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Spectral properties and pseudogap in the stripe phases of cuprate superconductors
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Using an exact diagonalization method within the dynamical mean-field theory we analyze the stable stripe
structures found in the two-dimensional Hubbard model doped by 0.03,d,0.2 holes, and discuss a scenario
for stripe melting. Our results demonstrate the importance of dynamical correlations which lead to the metallic
stripes, in contrast to the Hartree-Fock picture. The spectral functions show a coexistence of the coherent
quasiparticles~polaron band! close to the Fermi energym, and incoherent states at lower energies. The
quasiparticles in the polaron band depend on hole doping, and hybridize strongly with the partly filled mid-gap
band within the Mott-Hubbard gap, induced by stripe order. This explains the origin of nondispersive quasi-
particles close to the Fermi energym, observed near theX5(p,0) andY5(0,p) points for the samples with
coexisting ~10! and ~01! stripes. We reproduce the gap which opens for charge excitations at theS
5(p/2,p/2) point, observed in the angle-resolved photoemission experiments for La22xSrxCuO4, and a
pseudogap in the integrated spectral density pinned tom. Finally, we show that large spectral weight close to
m moves from theX to theS point when the second neighbor hopping element increases, and the~01! stripe
phase is destabilized by kink fluctuations.
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I. INTRODUCTION

As one of very few predictions in the theory of high
temperature superconductors~HTS’s!, the stripeswere found
in Hartree-Fock~HF! calculations on finite lattices describe
by the Hubbard model,1 well before their experimenta
confirmation.2 Such states result from the competition b
tween the superexchange interactions which are at maxim
in the undoped materials, and the kinetic energy of the ho
which is optimized when the density of doped holes in
domain walls is large.3,4 This phase separation into a strip
phase is very general and occurs in various transition-m
oxides,5,6 but is best explored in the cuprates for seve
reasons: First of all, better insight into the stripe stabil
would help to understand whether the stripes support or
pose superconductivity,7,8 and thus would contribute to th
understanding of the mechanism of high-temperature su
conductivity itself. Second, more experimental data w
collected for the cuprates so far than for any other class
perovskites, motivated by interest in the novel mechanism
superconductivity in these materials.9 Finally, the theoretical
models of the cuprates are simpler than those of nickelat
manganite perovskites, as the coupling to the lattice does
induce Jahn-Teller distortions, and other complications s
as orbital physics of manganites6 are absent.

The undoped compounds, La2CuO4 and YBa2Cu3O6, are
charge-transfer insulators due to strong Coulomb interac
U on Cu ions,6 and exhibit long-range antiferromagnet
~AF! order due to superexchange interactions. It is rapi
destroyed and replaced by short-range AF correlations w
0163-1829/2001/64~13!/134528~19!/$20.00 64 1345
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holes are doped into the CuO2 planes.10,11 The resulting pe-
riodic structure with AF domains separated by on
dimensional~1D! domain walls of nonmagnetic atoms is th
simplest realization of the so-calledstripe phase.12 One of
the mysteries at the early stage of the HF studies of st
phases was the filling of the domain walls. On one ha
these numerical studies of the Hubbard model showed
domain walls with the filling of one doped hole per domai
wall atom ~called filled stripes! to be the most stable
structures,1,13 and indeed the stripes found in the nickelat
provide a good example of such filled stripes.14,15 On the
other hand, the experiments performed
La1.62xNd0.4SrxCuO4 are consistent with the filling of one
doped hole per two domain-wall atoms~called half-filled
stripes!.2 Therefore a natural question arises as towhy the
stripes in the cuprates are so different, and cannot be de
scribed just by the HF calculations, performed on t
Hubbard1,13 or on a charge-transfer~three-band! model.15,16

First attempts to describe the stripes, including th
discovery,1 were made within the single-particle theor
where the local Coulomb interactionU was replaced by the
local potentials, determined self-consistently within the H
approximation. It is well known that such potentials stabili
the AF state at half filling (n51), and the electronic struc
ture consists of two Hubbard subbands. A domain wall w
nonmagnetic atoms, and uniformly distributed hole dens
of one hole per two atoms, is unstable in this limit, as
would correspond to a quarter filled band crossing the Fe
level m, and would therefore give a 1D metallic conductivi
along the domain walls. Such metallic states are, of cour
©2001 The American Physical Society28-1
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locally unstable in HF, and could be stabilized only by
additional electronic instability which would open a gap
v5m.13 Indeed, this kind of instability may occur due to a
extra quadrupling of the periodicity along the domain wa
with either alternating charges along the walls, as a cha
density wave~CDW! instability, or with alternating magnetic
moments, as a spin-density wave~SDW! instability. This ex-
plains the difficulty to stabilize the observed stripe structu
with half filled domain walls at dopingd51/8, with d51
2n given by the electron densityn. In contrast, a 1D band
which originates from the stripe structure becomes em
when a domain wall is filled by one hole per each atom, i
for the filled domain wall. As a result, the stripe structur
stable in HF are always insulating.

Stripes may be seen as topological defects in an ant
romagnet, stabilized by the kinetic energy of the dop
holes.17 Their stability has a solitonic origin with nonmag
netic domain-wall atoms, as shown both for small cluster13

and for a 1D electron system described by the Hubb
model.18 This explains why the most stable structures ha
an integral filling of one hole either per one or per two ato
within the domain wall. Although no evidence was presen
yet, it seems that the larger spinsS51 of Ni21 ions and the
degeneracy of 3d orbitals play a role in stabilizing the filled
stripes in the nickelates. In contrast, orbital degenerac
absent in the cuprates, and the corrections due to elec
correlations are particularly large. In fact, it was shown t
they are responsible for stabilizing the half-filled stripesin
these systems.19–24 It is easy to understand that the corre
tion energy has to be larger in the half filled than in the fill
stripe phases by analyzing the dependence of correlation
ergy on the electronic filling.25 The electron density at th
domain-wall atoms is larger in the half filled than in the fille
stripe structures, and therefore more energy can be gaine
reducing the double occupancy in the former phases. Ind
such corrections beyond the HF states stabilize the half-fi
stripe phases, and these structures were determined in
ground state within several techniques: mean-field sla
boson approximation,19 density-matrix renormalization
group ~DMRG!,20 variational ~local ansatz! approach,21

quantum Monte Carlo~QMC! calculations,22 and by an ex-
plicit analysis of the string configurations.23 Although the
long-range Coulomb interactions might help to stabilize
stripe order,19 these studies, including our approach whi
uses the dynamical mean-field theory~DMFT!,24 have shown
that the on-site interactions alone suffice to obtain sta
half-filled stripes.

Experimentally the stripes are observed as the shift of
neutron peak}h, which splits into four peaks away from th
AF maximum at Q5(p,p) to the points Q5@(1
62h)p,p# andQ5@p,(162h)p# along the~10! and~01!
direction, and depends on hole dopingd.2,10,26 This result
shows that the stripes in the cuprates are~10! type, in con-
trast to the diagonal~11! stripes observed in the nickelates14

In fact, in the underdoped regime ofd,1/8, the relationh
.d holds, while atd.1/8 one finds instead a lock-in effec
with h51/8.26 This behavior allows us to conclude that th
domain walls have an optimal filling of one hole per tw
domain-wall atoms, and the size of the AF domains
13452
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creases under doping as long asd,1/8, and the domain
walls are not too close to each other. However, the sma
unit cell for a stable~01! stripe phase consists of charge un
cells with four atoms, and thus doping aboved51/8 modi-
fies the density distribution within the AF domains, and
nally leads to the disappearence of stripes, i.e., stripe me
at d.0.20. Recently we have demonstrated24 that this behav-
ior can be reproduced within the Hubbard model when
electron correlation effects are treated using the DMFT27

This method is very powerful as it allows us to treat t
leading hole correlations, represented bylocal self-energy,28

both in the ground state and in the excitation spectra. T
DMFT analytic approach allows to separate the charge fl
tuations at large energy from the spin fluctuations, leading
a very satisfactory description of the Hubbard model at h
filling,29 and can be extended to study the stripe phase30

Apart from the neutron scattering, the stripe phase has
measurable consequences in angle-resolved photoemi
~ARPES! spectroscopy, and these may be directly inve
gated using the single-particle Green function calcula
within the DMFT.

The purpose of the present paper is threefold. First of
we present the evolution of stripe phases under increa
doping, focusing particularly on the low-doping and hig
doping regime. Thereby we use an unbiased nonperturba
solution which allows us to achieve a satisfactory accura
obtained using the exact diagonalization~ED! method of
Caffarel and Krauth to determine the self-energy.31 The
stripes were observed experimentally at low hole dopingx
.0.04 first as diagonal~11! stripes, and next as vertical~01!
stripes, stable in the regime of higher dopingd.0.06.32 We
will show that this crossover is even quantitatively repr
duced by the present calculations. At a higher dopingd
.1/8 we investigate the phenomenon of stripe melting, a
show that it is related to the competition between the s
ordered and bond-ordered stripe structures, known to be
most degenerate in the HF studies.16 In fact, these two phase
are also not distinguishable experimentally in the neut
scattering, and are both likely to be local energy minim
provided the quantum fluctuations are moderate and do
mix such configurations with each other. The stability
static stripe structures in the DMFT depends on charge fl
tuations which might favor the site-ordered structures, a
on spin fluctuations, lowering the energy of bond-order
stripes.4 We will concentrate thereby on the generic featu
of the doped cuprates, and thus investigate primarily
stripe phases using the Hubbard model with only near
neighbor hopping. This model is adequate for La-bas
cuprates,33,34 where the quasistatic stripes were observed
samples with and without Nd.2,35

As a second problem we address the spectral propertie
stripe phases. Perhaps the best known observations are:~i! a
quasi-1D Fermi surface close to (p,0) and equivalent points
~ii ! a decreased spectral weight at the Fermi levelm,36

and ~iii ! a real gap which opens for charge excitatio
around momentum k5(p/2,p/2), observed in
La22x2yNdySrxCuO4.37–39By analyzing the chemical poten
tial dependence on the doping leveld, Ino et al. have shown
that the Fermi-liquid picture breaks down in the underdop
8-2
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SPECTRAL PROPERTIES AND PSEUDOGAP IN THE STRIPE . . . PHYSICAL REVIEW B 64 134528
regime.36 Thus the stripe superstructure leads to dra
changes of the spectral weight distribution, as shown by
cent theoretical studies.7,24,40–44 However, many detailed
questions related to the momentum dependence of the
toemission~PES! spectra,45 such as~i! the origin of the flat
quasiparticle~QP! peak near thek5(p,0) point, ~ii ! the
mechanism of pseudogap observed at the Fermi energm,
and~iii ! the absence of a 1D band at the Fermi energy wh
could be expected for half-filled domain walls atk
5(p,p/4) and k5(p/4,p/4) points, have to be answere
before a consistent interpretation of the ARPES experime
might be formulated. Below we concentrate on the abo
questions and compare the results of our DMFT calculati
with the measured ARPES spectra.

Finally, we consider also the effect of the second neigh
hopping on the stripe phases, and analyze the changes i
spectral properties induced by this element. We determ
the energy associated with kinks along the domain walls
show that they are responsible for destabilizing the~01!
stripes in Y and Bi compounds, where this hopping elem
is large.

The rest of this paper is organized as follows. In Sec
we present the details of the self-consistent problem der
and solved within the DMFT for the stripe phases. The str
phases obtained for different doping regimes and the mel
of stripe ordering aboved50.15 are discussed in Sec. II
Next the one-particle excitation spectra as obtained for st
phases are analyzed in Sec. IV. Here we consider such q
tions as the momentum dependence of the spectral funct
their drastic changes with respect to the HF counterparts,
the modifications of the spectral weight distribution caus
by increasing doping. We discuss also the origin of the str
stability and its relation to the pseudogap. The effect
second-neighbor hopping on the stripe stability and the
duced by it changes in the spectral properties are analyze
Sec. V. Some open questions and our conclusions are
sented in Sec. VI.

II. FORMALISM

A. Dynamical mean-field theory for stripe phases

We consider the Hubbard model with on-site Coulom
interactionU,

H52 (
^mi,n j&,s

tmi,n jamis
† an js1U(

mi
nmi↑nmi↓ , ~1!

defined on a two-dimensional~2D! square lattice. In the
stripe phase the lattice is covered byN supercells containing
L sites each. PositionsRmi[Tm1r i of nonequivalent sites
i 51, . . . ,L within a given unit cellm are labeled by a pai
of indices:$mi% and$n j%, respectively. The CuO2 planes of
HTS’s are frequently described by the effective Hubba
model ~1! which may be derived from the realistic charg
transfer model either by a cell perturbation method,33 or by
the down-folding procedure in electronic structu
calculations.34 Both methods lead to similar results; the
have shown that the second-neighbor hopping element8
describes the differences in the electronic struct
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between various HTS’s, and is small (20.1t&t8,0) for
La22xSrxCuO4 compounds. Therefore we neglected this e
ment in most of the present study, and we investigate prim
rily long-range stripe order in the Hubbard model wi
nearest-neighbor hopping element:t5tmi,n j , if pairs $mi%
and$n j% refer to nearest-neighbor sites.

The DMFT treatment of the stripe phases rests on
assumption that the leading charge and spin correlations
local and can thus be described bylocal self-energy.28 Al-
though this assumption is plausible, it can be justified onla
posteriori by comparing the calculated results with som
available rigorous results for a 2D system. In fact, we ha
shown before that within the DMFT one obtains the corr
dispersion and spectral weights of the QP states in the H
bard model at half filling (n51), if the spin fluctuations are
included in the local self-energy.29 Motivated by this success
we have generalized the DMFT method to the geometry
stripe phase, where the local self-energiesS is(v) are la-
beled by the site indexi within a stripe supercell. The
method is analogous to that used recently by Potthoff
Nolting for studying the Mott transition in thin films.46

The Green’s function defined for imaginary timet5 i t ,

Gmi,n j ,s~t!52u~t!^amis~t!an js
† ~0!&1u~2t!

3^an js
† ~t!amis~0!&, ~2!

depends on the supercell indicesm and n, on the indices
within the supercelli and j, and on the spin indexs. Its
Fourier transformĜs(k,ivn) is an (L3L) matrix, obtained
using the periodicity of the stripe phase, and the transform
tion to the fermionic Matsubara frequenciesvn5(2n
11)pT, whereT is a fictitious temperature playing a rol
of a low-energy cutoff.27 The elements of its inversion ar
given by

Gi j s
21~k,ivn!5~ ivn1m!d i j 2hi j ~k!2S is~ ivn!d i j . ~3!

Here the site- and spin-dependentlocal self-energy,27,28

S is~ ivn!5S is
HF1S is

D ~ ivn!, ~4!

consists of a HF~static! potentialS is
HF,

S is
HF5Uni ,2s , ~5!

where ni ,2s5^nmi,2s& is the average density of2s-spin
electrons at sitei in a stripe unit cell, and of a dynamic pa
S is

D ( ivn), which describes local electron correlations. T
kinetic energy in Eq.~3! is obtained for the stripe lattice with
supercells ofL atoms as an (L3L) matrix ĥ(k), and its
matrix elements are

hi j ~k!5(
n

exp@2 ik~R0i2Rn j!#t0i ,n j . ~6!

If the hopping in the Hubbard model~1! is restricted to near-
est neighbors only, the summation in Eq.~6! includes only
either two sites within the same supercell, or the near
neighbor atoms$n j% of adjacent stripe supercells.
8-3
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FLECK, LICHTENSTEIN, AND OLEŚ PHYSICAL REVIEW B 64 134528
The local Green’s functionsGis( ivn) for each non-
equivalent sitei in the stripe phase are calculated from t
diagonal elements of the Green’s function matrix~3!,

Gis~ ivn!5
1

N (
k

Gii s~k,ivn!. ~7!

The DMFT equations lead then to a self-consistent prob
at sitei 51, . . . ,L,24

G is
21~ ivn!5Gis

21~ ivn!1S is~ ivn!, ~8!

whereGis( ivn) is the effective medium~bath! Green’s func-
tion which corresponds to sitei, and depends on the actu
charge and magnetization density at this sitei and, via the
bath, at its neighboring sites in the stripe phase. In the p
ence of magnetic order the local Green’s functions~3! are
determined self-consistently together with local potenti
S is

HF. Thereby the total electron density,

1

L (
is

nis5n, ~9!

determines the chemical potentialm.
In order to solve the self-consistent problem posed

Eqs.~8!, one has to find not only the HF~static! part of the
self-energy,S is

HF, given by electron densities, but also th
dynamical part of the self-energy,S is

D ( ivn). The latter is the
heart of the correlation problem in the DMFT.27 Our earlier
studies of the spectral properties of spiral phases in the do
Hubbard model47 have shown that the accuracy of the d
namical part of the self-energyS is

D ( ivn) plays a central role
for the nature of magnetic correlations in the ground sta
and for its spectral properties. Therefore we have determ
the site-dependent self-energy using an ED Lanc
algorithm31 for a single-impurity Anderson model~SIAM! at
T50, and verified that it is well suited to investigate th
stripe phases. This nonperturbative approach allows fo
accurate treatment of local spin and charge fluctuations,
is therefore exact in the limit of infinite dimension
d→`.48,27 Thereby a lattice problem is mapped onto an
fective SIAM, which is next solved self-consistently with th
surrounding lattice. In the present case of a stripe phase
unit cell of an AF domain is mapped onto a set ofL different
impurity models, withL self-consistency conditions, and th
global constraint~9!. Thus we considered an effective imp
rity model,

H imp
( i ) 5(

s
edcis

† cis1Uni↑ni↓1 (
s,k51

ns21

«ks
( i )aks

† aks

1 (
s,k51

ns21

Vks
( i )~aks

† cis1cis
† aks!, ~10!

for each nonequivalent sitei 51, . . . ,L. It includes ns21
orbitals labeled byk51, . . . ,ns21, which couple to the im-
purity atom by real hybridization elementsVks

( i ) , where the
correlation problem is solved.

For the solution of the effective impurity model~10! with
hybridization elementsVks

( i ) , and orbital energies«ks
( i ) for
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each nonequivalent sitei in the stripe supercell, we em
ployed the ED method of Caffarel and Krauth.31 The main
advantage of this method is that it gives unbiased results
the self-energy and thus includes the leading local part of
dynamic processes which are responsible for the many-b
behavior of interacting electrons. It is also very well suited
study the ground states of correlated systems, in contra
QMC methods which can provide reliable information on
at rather high temperatures, and therefore cannot be use
investigate the properties of the stripe phases. The same
jection applies to the DMFT calculations which use an a
lytic form of the self-energy derived from spin fluctuation
In this case the spectral properties are strongly tempera
dependent,29,47 and the stripes melt fast under increasi
temperature.30

The orbital energies for the conduction band«ks
( i ) , and the

corresponding hybridization elementsVks
( i ) , are the effective

parameters. In order to initialize the iteration it is sufficie
to fix the noninteracting (U50) impurity Green’s function
Gis,ns

( ivn) at each atomi:

Gis,ns

21 ~ ivn!5 ivn2ed2 (
k51

ns21
~Vks

( i ) !2

ivn2«ks
( i )

. ~11!

The parameters$«ks
( i ) ,Vks

( i )% are thereby fitted to reproduce th
bath Green’s functionGis( ivn) by that found for the finite-
orbital problem posed by the SIAM~10!. The crucial step is
the solution of the SIAM fori 51, . . . ,L which serves to
derive the impurity self-energiesS is( ivn) required for the
next cycle. Therefore the numerical effort increases linea
with the size of the magnetic unit cellL in the stripe phase

After solving the effective cluster problem using Lancz
algorithm, the local Green’s functionGis( ivn) was deter-
mined. Self-consistency is implemented by extracting fro
Eq. ~8! the new self-energy forGi j s(k,ivn), and next em-
ploying Eq.~3! to start the next iteration. Finally, the param
eters of the effective SIAM,Vks

( i ) and «ks
( i ) , are obtained by

fitting the bath problem represented byGis( ivn) to the clus-
ter Green’s functionGis,ns

( ivn) on the imaginary energy
axis. The best choice is obtained by minimizing the c
function,31

x i
25

1

nmax11 (
n50

nmax

uGis,ns

21 ~ ivn!2G is
21~ ivn!u, ~12!

for each impurity problem labeled byi.
Altogether, the present method might appear size dep

dent as it replaces a conduction band by afinite set of ns
21 orbitals. Of course, one could get an exact result for
dynamics in the impurity model only in the limit ofns→`.
However, the convergence with the increasing cluster siz
very fast, as established by Caffarel and Krauth for
metal-insulator transition in the Hubbard model,31 and thus
they obtained reliable results already by solving the clus
with ns,10. We investigated the convergence of the Gree
functions using different supercells with appropriate boun
ary conditions for a given type of stripe structure. In practi
we have solved the systems withns56, 8, and 10, and veri-
8-4
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SPECTRAL PROPERTIES AND PSEUDOGAP IN THE STRIPE . . . PHYSICAL REVIEW B 64 134528
fied that also in the present case of a stripe structure
convergence is exponentially fast. Therefore we presen
Secs. III and IV the converged results obtained withns58,
and use them to discuss the physical properties of st
stripe phases in the 2D Hubbard model.

B. Physical quantities

After the self-consistent solutions for the local Gree
functions~3! were obtained using different initial condition
the ground state was determined by comparing the en
per site given by

E052
i

2p

1

LN (
ks

E
2`

0

dveiv01
Tr@ ĥ~k!Ĝs~k,v!#

2
i

4p

1

L (
s

E
2`

0

dveiv01
Tr@Ŝs~v!Ĝs~v!#, ~13!

where we considered a 2D lattice covered byN stripe super-
cells with L atoms each. For convenience, we have cho
the Fermi energy atm50. This analysis led us to identifying
the stable stripe phases in a broad regime of hole dop
0.03,d,0.20, as discussed in Sec. III. The same appro
allows us also to find the energies of the excited states w
different types of stripe ordering, and the energy of the
mogeneous paramagnetic phase.

The ground-state configuration is characterized by
electron density distribution$^n( l x ,l y),s&%, found from the lo-

cal Green’s function at each nonequivalent sitel 5( l x ,l y) in
the stripe phase,

^n( l x ,l y),s&52
1

pE2`

0

dv Im Gls~v!. ~14!

For a ~01! stripe phase with vertical domain walls, one m
label the atoms in the~magnetic! unit cell ~which consists of
a single row! by l x51, . . . ,Lx . Therefore the charge distri
bution in this stripe phase is fully described by the avera
doped-hole density along the~10! direction, averaged over
single domain in a cluster withNy atoms along the~01!
direction,

nh~ l x!512
1

Ny
(

l y51

Ny

^n( l x ,l y),↑1n( l x ,l y),↓&. ~15!

We considered the symmetry breaking with respect to thezth
component of spin,

S( l x ,l y)
z 5

1

2
@n( l x ,l y),↑2n( l x ,l y),↓#, ~16!

which is related to the electron density operators in a s
dard way. The staggered magnetization density projected
the ~10! direction in a vertical stripe phase,

Sp~ l x!5
1

Ny
(

l y51

Ny

~21! l x1 l y^S( l x ,l y)
z &, ~17!
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is defined with a site-dependent factor (21)l x1 l y which com-
pensates the modulation of the magnetization^S( l x ,l y)

z &
within a single AF domain.

Charge response of the stripe phase is characterized b
static hole-hole correlation function,

C~k!5
1

LN (
l x ,l y

e2 i (kxl x1kyl y)^12n(0,0)&^12n( l x ,l y)&,

~18!

wherek5(kx ,ky) is a vector from the first Brillouin zone
~BZ!. This function may be measured in elastic x-ray sc
tering. A similar spin-spin correlation function is defined b

S~k!5
1

LN (
l x ,l y

e2 i (kxl x1kyl y)^S(0,0)
z &^S( l x ,l y)

z &, ~19!

which reproduces to leading order the measured two-par
correlation function in elastic neutron scattering — these
periments led to the discovery of the stripe ordering with h
filled domain walls in the cuprates.2

Finally, the converged Green’s functions were used to
termine the spectral function in the stripe phases,

A~k,v!52
1

p

1

LN
Im (

mi,n j ,s
e2 ik(Rmi2Rn j)Gmi,n j ,s~v!.

~20!

It is directly connected with the ARPES experiments a
contains integrated information over different atoms of t
magnetic supercell. By analyzing the spectral function
investigate in Sec. IV the momentum dependence of the q
siparticles near the Fermi energy and found a pseudo
which opens at the Fermi energy when the stripe or
develops.

III. STRIPE ORDERING IN DIFFERENT DOPING
REGIMES

A. Low doping regime: „11… stripes

We begin by reporting the stable ground states wh
were obtained as a result of extensive numerical calculatio
We searched for self-consistent solutions with the lowest
ergy ~13!, starting from different initial conditions appropri
ate for various type of polaron and stripe ordering. We ha
chosenU512t for the numerical studies which gives th
ratio of J/t51/3 with J54t2/U, being a value representativ
for the cuprates.33,34 The Hubbard model with neares
neighbor hopping only is appropriate for dope
La22xSrxCuO4 compounds, which exhibit the AF long-rang
order in a narrow range of 0<d.0.02, followed by a spin-
glass with a considerably lower transition temperature.11,49

The present DMFT calculations agree qualitatively w
these experimental results, giving a robust AF state atd50,
and at small dopingd,0.03. Here the results support ou
earlier findings obtained using an analytic form of the se
energy which includes local spin fluctuations.29 In fact, one
might expect isolated polarons in this weakly doped regim
as found in the HF studies.1,13 Such local defects in the AF
background are however rather extended in the pre
8-5
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FLECK, LICHTENSTEIN, AND OLEŚ PHYSICAL REVIEW B 64 134528
DMFT, and could not be stabilized within the consider
clusters. Although we cannot make a definite conclusion,
numerical results suggest that the energy gains for local
larons would be very small indeed, and thus polarons wo
delocalize already at relatively low temperature.

We have found acrossover from a homogeneous AF
phaseto stripe phaseswhich occur in a broad regime of low
and intermediate doping 0.03&d&0.20, and are remarkabl
stable whend,1/8. In this doping regime polarons are a
ready not expected as they were found to be unstabl
several other calculations: HF,13 mean-field slave-boson
approach,19 and variational studies performed within the l
cal ansatz.21 Instead, we obtained a competition betwe
three different types of stripe ordering, and the ground s
changes twice: atd.0.05 and atd.0.17 doping.

The first stripe phase occurs at very low doping 0.03,d
<0.05 — it consists ofdiagonal ~11! structures which are
stabilized by a~weak! CDW superimposed with a SDW
along the domain walls. This mechanism is to some ex
analogous to that found at higher doping for vertical~01!
stripes in HF.13 However, the diagonal stripes have a diffe
ent nature, and were obtained here at a much lower dop
They may be seen as a precursor phase of~01! stripes, and
demonstrate a generic tendency towards phase separ
within a doped antiferromagnet~Mott insulator! into hole-
poor and hole-rich regions.12 As shown in Fig. 1, the stripe
in this doping regime form extended structures, with th
large unit cells involving a few atoms both along~10! and
~01! directions. We have verified that the most stable str
tures for dopingd51/20 and 1/24 have the magnetic un
cells withLy54 atoms along~01! direction, andLx536 and
40 atoms along~10! direction, which gives the total numbe
of atoms within the unit cellL5144 and 160, respectively
The charge distribution is approximately the same along e

FIG. 1. Diagonal~11! stripe phase with a superimposed SDW
found atd51/20 for U512t. Top part shows doped hole~circles!
and magnetization density~arrows! in the stripe 3634 supercell.
Lower part shows chargenh( l x) @Eq. ~15!# ~empty squares! and
magnetizationSp( l x) ~filled circles! @Eq. ~17!# density~left panel!,
and the chargeC(k) @Eq. ~18!# ~squares! and spinS(k) @Eq. ~19!#
~circles! structure factors~right panel!.
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~10! row in a supercell, and involves a cluster of five atom
with enhanced hole density, which belong to an extend
domain wall — there the increased hole density separates
AF domains, while the density within the domains rema
almost unchanged with respect to then51 case.

The charge and magnetization distribution, given by E
~15! and ~17!, respectively, found in the~11! stripe phase
~Fig. 1! show a domain structure similar to that of~01!
stripes at higher doping. The density of doped holes ha
maximum at the central atom of a five-atom cluster, bu
remains to some extent delocalized over the whole clus
Note that the density distributions are symmetric with
spect to the center of the domain wall, and this expec
symmetry was obtained automatically as a result of the s
consistent solution of different SIAM problems coupled in
stripe supercell.

The ~11! phase of Fig. 1 gives a quite involved charg
responseC(q) ~18!, with several weak maxima along the~11!
direction which are likely to merge into a single broad pe
in experiment, and result from the periodic charge distrib
tion with large unit cells. The magnetic peak of the undop
AF phase atQ5(p,p) found inS(k) ~19! splits off into two
maxima atQ5@(162hd)p,(162hd)p#, with hd.d/A2.
Such maxima were indeed observed in recent neutron exp
ments by Wakimotoet al.32 Remarkably, only two satellites
could be resolved as in Fig. 1, indicating that the structu
distortions present at low doping support a single easy di
tion for the formation of stripes.

B. Site-centered„01… stripes

In the intermediate regime of doping 0.05,d,0.17, we
have foundsite-centered vertical stripes, called below~01!
phases, with an example shown in Fig. 2 ford51/8. These
structures have the nonmagnetic domain walls which se
rate the AF domains, and the magnetic unit cells cont
betweenL516 ~at d51/16) andL58 ~at d>1/8) atoms. In

FIG. 2. Vertical site-centered~01! stripe phase ford50.125 for
U512t as obtained in the stripe 838 supercell. The meaning o
different panels and symbols as in Fig. 1.
8-6
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SPECTRAL PROPERTIES AND PSEUDOGAP IN THE STRIPE . . . PHYSICAL REVIEW B 64 134528
agreement with the experimental results
La22x2yNdySrxCuO4 ~Ref. 2! and in La22xSrxCuO4,26 such
states contain therefore 0.5 hole per charge unit cell~being
half of the magnetic unit cell! as long asd<1/8. We empha-
size that the doped holes are much weaker localized at
domain walls than in the corresponding HF states, but st
distinct maximum of doped-hole densitynh( l x) is identified
at the nonmagnetic domain walls, which is accompanied b
tail, extending within the magnetic domains, similar to t
results of the slave-boson calculations19 and numerical
DMRG, which also include explicitly electron correlatio
effects.20 The average density at the nonmagnetic dom
wall itself changes only weakly under increasing dopin
with ni.0.850 andni.0.830 atd51/16 and 1/8, respec
tively, showing that the hole is somewhat more delocaliz
when the magnetic domains are smaller, and the doped h
start to overlap throughout the AF domains. This result c
rects the previous more extreme views that the doped h
might be confined just to the domain walls, and each atom
the domain wall would then absorb 0.5 hole,2,13 while the AF
domains would remain practically undoped.

Recently we pointed out24 that the~01! stripe phases cor
respond to the observed periodicity of the vertical~01! stripe
phase, with the shift of the neutron peak atQ5@(1
62hv)p,p# given by hv5d,26 and thus we could identify
half filled domain walls in the range of dopingd<1/8. We
find it quite remarkable that the obtained~01! stripe phases
are so robust, while, unlike in the HF states, where they
stabilized by the quadrupling of the period along the dom
walls by either a SDW or CDW,13 there is no obvious mecha
nism in the DMFT which favors this filling. We come back
this question in Sec. IV A.

C. Melting of „01… stripes

The smallest charge unit cell for the~01! stripes contains
four atoms: three of them belong to an AF domain, while
fourth atom belongs to the domain wall~see Fig. 2!. Doping
aboved51/8 does not change the stripe unit cell anymo
but gradually weakens the stripe order. As a result, the do
holes tend to delocalize from the site-centered domain w
into the AF domains. First, the holes are doped almost u
formly with respect to the~more stable! phase atd51/8,
with hole densities given by Eq.~15!: nh(0)50.170, nh(1)
50.121, andnh(2)50.088 at the domain-wall atom (l 50),
at its first (l 51) and at second (l 52) neighbor, respectively
For instance, the hole density increases almost uniformly
;0.025 hole per atom tonh(0)50.192, nh(1)50.145, and
nh(2)50.117 when the doping increases tod50.15.

However, at higher doping the density of doped ho
increases fasterwithin the AF domains, and the amplitude o
the CDW across the domains decreases~see Fig. 1 of Ref.
24!. As a result, the site-centered stripes remain stable o
until d.0.17, while at higher doping stripe phases w
bond-centered domain wallstake over. An idealized stripe
phase with such delocalized domain walls would consis
ladders of bond-centered domain walls with increased h
density and ferromagnetic order on the rungs, interchang
with the AF ladders with lower hole density and larger ma
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netic moments, as obtained by White and Scalapino.20 In
contrast, we identified the stable bond-centered stripe ph
being rather far from such idealized structures,20 but involv-
ing kinks and antikinkswhich develop along the domai
walls ~see Fig. 3!. They demonstrate that the optimal dopin
in domain walls is exceeded, and the holes cannot acco
date themselves on the vertical lines anymore but have
delocalize over more atoms, creating kinks and antikinks
increasing thereby the length of each domain wall. Anot
possibility could be that the domain walls tilt due to kink
ordered in one direction,50 but the present studies indica
rather that a gradual delocalization into the bond-ordered
main walls takes place. It causes a change in the magn
structure, and the doped holes start to make clusters
aligned spins. In such states hole propagation along the
main walls is still allowed. Note that the magnetization alo
the extended domain walls gives in this case a SDW wit
periodicity of four atoms and thus one recovers a sim
mechanism as found before in HF. Here it is present in
metallic phase, which helps to stabilize such extended
main walls in the range of doping where the stripe pha
gradually melt.

We have found a small energy difference of typically le
than 0.04t per doped hole between the site-centered a
bond-centered domain walls, which are stable below/ab
d50.17, respectively. The bond-centered structures oc
when the stripes at large doped-hole density fluctuate, an
this phenomenon release an additional kinetic energy.51 This
energy gain could not be included in our calculations, a
therefore one might expect that the bond-centered dom
walls of Fig. 3 might be stable in an even somewhat broa
regime of hole doping. Unfortunately, such structures g
practically the same spin response as the site-centered st
and are thus hardly distinguishable from them in neut
scattering and in ARPES spectroscopy.42

FIG. 3. Vertical bond-centered~01! stripe phase atd50.1875
for U512t as obtained in the stripe 838 supercell. The meaning o
different panels and symbols as in Fig. 1. Zigzag lines indicate
domain wall with small moments aligned on individual bonds.
8-7
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The stability of stripe phases atd.0 depends on the ten
dency towards phase separation which may be investig
by the dependence of the energy normalized per one do
hole,13

Eh
S~d!5

1

d
@E0~d!2EAF~0!#, ~21!

on dopingd. Here E0(d) is the ground-state energy~13!
found for the most stable stripe phase at dopingd, and
EAF(0) is the reference energy of an AF state in a M
insulator atd50, both found within the DMFT. As shown in
Fig. 4, the energyEh

S(d) is a monotonically increasing func
tion of doping, showing that thestripe phases are stabl
against macroscopic phase separation. We also note that it
starts to increase somewhat faster with increasingd when the
doping exceeds 1/8 which demonstrates a better stabilit
the ~01! stripe phases atd,1/8 and confirms that the dopin
d51/8 may be considered as optimal for the~01! stripe
phases.

In contrast, theuniform paramagnetic phase with the e
ergy per hole given by

Eh
P~d!5

1

d
@EP~d!2EAF~0!#, ~22!

decreases fast at low doping, and has a minimum atdm

.0.16, with Eh
P(dm).22.23t (21.94t) for U512t (U

58t). This indicates a generic tendency of the paramagn
phase towards phase separation,52 as the lowest energy foun
at the minimum ofEh

P(d) can be obtained just by separatin
the sample into the hole-poor~AF domain! and hole-rich
~domain wall! regimes at any concentrationd<dm , follow-
ing the Maxwell construction. It explains that the strip
phases are just a natural consequence of this instability,
the energy per hole found in themEh

S(d) is only somewhat
lower thanEh

P(dm). Doping beyonddm soon destabilizes the
stripes due to the domain-wall fluctuation as discus

FIG. 4. Energy per doped holeEh /t in the stable stripe phase
~filled symbols! and in the doped paramagnet~empty diamonds! for
U512t. The stable stripe phases are found atd,0.20: diagonal
structures of Fig. 1~squares!, site-centered~01! stripe phases of Fig
2 ~circles!, and bond-centered~01! stripe phases of Fig. 3~tri-
angles!.
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above, and the energiesEh
S(d) and Eh

P(d) merge aboved
50.20. This estimate agrees well with the observed grad
disappearence of charge inhomogeneities in La22xSrxCuO4
above the optimal doping.53

IV. SPECTRAL PROPERTIES OF STRIPE PHASES

A. Metallic stripes in dynamical mean-field theory

In this section we want to concentrate first on two qu
tions related to the stability of stripe ordering in doped an
ferromagnets:~i! what is the mechanism which stands behi
the stripe ordering; and~ii ! how different is it from the well-
known instabilities in HF,13 which are related to the extr
periodicity of the SDW or CDW type? We will show tha
many-body correlations stabilize the stripe structureswithout
this symmetry breaking, and thus the resulting states p
serve to a large extent a 1D metallic behavior along the
main walls. To illustrate this point, we focus below on th
spectral functions obtained in the~01! stripe phase for a rep
resentative value ofd51/8, using three different approxima
tions: ~i! the HF approximation, with the~static! local poten-
tials ~5! determined self-consistently,~ii ! the so-called
generalized HF~GHF! approximation,47 where the charge
fluctuations result in static screening of the local magne
potentials, and~iii ! the full self-consistent DMFT approac
which includes both static screening and the dynamic co
lations.

In order to address the above questions and to exp
better the main features found in the spectral properties
tained for the stripe phases, we present first the spectral f
tion ~20! of tight-binding electrons moving in local magnet
potentials~5! corresponding to the magnetic domains of
~01! stripe phase. The self-consistently found stripe struct
within the HF approximation is similar to that shown in Fi
2, and the hole motion is coherent along the domain walls
described by a 1D spin-degenerate band with dispersion

«k
1D522t cosky . ~23!

FIG. 5. Spectral functionA(k,v) as obtained in the HF approxi
mation for the~01! stripe phase with site-ordered nonmagnetic d
main walls atd51/8 for U512t, along the main directions of the
2D BZ, with G5(0,0), X5(p,0), Y5(0,p), M5(p,p), and S
5(p/2,p/2). The largest spectral weight is found in white regio
between the grey lines.
8-8
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TABLE I. Values of local magnetizationmi5u^Si
z&u, and the on-site energy contributionsVi /t ~26! as

obtained in: HF, GHF, and DMFT for the~01! stripe phase atd51/8 ~Fig. 2!.

mi Vi /t
i Ū i /U HF GHF DMFT HF GHF DMFT

0 0.273 0.0 0.0 0.0 0.0 0.0 0.0
1 0.934 0.456 0.393 0.275 2.50 1.73 0.86
2 0.997 0.475 0.468 0.359 2.71 2.62 1.54
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It crosses the Fermi energym at k5(0,p/4), (p,p/4),
(p/4,p/4), and equivalent points.

The result of a numerical calculation obtained for the do
ing of d51/8 is shown in Fig. 5. For this doping the ma
netic unit cell contains again~as in the DMFT! eight atoms,
and therefore one finds eight bands. The bands at low en
24t,v,22t result from the propagation of a hole withi
the AF domains, and their top marks a large Mott-Hubb
gap which separates the lower Hubbard band~LHB! from the
upper Hubbard band~UHB! ~not shown! in a Mott insulator
at n51. The doped hole moves independently from the ot
fermions and does not couple to the AF background in
HF approximation. Moving along the high-symmetry dire
tions, parts of the bands have either only a rather weak s
tral weight, or even vanish in the background. It happens
these parts of the BZ which lie outside of the AF fold
zone, and the large weight is then found instead in the UH
similar to a single hole doped to the Mott-Hubbard A
insulator.29

Hole doping results in new dispersive states within
Mott-Hubbard gap:13 two ~due to the folding of the BZ! mid-
gap bands shown in Fig. 5. These quarter filled bands
crossed by the Fermi energym50, and the system is meta
lic. An additional periodicity due to either a SDW or a CDW
which might form along the domain walls would cause t
gap opening at the points where the Fermi level is crosse
the 1D band~23! and thus lower the energy. However, such
gap would be small, and would not be sufficient to stabil
these structures globally.13 More importantly, such dispersiv
features at low energy are in striking contrast with the sp
tral densities measured in ARPES experiments
La1.28Nd0.6Sr0.12CuO4 ~Ref. 39! and La22xSrxCuO4,45 where
no spectral weight was found at the Fermi energy and c
to it along the~11! direction, in particular at the (p/4,p/4)
point. The result of Fig. 5 shows, however, that a syst
with an empty 1D band~23! would be stable due to a larg
gap, being;1.8t for U512t, which separates this ban
from the remaining~filled! bands of the AF background. Thi
case corresponds to the filled stripes observed in the n
elates, which are more classical and thus the HF pictur
here closer to reality.14,15 It is straightforward to verify that
such a phase is indeed more stable in the HF approxima
as its energy per one doped hole~21! is lower.

We have shown in Sec. III A that electron correlatio
stabilize the half filled stripe phases ford<1/8, and partly
filled stripes for 1/8,d,0.20. The reason of their stabilit
becomes clear only when the spectral functions are inve
gated beyond the HF. We will distinguish now between
static and dynamic correlations which are both treated wit
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the DMFT, and consider first the generalized HF~GHF! ap-
proach in which the local Coulomb potentials~5! are
screened by particle-particle scattering,54,55 and are thus re-
placed by effective site-dependent potentials,

Ū i5
U

11Ux i
pp~0!

, ~24!

with the renormalization obtained by a static particle-parti
kernel (kB51),

x i
pp~0!5T(

n
Gi↑~ ivn!Gi↓~2 ivn!. ~25!

The calculations of the above vertex functionx i
pp(0) were

performed at finite but low temperatureT.0.05t, using the
formalism developed in Ref. 55 for the magnetic states in
Hubbard model. As found before,47,55 the strongest screenin
of U occurs at nonmagnetic sites, while it gradually d
creases with increasing local magnetizationmi5^Si

z&. The
values of the screened potential are given in Table I. At
nonmagnetic domain-wall atoms one finds the screening
Ū i /U50.273 atd51/8 which is changing drastically th
properties of electrons/holes from strong to weak corre
tions. As a result, the electronswithin the domain walls be-
have differently and are still in the weakly correlated met
lic regime, while the electrons within the AF domain
experience an almost unscreened interaction, responsibl
a large Mott-Hubbard gap in the electronic structure. Th
one encounters within the GHF an unprecedented separa
into almost uncorrelated1D electron gas coexisting with
strongly correlatedelectrons responsible for the observ
magnetic properties. The electron correlations cause
some decrease of the magnetization which is more p
nounced at the atoms next to the domain walls~see Table I
and Fig. 2!.

The bands calculated within the GHF approximation a
shown in Fig. 6. We have found that both the screening
local potentialsŪ i ~24!, and a more uniform magnetizatio
distribution than that determined in HF play an importa
role and modify the electronic structure. As a result of t
local correlations, the gap between the 1D bands and
remaining AF bands closes, and the~empty! mid-gap bands
hybridize strongly with the~occupied! AF bands in the LHB.
Therefore some parts of the 1D band close to the Fe
energy lose their weight along theG2Y andG2S direction.
On the contrary, the spectral weight along theG2X direction
which vanishes close to theG point, becomesenhancedat
8-9
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the X point and stays there belowm, as experimentally
observed.39,45 The 1D band, still quite similar to the HF
band, almost merges with an AF band below it, and in fi
approximation one might be tempted to consider the disp
sive feature along theG2X2M line as a single QP band o
a large dispersion. This approximation predicts therefore
a band with a dispersion of;3t ~only the part atv,0),
larger than that of the mid-gap state itself, might be obser
in the ARPES experiments. This dispersion is of course
too large and not supported by the experimental obse
tions. The polaronic band at the energy scale of;J is absent
in this approximation, as the local scattering processes
hole on spin excitations are neglected within the GHF
proach.

Dynamical correlations included in the DMFT modif
both this ground state and the spectral properties. They
responsible for an even larger reduction of magnetiza
within the AF domains than that induced by the renormaliz
potentials~24! within the GHF. Altogether, the magnetic mo
mentsmi are reduced by;40% and;24% with respect to
the HF values at the first and second neighbors of
domain-wall atoms, respectively~Table I!. Due to thev de-
pendence of the local self-energy which follows from t

FIG. 7. Spectral functionA(k,v) as obtained within the DMFT
for the ~01! stripe phase atd51/8 for U512t. The meaning of
different symbols as in Fig. 5. The intensity of grey scale is prop
tional to the spectral weight.

FIG. 6. Spectral functionA(k,v) as obtained in the GHF ap
proximation for the~01! stripe phase atd51/8 for U512t. The
meaning of different symbols as in Fig. 5.
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DMFT, the change of the spectral functions from the GHF
the DMFT solution is even more dramatic than that betwe
the HF and GHF results reported above. First of all,
spectral weight moves towards the Fermi energy for thek
points which belong to the AF BZ~Fig. 7!. In this part of the
BZ a large weight is found below the Fermi levelm — it
consists of thecoherent QP bandwith dispersion;2J at
low energy~close tom), and theincoherent partwhich ex-
tends in a range of26t,v,2t. The latter has a rathe
characteristic weight distribution, with the large weight
v.25t near theG point, where the HF and GHF band
have their minima. This may be considered as a precu
feature of a free band with large dispersion of 8t, which is
finally obtained within the LHB in the limit ofn→0 (d
→1). The large spectral weight found atv2m.25t might
be also understood as an antibonding state, resulting from
scattering processes at the correlated SIAM. It marks
low-energy edge of the LHB which has, together with t
inverse photoemission~IPES! part which extends up tov
2m.2t, the width of;7t, the same as found before for
single hole in thet-J model.56

The coherentQP mode occurs as a consequence of
coupling of a moving hole to spin fluctuations at the impur
site, described within the DMFT by the SIAM~10!. Such
processes were absent in either HF or GHF static approac
Here we find that the on-site spin dynamics is sufficient
generate a polaronic band, similar as it does for a single h
in an AF Mott insulator.29 We emphasize that the momentu
dependence of the QP pole follows in the DMFT approa
entirely from the kinetic energy~6!, which becomes strongly
renormalized by the hole-magnon scattering down to a n
energy scale;J. The QP dispersion extends over the ene
range of;0.7t.2J, with J/t54t/U51/3. As expected, the
polaronic band is distinct only within the AF BZ, where th
noninteracting dispersion lies below the Fermi energy,«k5
22t(coskx1cosky),m. In general, the QP weight increase
with the decreasing distance of«k from m, as also found in
the t-J model,56 but the weight is somewhat differently dis
tributed from that found for a single hole in the se
consistent Born approximation,57 with a particularly large
spectral weight near thek5(p,0) point. The weakest QP i
found near theG point, where more spectral weight is tran
ferred to new incoherent structures which are generate
lower energies, while the QP spectral weight increases n
theX, Y, andSpoints. The spectral weight is belowm in the
remaining part of the BZ («k.m), where only shadow QP’s
are visible close toX, Y, and S points, and the incoheren
spectral weight is very weak indeed, particularly at theM
point. This shows that the electronic states at theG and at the
M points are of completely different origin, and the matr
elements are of crucial importance when the spectra in
full BZ are constructed from those determined in the redu
AF BZ.

In the IPES part~at v.m), the spectrum changes in a
even more dramatic way. The 1D band is washed out
instead a new dispersive feature develops which resem
the top of a 2D tight-binding band, with a similark depen-
dence for theG2X andG2Y directions. By comparing the
present result with the HF band structure it is clear that t
-

8-10
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SPECTRAL PROPERTIES AND PSEUDOGAP IN THE STRIPE . . . PHYSICAL REVIEW B 64 134528
feature has no relation to the QP states of thet-J model, but
instead may be considered as a shadow of a free ti
binding dispersion in a strongly correlated stripe phase. T
in fact, demonstrates that the one-particle excitations
doped antiferromagnets have a very different nature be
and above the Fermi energy.

The reasons for such strong changes of the spectral f
tions by dynamical correlations included within the DMF
become more transparent by looking at the self-energy. N
v5m local self-energiesS is(v) calculated for atomsi 50,
1, and 2, respectively, exhibit the Fermi-liquid behavior w
Im S is(v)}v2 ~Fig. 8!. We note, however, that our result
a Fermi liquid by construction, and the spin and charge or
encountered in stripe phases, as well as the doping de
dence of the chemical potentialm,24 indicate instead a non
Fermi-liquid regime. The separation into weakly a
strongly correlated electrons is also observed in the s
energies,S is(v). While both atoms within the AF domain
are similar, the dynamics at the domain walls is remarka
different due to the absence of the magnetic symmetry bre
ing term, and a strong screening of the local interactionŪ0.
This difference is particularly pronounced atv.2t, where
the QP states are practically absent within the AF doma
and would have there a very short lifetime. In contrast,
almost undamped excitations are possible at the dom
walls themselves. This behavior demonstrates once again
quasi-1D metallic nature of the~01! stripe phases, with the
hole hopping along the domain walls, being almost u
damped by the scattering off the magnetic excitations.
also observed that the states in the UHB atv.10t have a
rather low lifetime, in particular at the domain-wall atom

FIG. 8. Real ~top! and imaginary~bottom! part of the local
self-energyS is(v) as obtained within the DMFT for the site
centered~01! stripe of Fig. 2. Full, dashed, and long-dashed lin
correspond to the atoms at the domain wall (i 50), and to the
majority spin at the first (i 51) and second (i 52) neighbor of the
domain wall, respectively.
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which may participate in such states only due to their hybr
ization with the neighboring magnetic atoms within the A
domains.

B. Doping dependence

Let us investigate now the changes of the spectral fu
tions A(k,v) under increasing doping. We begin with th
~01! stripe phase in the weakly doped regime atd51/12
~Fig. 9!. First of all, the characteristic spectral features in t
LHB ~the QP states at low energies20.7t,v,0, and the
incoherent part at high energiesv,2t) have again signifi-
cant weight within the AF BZ, while the coherent mode
the IPES part (v.0) is found outside the AF BZ, similar to
the case ofd51/8. As in thed51/8 case, the flat part of the
QP band close to theX point is below the Fermi energym,
and has an even larger spectral weight, as this channel o
hole dynamics is more important at low doping when the A
domains are still large and the hole-magnon coupling is m
pronounced. The polaron band is more distinct atd51/12
than atd51/8, in agreement with the analysis of the wav
function within the string picture.58 At the same time, the
weight in the low-energy IPES part is still low as there a
only few empty sites, but the dispersive feature atv.0 is
already quite distinct.

We perfomed an extensive numerical simulation of sp
tral functions and found out that local magnetic energy co
tributions,

Vi x
[Ū i x

^Si x
z &25Ū i x

mi x
2 , ~26!

shown in Table I ford51/8, play a crucial role not only for
the stripe stability, but also determine the PES weight atm
for the k5(p/4,p/4) point. At the doping ofd51/12 the
spin densities found in the DMFT giveV1.0.99t and V2
.2.07t, whereV1 andV2 are the above energy contribution
~26! for the first and second neighhbor of the domain-w
atoms, and lead to strongly suppressed PES weigh
(p/4,p/4). In contrast, increasing hole doping reduces the
energy contributions. For instance, ford51/8 doping one
finds V1.0.86t and V2.1.54t ~see Table I!. Therefore the

s

FIG. 9. Spectral functionA(k,v) ~left panel! and the density of
states N(v) ~right panel! of the stripe phase atd51/12
for U512t. The meaning of different high-symmetry points is as
Fig. 5.
8-11



e

s
s
is
ie

y

n
t

t

a

di
u

is

ll
o

d

on
n

no
e
ni

e

h

c-

en

nic

ed

the
.
the

at

o

n-

o
k is

at

7
f

-
c-

ng
a-

-

s

FLECK, LICHTENSTEIN, AND OLEŚ PHYSICAL REVIEW B 64 134528
stripe order is here less stable than atd51/2 and tends to
disappear gradually aboved51/8, which is accompanied by
a shift of the QP peak at theX point from the PES to the
IPES part; atd51/8 it is still almost precisely located at th
Fermi energym.

With increasing dopingd the intensity is redistributed, a
shown in Figs. 7 and 10. First of all, the weight of the di
persive state at 0,v,2t increases, as the spectral weight
transferred, both through the Fermi energy from the occup
to the unoccupied part of the LHB (v,0), and from the
UHB down to the IPES part of the LHB.59 We emphasize
that although a still simplert-J model with the nearest-
neighbor hopping elementt which was recently successfull
applied to describe several transport properties,60 it misses
part of the dynamics due to the three-site terms, and does
reproduce correctly the spectral weight transfers between
Hubbard subbands.59 Therefore this simplification would no
be appropriate for investigating the spectral properties
higher doping, particularly not in the regime of the IPES
low energy.

Also below the Fermi energy the spectral weight is mo
fied and moves to higher energies, with the weak maxim
of incoherent states found aroundv.23t at d50.15. It
replaces two maxima found before atv.22t and v.
24.5t at d51/12, while the incoherent spectral weight
smeared out over a broad energy range of26t,v,2t.
This shows that the AF order within the domains is gradua
weakened by doping and the hole dynamics becomes m
incoherent. This interpretation is also supported by the
creased spectral weight within the QP band close tov50.

We observed only weak changes in the spectral functi
at d50.1875 doping, which shows that the actual charge a
spin distribution plays only a secondary role and does
modify the spectral properties. They are mainly determin
by the renormalized mid-gap band and by the polaro
band, in presence of the symmetry breaking between the~01!
and~10! directions. If the value ofU is decreased, the system
becomes weakly correlated, the magnetic interaction}J
54t2/U increases, and the length of the string of overturn
spins, being proportional toJ21/3,61 decreases, but the~01!
stripe phase is still stable in a broad regime of doping. T

FIG. 10. Spectral functionA(k,v) ~left panel! and the density
of statesN(v) ~right panel! of the stripe phase atd50.15 for
U512t. The meaning of different high-symmetry points is a
in Fig. 5.
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microscopic reasons of this behavior follow from the stru
ture of the spin polaron, investigated in detail by Ramsˇak and
Horsch.62 An example of the spectral function obtained wh
U is reduced by a factor of 2 down toU56t is illustrated in
Fig. 11. The QP band is now found betweenv521.7t and
2.3t, being again quite close to 2J.1.33t and showing that
the low-energy QP in the PES part is indeed of the polaro
origin. The spectral weight near theX point feature abovem
extends also to higher energies than atU512t, which proves
that the dispersion in the IPES part is strongly renormaliz
by the hole-magnon scattering.

The evolution of low-energy features of the spectra in
range of22t,v,0 with increasing doping, shown in Figs
7, 9, and 10, agrees very well with the recent results of
ARPES experiments on La22xSrxCuO4.45 First of all, in the
weakly doped regime the top of the QP band is found
about 20.4 eV below the Fermi energym,45 and it has a
similar intensity at the local maxima at theX and S points,
with the maximum at theS point being somewhat closer t
m, as expected from the shape of the QP band atd50.56,61

At d50.05 a new feature appears at theX point close tom,
and its intensity increases rapidly with the doping up tod
.0.12. Simultaneously, the maximum of the spectral inte
sity moves towardsm, and is very close but still below the
Fermi energy atd.1/8. This is precisely what we have als
found in the present DMFT approach. Indeed, the QP pea
within our resolution precisely at the Fermi energy ford
50.15 ~Fig. 10!, while its maximum is somewhat broader
lower doping and lies about 0.15t below m at d50.08. This
shift by 0.15t fits remarkably well to the shift of about 0.0
eV betweend50.07 andd50.15, found in the experiment o
Ino et al. ~see Fig. 2 of Ref. 45!. The QP maximum has
almost no dispersion in a range ofk between (3p/4,0) and
(p,p/4) along theG2X2M line, as observed experimen
tally. As we explained in Sec. IV A, this behavior is chara
teristic for the metallic stripes.

The second characteristic feature observed by Inoet al. is
the broad maximum atv;20.6 eV belowm ~see Fig. 4 of
Ref. 45!, with its intensity decreasing fast under increasi
doping. We could also identify an intermediate energy fe
ture atv.21.7t in our calculations, being particularly pro

FIG. 11. Spectral functionA(k,v) in the low-energy part as
obtained for the~01! stripe phase atd51/12 forU56t. The mean-
ing of different high-symmetry points is as in Fig. 5.
8-12
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SPECTRAL PROPERTIES AND PSEUDOGAP IN THE STRIPE . . . PHYSICAL REVIEW B 64 134528
nounced at low doping both at theY andSpoints, which next
broadens and almost disappears around the optimal do
d.0.15. We interpret this feature as the high-energy edg
the incoherent states in the LHB. However, we note that
experimental data give a large spectral weight around thX
and S points, while in our calculations this feature is al
strong around theG point. Of course, one has to realize th
the present calculations do not include the matrix eleme
which are responsible for the final shape of the PES spe
and thus we cannot expect a perfect agreement, in partic
in the high-energy regime, where multiple scattering beyo
sudden approximation is of importance.63

C. Pseudogap in the metallic„01… stripes

The gross features of the spectra such as the Hub
subbands separated by the large Mott-Hubbard gap ap
due to on-site correlations induced by the large Coulo
interactionU. They arise independently of the type of ma
netic order, and were found before for spiral phases and
paramagnetic systems at high temperatures.47 By contrast,
the low-energy QP’s depend on the actual magnetic order
a consequence of the stripe ordering, the spectra found a
the G2X2M path are not equivalent to those along theG
2Y2M one; at theY point the polaronic band stays we
below m, and the spectral weight atv5m almost vanishes
Also at theS point the QP band stays belowv5m and a
pseudogap opens. On the contrary, the feature close to tX
point changes into a flat QP state with a large intensity at
maximum, which is close to but still belowv5m for the
present doping level ofd51/8. It can be seen as a superp
sition of the flat 1D band for the holes propagating along
domain walls, and the spin polaronic band which stands
the hole propagation within the AF domains. As a result
strong hybridization between these two bands, we find
the coherent structure is almost flat also betweenk5(p,0),
and k5(p,p/4), where it finally crosses the Fermi leve
This last feature agrees with thek dependence of HF band
near theX point, but not near the otherk points. Altogether,
the overall spectral weight distribution is quite different fro
the naive expectations based on the HF bands of Fig. 5,
does not agree with a partly filled spin polaron band wh
might be expected for the holes moving independently
each other within the AF domains.

A particularly interesting result is obtained along theX
2S2Y direction, with the QP peak which splits off at a
most all thek points, except in the vicinity of theX point
into two structures below and above the Fermi energym,
separated by a gap~Fig. 12!. Also almost no spectral weigh
at m is found along theG2X andG2Y directions, resulting
thus in a distinctpseudogapin the density of states~Fig. 13!.
It opens between the polaron QP band and the mid-gap b
which is so characteristic of the metallic stripe phase.40

The experimental evidence of a pseudogap, which
been observed in the normal phase of all HTS’s, come
first place from the ARPES experiments.39,45 Other experi-
mental techniques which do not provide information ab
single electronic states, but involve a transition from an i
tial occupied to a final empty state, include transport prop
13452
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ties, specific-heat measurements, magnetic neutron scatte
and nuclear magnetic resonance, also indicate tha
~pseudo!gap opens around the Fermi energy in the superc
ducting cuprates.64 Our calculations show explicitly that the
gap at the Fermi level follows from static stripes

FIG. 12. Spectral functionsA(k,v) along the main directions of
the 2D BZ as obtained in the stripe phases at doping:d51/12
~upper panels! andd50.15 ~lower panels!. The meaning of differ-
ent high-symmetry points is as in Fig. 5.

FIG. 13. Evolution of the density of statesN(v) as obtained at
doping d50.04, 0.06, 0.125, and 0.19, in the stable stripe pha
for U512t. The pseudogap visible at the Fermi energyv5m sepa-
rates the PES from the IPES part.
8-13
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FLECK, LICHTENSTEIN, AND OLEŚ PHYSICAL REVIEW B 64 134528
La22xSrxCuO4 compounds and may be considered as
electron correlation effectin the electronic structure. It open
in the density of statesN(v) aroundv50 with the onset of
stripe phases, and persists in the whole regime of dop
0.03,d,0.20, where the stripes are stable, but gradua
fills up with the spectral weight when the stripes melt~Fig.
13!. The large peak inN(v) found for v2m.20.7t in the
PES part, which originates from the QP polaron band, is w
separated from the domain-wall band in the IPES part. T
features at lowv,2t are more and more smeared out w
increasing doping, showing that the scattering within
LHB becomes gradually more incoherent.

As the pseudogap opens right at the Fermi energy,
density of statesN(0) atv50 is rather low. In fact, the large
spectral weight close tom at and near theX point falls within
the pseudogap in the range of doping 0.05<d<0.15, but it
has low weight in the integrated spectral density. We h
found that it increases almost linearly when the dopingd
increases in the range of 0.04,d,0.15 ~Fig. 14!, and next
flattens out and even slightly decreases whend.0.17, where
the stripes melt and the spectral weight at theX point is
already above the Fermi energy. The dominating contribu
to N(0) comes from the QP structures near theX point, and
shows a similar increase to that obtained by Inoet al. for the
integrated spectral weight at theX point.45 The results pre-
sented in Fig. 14 indicate that a maximum observed in thg
coefficient of the low-temperature specific heat,65 CV;gT,
proportional also to the effective massm* , develops as a
natural consequence of the crossover from the stripe pha
stable in the normal state of La-based superconductors, to
Fermi-liquid regime above the optimal doping.

It is remarkable that the domain-wall atoms contribu
about one third ofN(0) in the ~01! stripe phases, almos
independently of the size of the charge unit cell. This de

FIG. 14. Density of statesN(0) at the Fermi energy as obtaine
in different stripe phases forU512t: diagonal~squares!, site-center
vertical ~circles! and bond-center vertical~triangles!. Large~small!
symbols correspond to the total density of states and to its part
to domain-wall atom, respectively, both normalized to the str
supercell.
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onstrates that the low-energy spectral weight, and the t
modynamic propertries at low temperatures in the norm
phase, are to a large extent driven by the 1D metallic beh
ior along the stripes in La22xSrxCuO4. Only in the diagonal
structures atd<0.05 the contribution of the domain-wall a
oms is less significant, as the walls are then more delocal
~see Fig. 1!, and cannot be represented by contributions fr
individual atoms in the center of the walls.

V. STRIPES IN THE MODEL WITH EXTENDED HOPPING

One of the outstanding questions is why the stripe pha
are not observed in the Y- and Bi-based HTS’s. We argue
the principal reason why these phases are unstable are h
values of the second and third neighbor hopping than
La22xSrxCuO4 compounds, and these hopping processes
stabilize the~01! stripe phases described in Sec. IV. O
expects that for more extended hopping quantum fluctuat
should give another energy contribution which would des
bilize the ~01! stripe structures in the higher doping regim
Although we could not obtain such energy contributio
which follow from the fluctuations of the stripe structure
we investigated the effect of a single kink along the~01!
domain wall in an 838 cluster, which stands for the mag
netic stripe supercell in this case~Fig. 15!, using the DMFT.
For the doping ofd51/8, which is optimal for the~01! stripe
phase with the magnetic unit cell consisting of eight atom
the kink costs energy att850, as it disturbs the hopping o
holes along the vertical domain walls~Table II!. Small t8, as
found in La22xSrxCuO4, has almost no effect on the energ
of the ~01! stripe phase — in fact the energy cost of formin
a kink even slightlyincreasesup to t8520.1t, and we be-
lieve that this follows from the proximity of the Fermi en
ergy to the van Hove singularity in the noninteracting ba
structure, which moves to lower energies at finitet8.55 This
agrees with the softening of the stripe tension which w
observed recently within the effective band model.66 How-
ever, att8/t,20.1 the opposite trend was observed, and
energy to form a kink decreases fast with increasingut8u, and
finally the wall with a kink becomes favored att8&20.3t.

ue
e

FIG. 15. Doped-hole and magnetization density as obtaine
the vertical~01! stripe phase with a single kink along the doma
wall within an 838 supercell, ford51/8, t8520.33t, t950.17t,
andU512t.
8-14
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SPECTRAL PROPERTIES AND PSEUDOGAP IN THE STRIPE . . . PHYSICAL REVIEW B 64 134528
Thus the regime of parameters encountered in the HTS
Tc.100 K is characterized bytransverse kink fluctuation
in the normal state. We believe that these strong fluctuat
along individual domain walls are responsible for the app
ent difficulty to observe the static stripes in these co
pounds.

If the hopping becomes more extended, and the effec
Hubbard model contains also sizable second (t8520.33t)
and third (t950.17t) neighbor hopping,33 several changes in
the spectral functions occur. Here we present the data
tained for~01! stripe phases which are believed to be rep
sentative also for fluctuating stripe phases. Although
spin-polaron band appears again below the Fermi energm
50, it is modified in a similar way to that known from th
earlier studies of a single-hole dispersion in thet-t8-J model
~Fig. 16!.67 Due to the diagonal hoping elementt8 the dis-
persion along theG2X and G2Y directions decreases
while it remains almost unchanged along the diagonaG
2S direction, giving again a QP bandwidth close to 2J. This
induces rather strong changes in the overall distribution
the spectral weight at low energies. At low dopingd51/12
the polaron band is found well belowm at theX point, and
the QP state at this point is rather broad. However, this b

TABLE II. Energies per hole~21! obtained using an 838 stripe
supercell in the~01! stripe phase: without (E(01) /t), and with
(Ekink /t) a single kink along each domain wall~shown in Fig. 15!,
and the energy differenceDE/t5@Ekink2E(01)#/t, for different val-
ues oft8/t. Parameters:d51/8, t9520.5t8, andU512t.

t8/t E(01) /t Ekink /t DE/t (31023)

0.0 22.3599 22.3499 10.0
20.05 22.3444 22.3340 10.4
20.10 22.3788 22.3664 12.4
20.15 22.4190 22.4132 5.8
20.20 22.4738 22.4684 5.4
20.25 22.5462 22.5418 4.4
20.30 22.6218 22.6220 20.2
20.35 22.7300 22.7468 216.8

FIG. 16. Spectral functionA(k,v) of the ~01! stripe phase at
d51/12 for U512t, and with the extended hopping:t8520.33t
andt950.17t. The meaning of different high-symmetry points is
in Fig. 5.
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hybridizes again with the mid-gap band induced by the n
magnetic domain-wall atoms just abovem50, and thus these
two features happen to merge at theX point, a dispersive
state continues along the theX2M line, and crossesm at
.(p,p/4), quite close indeed to the intersection expec
for the corresponding band structure in the HF approxim
tion. This strong hybridization near theX point is responsible
for the metallic behavior of the system in the vertical~01!
stripe phase.

Due to the increased diagonal~11! hopping, the gap which
opened before~at t850) at theS point ~Figs. 2, 9, and 10!,
closes, and the polaron band continues smoothly through
Fermi energy. This band has now the largest dispersion a
the G2S direction, similar to the one-hole case,67 and the
hybridization with the mid-gap band enhances the cohe
spectral weight of the QP state close to theS point. On the
contrary, the polaron band does not hybridize with the m
gap state at theY point, where an even larger gap than in t
t850 case opens atm. Nevertheless, when the spectral de
sity is integrated over thek points, the large spectral weigh
found aroundv.m close to theS and equivalent points
dominates at low energies in the present spectra, and is
sponsible for the closing of pseudogap. It agrees very w
with the sharp peak observed atm, both for the underdoped
and overdoped Bi2Sr2Cu2O81x .68

With increasing doping the dispersive state abovem be-
comes more distinct, and starts to hybridize with the pola
band even at theY point, where no spectral weight was foun
before ~Fig. 17!. This change occurs as the hole penetra
now easieracrossthe domain walls due to a more extend
hopping. In fact, the mid-gap state close to theY point almost
merges with the maximum of the QP band along theG2Y
line, showing that two different physical processes are
sponsible for the low-energy spectral properties at this po
The pseudogap does not open also at the higher doping
to a large spectral weight along the~11! direction, what is
consistent with our expectations confirmed by the exp
ment that the~01! stripes are unstable for the present valu
of the hopping elements:t8520.33t and t950.17t.

VI. SUMMARY AND CONCLUSIONS

We have presented a generalization of the DMFT
proach to stripe phases in the Hubbard model atT50. This

FIG. 17. Spectral functionA(k,v) of the ~01! stripe phase at
d50.15. Parameters are the same as in Fig. 16.
8-15
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FLECK, LICHTENSTEIN, AND OLEŚ PHYSICAL REVIEW B 64 134528
approach, combined with the ED method to determine
local self-energies, allows us to obtain the evolution of str
phases with increasing doping which agrees remarkably
with the experimental observations in La22xSrxCuO4 mate-
rials. The present study demonstrates the importance oflocal
correlationswhich play a crucial role in stabilizing the strip
phases having the same periodicity and regions of stabilit
observed experimentally.2,26,49We have verified that inaccu
rate forms of the self-energy lead always to higher energ
per doped hole, and the presented here stripe orderin
destabilized.

While the tendency towards charge and spin ordering
form of stripe phases may be understood as a comprom
which follows from optimizing the kinetic energy}t and the
magnetic energy}J at the same time, the detailed mech
nism of this instability is still under investigation. First of a
the HF studies have clarified that the largest kinetic ene
gains are obtained due to the hopping elementst' perpen-
dicular to the ~01! stripes by the solitonic mechanism,13,17

while the elementst i parallel to the ~01! stripes are less
important for their stability. Therefore it might be expect
that the stripe ordering will always tune the direction of t
domain walls along a weaker hopping in the anisotro
model, realizing the conditiont'.t i , and indeed this trend
was confirmed by recent numerical simulations within t
t-J model.69 In contrast, there are more parallel AF bon
than perpendicular ones to the direction of the~nonmagnetic!
domain walls, and therefore an increasing superexcha
parallel to the domain wallsJi will have a stabilizing effect
on the~01! stripes. We expect that these tendencies are g
eral and occur in the~11! stripes as well, with the secon
neighbor hoppingt8 across the~11! stripes and exchang
elementsJ8 along them playing a similar role for the stabilit
of such phases.

The main conclusions of the present study concern
spectral properties of the stripe phases. The spectral f
tions A(k,v) obtained within the DMFT for the stripe
phases, analyzed here for a realistic value of the local C
lomb interactionU512t, consist of the LHB and the UHB
separated by the Mott-Hubbard gap}U, and these dominat
ing features manifest the strong correlations and are
almost independent of the magnetic order. In contrast,
spectral weight distribution near the Fermi energym is very
sensitive to the type of magnetic order and allowed us
identify the spectroscopic consequences of the stripe pha
We could derive systematic changes ofA(k,v) within the
LHB when the system is doped and the ground state cha
from the AF insulator atd50 to stripe phases atd.0. The
doping modifies strongly the LHB and leads to three m
features atv,m: ~i! incoherent part at low energyv2m;
24.8t, ~ii ! folded bands due to stripe supercell at interme
ate energyv2m;22.0t, and ~iii ! low-energy QP states o
the spin-polaron band. These distinct features of the L
agree very well with recent QMC calculations.70 We empha-
size that the low-energy polaron band represents a cohe
part of the LHB, and appears as expected within the M
Hubbard gap in a strongly correlated system. At the sa
time, a new dispersive feature above the Fermi energy de
ops gradually to a band. It originates from the partly fill
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mid-gap band found in the HF approximation for the stri
superstructure, but is strongly renormalized by spin fluct
tions.

The changes of the polaron band under increasing dop
demonstrate that the rigid band approximation does not
ply to the electronic structure of stripe phases, and the
dispersions determined for a single hole moving in an
background56,61 can only be used to interpret the experime
tal data at very low dopingd&0.03. The strong renormaliza
tion of the QP band with the mid-gap band plays a promin
role in breaking the symmetry between theX andY points in
~01! @or equivalent~10!# stripe phases. The noninteractin
mid-gap band lies well above the Fermi energy at theY
point, and thus the polaron band is here only weakly infl
enced, and a gap for charge excitations opens at the F
energy. Similar weight distribution, with a gap for charg
excitations was obtained at theS5(p/2,p/2) point, and the
noninteracting band crossingm at k5(p/2,p/2) was elimi-
nated. On the contrary, the hybridization between the pola
band and the mid-gap band is very strong close to theX
5(p,0) point, resulting in a flat QP state which is almo
pinned tom. It staysbelowm at dopingd,1/8, and next it
approaches the Fermi energy, passes it, and finally move
higher energiesabove m when the~01! stripe phase gets
overdoped. This explains the physical origin of the flat Q
state observed near theX point in La22xSrxCuO4.45

Our conclusions concerning thek dependence of the spec
tra are similar to those obtained recently by simulating
stripe phases either in an analytic approach of Wro´bel and
Eder,41 and in numerical studies using either a cluster pert
bation theory,42 or the Monte Carlo method.44 All these stud-
ies have shown in a very transparent way that electrons
relations present in stripe~01! phases are responsible for th
strong hybridization between the spin polaron band and
mid-gap stripe band which leads to the flat QP state near
X point, and for a gap which opens at theS point. It was
pointed out recently that the above features observed in
could be simulated in thet-J model only after including
anisotropic spin-spin interactions on the domain walls43

Such terms replace in their phenomenological approach l
correlations which were shown by us to give differe
screening ofŪ i ~24!, depending on the atom position in th
stripe supercell.

As a second important conclusion, stripe phases areme-
tallic, and we could not confirm theinsulatingstripes discov-
ered in the HF studies.1,13 Instead we show that the physic
processes of dynamical nature which occur at low energ
play a decisive role for the metallicity of stripe phases. P
cisely for this reason the coupling between a hole and s
excitations cannot be neglected, if the spectral properties
investigated. Our study demonstrates that the metallic beh
ior occurs notably due to quantum fluctuations whi
strongly screen the Coulomb elementsUi on the domain
walls, which coexist with much larger magnetic potentia
within the AF domain walls. As a result, the spectra sh
simultaneously features characteristic to bothstrongly and
weaklycorrelated systems. On one hand, the electrons m
easieralong the~01! vertical domain walls where they do no
experience the alternating potential, while this motion is h
8-16
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dered by the magnetic order within the AF domains. On
other hand, the electron motion across the domain wall
disturbed due to the potential barrier, but becomes poss
as tunneling processes when the electron is dressed by
fluctuations. Therefore the metallic behavior follows fro
the tunneling which is enhanced when the~01! stripe phase
is overdoped, i.e., in the regime ofd.1/8. Similar conclu-
sions were deduced recently by Moreoet al.44 for the stripe
phases in the spin-fermion model.

The present study shows that the pseudogap observe
the cuprates45 follows in an intricate way from the stripe
ordering. Gaps found for the charge excitations close tom
for all the points within the AF BZ except in the vicinity o
the X point reproduce a pseudogap which is pinned tom.
Therefore, in spite of their metallicity,the stripe phases show
a non-Fermi-liquid behaviorin a broad regime of doping, in
particular ford,1/8. This is confirmed by the chemical po
tential m which shifts downwards with hole doping,24 Dm}
2d2, in agreement with the experimental data of Inoet al.,36

and with the results of Monte Carlo simulations of the 2
Hubbard model.73 We emphasize that the pseudogap is a v
characteristic feature of the systems which exhibit ph
separation, as has been experimentally observed also in
colossal magnetoresistance manganites.71,72

It has been established experimentally that the st
phases and a pseudogap exist only below a certain chara
istic temperatureT* of the order of;0.05t.64 This tempera-
ture is in the range of the excitations in stripe phases,24 and
we also found a similar energy difference between the s
ordered and bond-ordered stripe phases. This explains
the spectral properties at high temperaturesT.T* are so
different, and are dominated by broad dispersive featu
which originate from local processes due to on-site elect
correlations.47,74 In contrast, the quantum coherence whi
leads to the observed distinct QP peak at theX5(p,0) point,
and the charge gap between well defined QP states at tS
5(p/2,p/2) point, can develop only at sufficiently low tem
peraturesT,T* , where the stripe phases are stable. Th
features were both obtained within our calculations, show
that the local correlations described by the Hubbard mode
largeU.12t are sufficient to explain the experimental da
for La22xSrxCuO4.45

Finally, the present study allows to understand the ph
cal reasons behind the observed differences between
ARPES spectra of Bi2Sr2CaCu2O81y ,37,38 and
La22xSrxCuO4 systems.45 The generic picture obtained usin
S
.

i
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the Hubbard model with nearest-neighbor hopping is
equate only for the La22xSrxCuO4 compounds, where the
extended hopping plays no role. We have shown that
spectral properties are strongly modified when the hopp
to second (t8) and third (t9) neighbors is sizable, as in othe
HTS’s. It moves the QP peak close to theSpoint, and closes
the gap at the Fermi energy. We believe that the exten
hopping terms}t8 and }t9 have far reacher consequenc
near the optimal doping than just the presented change
the QP dispersion at low energies, influencinginter alia the
actual value of transition temperatureTc,

75 and they will be
addressed in more detail by future studies. In their prese
the stripe phases become softer, and kink fluctuations
more easily generated. They are likely to destabilize
stripes at lower temperatures, and thus explain why st
stripes could not be observed in other than La22xSrxCuO4
systems until now.2,35 However, they could also lead to othe
forms of short-range magnetic order which might be resp
sible for a pseudogap in Y- and Bi-based cuprates. It wo
also be interesting to investigate the stripe phases in elec
doped HTS’s,76 once their effective parameters were deriv
from the charge-transfer model. Another challenging pro
lem for future studies is the relation of the stripe order to
electron fractionalization in the cuprates.77

Summarizing, we have shown that the local correlatio
captured within the DMFT lead to stable stripe phases i
broad range of hole doping, and reproduces the experime
results. These correlations are responsible for the chara
istic momentum dependence of the spectral properties
provide a microscopic explanation of such prominent fe
tures measured in the ARPES of La22xSrxCuO4 at low and
intermediate doping as the flat QP state near theX point and
the gap at theS point, being signatures of the~01! stripe
ordering. In contrast, these stripe phases are destabilize
kink fluctuations in Y- and Bi-based HTS’s, and the extend
hopping leads there to the enhanced spectral weight a
the ~11! direction and to the distinct QP states close tom at
the S point, also observed in the ARPES experiments.
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58P. Wróbel and R. Eder, Int. J. Mod. Phys. B14, 3759~2000!.
59H. Eskes and A. M. Oles´, Phys. Rev. Lett.73, 1279 ~1994!; H.

Eskes, A. M. Oles´, M. Meinders, and W. Stephan, Phys. Rev.
50, 17980~1994!.

60For a review, see J. Jaklicˇ and P. Prelovˇsek, Adv. Phys.49, 1
~2000!.

61E. Dagotto, Rev. Mod. Phys.66, 763 ~1994!.
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