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Stripes in the Ising limit of models for the cuprates
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The hole-doped standard and extendiedmodels on ladders with anisotropic Heisenberg interactions are
studied computationally in the interval &0.<1.0 (\ =0, Ising;\ =1, Heisenberpgat smallJ/t. It is shown
that the approximately half-doped stripes recently discussed=at survive in the anisotropic case (
<1.0), particularly in the “extended” model. Due to the absence of spin fluctuations in the Ising limit and
working in the rung basis, a simple picture emerges in which the stripe structure can be mostly constructed
from the solution of thé-J model on chains. A comparison of results in the range<Q.& 1.0 suggests that
this picture is valid up to the Heisenberg limit.

In recent years, evidence has been accumulating that &bns) are important for its stabilization. To address this
least in one family of high-temperature superconductingjuestion, here a computational study is reported where the
compounds (La_,Sr,CuQ,) one-dimensionallD) charged spin interaction contains an Ising anisotropy. Our main result
stripes are formed upon hole doping of the insulating parenis that stripes survive the introduction of this anisotropy, and
material’ Although the presence of stripes in other com-a fully SU(2)-symmetric interaction is not needed for stripe
pounds such as YB&u;Og. 5 is still controversiaf a large  formation. This result is in agreement with recent
theoretical effort has been focused on the search for stripes itetraceable-path calculations for the, model*®
models for the cuprates. Early results reported stripes in The anisotropic extended model is defined as
Hartree-Fock treatments of the Hubbard model and also in
the phase-separated regime of thid model upon the intro-
duction of long-range Coulomb interactioh$.However,
these stripes have a hole density=1.0 in contradiction
with the n,=0.5 density found experimentally’ Improving
upon this situation, recent studies of thé modef’ reported
stripes withn,<1.0 at intermediate values dft, sometimes
described as a condensationdsivave pair€ However, the ~ wheret;, is t(=1) for nearest-neighbord\N) hopping be-
mechanism leading to,,< 1.0 stripes, and even the presencetween sites andm, t’ for next NN,t” for next-next NN, and
of a striped ground state in thieJ model at intermediate zero otherwise. The anisotropy in the spin sector is con-
couplings, is still under discussidrin addition, evidence is trolled by\ (A=0, Ising;\ =1, Heisenberg The rest of the
accumulating that the puteJ model is not sufficient for the notation is standard.’ = —0.35 andt”=0.25 are believed to
cuprates, and its “extended” version with hopping beyondbe relevant to explain PES ddfa'? The computational
nearest-neighbor sit¥s'! is needed to explain photoemis- work is carried out using the density matrix renormalization
sion spectroscop§PES results for the insulators. groud'’ (DMRG) and Lanczo¥ techniques, as well as an

Very recently, indications of half-doped stripes have beeralgorithm using a small fraction of the ladder rung basis
found by Martinset al. in the extended-J model’® They  [optimized reduced-basis approximatiotORBA)]. Results
were also observed at smdllt in the standard-J model, in  are presented ifi) the smalld/t region witht’=t"=0.0 and
both cases in regimes where two holes do not form boundii) small and intermediatd/t with nonzerot’ andt”, in
states. This led to a novel rationalization of stripes as thdoth cases working at=0.0, 0.25, 0.50, and 1.00. These
natural way in which spin-charge separation is achieved iwo regions(i) and i) have similar physic! and the extra
two-dimensional system’s,similarly as in the phenomeno- hoppings are expected to avoid phase separ&tidn.
logical “holons in a row” picture® Moreover, stripes appear To start our investigation, let us analyze the one-hole
to emerge directly from the one-hole properties of theproperties of the model, Eql). Previous studies found a
insulator:® where holes have strong “across the hole” anti- robust AF correlation between spins across the hole
ferromagnetic(AF) correlation™'* in their (frustrated ef-  (Can),**namely, between the spins separated by two lat-
fort to achieve spin-charge separation, similarly as it occurgice spacings located on both sides of a helerking in the
in 1D systemg? reference frame of the latberThis curious feature was inter-

In spite of this progress, more work is needed to underpreted as a short-distance tendency toward spin-charge
stand these complex striped states. An important issue is treeparatiot! and it is believed to be crucial for stripe
role played by fluctuations in the spin sector. While the presformation?® It is important to clarify if similar correlations
ence of a spin tendency to form an AF background is cruciaére still present in the anisotropic case. For this purpose, here
for stripe formation, it is unknown whether the fine details of4xX4 and 4x6 clusters were used with periodic boundary
the spin sectofsuch as the presence of low-energy excita-conditions (PBC), as well as cilindrical boundary condi-
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FIG. 1. (a) Exact diagonalization calculations of across-the-hole Elg Q 0.4
spin-spin correlations@,y,) vs N for several momenta on ax46 0.00 0.25 ° 50 0.75 1.000.00 0.25 0.50 0.75 1.00

cluster with one hole, PBG=0.2,t'=—0.35, andt”=0.25. The A

results shown are for the long directioiin) AF spin-spin correla- FIG. 2. Spin-spin correlations va& for the most probable
tions for (a) at (7,0) and\=0.0. (c) AF spin-spin correlations for  ground-state hole configuratiofstripe using 4x4 clusters with
(@ at (m,m) andA=0.5. In(b) and(c) the hole is projected from o holes, PBC and CBGa) Spin-spin correlations across the hole
the ground state to the site shown, and the dark lines represent At',;alculated along the stripe; PBC were used in both directions.
spin-spin correlations with a thickness proportional to its absolutersquares are fod=0.2 andt’=t"=0.0: circles fordJ=0.2, t'=
value. —0.35, andt”=0.25; and triangles fod=0.4, t'=—0.35, andt”
=0.25. In all three cases,=k,=0. (b) Same aga) but now the
tions (CBC) [open boundary condition€OBC) along legs  spin-spin correlations across the hole are calculated across the
and PBC along rund$ for several different couplings.The  stripe.(c) Same aga) but now using CBCk,=0 (the stripe runs
results forC,y in the one-hole lowest-energy state at severaklong the PBC direction (d) Same agb) but now using CBCk,
momenta are shown in Fig(d) using a PBC &6 cluster, at =0.
a representative coupling set. At=1.0 all the correlations
are negative, compatible with the results in Refs. 11 and 1Zhole problem at finite) will disappear as the clusters gréiw.
As \ is reduced, the magnitude @f,, decreases but it re- In fact, if a compromise between couplings and cluster size
mains negative for the momenta of most relevance, namelys followed to avoid the FM region, the qualitative “shape”
(7/3,7/2) [the closest on theX4 6 cluster to ¢r/2,w/2)] and  of the A=1.0 one-hole wave function can be preserved as
(0,m)-(7,0). In Fig. 1b) the AF spin correlations are shown X —0.0. In conclusion, the FM tendency in some subspaces
at (0;7) andA=0.0. There is a good agreement with the of the one-hole sector is expected not to be detrimental to
results observed in the=1.0 limit* Similar conclusions stripe formation, and studies with more holes shown below
are reached in ther{,7) case[Fig. 1(c)] at moderate anisot- support this view. Nevertheless, care must be taken with the
ropy and for ¢r/3,7/2) (not shown, although in this case the stripe-FM competition in these systems.
correlation along the short direction is approximately zero. Consider now two holes on four-leg ladders. Similarly as
The across-the-hole correlations remain even with Ising anin Ref. 13, stripes are formed with the two holes mainly
isotropy. located at two lattice spacings along the rung. Then, correla-
On the other hand, for moment&,0) and (7, 7) with  tions along and across the stripe must be considered sepa-
PBC (and also ak,=0 andr, with CBC) a transition to a rately. As in Fig. 2, the introduction of a second hole on a
ferromagnetic(FM) correlation occurs at small. This ten-  4X4 cluster using thextended 4J model stabilizes robust
dency is dangerous for the stripe formation, which will not Cay both along and across the stripe, in PBC and CBC, even
occur in a spin-polarized background. Calculating the NNfor values ofA where the one-hole system did not have a
spin correlationswithout hole projection, i.e., involving all robust AFC,y. For the standard-J model atJ=0.2, t’
the links of the cluster for several couplings and<9X0 =t"=0.0, also shown in Fig. 2, the situation is less clear and
<1.0, similar trends were observed, including the change oih some cases the correlations become FMa0.0, but in
sign forA—0.0. This suggests that tli&, A dependence at most situations they remain AF. In the extendedl model
(0,0 and (mr, ) for the one-hole results can be ascribed tothe Strlpe tendency is clearly stronger than in its standard
an overall decrease of the AF tendency on the clusters stucrersion?*
ied, which is replaced by a tendency toward ferromagnetism. Previous studies at=1.0 showed the coexistence of two
A comparison of data at several couplings and lattice sizesr moren,=0.5 stripes at hole density=1/8 on four-leg
supports this interpretation. Fortunately, the results are alsladders as the number of holes increases in a CBC cluster. It
in agreement with an early analysis by Barmsl?? that is important to show that this stripe phase survives the de-
reported a reduction in the FM tendency upon an increase afrease of the spin fluctuations. That this is the case can be
the cluster size for the Ising limit of teJ model. Thus, itis observed in Fig. 3 where DMRG results for the rung density
believed that the FM state found in some sectors of the ong(r)) vs the rung label are presented for ax48 cluster
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FIG. 5. (@ Rung hole densityn(r)) vs rung index calculated
03 O—Jit=0.34=0.25 using the ORBA on a A6 cluster with four holesJ=0.2, t’
- Z -JA=034=0.50 =0.0,t"=0.25, and\ =0.0, using CBC wittk,=0. (b) Spin-spin
o 2@ TA-J=031=1.00 { correlations for four mobile holes at their most probable configura-
) o tion in the four holes ORBA ground state €.

It is expected that the suppression of spin fluctuations
FIG. 3. Rung hole densityn(r)) vs rung indexr using the  would simplify the description of a ground state like the one
DMRG technique(243 stateson a 4x8 cluster with four holes, in Fig. 4(a), either in the rung o6zbasis, since fewer states
CBC (OBC along the direction shown, with invariance under re- are needed to represent the spin background. Indeed the com-
flections assumed bination of CBC with the use of a rung basi&ong the PBC

: _ e : direction leads to a fairly simple description of such a state.
mgg I:)our:w r;\o_lels é] ngi tto;t—agSOtrie Bt(\?v 'C)E'g_ugesssstng\éf This can be observed in Fig(l®), where the spin correlations
- . - . h— . H
are virtually unaltered. On the other hand\at 0.0 the FM were calculated on a CBG44 cluster with two holegsame

tendency already discussed in the two-hole case of Fig. gj)uplmg as in Fig. ()] using only theeight highest-weight

. . . ng-basis states out of the full ground state of the system,
prevents the formation of stripes in the standadimodel. which has a total of 102960 states. The results are very

Irlsopézglﬁzodoes not occur in the extended version Wlthéimilar to those found with the full ground state and they
: . ._capture the basic physics contained in the full calculation.

Let us now anaIyZ(_e the spin structure around the StIP&he picture that emerges is the following: the spin correla-

once the Spin quctuapons are f!J”y turned o_ﬁ:é0.0). N tions along the stripe are maximized—i.e., the two spins on it
Fig. 4a), a stripe configuration with a clear shift across the .0 |ocked in a singlet—implying that their correlations with

stripe is shown for a CBC 46 cluster with two holes at  1he regt of the spins vanish. This means that in the “snap-
=0.0. This dominant hole configuration was projected out of,

! pe shot” of the ground stat¢Fig. 4(b)] the stripe is discon-
the ground state of an ORBA calculation wherd (" states  \acteq from the rest of the cluster, emphasizing its 1D char-

were kept in the rung basis. The coupling$=0.2,t"  acter. In fact the only rung state that contains holes in the
=0.0,t"=0.25) differ slightly from those in Fig. 2, but the gjght most dominant states kept in Figb}is the ground
results are representative and they are similar to those foungie of the two-hole sector of a simple four-site ring calcu-

atA =107 lation. This establishes a strikingly simple connection of the
J=02 1=00 t'=025 — stripe problem with a truly 1D calculation. The “recipe” to
2=0.0 0.31 construct a good representation of the stripe state is to con-
(a) 4x6 (b) 4x4 sider the solution of half-doped 1D chains as a stripe, and
Ol ®) antiferromagnetically couple the rest of the spins of the plane

simply as if those stripes would be absétitus generating
the 7 shift across the stripgsThis is a natural generalization

to two dimensions of the 1D spin-charge separation concept,
as emphasized in Ref. 13, where the spin portion of the wave
_____ function is constructed simply ignoring the hofésin 2D

OBC 0BC now it is the stripes that are ignored by the spins not belong-
ing to them in their wave function. It is also important to
notice that this picture appears to hold, in its main aspects,
even at\=1.0.

PBC
@) ®)

FIG. 4. (a) Spin-spin correlations for two mobile holes projected
at their most probable configurati¢circles in the two-hole ORBA

ground state of a A6 cluster using CBC K,=0), J=0.2, t’ . . o
=0.0, t"=0.25, and\ =0.0. Solid lines indicate AF correlations For completeness, in Fig.(&, ORBA results(with ~2

(thickness proportional to absolute vajuéashed lines indicate fer- x10° State_s kept in the rung_ ba}?lsr_e presented fom(r))
romagnetic correlationgb) AF spin-spin correlations of the CBC VS T» Showing twon,=0.5 stripes with two holes each. The
4% 4 cluster with two holes projected at their most probable dis-c@lculation was performed with CBC. In Fig(t details of
tance. This result was obtained keeping just the eight-rung-basie Spin correlations are shown, with the most probable hole
states with the highest weight in the ground staiat of a full ~ configuration projected out of the ORBA ground state. At
Hilbert space with 102 960 stateSame couplings and momentum A =0.0 a very good convergence in the ORBA method can
as in (a). This approximation emphasizes the 1D character of thée achieved: starting with initial states where the holes are
stripe; note also that the stripe formed by this procedure is comuniformly distributed or phase separated, a fast convergence
pletely decoupled from the rest of the cluster. leads to the stripe results of Fig(lb.
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Summarizing, it has been shown that the striped statefocuses on the smallft limit, and it appears unrelated with

recently identified in models for the cuprates survive the in-others based on the largét phase-separated regihThe

troduction of an Ising anisotropy, particularly in the extendedfine details of the spin background do not seem important,

t-J model. The important physics that stabilizes stripes apand as a consequence doped stripes should be a general phe-

pears to be the competition between spins that order antifeRomMenon in correlated electronic systems.

romagnetically and holes that need to modify the spin envi-

ronment to improve their movement, leading to an The authors thank NSEDMR-9814350, the NHMFL

interesting potential extension into 2D of the familiar 1D (In-house Research ProgramFundacon Antorchas and

spin-charge separation ideas. The approach discussed hé&W®RTECH for partial support.
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