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Hole-density evolution of the one-particle spectral function in doped ladders
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The spectral functionA(q,v) of dopedt-J ladders is presented on clusters with up to 2320 sites at zero
temperature applying a recently developed technique that uses up to;63106 rung-basis states. Similarities
with photoemission results for the two-dimensional cuprates are observed, such as the existence of a gap at
(p,0) near half-filling~caused by hole pair formation! and flat bands in its vicinity. These features should be
observable in angle-resolved photoemission spectroscopy experiments on ladders. The main result of the paper
is the nontrivial evolution of the spectral function from a narrow band atx50, to a quasinoninteracting band
at x>0.5. It was also observed that the low-energy peaks of a cluster spectra acquire finite linewidths as their
energies move away from the chemical potential.@S0163-1829~99!08621-X#
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Copper-oxide ladder compounds are currently un
much investigation.1 Among their interesting properties are
spin-liquid ground state in the undoped limit, and the ex
tence of superconductivity upon hole doping.2,3 Recently, the
first angle-resolved photoemission~ARPES! studies of lad-
der materials have been reported. Both the doped and
doped ladder Sr14Cu24O41 have been analyzed, finding on
dimensional metallic characteristics.4 Studies of the ladde
compound La12xSrxCuO2.5 found similarities with
La22xSrxCuO4, including a Fermi edge.5 Core-level photo-
emission experiments for (La,Sr,Ca)14Cu24O41 documented
its chemical shift against hole concentration.6 Note that the
importance of ARPES studies for other materials such as
high-Tc cuprates is by now clearly established.7 Using this
technique the evolution with doping of the Fermi surface h
been discussed,8 including the existence of flat bands ne
momenta (0,p)-(p,0).9

This plethora of experimental results for the cupra
should be compared against theoretical predictions. H
ever, the calculation of the ARPES response even for sim
models is a formidable task. The most reliable computatio
tools for these calculations are the exact diagonaliza
~ED! method, restricted to small clusters, and the quan
Monte Carlo~QMC! technique supplemented by maximu
entropy, limited in doped systems to high temperatures
to the sign problem. Currently, on ladders dynamical pr
erties can be exactly calculated at all densities only on c
ters of size 238,10–12 while the QMC technique in the rea
istic regime of largeU/t ~Hubbard model! has been applied
on 2316 lattices only at half-filling13 and with one hole,14

the latter using an anisotropic ladder since for the isotro
case the sign problem is severe.

Due to the limitations of these techniques an import
issue still unclear is the evolution of the one-particle spec
function between the undoped limit, dominated by antifer
magnetic~AF! fluctuations both on ladders and planes, a
the high hole-density regime where those fluctuations
negligible. While both extreme cases are properly treated
previously available numerical methods, the transition fr
one to the other as the hole densityx grows is still unknown.
This evolution is expected to be highly nontrivial. For i
stance, the presence of hole pairs in lightly doped ladd
PRB 590163-1829/99/59~21!/13596~4!/$15.00
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suggests the opening of a gap in ARPES, similar to
pseudogap of underdoped high-Tc cuprates.15 Shadow-band
features in undoped ladders,11 which are absent at highe
hole densities, add to the complexity of this evolution.

Motivated by this challenging problem, in this paper t
density evolution of the spectral functionA(q,v) of doped
two-leg t-J ladders is presented. The calculation is carr
out at zero temperature on clusters with up to 2320 sites,
increasing by a substantial factor the current resolution of
ED techniques. These intermediate size clusters w
reached by working with a small fraction of the total Hilbe
space of the system.16 The method is variational, althoug
accurate as shown below. The improvement over previ
efforts lies in the procedure used to select the basis state
the problem.17 The generation of the basis is in the sam
spirit as any technique of the renormalization-group~RG!
family. If the standardSz basis is used~three states per site!,
experience shows that a large number of states is neede
reproduce qualitatively the spin-liquid characteristics of t
undoped ladders. The reason is that in theSz basis one of the
states with the highest weight in the ground state is still
Néel state, in spite of the existence of a short AF correlat
length jAF . A small basis built up around the Ne´el state
incorrectly favors long-range spin order. However, if t
Hamiltonian of the problem is exactly rewritten in, e.g., t
rung basis~9 states/rung for thet-J model! before the expan-
sion of the Hilbert space is performed, then the tendency
favor a smalljAF is natural since one of the dominant stat
in this basis for the undoped case corresponds to the d
product of singlets in each rung,uS&, which hasjAF50 along
the chains. Fluctuations of the resonant-valence-bond~RVB!
variety arounduS& appear naturally in this representation
the Hamiltonian leading to a finitejAF . Note thatuS& is just
onestate of the rung basis, while in theSz basis it is repre-
sented by 2Nr states withNr the number of rungs of the
two-leg ladder. In general, a few states in the rung basis
equivalent to a large number of states in theSz basis. Ex-
panding the Hilbert space in the new representation
equivalent to working in theSz basis with a number of state
larger than can be reached directly with present day com
ers. Here for simplicity this technique will be referred to
the optimized reduced basis approximation~ORBA!.17
13 596 ©1999 The American Physical Society
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As a first step, let us compare ORBA predictions f
equal-time observables against density matrix renormal
tion group ~DMRG! results18 for the same clusters. Here
couplingJ/t50.4 is used. Its particular value is important:
J/t is smaller, then pairs are lost while if it is larger supe
conducting correlations are important. Only in a small w
dow of J/t can the ground state be considered as formed
weakly interacting hole pairs, a regime that we want to
vestigate in this paper for its possible connection with
phenomenology of high-Tc at finite temperature. Figure 1~a!
contains the ground-state energy per siteeGS vs x using
;2 –33106 states in the rung basis. The DMRG energ
are obtained withm5200 states and open boundary con
tions ~OBC’s!. Both sets of data are in good agreement.19 On
2320 clusters, the rung-basis approach allowed us to st
up to six holes,20 which has a full space of;1014 states~for
zero momentum and total spin!, while the largest previously
reported exact study on a 2310 cluster and two holes need
a ;53105 basis.10,11 Calculating the binding energy, or th
chemical potentialm vs x, from eGS supplemented by the
energies for an odd number of electrons, a tendency to
formation at low hole-density was observed.10,21 Figure 1~b!
contains the hole-hole correlations at several densities, c
pared~in one case! with DMRG results. In Fig. 1~c! spin-
spin correlations are shown. The rung-basis properly rep
duces the existence of a smalljAF in the ground state, tha
decreases asx grows. This technique captures the essence
the ground-state behavior.

To produce dynamical results Ref. 17 was followe
namely ;10–20% states of the reduced basisN-holes
ground stateuc0& were considered22 and the reduced sub
space with, e.g.,N11 holes andq momentum was obtaine
through Ôq

†uc0& (Ôq
†5( je

iq• j c̄j
† , with c̄j

† the hole creation
operator atj , dropping the spin index, in the rung basis!. All
states generated by this procedure were kept, and we wo
in such a subspace in the subsequent iterations of

FIG. 1. ~a! eGS vs x for the t-J model using the method de
scribed in this paper for the two clusters indicated (t51). DMRG
results with OBC are also provided for comparison;~b! Ground-
state hole-hole density correlations vs distance for a variety of c
ters and densities as indicated;~c! Ground-state staggered spin-sp
correlations vs distanced (5u i2 j u) along the leg opposite to wher
site i is located. The number of holes are indicated. Some res
with DMRG are also shown. Open~full ! symbols are for 2316
(2320) clusters.
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continued-fraction expansion.23 Only the bonding band sub
space is discussed here. Thed functions have a width 0.1t
throughout the paper.

Figure 2~a! corresponds to the undoped limit. A sha
peak is observed at the top of the PES spectra, maximize
momentaqx57p/10, i.e., close to the Fermi momentum fo
noninteracting electronsqx

F50.66p. The band defined by
those peaks has a small bandwidth, as in 2D models, du
the interaction of the injected holes with the sp
background.23,24 Note that all peaks at momentaqx>p/2
carry a similar weight and the dispersion is almost neg
gible. This unusual result is caused by strong correlation
fects. The PES weight aboveqx

F , e.g., atqx5p, is induced
by the finite but robustjAF , and its existence resembles th
antiferromagnetically induced ‘‘shadow’’ features discuss
before in 2D models.25

Figure 2~b! contains results at low but finite hole densit
Several interesting details are observed:~i! the PES band
nearm is flat. This should be an ARPES observable res
resembling experiments in 2D cuprates, and it adds to
growing evidence linking the physics of ladders and plan
~ii ! qx5p (p/2) PES has lost~gained! weight compared
with x50; ~iii ! the total PES bandwidth has increased; a
~iv! the IPES band is intense nearqx5p, and it is separated
from the PES band by a gap. The observed gap cause
hole pairing isD;0.4t. The DMRG/PBC binding energy
calculated for the same cluster and density is;0.32t (m
5200, truncation error;1024). In the overall energy scale
of the ARPES spectra, this difference is small and does
affect the study of the evolution of the dispersion sho
here. Note that the results of Fig. 2~b! are similar to those
observed near (p,0) using ARPES for the 2D cuprates.9,15

Figure 3~a! contains results atx50.1875. The trends ob
served atx50.1 continue, the more dramatic being the r
duction of theqx5p PES weight caused by the decrease
jAF . The lost weight appears in theqx5p IPES signal. The
gap is still observed in the spectrum. Weak BCS-like fe
tures both in PES and IPES nearqx

F can be seen. Figure 3~b!
contains data atx50.3125, and up to 63106 states. The
Hilbert space is maximized at this density for the 2316 clus-
ter. Now the result resembles more a noninteracting sys
on a discrete lattice. The IPES signal is no longer very fl

s-

lts

FIG. 2. A(q,v) for the bonding bandqy50 on a 2320 cluster.
~a! corresponds tox50 and~b! to x50.10. The insets correspon
to 2316 clusters.
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and the IPES band now has a clear energy minimum nea
momentum where PES is maximized. Figure 3~c! contains
results forx50.5 where a quasi-non-interacting dispersion
obtained using about 33106 states inuc0&. The inset shows
that the trend continues at lower electronic densities. T
bandwidth evolves from being dominated byJ near half-
filling, to having t as a natural scale atx;0.3 or larger. This
evolution is smooth, yetnontrivial, following the reduction
of jAF with doping.

A conceptually interesting issue in the context of finit
cluster spectra of electronic models is whether finite lin
widths for the dominant peaks can be obtained by suc
procedure. Studying the small clusters reached by ED te
niques it naively seems that those peaks are usually ge
ated by just oned function ~one pole!. However, in the bulk
limit, peaks away from the Fermi level should have an
trinsic width. How can we reach such a limit from finit
clusters? One possibility is that as the cluster grows,
number of polesNp in a small energy window centered at th
expected peak position must grow also, with their individu
intensities becoming smaller such that the combined stre
remains approximately constant. Consider as example
3~a! where the actual energy and intensity of the poles c
tributing to the main features are shown. As the peaks m
away from the top of the PES band,Np indeed increases
providing evidence compatible with the conjecture ma
above.26

Figure 4~a! contains the main-peak weights in the PE
band vs density. Size effects are small. The weight atqx
5p diminishes rapidly withx, following the strength of the
spin correlations of Fig. 1~c!. Overall the region affected th
most by spin correlations is approximatelyx<0.25. Figure
4~b! summarizes the main result of the paper, providing
the reader the evolution withx of the ladder dominant peak

FIG. 3. Same as Fig. 2 but for a 2316 cluster and the densitie
and momenta indicated. In~a! PES, results are also shown using
width 0.001t ~and a different vertical scale! to visualize thed func-
tions. The number next to each broad peak is the number of p
contributing to it ~some are difficult to resolve due to their sma
weight!. In ~b! andq5(p/2,0) results obtained using 1.1, 2.8, 4
million states are shown~dashed lines! from left to right, to illus-
trate the convergence. The solid lines were obtained with 6.0
lion states. At this density the basis space is maximized for th
316 cluster.
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in A(q,v). The area of the circles are proportional to t
peak intensities. At smallx a hole-pairing-induced gap cen
tered atm is present in the spectrum, both the PES and IP
spectra are flat near (p,0), and the band is narrow. The PE
flat regions at high momenta exist also in the undoped lim
where they are caused by the short-range spin correlati
Actually the undoped and lightly doped regimes a
smoothly connected. Asx grows to ;0.3, the flat regions
rapidly lose intensity near (p,0), and the gap collapses.

The many similarities between ladders and planes
cussed in previous literature3 suggest that our results ma
also be of relevance for 2D systems along the l
(0,0)-(p,0). For instance, the abnormally flat regions ne
(p,0) @Fig. 2~b!# are similar to ARPES experiments data f
the 2D cuprates,9 and they should appear in high-resolutio
photoemission experiments for ladders as well. Note tha
the regime studied with pairs in the ground state, the
bands do not crossm with doping but they simply melt.
When x is between 0.3 and 0.4, a quasifree dispersion
recovered. The results of Fig. 4~b! resemble a Fermi-leve
crossing atx;0.3 and beyond, while at small hole density n
crossing is observed. It is remarkable that these same q
tative behaviors appeared in the ARPES results observed
cently in underdoped and overdoped La22xSrxCuO4.27 These
common trends on ladders and planes suggest that the
energy scale~LES! pseudogap (;0.2 eV! of the latter28 may
be caused by similar long-livedd-wave-like tight hole pairs
in the normal state as it happens in doped ladders, where
pairing is caused by the spin-liquid RVB character of t
ground state.3 In the 2D case a similar effect may originate
the finitejAF observed in the underdoped finite temperatu
regime~although there is no evidence in the 2D materials
a spin liquid!. A consequence of this idea is that the pairs a
LES ARPES pseudogap are correlated and they should e
if jAF is non-negligible,29 a prediction that can be teste
experimentally.

es

il-
2

FIG. 4. ~a! Weight of the low-energy dominant feature i
A(q,v) for two momentaqx in the bonding band vsx. Cluster sizes
are indicated;~b! Evolution with doping of the dominant featur
band (t51). The open~full ! circles are centered at the peak ene
gieseqp below~above! m. The hole densities are indicated. The ar
of the dots is proportional to the weight of the peak. The results
apply to 2D systems along the (p,0)-(0,0) line.
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Summarizing, the spectral function of the two-legt-J
model has been calculated, and results can be used to g
future ARPES experiments for ladder compounds. These
periments should observe flat bands and gap features
(p,0) in the normal state. The data were found to be rema
ably similar to results for the 2D cuprates along t
(0,0)-(p,0) line. A common explanation for these featur
was proposed. In addition, note that the ORBA method d
ll
ide
x-
ear
k-

-

cussed here introduces a way to calculate dynamical pro
ties of spin and hole models on intermediate size clust
The method can be applied to a variety of strongly correla
electronic models.
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