. In the metastable in-
phase state, degenerate with the antiphase state within error
whereyj is they coordinate of a reference site on column bars at the same low temperatures, the largest correlations
and (N, ) is the number of holes on that column. Then, also occur at the largest distance but with a more pronounced
C(r,r)=1. m modulation, indicating a stronger coupling with the spin
In Figs. 4c) and 4d) we showC(r;,r;) at several points surrounding. The same short distance repulsion is obtained
(r,r;) after being averaged in a regidnr~0.2 above and  for C,(r) and also whem; belongs to the stripe ang to the
below the crossover temperature. It may be noticed that therfrst column next to it C;) [Fig. 4(c)]. In Fig. 4(d), similar
is no abrupt changes &E; is crossed since the averaged results are shown for the ¥212 clusterx=0.083. An alter-
correlations immediately above and below it fall within eachnative scenarid assumes that hole pairs withz 2 sym-
other error bars. The first place to look for hole pairs are ormetry are formed due to short-range AF correlations inside
the stripes, where the largest hole density is located. Théhe spin domains located in between the stripes as well-
results for the hole-hole correlations along the strifiéig.  known results on small cluster calculations sHovgain,
4(c)], for all the parameter sets studied, show 8afr) are  due to the dependence of the hole-hole correlations with the
smallestat nearest neighbofNN) sites and largest at the local hole density, the correlations between sites along the
maximum possible distance, although they are approximatelgentral leg of the spin domains are extremely small and
constant beyond NN sites. This behavior is consistent with &ence they are almost completely masked by errors. How-
metallic behavior of the stripes, as expected in the cuprfatesever, the correlations between a site on the central leg of the
Results forJ=0.7 are virtually indistinguishable from the three-leg ladder and a site on the first column next to it,
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which are almost identically zero on the 222 cluster, ac- potential, is at variance with recent results in which the
quire on the &8 cluster andk=0.125, very similar values stripes are originated in the pute model®*° In that and
to those ofCg;. These correlations could then become im-other approachés, the stripes are theonsequencef an-
portant as the hole density is further increased. Figutes 4 tiphase domain formation and both features should occur si-
and 4d) also show exact diagonalization results for hole-multaneously. The results of the present study, including the
hole correlations oL =8 andL =12 t-J, rings at quarter pehavior of spin-spin correlations along the stripes, open the
filing (T=T3=0.080.18, respectively. They are very possibility of experimentally discriminate the mechanism
similar to the correlation€s along the stripes except for a |eading to stripe formation and hence to determine to what
small shift due to the fact that the hole density on stripes ixtent the stripes are universal to the cuprates or depend on
slightly smaller thanx=0.5. In addition, as shown earlies; articular details of the various compounds. The hole-hole
shows that contiguous spin ladders are almost completely Aggyrelations along and near the stripes show a metallic be-
coupled in a 2D square lattice. This combined behavior sugnayior with no indications of hole attraction. The question
gests, at least for theJ, limit, a generalized spin-charge pjses if a hole attraction on the stripes could appear by tak-
separation, or more prqperll)g, a separation between the SPIRg the isotropic Heisenberg term in the model. One should
background and the stripéS. . . . take into account that, as previous exact results shdwle

In summary, we have studied an amgotropul model,_ attraction is actually enhanced in thd, model with respect
closg to the Ising limit, yvhere S"‘T’“ght S|te?centered SUPe, the fully isotropict-J model. In addition, to give more
are imposed by an on-site potential reflecting a meCh"’m's@upport to our result, it has been suggested that stripes could

Y;Eg::sIantz:tnr:gl;gl: t_?ht?eia tzh(;r:;wr:?)?gsgr?tcgtzg? ;Sg;[;ee;be introduced in a uniformt+J model by taking an Ising spin
that we are able to study with QMC simulations the tempera. teraction at the stripes link8.An improvement on statisti-

ture region between the formation of the strives at a char cal errors in order to deal with larger hole densities and
ordering temperaturémore or less arbitraril dpefined in ourg%Wer temperatures would be necessary to detect signs of

9 peratl : y hole attraction inside the intervening regions between
mode) and the spin ordering process which takes place at Qirines®

: ) ripes:

much lower temperature. This lower crossover, at which the
spin domains become antiphase domains and an incommen- We wish to acknowledge many interesting discussions
surate magnetic order appears, should correspond in the cwith A. Castro Neto, C. Gazza, G. B. Martins, and A.
prates to the opening of the pseudogap. In this sense, thifumper. We thank the Supercomputer Computations Re-
result that stems from a model where the stripes are causesgarch Institutg SCRI) and the Academic Computing and
by long-range Coulomb interaction, electron-phonon cou{Network Services at Tallahassédorida) for allowing us to
plings, or other mechanisms that are described by an on-sitgse their computing facilities.
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