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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<0830.2 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 banyl close to the Fermi energy, 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 energy observed near th&=(7,0) andY=(0,7) points for the samples with
coexisting (10) and (01) stripes. We reproduce the gap which opens for charge excitations a§ the
=(m/2,7m/2) point, observed in the angle-resolved photoemission experiments for,$Cu0,, and a
pseudogap in the integrated spectral density pinned. tBinally, we show that large spectral weight close to
n moves from theX to the S point when the second neighbor hopping element increases, afdlhstripe
phase is destabilized by kink fluctuations.
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. INTRODUCTION holes are doped into the Cy@lanes'®* The resulting pe-
riodic structure with AF domains separated by one-
As one of very few predictions in the theory of high- dimensional1D) domain walls of nonmagnetic atoms is the
temperature superconductdHTS’s), the stripeswere found  simplest realization of the so-callesfripe phasg? One of
in Hartree-FockHF) calculations on finite lattices described the mysteries at the early stage of the HF studies of stripe
by the Hubbard modél,well before their experimental phases was the filling of the domain walls. On one hand,
confirmation? Such states result from the competition be-these numerical studies of the Hubbard model showed the
tween the superexchange interactions which are at maximuhomain walls with the filling of one doped hole per domain-
in the undoped materials, and the kinetic energy of the holewall atom (called filled stripes to be the most stable
which is optimized when the density of doped holes in thestructures;'® and indeed the stripes found in the nickelates
domain walls is largé* This phase separation into a stripe provide a good example of such filled strigés® On the
phase is very general and occurs in various transition-metaither ~ hand, the  experiments  performed on
oxides>® but is best explored in the cuprates for severallLa, ¢ Nd, ,Sr,CuQ, are consistent with the filling of one
reasons: First of all, better insight into the stripe stabilitydoped hole per two domain-wall atontsalled half-filled
would help to understand whether the stripes support or opstripes.? Therefore a natural question arises asmay the
pose superconductivify® and thus would contribute to the stripes in the cuprates are so differertnd cannot be de-
understanding of the mechanism of high-temperature supescribed just by the HF calculations, performed on the
conductivity itself. Second, more experimental data wereHubbard*®or on a charge-transféthree-banyi model**°
collected for the cuprates so far than for any other class of First attempts to describe the stripes, including their
perovskites, motivated by interest in the novel mechanism ofliscovery! were made within the single-particle theory,
superconductivity in these materidi§inally, the theoretical where the local Coulomb interactid was replaced by the
models of the cuprates are simpler than those of nickelate docal potentials, determined self-consistently within the HF
manganite perovskites, as the coupling to the lattice does neatpproximation. It is well known that such potentials stabilize
induce Jahn-Teller distortions, and other complications suckthe AF state at half fillingif=1), and the electronic struc-
as orbital physics of manganifeare absent. ture consists of two Hubbard subbands. A domain wall with
The undoped compounds, JGu0, and YBgaCu;Og, are nonmagnetic atoms, and uniformly distributed hole density
charge-transfer insulators due to strong Coulomb interactionf one hole per two atoms, is unstable in this limit, as it
U on Cu ions and exhibit long-range antiferromagnetic would correspond to a quarter filled band crossing the Fermi
(AF) order due to superexchange interactions. It is rapidlylevel ., and would therefore give a 1D metallic conductivity
destroyed and replaced by short-range AF correlations whealong the domain walls. Such metallic states are, of course,
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locally unstable in HF, and could be stabilized only by ancreases under doping as long 851/8, and the domain
additional electronic instability which would open a gap atwalls are not too close to each other. However, the smallest
w= .2 Indeed, this kind of instability may occur due to an unit cell for a stablg01) stripe phase consists of charge unit
extra quadrupling of the periodicity along the domain walls,cells with four atoms, and thus doping abode 1/8 modi-
with either alternating charges along the walls, as a chargdies the density distribution within the AF domains, and fi-
density wavgCDW) instability, or with alternating magnetic nally leads to the disappearence of stripes, i.e., stripe melting
moments, as a spin-density wal&DW) instability. This ex-  at §=0.20. Recently we have demonstrétitiat this behav-
plains the difficulty to stabilize the observed stripe structuregor can be reproduced within the Hubbard model when the
with half filled domain walls at dopingg=1/8, with =1  electron correlation effects are treated using the DNIFT.
—n given by the electron density. In contrast, a 1D band This method is very powerful as it allows us to treat the
which originates from the stripe structure becomes emptyeading hole correlations, representedibgal self-energy®
when a domain wall is filled by one hole per each atom, i.e.poth in the ground state and in the excitation spectra. The
for the filled domain wall. As a result, the stripe structuresDMFT analytic approach allows to separate the charge fluc-
stable in HF are always insulating. tuations at large energy from the spin fluctuations, leading to
Stripes may be seen as topological defects in an antife very satisfactory description of the Hubbard model at half
romagnet, stabilized by the kinetic energy of the dopedilling,?® and can be extended to study the stripe ph#es.
holes!” Their stability has a solitonic origin with nonmag- Apart from the neutron scattering, the stripe phase has also
netic domain-wall atoms, as shown both for small clustérs, measurable consequences in angle-resolved photoemission
and for a 1D electron system described by the HubbardARPES spectroscopy, and these may be directly investi-
model*® This explains why the most stable structures havegated using the single-particle Green function calculated
an integral filling of one hole either per one or per two atomswithin the DMFT.
within the domain wall. Although no evidence was presented The purpose of the present paper is threefold. First of all,
yet, it seems that the larger spiSs-1 of Ni°" ions and the we present the evolution of stripe phases under increasing
degeneracy of @ orbitals play a role in stabilizing the filled doping, focusing particularly on the low-doping and high-
stripes in the nickelates. In contrast, orbital degeneracy igsloping regime. Thereby we use an unbiased nonperturbative
absent in the cuprates, and the corrections due to electr@olution which allows us to achieve a satisfactory accuracy,
correlations are particularly large. In fact, it was shown thatobtained using the exact diagonalizatigBD) method of
they are responsible for stabilizing the half-filled striges ~ Caffarel and Krauth to determine the self-enetbyrhe
these system® 241t is easy to understand that the correla- stripes were observed experimentally at low hole doping
tion energy has to be larger in the half filled than in the filled =0.04 first as diagondlLl) stripes, and next as verticdll)
stripe phases by analyzing the dependence of correlation estripes, stable in the regime of higher dopifig 0.063% We
ergy on the electronic filling® The electron density at the will show that this crossover is even quantitatively repro-
domain-wall atoms is larger in the half filled than in the filled duced by the present calculations. At a higher dopéhg
stripe structures, and therefore more energy can be gained by1/8 we investigate the phenomenon of stripe melting, and
reducing the double occupancy in the former phases. Indeedhow that it is related to the competition between the site-
such corrections beyond the HF states stabilize the half-filledrdered and bond-ordered stripe structures, known to be al-
stripe phases, and these structures were determined in theost degenerate in the HF studf&4n fact, these two phases
ground state within several techniques: mean-field slaveare also not distinguishable experimentally in the neutron
boson approximatiof® density-matrix renormalization scattering, and are both likely to be local energy minima,
group (DMRG),?° variational (local ansatz approactf!  provided the quantum fluctuations are moderate and do not
quantum Monte CarldQMC) calculations’® and by an ex- mix such configurations with each other. The stability of
plicit analysis of the string configuratioR$ Although the  static stripe structures in the DMFT depends on charge fluc-
long-range Coulomb interactions might help to stabilize thetuations which might favor the site-ordered structures, and
stripe order® these studies, including our approach whichon spin fluctuations, lowering the energy of bond-ordered
uses the dynamical mean-field the¢BMFT),?* have shown  stripes* We will concentrate thereby on the generic features
that the on-site interactions alone suffice to obtain stablef the doped cuprates, and thus investigate primarily the
half-filled stripes. stripe phases using the Hubbard model with only nearest-
Experimentally the stripes are observed as the shift of theeighbor hopping. This model is adequate for La-based
neutron peake 7, which splits into four peaks away from the cuprates>3*where the quasistatic stripes were observed in
AF maximum at Q=(m,7) to the points Q=[(1  samples with and without N&3
+2q)m, 7] andQ=[m,(1x2%)] along the(10) and(01) As a second problem we address the spectral properties of
direction, and depends on hole dopiadg %26 This result  stripe phases. Perhaps the best known observation§ Jaze:
shows that the stripes in the cuprates @@ type, in con- quasi-1D Fermi surface close taer(0) and equivalent points,
trast to the diagondlLl) stripes observed in the nickelatés. (ii) a decreased spectral weight at the Fermi leugi®
In fact, in the underdoped regime 6K 1/8, the relationzn and (iii) a real gap which opens for charge excitations
= § holds, while at6>1/8 one finds instead a lock-in effect around momentum k= (7/2,7/2), observed in
with »=1/8 This behavior allows us to conclude that the Lay__,Nd,Sr,Cu0,.*>'~**By analyzing the chemical poten-
domain walls have an optimal filling of one hole per two tial dependence on the doping le\&lIno et al. have shown
domain-wall atoms, and the size of the AF domains dethat the Fermi-liquid picture breaks down in the underdoped
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regime®® Thus the stripe superstructure leads to drastibetween various HTS's, and is smal-0.1t<t’<0) for
changes of the spectral weight distribution, as shown by reta, ,Sr,CuQ, compounds. Therefore we neglected this ele-
cent theoretical studi€s*4°~** However, many detailed ment in most of the present study, and we investigate prima-
guestions related to the momentum dependence of the phaly long-range stripe order in the Hubbard model with
toemission(PES spectrd!® such as(i) the origin of the flat nearest-neighbor hopping elemebt: ty,; ;, if pairs {mi}
quasiparticle(QP) peak near thek=(w,0) point, (i) the and{nj} refer to nearest-neighbor sites.
mechanism of pseudogap observed at the Fermi energy The DMFT treatment of the stripe phases rests on the
and(jii ) the absence of a 1D band at the Fermi energy whiclassumption that the leading charge and spin correlations are
could be expected for half-filled domain walls & local and can thus be described lmgal self-energy® Al-
=(7r,wl4) andk=(m/4,7/4) points, have to be answered though this assumption is plausible, it can be justified @nly
before a consistent interpretation of the ARPES experimentgosteriori by comparing the calculated results with some
might be formulated. Below we concentrate on the abovevailable rigorous results for a 2D system. In fact, we have
guestions and compare the results of our DMFT calculationshown before that within the DMFT one obtains the correct
with the measured ARPES spectra. dispersion and spectral weights of the QP states in the Hub-

Finally, we consider also the effect of the second neighbobard model at half filling §=1), if the spin fluctuations are
hopping on the stripe phases, and analyze the changes in theeluded in the local self-enerdy.Motivated by this success,
spectral properties induced by this element. We determineve have generalized the DMFT method to the geometry of
the energy associated with kinks along the domain walls andtripe phase, where the local self-energles(w) are la-
show that they are responsible for destabilizing tbé) beled by the site index within a stripe supercell. The
stripes in Y and Bi compounds, where this hopping elemenimethod is analogous to that used recently by Potthoff and
is large. Nolting for studying the Mott transition in thin filmf€.

The rest of this paper is organized as follows. In Sec. Il The Green’s function defined for imaginary time=it,
we present the details of the self-consistent problem derived
and solved within the DMFT for the stripe phases. The stripe Gminj,o( 7)== 0(7){@nin( T)aljU(O)) +6(—17)
phases obtained for different doping regimes and the melting .
of stripe ordering abové=0.15 are discussed in Sec. IIl. X(@pjo(T)aAmis(0)), 2
Nr?Xt the one—palrtlclz (.axcgtatlolrc/sSectra as obtgéned forhsmpgepends on the supercell indicesand n, on the indices
phases are analyzed in Sec. 1v. Here we Consider such qu&ge;, 1hq superceli andj, and on the spin index. Its
tions as the momentum dependence of the spectral functions, . A i ) ) ,
their drastic changes with respect to the HF counterparts, arfgPurier transfornG,(k,iw,) is an (LXL) matrix, obtained
the modifications of the spectral weight distribution caused’Sing the periodicity of the stripe phase, and the transforma-
by increasing doping. We discuss also the origin of the stripdion to the fermionic Matsubara frequencies,=(2»
stability and its relation to the pseudogap. The effect of " 1)7T, whereT is a fictitious temperature playing a role
second-neighbor hopping on the stripe stability and the in®f & low-energy cutoff” The elements of its inversion are
duced by it changes in the spectral properties are analyzed #{Ven by

Sec. V. Some open questions and our conclusions are pre- _ _, , .
sented in Sec. VI. Gijo(Kiw,)=(iw,+u)d;—hij(k) =% (iw,) ;. (3

Here the site- and spin-dependémtal self-energy?’-?
Il. FORMALISM

Sif(iw,) =37 +30(iw,), (4)

A. Dynamical mean-field theory for stripe phases

We consider the Hubbard model with on-site Coulombconsists of a HRstatig potentiaIEngF,

interactionU,
sr=uni ., ®)
H=— > tmin@hio@njet U NmitNmy, (1) where N _,={(Nmi_o iS the average density of o-spin
(minj).o m electrons at sité in a stripe unit cell, and of a dynamic part
defined on a two-dimensiondbD) square lattice. In the i»(i®,), which describes local electron correlations. The
stripe phase the lattice is covered Kysupercells containing kinetic energy in Eq(3) is obtained for the stripe lattice with
L sites each. PositionR,;=T,,+r; of nonequivalent sites supercells ofL atoms as anl(XL) matrix h(k), and its
i=1,...L within a given unit cellm are labeled by a pair matrix elements are
of indices:{mi} and{nj}, respectively. The CuPplanes of
HTS’s are frequently described by the effective Hubbard .
model (1) whic% mayybe derived frz)lm the realistic charge- hii(k):; exH —ik(Roi = Rnj) Jtoi,n; 6)
transfer model either by a cell perturbation metfiddy by
the down-folding procedure in electronic structure If the hopping in the Hubbard modél) is restricted to near-
calculations’ Both methods lead to similar results; they est neighbors only, the summation in E) includes only
have shown that the second-neighbor hopping elemhent either two sites within the same supercell, or the nearest-
describes the differences in the electronic structureneighbor atomgnj} of adjacent stripe supercells.
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The local Green’s functionss;, (iw,) for each non- each nonequivalent site in the stripe supercell, we em-
equivalent sitd in the stripe phase are calculated from theployed the ED method of Caffarel and KradthThe main
diagonal elements of the Green’s function mat@, advantage of this method is that it gives unbiased results for

the self-energy and thus includes the leading local part of the
dynamic processes which are responsible for the many-body
™ behavior of interacting el i i
g electrons. It is also very well suited to
study the ground states of correlated systems, in contrast to
MHMC methods which can provide reliable information only
at rather high temperatures, and therefore cannot be used to
~1/: -1 : investigate the properties of the stripe phases. The same ob-
Gig (10,)=Giy (o) T 2is(lw,), ® jection applies to the DMFT calculations which use an ana-
whereg; (i w,) is the effective mediunfbath Green’s func-  lytic form of the self-energy derived from spin fluctuations.
tion which corresponds to sitie and depends on the actual In this case the spectral properties are strongly temperature
charge and magnetization density at this signd, via the dependent®*” and the stripes melt fast under increasing
bath, at its neighboring sites in the stripe phase. In the pregemperaturé®

Gia’(iwl/): % Ek: Giio’(k!iwv)'

The DMFT equations lead then to a self-consistent proble
at sitei=1,...L,*

ence of magnetic order the local Green’s functig8s are The orbital energies for the conduction baffj;),, and the
determined self-consistently together with local potentialscorresponding hybridization elemené§), are the effective
3 Thereby the total electron density, parameters. In order to initialize the iteration it is sufficient
1 to fix the noninteracting Y =0) impurity Green’s function
- E A 9) gig‘ns(lwy) at each aton:
lo
determines the chemical potentjal SV’
etermines the chemical potentjal gﬁfns(iwy)ziwy— - S 3 (11)

In order to solve the self-consistent problem posed by
Egs.(8), one has to find not only the HEtatig part of the _ _
self-energy,S ", given by electron densities, but also the The parameterge() ,V{)} are thereby fitted to reproduce the
dynamical part of the self-energy (iw,). The latter is the ~bath Green’s functio;,(iw,) by that found for the finite-
heart of the correlation problem in the DMETOur earlier ~ orbital problem posed by the SIANLO). The crucial step is
studies of the spectral properties of spiral phases in the dopdfe solution of the SIAM fori=1,... L which serves to
Hubbard modéf have shown that the accuracy of the dy- derive the impurity self-energieX;,(iw,) required for the
namical part of the Seh‘_ener@PU(i w,) plays a central role  next cycle_. Therefore the ngmer_lcal effort increases linearly
for the nature of magnetic correlations in the ground stateWith the size of the magnetic unit cellin the stripe phase.
and for its spectral properties. Therefore we have determined After solving the effective cluster problem using Lanczos
the site-dependent self-energy using an ED Lanczo&/gorithm, the local Green's functio@,(iw,) was deter-
algorithn? for a single-impurity Anderson modéSIAM) at mined. Self-consistency is |mplemenFed by extracting from
T=0, and verified that it is well suited to investigate the EQ- (8) the new self-energy foG;;,(k,iw,), and next em-
stripe phases. This nonperturbative approach allows for aRloying Eq.(3) to start the next iteration. Finally, the param-
accurate treatment of local spin and charge fluctuations, an@fers of the effective SIAMV() andz{), are obtained by
is therefore exact in the limit of infinite dimension, fitting the bath problem represented Gy, (i w,) to the clus-
d—.*82" Thereby a lattice problem is mapped onto an ef-ter Green’s functiong, , (iw,) on the imaginary energy
fective SIAM, which is next solved self-consistently with the axis. The best choice is obtained by minimizing the cost
surrounding lattice. In the present case of a stripe phase, ttfanction3!
unit cell of an AF domain is mapped onto a set.different

1o, 2l

impurity models, withL self-consistency conditions, and the 5 1 Umax L L
global constraint9). Thus we considered an effective impu- Xi=, 7 EO |gi(r,ns(| w,)—Gi (iw,)], (12
max v=

rity model,
for each impurity problem labeled hy

Altogether, the present method might appear size depen-
dent as it replaces a conduction band bfirite set of ng
—1 orbitals. Of course, one could get an exact result for the

ng-1
. ‘ -
Hi‘r'rip—E €dCi,CigtUnin; + ;1 &k Ao
o o, k=

ng—1
< i dynamics in the impurity model only in the limit @fy— oo.
+Uk2:1 V(klt)r(alacio"' CiTUakU)’ (10 However, the convergence with the increasing cluster size is
' very fast, as established by Caffarel and Krauth for the
for each nonequivalent site=1, ... L. It includesns—1  metal-insulator transition in the Hubbard modeknd thus
orbitals labeled bk=1, . .. ns—1, which couple to the im-  they obtained reliable results already by solving the clusters
purity atom by real hybridization element4), where the with n,<10. We investigated the convergence of the Green’s
correlation problem is solved. functions using different supercells with appropriate bound-

For the solution of the effective impurity mod@lO) with  ary conditions for a given type of stripe structure. In practice,
hybridization elements/{), and orbital energies:{) for  we have solved the systems witk=6, 8, and 10, and veri-

ko
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fied that also in the present case of a stripe structure this defined with a site-dependent facter {)'x*'y which com-
convergence is exponentially fast. Therefore we present ipensates the modulation of the magnetizati(ﬁsﬁ | )>
Secs. Il and IV the converged results obtained with-8,  \ithin a single AF domain. Y

and use them to discuss the physical properties of stable charge response of the stripe phase is characterized by the
stripe phases in the 2D Hubbard model. static hole-hole correlation function,

B. Physical quantities

1 .
_ . =y > ef'(kxlﬁkyly)(l_”(o,o))(l_”ux,ly)),
After the self-consistent solutions for the local Green’s by
functions(3) were obtained using different initial conditions, (18)
the g_roun_d state was determined by comparing the energyhere k= (ky,ky) is a vector from the first Brillouin zone
per site given by (BZ). This function may be measured in elastic x-ray scat-

tering. A similar spin-spin correlation function is defined by
1

0
= iw0™ R A~
Eo=— o 1 2 | e THRGOG,(K,0)]

1 .
S(k)= N |2| e I(kx|x+ky'y)<8€0‘0)><85|x’|y)>, (19
i1 0 . . . e
2L > f dwe"”°+Tr[2,,(w)G,,(w)], (13)  which reproduces to leading order the measured two-particle
M correlation function in elastic neutron scattering — these ex-
periments led to the discovery of the stripe ordering with half

where we considered a 2D lattice coveredNbgtripe super- F ) i
filled domain walls in the cupratés.

cells with L atoms each. For convenience, we have choserl™ " ; _
the Fermi energy at.= 0. This analysis led us to identifying _ Fnally, the converged Green’s functions were used to de-
the stable stripe phases in a broad regime of hole dopinfff'Mine the spectral function in the stripe phases,
0.03<6<0.20, as discussed in Sec. Ill. The same approach 11
allows us also to find the energies of the excited states with A(k,w)=———1Im z e kRmi—Ra)G_. njo(@).
different types of stripe ordering, and the energy of the ho- 7 LN" min,o o
mogeneous paramagnetic phase. (20

The ground-state configuration is characterized by the s directly connected with the ARPES experiments and
electron density distributiof{n, 1 ).}, found from the lo-  contains integrated information over different atoms of the
cal Green’s function at each nonequivalent site(l,,1,) in ~ magnetic supercell. By analyzing the spectral function we
the stripe phase, investigate in Sec. IV the momentum dependence of the qua-

siparticles near the Fermi energy and found a pseudogap

1o which opens at the Fermi energy when the stripe order
(n(|x,|y),a>:—; ~ doImG (o). (14 develops.
For a(01) stripe phase with vertical domain walls, one may [ll. STRIPE ORDERING IN DIFFERENT DOPING
label the atoms in thémagneti¢ unit cell (which consists of REGIMES

a single row by I,=1, ... L,. Therefore the charge distri-
bution in this stripe phase is fully described by the average
doped-hole density along th&0) direction, averaged over a We begin by reporting the stable ground states which
single domain in a cluster wittN, atoms along thg01)  were obtained as a result of extensive numerical calculations.
direction, We searched for self-consistent solutions with the lowest en-
ergy (13), starting from different initial conditions appropri-
y ate for various type of polaron and stripe ordering. We have
np(l)=1- No > <n(lx,ly)ﬁ+n(lx,ly),i>- (15  chosenU=12t for the numerical studies which gives the
y =t ratio of J/t=1/3 with J=4t?/U, being a value representative
We considered the symmetry breaking with respect tarthe  for_ the cuprate$*** The Hubbard model with nearest-
component of spin, neighbor  hopping only is appropriate for doped
La,_,Sr,CuQ, compounds, which exhibit the AF long-range
order in a narrow range of<96=0.02, followed by a spin-
Sf,wly)= E[naxJy),T—nUny),l], (16)  glass with a considerably lower transition tempe_raﬂ&'fé’._
The present DMFT calculations agree qualitatively with

which is related to the electron density operators in a stan1€S€ experimental results, giving a robust AF staté-a0,

dard way. The staggered magnetization density projected odd at small doping5<0.03. Here the results support our
the (10) direction in a vertical stripe phase, earlier findings obtained using an analytic form of the self-

energy which includes local spin fluctuatiofisin fact, one
1N might expect isolated polarons in this weakly doped regime,
S(l)=-— > (=DM ), (17)  as found in the HF studi€'s:® Such local defects in the AF
Ny 15=1 X background are however rather extended in the present

A. Low doping regime: (11) stripes

N
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FIG. 1. Diagonal1l) stripe phase with a superimposed SDW as
found ats=1/20 forU=12t. Top part shows doped holeircles FIG. 2. Vertical site-centere1l) stripe phase fos=0.125 for
and magnetization densitfarrows in the stripe 3& 4 supercell. U=12 as obtained in the stripe>88 supercell. The meaning of

Lower part shows charga,(l,) [Eq. (15)] (empty squargsand  different panels and symbols as in Fig. 1.

magnetizatiorS,.(I,) (filled circles [Eq. (17)] density(left pane),

and the chargé€(k) [Eq. (18)] (squaresand spinS(k) [Eq. (19)]  (10) row in a supercell, and involves a cluster of five atoms

(circles structure factorgright pane). with enhanced hole density, which belong to an extended
N o ) domain wall — there the increased hole density separates the

DMFT, and could not be stabilized within the consideredar gomains, while the density within the domains remains

clusters. Although we cannot make a definite conclusion, the st unchanged with respect to the 1 case.

numerical results suggest that the energy gains for local po- e charge and magnetization distribution, given by Egs.

larons would be very small indeed, and thus polarons woulq15) and (17), respectively, found in théll) stripe phase

delocalize already at relatively low temperature. (Fig. 1) show a domain structure similar to that (1)

We have found acrossoverfrom a homogeneous AF  gyines at higher doping. The density of doped holes has a
phaseto stripe phasesvhich occur in a broad regime of low - ayimum at the central atom of a five-atom cluster, but it
and intermediate doping 0.835=0.20, and are remarkably remains to some extent delocalized over the whole cluster.
stable whens<'1/8. In this doping regime polarons are al- Note that the density distributions are symmetric with re-
ready not expected as they were found to be unstable igpect to the center of the domain wall, and this expected
several o;cher calculations: HF: mean-field slave-boson  gymmetry was obtained automatically as a result of the self-
approacht;’ and variational studies performed within the lo- consistent solution of different SIAM problems coupled in a
cal ansat?! Instead, we obtained a competition betweenstripe supercell.
three differe_nt types of stripe ordering, and_the ground state  The (11) phase of Fig. 1 gives a quite involved charge
changes twice: af=0.05 and a©=0.17 doping. response(q) (18), with several weak maxima along ttil)

The first stripe phase occurs at very low doping @3 girection which are likely to merge into a single broad peak
=0.05 — it consists ofdiagonal (11) structures which are i, experiment, and result from the periodic charge distribu-
stabilized by a(weak CDW superimposed with a SDW  tjon with large unit cells. The magnetic peak of the undoped
along the domain walls. This mechanism is to some extenjg phase aQ= (, ) found inS(k) (19) splits off into two
an_alogo_us togthat found at hi_gher doping for verti(ﬁl_) maxima atQ=[(1%27yy) (1= 274 ], with 74=05/\2.
stripes in HF* However, the diagonal stripes have a differ- g ch maxima were indeed observed in recent neutron experi-
ent nature, and were obtained here at a much lower doping,ents by Wakimotcet al32 Remarkably, only two satellites
They may be seen as a precursor phas@df stripes, and o4 pe resolved as in Fig. 1, indicating that the structural

demonstrate a generic tendency towards phase separatigiyiortions present at low doping support a single easy direc-
within a doped antiferromagnéMott insulatoy into hole-  ion for the formation of stripes.

poor and hole-rich region'€.As shown in Fig. 1, the stripes
in this doping regime form extended structures, with their
large unit cells involving a few atoms both aloi0) and
(01) directions. We have verified that the most stable struc- In the intermediate regime of doping 090%5<0.17, we
tures for dopingé=1/20 and 1/24 have the magnetic unit have foundsite-centered vertical stripesalled below(01)
cells withL, =4 atoms along01) direction, and_,=36 and  phases, with an example shown in Fig. 2 #r 1/8. These

40 atoms alond10) direction, which gives the total number structures have the nonmagnetic domain walls which sepa-
of atoms within the unit celL=144 and 160, respectively. rate the AF domains, and the magnetic unit cells contain
The charge distribution is approximately the same along eachetween. =16 (at 5= 1/16) andL =28 (at 5=1/8) atoms. In

B. Site-centered(01) stripes
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agreement  with  the experimental regglts in ® @\@\@ ® ® ® ®
La;_x—yNd,Sr,CuQ, (Ref. 2 and in Lg_,Sr,CuQ,,“” such ®® O ®® ®\@ ;
states contain therefore 0.5 hole per charge unit (beling DPDODO OD DO O
half of the magnetic unit cellas long ass<1/8. We empha- o "
; i ONONOMBONROROBONO,
size that the doped holes are much weaker localized at thi D O fb ® ® ] @®
domain walls than in the corresponding HF states, but still a “C:) \(\E)\CD ~ ®®\@\
distinct maximum of doped-hole density(l,) is identified BRS¢0 009
at the nonmagnetic domain walls, which is accompanied by ¢ ® GJ/@/@ ® ®/\’//®
tail, extending within the magnetic domains, similar to the ONOROBONOBOBONO,

results of the slave-boson calculatibhsand numerical O 0.19 b+ 0054
DMRG, which also include explicitly electron correlation

effects?®® The average density at the nonmagnetic domain o.21

wall itself changes only weakly under increasing doping, o020 | oo 154

with n;=0.850 andn;=0.830 ato=1/16 and 1/8, respec- s o019 . §1.o . .
tively, showing that the hole is somewhat more delocalized .18 [ 05 e .
when the magnetic domains are smaller, and the doped hole 7 00 .
start to overlap throughout the AF domains. This result cor- 0 4 8 12 16 00 05 10 15 20
rects the previous more extreme views that the doped hole Ly ki

might be confined just to the domain walls, and each atom of ) ,
the domain wall would then absorb 0.5 hét€while the AF FIG. 3. Vertical bond-centere(D]) stripe phase ab=0.1875

domains would remain practically undoped. fqr U=12t as obtained in the stri|o_e>8$ super_cell. The mgan_ing of
Recently we pointed otft that the(01) stripe phases cor- dn‘fergnt panel'_s and symbols as in Flg. 1. Zlgzag 'Ilnes indicate the
N . . domain wall with small moments aligned on individual bonds.
respond to the observed periodicity of the verti@l) stripe
phase, with the shift of the neutron peak @=[(1
+2y,)m, 7] given by 5,= 828 and thus we could identify netic moments, as obtained by White and Scalafinio
half filled domain walls in the range of dopingi<1/8. We  contrast, we identified the stable bond-centered stripe phase
find it quite remarkable that the obtainé@ll) stripe phases being rather far from such idealized structut€but involv-
are so robust, while, unlike in the HF states, where they aréng kinks and antikinkswhich develop along the domain
stabilized by the quadrupling of the period along the domairwalls (see Fig. 3. They demonstrate that the optimal doping
walls by either a SDW or CDWE there is no obvious mecha- in domain walls is exceeded, and the holes cannot accomo-
nism in the DMFT which favors this filling. We come back to date themselves on the vertical lines anymore but have to
this question in Sec. IV A. delocalize over more atoms, creating kinks and antikinks and
increasing thereby the length of each domain wall. Another
possibility could be that the domain walls tilt due to kinks
ordered in one directiorf, but the present studies indicate
The smallest charge unit cell for th@1) stripes contains rather that a gradual delocalization into the bond-ordered do-
four atoms: three of them belong to an AF domain, while themain walls takes place. It causes a change in the magnetic
fourth atom belongs to the domain wédlee Fig. 2 Doping  structure, and the doped holes start to make clusters of
above §=1/8 does not change the stripe unit cell anymorealigned spins. In such states hole propagation along the do-
but gradually weakens the stripe order. As a result, the dopeghain walls is still allowed. Note that the magnetization along
holes tend to delocalize from the site-centered domain wallshe extended domain walls gives in this case a SDW with a
into the AF domains. First, the holes are doped almost uniperiodicity of four atoms and thus one recovers a similar
formly with respect to thgmore stablg phase até=1/8, mechanism as found before in HF. Here it is present in the
with hole densities given by E@15): n,(0)=0.170, n,(1) metallic phase, which helps to stabilize such extended do-
=0.121, and,(2)=0.088 at the domain-wall atom€0),  main walls in the range of doping where the stripe phases
atits first ( =1) and at second & 2) neighbor, respectively. gradually melt.
For instance, the hole density increases almost uniformly by We have found a small energy difference of typically less
~0.025 hole per atom ta,(0)=0.192,n,(1)=0.145, and than 0.04 per doped hole between the site-centered and
ny(2)=0.117 when the doping increasesde 0.15. bond-centered domain walls, which are stable below/above
However, at higher doping the density of doped holes6=0.17, respectively. The bond-centered structures occur
increases fastawithin the AF domains, and the amplitude of when the stripes at large doped-hole density fluctuate, and by
the CDW across the domains decreagse Fig. 1 of Ref. this phenomenon release an additional kinetic engrdjis
24). As a result, the site-centered stripes remain stable onlgnergy gain could not be included in our calculations, and
until 6=0.17, while at higher doping stripe phases withtherefore one might expect that the bond-centered domain
bond-centered domain wallske over. An idealized stripe walls of Fig. 3 might be stable in an even somewhat broader
phase with such delocalized domain walls would consist ofegime of hole doping. Unfortunately, such structures give
ladders of bond-centered domain walls with increased hol@ractically the same spin response as the site-centered stripes
density and ferromagnetic order on the rungs, interchangingnd are thus hardly distinguishable from them in neutron
with the AF ladders with lower hole density and larger mag-scattering and in ARPES spectroscdpy.

C. Melting of (01) stripes
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FIG. 5. Spectral functioA(k,) as obtained in the HF approxi-
8 mation for the(01) stripe phase with site-ordered nonmagnetic do-
main walls até=1/8 for U=12t, along the main directions of the
FIG. 4. Energy per doped hol&, /t in the stable stripe phases 2D Bz, with I'=(0,0), X=(m,0), Y=(0,7), M=(m, ), and S
(filed symbol$ and in the doped paramagriempty diamondsfor = (7/2,7/2). The largest spectral weight is found in white regions
U=12. The stable stripe phases are foundsat0.20: diagonal  petween the grey lines.

structures of Fig. 1square} site-centered0l) stripe phases of Fig.
2 (circles, and bond-centered0l) stripe phases of Fig. 3tri-

angles above, and the energidg(5) and E[(5) merge aboves

=0.20. This estimate agrees well with the observed gradual
The stability of stripe phases at>0 depends on the ten- d|sapperz:1renc¢ Ofl c(;jhar_g% inhomogeneities ip_LALCUO,
dency towards phase separation which may be investigate%bovet € optimal doping.

by the dependence of the energy normalized per one doped
hole,13 IV. SPECTRAL PROPERTIES OF STRIPE PHASES

1
ER(5)= 5LEa(9) —Ear(0)], (22) A. Metallic stripes in dynamical mean-field theory

In this section we want to concentrate first on two ques-
on doping 6. Here Ey(6) is the ground-state energil3) tions related to the stability of stripe ordering in doped anti-
found for the most stable stripe phase at dopifigand ferromagnetsti) what is the mechanism which stands behind
EAr(0) is the reference energy of an AF state in a Mottthe stripe ordering; andi) how different is it from the well-
insulator ats=0, both found within the DMFT. As shown in  known instabilities in HE? which are related to the extra
Fig. 4, the energ)Eﬁ( 6) is a monotonically increasing func- periodicity of the SDW or CDW type? We will show that
tion of doping, showing that thstripe phases are stable many-body correlations stabilize the stripe structuvehout
against macroscopic phase separatidile also note that it this symmetry breaking, and thus the resulting states pre-
starts to increase somewhat faster with increasimdnen the  serve to a large extent a 1D metallic behavior along the do-
doping exceeds 1/8 which demonstrates a better stability ghain walls. To illustrate this point, we focus below on the
the (01) stripe phases at<1/8 and confirms that the doping spectral functions obtained in tti@1) stripe phase for a rep-
5=1/8 may be considered as optimal for th@l) stripe resentative value of=1/8, using three different approxima-

phases. tions: (i) the HF approximation, with théstatig local poten-
In contrast, theuniform paramagnetic phase with the en- tials (5) determined self-consistentlyii) the so-called
ergy per hole given by generalized HRGHF) approximatiorf,” where the charge
P fluctuations result in static screening of the local magnetic
En(9)= S[EP( 8)—Ear(0)], (22 potentials, andiii) the full self-consistent DMFT approach

which includes both static screening and the dynamic corre-
decreases fast at low doping, and has a minimund,at lations.
=0.16, with EE(&m):—Z.ZS (—1.94) for U=12 (U In order to address the above questions and to explain
=8t). This indicates a generic tendency of the paramagnetibetter the main features found in the spectral properties ob-
phase towards phase separafibas the lowest energy found tained for the stripe phases, we present first the spectral func-
at the minimum otEf]( 8) can be obtained just by separating tion (20) of tight-binding electrons moving in local magnetic
the sample into the hole-podAF domain and hole-rich  potentials(5) corresponding to the magnetic domains of a
(domain wal) regimes at any concentratioh< 6,,, follow- (01) stripe phase. The self-consistently found stripe structure
ing the Maxwell construction. It explains that the stripe within the HF approximation is similar to that shown in Fig.
phases are just a natural consequence of this instability, artl and the hole motion is coherent along the domain walls, as
the energy per hole found in theﬁﬁ(g) is only somewhat described by a 1D spin-degenerate band with dispersion
lower thanEﬁ(ém). Doping beyonds,, soon destabilizes the .
stripes due to the domain-wall fluctuation as discussed g = — 2t cosky. (23
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TABLE I. Values of local magnetizatiom;=|(S7)|, and the on-site energy contributios/t (26) as
obtained in: HF, GHF, and DMFT for th@1) stripe phase af=1/8 (Fig. 2).

m; Vi It
i Ui/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 0.359 271 2.62 1.54

It crosses the Fermi energy at k=(0,7/4), (m,mw/4), the DMFT, and consider first the generalized EGHF) ap-

(m/4,7/4), and equivalent points. proach in which the local Coulomb potential®) are
The result of a numerical calculation obtained for the dop-screened by particle-particle scatterttg? and are thus re-

ing of 5=1/8 is shown in Fig. 5. For this doping the mag- placed by effective site-dependent potentials,

netic unit cell contains agaifas in the DMFT eight atoms,

and therefore one finds eight bands. The bands at low energy _ U

—4t<w< —2t result from the propagation of a hole within Ui:—pp,

the AF domains, and their top marks a large Mott-Hubbard 1+Ux™(0)

gap which separates the lower Hubbard bertdB) fromthe  \ith the renormalization obtained by a static particle-particle

upper Hubbard bandJHB) (not shown in a Mott insulator kernel kg=1)

atn=1. The doped hole moves independently from the other '

fermions and does not couple to the AF background in the

HF approximation. Moving along the high-symmetry direc- Xi"p(O):TE Gi(iw,)Gj | (—iw,). (25

tions, parts of the bands have either only a rather weak spec- v

tral weight, or even vanish in the background. It happens fo . .

these parts of the BZ which lie outside of the AF folded The calculations of the above vertex functigfi®(0) were

zone, and the large weight is then found instead in the UHBperformed at finite bu.t low temperatuWezo.OEt,. using th_e
similar to a single hole doped to the Mott-Hubbard AF formalism developed in Ref. 55 for the magnetic states in the
- SUlator® Hubbard model. As found befofé>°the strongest screening

Hole doping results in new dispersive states within theOf U occurs at nonmagnetic sites, while it gradually de-

Mott-Hubbard gag? two (due to the folding of the Bgmid-  C'€ases with increasing local magnetizatiop=(S). The

gap bands shown in Fig. 5. These quarter filled bands ar}éalues of the screened potential are given in Table I. At the

crossed by the Fermi energy=0, and the system is metal- @nmagnetic domain-wall atoms one finds the screening of

lic. An additional periodicity due to either a SDW or a CDW Ui/U=0.273 at5=1/8 which is changing drastically the
which might form along the domain walls would cause theproperties of electrons/holes from strong to weak correla-
gap opening at the points where the Fermi level is crossed bjjons. As a result, the electromethin the domain walls be-
the 1D bandzg) and thus lower the energy. However, such a ave diﬁerently and are still in the Weakly correlated metal-
gap would be small, and would not be sufficient to stabilizelic regime, while the electrons within the AF domains
these structures globafty.More importantly, such dispersive experience an almost unscreened interaction, responsible for
features at low energy are in striking contrast with the speca large Mott-Hubbard gap in the electronic structure. Thus
tral densities measured in ARPES experiments folone encounters within the GHF an unprecedented separation
Lay ,dNdy 61y 1CUO, (Ref. 39 and La_,Sr,Cu0,,*® where  into almost uncorrelatedlD electron gas coexisting with
no spectral weight was found at the Fermi energy and C|OS§troneg_ correlate_delectrons responsible for the observed
to it along the(11) direction, in particular at the#{/4,/4) magnetic properties. The electron correlations cause also
point. The result of Fig. 5 shows, however, that a systenfome decrease of the magnetization which is more pro-
with an empty 1D band23) would be stable due to a large nounc.ed at the atoms next to the domain wédkse Table |
gap, being~1.8 for U=12, which separates this band and Fig. 2. o o
from the remainindfilled) bands of the AF background. This ~ The bands calculated within the GHF approximation are
case corresponds to the filled stripes observed in the nickthown in Fig. 6. We have found that both the screening of
elates, which are more classical and thus the HF picture ical potentialsU; (24), and a more uniform magnetization
here closer to realit}*° It is straightforward to verify that distribution than that determined in HF play an important
such a phase is indeed more stable in the HF approximatiorole and modify the electronic structure. As a result of the
as its energy per one doped héRd) is lower. local correlations, the gap between the 1D bands and the
We have shown in Sec. Ill A that electron correlationsremaining AF bands closes, and tfempty mid-gap bands
stabilize the half filled stripe phases fé<1/8, and partly  hybridize strongly with théoccupied AF bands in the LHB.
filled stripes for 1/8 §<0.20. The reason of their stability Therefore some parts of the 1D band close to the Fermi
becomes clear only when the spectral functions are investenergy lose their weight along ttie-Y andI’ — S direction.
gated beyond the HF. We will distinguish now between theOn the contrary, the spectral weight along the X direction
static and dynamic correlations which are both treated withirwhich vanishes close to thé point, becomesnhancedat

(29)
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DMFT, the change of the spectral functions from the GHF to
the DMFT solution is even more dramatic than that between
the HF and GHF results reported above. First of all, the
spectral weight moves towards the Fermi energy forkhe
points which belong to the AF BZFig. 7). In this part of the

BZ a large weight is found below the Fermi level — it
consists of thecoherent QP bandvith dispersion~2J at
low energy(close tou), and theincoherent partwhich ex-
tends in a range of-6t<w<—t. The latter has a rather
characteristic weight distribution, with the large weight at
w=—>5t near thel' point, where the HF and GHF bands
have their minima. This may be considered as a precursor
feature of a free band with large dispersion af &hich is

FIG. 6. Spectral functior\(k,w) as obtained in the GHF ap- finally obtained within the .LHB in the limit OanO. (0
proximation for the(01) stripe phase at=1/8 for U=12. The —1). The large spectral Welg.ht fOlfmd at- u= —5t.m|ght
meaning of different symbols as in Fig. 5. be also_ understood as an antibonding state, resulting from the
scattering processes at the correlated SIAM. It marks the
low-energy edge of the LHB which has, together with the

(@-u)ht

the X point and stays there below, as experimentally . o .
observed®S The 1D band, still quite similar to the HF ' o oo photoemissiodPES part which extends up t@

band, almost merges with an AF band below it, and in first_.'ulzzrt]’ Ith('.} w;:jth OfMZt’Igge same as found before for a
approximation one might be tempted to consider the disper§Ing e hole in thd-J model.
The coherentQP mode occurs as a consequence of the

sive feature along thE —X—M line as a single QP band of . . ! ; ; .
a large dispersion. This approximation predicts therefore thaii(:gplggé):igergov\c:?h%nh?rllzt%iﬂp;r}flgst?ﬁélogli\%g;e ISrEFc)Emy

;rbzrr‘?h\évr;t?hgt?fsg‘egsrﬁg_OZStstéotgli}{ster}f r%?r:]f‘g‘é <ogg,erve rocesses were absent in either HF or GHF static approaches.
9 9ap : Mg ere we find that the on-site spin dynamics is sufficient to

lcgc;[hIZrASZii i)é;:eghmeg:?é(;rrgs ?Asepi;s'z?ir:eﬁzaﬁoggzir]:/ar_enerate a polaronic band, similar as it does for a single hole
) 9 - Supp y P : n an AF Mott insulatof® We emphasize that the momentum
tions. The polaronic band at the energy scale-dfis absent

. . S ) dependence of the QP pole follows in the DMFT approach
in this approximation, as the local scattering processes of 8ntirely from the kinetic energg6), which becomes strongly
hole (;]n spin excitations are neglected within the GHF 4Prenormalized by the hole-magnon scattering down to a new
proach.

Dynamical correlations included in the DMFT modify energy scale-J. The QP dispersion extends over the energy

. . range of~0.7t=2J, with J/t=4t/U=1/3. As expected, the
both this ground state and the spectral properties. They af olaronic band is distinct only within the AF BZ, where the

responsible for an even larger reduction of magnetizatio : . . Lo ;
within the AF domains than that induced by the renormalizedl o;;at;r;(cir;%sdlsiierSI?nn lfr?et:aello:r\\/eth(gPF\?vreTlh?r;r?c?eézses
potentials(24) within the GHF. Altogether, the magnetic mo- _ . X ky s N g ' 9 )

. with the decreasing distance of from w, as also found in
mentsm; are reduced by-40% and~24% with respect o o4 51646156t the weight is somewhat differently dis-
the HF values at the first and second neighbors of th ' 9 y

domain-wall atoms, respective(ffable ). Due to thew de- ribut_ed from that foun_d fqr a _single hol_e in the self-
pendence of the Iécal self-energy which follows from theConSIStent Bom approximatich, with a_particularly large
spectral weight near thie=(,0) point. The weakest QP is

found near thd” point, where more spectral weight is trans-
ferred to new incoherent structures which are generated at
lower energies, while the QP spectral weight increases near
the X, Y, andS points. The spectral weight is belowin the
remaining part of the BZ4,> u), where only shadow QP’s
are visible close toX, Y, and S points, and the incoherent
spectral weight is very weak indeed, particularly at e
point. This shows that the electronic states atlthend at the
M points are of completely different origin, and the matrix
elements are of crucial importance when the spectra in the
full BZ are constructed from those determined in the reduced
AF BZ.
“r X M Y r s M In the IPES par(at w>u), the spectrum changes in an
even more dramatic way. The 1D band is washed out and
FIG. 7. Spectral functiod\(k,w) as obtained within the DMFT instead a new dispersive feature develops which resembles
for the (01) stripe phase ap=1/8 for U=12t. The meaning of the top of a 2D tight-binding band, with a similardepen-
different symbols as in Fig. 5. The intensity of grey scale is propor-dence for thd”— X andI" —Y directions. By comparing the
tional to the spectral weight. present result with the HF band structure it is clear that this

(@ - )it
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é FIG. 9. Spectral functio\(k,w) (left pane) and the density of
qu I states N(w) (right pane) of the stripe phase ats=1/12
T ! ,‘,‘xi; for U=12t. The meaning of different high-symmetry points is as in
Ml 2 Fig. 5.
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-12-8 -4 0 4/t 8 12 16 20 which may participate in such states only due to their hybrid-
,

ization with the neighboring magnetic atoms within the AF

FIG. 8. Real(top and imaginary(bottom) part of the local ~domains.
self-energy,; (w) as obtained within the DMFT for the site-
centered(01) stripe of Fig. 2. Full, dashed, and long-dashed lines B. Doping dependence
correspond to the atoms at the domain wak=0Q), and to the
majority spin at the firsti=1) and secondi& 2) neighbor of the
domain wall, respectively.

Let us investigate now the changes of the spectral func-
tions A(k,w) under increasing doping. We begin with the
(01) stripe phase in the weakly doped regime &t 1/12
(Fig. 9). First of all, the characteristic spectral features in the
feature has no relation to the QP states ofttdemodel, but | HB (the QP states at low energies0. A< w<0, and the
instead may be considered as a shadow of a free tighincoherent part at high energias< —t) have again signifi-
binding dispersion in a strongly correlated stripe phase. Thiszant weight within the AF BZ, while the coherent mode in
in fact, demonstrates that the one-particle excitations inhe IPES part ¢>0) is found outside the AF BZ, similar to
doped antiferromagnets have a very different nature belowhe case o= 1/8. As in thes= 1/8 case, the flat part of the
and above the Fermi energy. QP band close to thi point is belowthe Fermi energy,

The reasons for such strong changes of the spectral fungmd has an even larger spectral weight, as this channel of the
tions by dynamical correlations included within the DMFT hole dynamics is more important at low doping when the AF
become more transparent by looking at the self-energy. Neajomains are still large and the hole-magnon coupling is more
w=u local self-energie&;,(w) calculated for atoms=0,  pronounced. The polaron band is more distinctsat1/12
1, and 2, respectively, exhibit the Fermi-liquid behavior with than at5=1/8, in agreement with the ana|ysis of the wave
Im3,;,(w)>w® (Fig. 8. We note, however, that our result is function within the string pictur&® At the same time, the
a Fermi liquid by construction, and the spin and charge ordeyyeight in the low-energy IPES part is still low as there are
encountered in stripe phases, as well as the doping depepnly few empty sites, but the dispersive featurewat0 is
dence of the chemical potential?* indicate instead a non- already quite distinct.

Fermi-liquid regime. The separation into weakly and e perfomed an extensive numerical simulation of spec-
strongly correlated electrons is also observed in the selftral functions and found out that local magnetic energy con-
energies 2, (w). While both atoms within the AF domains triputions,

are similar, the dynamics at the domain walls is remarkably

different due to the absence of the magnetic symmetry break- V, =U; (§F)2=U; m?, (26)

ing term, and a strong screening of the local interactign A -

This difference is particularly pronounced at=2t, where  shown in Table | for6=1/8, play a crucial role not only for
the QP states are practically absent within the AF domainghe stripe stability, but also determine the PES weighj at
and would have there a very short lifetime. In contrast, thdor the k= (7/4,7/4) point. At the doping of6=1/12 the
almost undamped excitations are possible at the domaispin densities found in the DMFT giv¥¢;=0.9% and V,
walls themselves. This behavior demonstrates once again the2.0%, whereV,; andV, are the above energy contributions
quasi-1D metallic nature of th@l) stripe phases, with the (26) for the first and second neighhbor of the domain-wall
hole hopping along the domain walls, being almost un-atoms, and lead to strongly suppressed PES weight at
damped by the scattering off the magnetic excitations. Wéw/4,7/4). In contrast, increasing hole doping reduces these
also observed that the states in the UHBwat 10t have a  energy contributions. For instance, fé=1/8 doping one
rather low lifetime, in particular at the domain-wall atoms finds V,=0.8& andV,=1.54 (see Table )l Therefore the
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FIG. 10. Spectral functiol\(k,w) (left pane) and the density FIG. 11. Spectral functiorA(k,®) in the low-energy part as
of statesN(w) (right pane] of the stripe phase af=0.15 for  obtained for thg01) stripe phase aé=1/12 forU = 6t. The mean-
U=12. The meaning of different high-symmetry points is as ing of different high-symmetry points is as in Fig. 5.
in Fig. 5.

stripe order is here less stable thandat1/2 and tends to microscopic reasons of this behavior follow from the struc-
disappear gradually abov@=1/8, which is accompanied by ture of the spin polaron, investigated in detail by Rakand
a shift of the QP peak at th¥ point from the PES to the Horsch® An example of the spectral function obtained when
IPES part; ats=1/8 it is still almost precisely located at the U is reduced by a factor of 2 down té= 6t is illustrated in
Fermi energyu. Fig. 11. The QP band is now found betweer — 1.7t and
With increasing doping the intensity is redistributed, as —-3t, being again quite close taJ2-1.33 and showing that
shown in Figs. 7 and 10. First of all, the weight of the dis-the low-energy QP in the PES part is indeed of the polaronic
persive state at@ <2t increases, as the spectral weight is origin. The spectral weight near tepoint feature above
transferred, both through the Fermi energy from the occupie@xtends also to higher energies thatJat 12t, which proves
to the unoccupied part of the LHBw<0), and from the that the dispersion in the IPES part is strongly renormalized
UHB down to the IPES part of the LHE. We emphasize by the hole-magnon scattering.
that although a still simplet-J model with the nearest-  The evolution of low-energy features of the spectra in the
neighbor hopping elememtwhich was recently successfully range of—2t<w<0 with increasing doping, shown in Figs.
applied to describe several transport propefileis,misses 7, 9, and 10, agrees very well with the recent results of the
part of the dynamics due to the three-site terms, and does n&RPES experiments on hLa,Sr,CuQ,.** First of all, in the
reproduce correctly the spectral weight transfers between thgeakly doped regime the top of the QP band is found at
Hubbard subband®. Therefore this simplification would not about—0.4 eV below the Fermi energy,* and it has a
be appropriate for investigating the spectral properties agimilar intensity at the local maxima at theand S points,
higher doping, particularly not in the regime of the IPES atwith the maximum at theS point being somewhat closer to
low energy. w, as expected from the shape of the QP band=a6 556!
Also below the Fermi energy the spectral weight is modi-At 6=0.05 a new feature appears at igoint close tou,
fied and moves to higher energies, with the weak maximunand its intensity increases rapidly with the doping updto
of incoherent states found arounsk=—3t at §=0.15. It =0.12. Simultaneously, the maximum of the spectral inten-
replaces two maxima found before at=—2t and w= sity moves towardg:, and is very close but still below the
—4.5% at §=1/12, while the incoherent spectral weight is Fermi energy at=1/8. This is precisely what we have also
smeared out over a broad energy range-@t<w<—t.  foundin the present DMFT approach. Indeed, the QP peak is
This shows that the AF order within the domains is graduallywithin our resolution precisely at the Fermi energy ®r
weakened by doping and the hole dynamics becomes more 0.15(Fig. 10, while its maximum is somewhat broader at
incoherent. This interpretation is also supported by the delower doping and lies about 0..%elow u at §=0.08. This
creased spectral weight within the QP band close 0. shift by 0.15 fits remarkably well to the shift of about 0.07
We observed only weak changes in the spectral functionsV betweens=0.07 and5=0.15, found in the experiment of
at 6=0.1875 doping, which shows that the actual charge andho et al. (see Fig. 2 of Ref. 46 The QP maximum has
spin distribution plays only a secondary role and does noalmost no dispersion in a range lofbetween (3r/4,0) and
modify the spectral properties. They are mainly determined s, 7/4) along thel'—X—M line, as observed experimen-
by the renormalized mid-gap band and by the polaronidally. As we explained in Sec. IV A, this behavior is charac-
band, in presence of the symmetry breaking betweethe teristic for the metallic stripes.
and(10) directions. If the value of) is decreased, the system  The second characteristic feature observed byelral. is
becomes weakly correlated, the magnetic interacti@h the broad maximum ab~ —0.6 eV belowu (see Fig. 4 of
=4t?/U increases, and the length of the string of overturnedRef. 45, with its intensity decreasing fast under increasing
spins, being proportional td~ Y3 decreases, but th@®1)  doping. We could also identify an intermediate energy fea-
stripe phase is still stable in a broad regime of doping. Thdure atw=—1.7 in our calculations, being particularly pro-
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nounced at low doping both at tiveandS points, which next 2

: T
broadens and almost disappears around the optimal dopirx |3§=0.08 :
6=0.15. We interpret this feature as the high-energy edge < / \{

|

the incoherent states in the LHB. However, we note that theX<
experimental data give a large spectral weight aroundxthe
and S points, while in our calculations this feature is also
strong around th&' point. Of course, one has to realize that
the present calculations do not include the matrix element
which are responsible for the final shape of the PES spectri
and thus we cannot expect a perfect agreement, in particuli
in the high-energy regime, where multiple scattering beyonc
sudden approximation is of importante.

rr%%&

C. Pseudogap in the metalliq01) stripes

X Akw)

ligoes

The gross features of the spectra such as the Hubbal
subbands separated by the large Mott-Hubbard gap appe
due to on-site correlations induced by the large Coulomt
interactionU. They arise independently of the type of mag-
netic order, and were found before for spiral phases and fc
paramagnetic systems at high temperatfifeBy contrast,

s

the low-energy QP’s depend on the actual magnetic order. A, b~ | < [ N

a consequence of the stripe ordering, the spectra found alor -1.0 -0.5 0.0 0.5-1.0 -0.5 0.0 0.5-1.0 -0.5 0.0 0.5
theI'=X—M path are not equivalent to those along fhe (o—p)/t (-t (o—p)/t
—Y~—M one; at theY point the polaronic band stays well

below «, and the spectral weight at= u almost vanishes. FIG. 12. Spectral function&(k,w) along the main directions of

Also at theS point the QP band stays below=u and a the 2D BZ as obtained in the stripe phases at dopifig:1/12
pseudogap opens. On the contrary, the feature close t& the(upper panelsand 5=0.15 (lower panels The meaning of differ-
point changes into a flat QP state with a large intensity at th&nt high-symmetry points is as in Fig. 5.

maximum, which is close to but still below=u for the

present doping level of=1/8. It can be seen as a superpo-ties, specific-heat measurements, magnetic neutron scattering
sition of the flat 1D band for the holes propagating along theand nuclear magnetic resonance, also indicate that a
domain walls, and the spin polaronic band which stands fofpseuddgap opens around the Fermi energy in the supercon-
the hole propagation within the AF domains. As a result ofducting cuprate§? Our calculations show explicitly that the
strong hybridization between these two bands, we find thagap at the Fermi level follows from static stripes in
the coherent structure is almost flat also betwker(#,0),

and k= (7, 7/4), where it finally crosses the Fermi level. 1.8 : .
This last feature agrees with tlkedependence of HF bands
near theX point, but not near the othdr points. Altogether, 1.6 ]
the overall spectral weight distribution is quite different from §=0.19
the naive expectations based on the HF bands of Fig. 5, and 141 |
does not agree with a partly filled spin polaron band which 12 )
might be expected for the holes moving independently of
each other within the AF domains. 1.0
A particularly interesting result is obtained along tKe Ee'
—S—Y direction, with the QP peak which splits off at al- 0.8
most all thek points, except in the vicinity of th& point
into two structures below and above the Fermi enetgy 0:8
separated by a gajfrig. 12). Also almost no spectral weight 0.4
at u is found along thd”— X andI’ —Y directions, resulting
thus in a distincpseudogapn the density of state@-ig. 13. 0.2
It opens between the polaron QP band and the mid-gap band
which is so characteristic of the metallic stripe phise. 0.0

-8 -6 -4 -2 0 2

The experimental evidence of a pseudogap, which has (-t

been observed in the normal phase of all HTS'’s, comes in

first place from the ARPES experimenifs!® Other experi- FIG. 13. Evolution of the density of statéw) as obtained at
mental techniques which do not provide information aboutdoping §=0.04, 0.06, 0.125, and 0.19, in the stable stripe phases
single electronic states, but involve a transition from an ini-for U= 12t. The pseudogap visible at the Fermi enetgy u sepa-

tial occupied to a final empty state, include transport properrates the PES from the IPES part.
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the vertical(01) stripe phase with a single kink along the domain
8 wall within an 8x 8 supercell, fors=1/8,t' = —0.33, t"=0.11%,
andU=12t.
FIG. 14. Density of stateN(0) at the Fermi energy as obtained
in different stripe phases f&J = 12t: diagonal(squares site-center  onstrates that the low-energy spectral weight, and the ther-
vertical (circleg and bond-center verticéfriangles. Large (small modynamic propertries at low temperatures in the normal
symbols .correspond to the totgl density of states and to its part.dl,ﬁhase’ are to a large extent driven by the 1D metallic behav-
to domain-wall atom, respectively, both normalized to the stripejg, along the stripes in La ,Sr,Cu0,. Only in the diagonal
supercell. structures a$=0.05 the contribution of the domain-wall at-
oms is less significant, as the walls are then more delocalized
La,_,Sr,CuO, compounds and may be considered as ar{s€e Fig. 1, and cannot be represented by contributions from
electron correlation effedn the electronic structure. It opens individual atoms in the center of the walls.
in the density of statedl(w) aroundw=0 with the onset of
stripe phases, and persists in the whole regime of dopin
0.03<6<0.20, where the stripes are stable, but graduallyg' STRIPES IN THE MODEL WITH EXTENDED HOPPING
fills up with the spectral weight when the stripes mélig. One of the outstanding questions is why the stripe phases
13). The large peak itN(w) found foro—u>—0.7t in the  are not observed in the Y- and Bi-based HTS’s. We argue that
PES part, which originates from the QP polaron band, is welthe principal reason why these phases are unstable are higher
separated from the domain-wall band in the IPES part. Thealues of the second and third neighbor hopping than in
features at lonw<<—t are more and more smeared out with La,_,Sr,CuQ, compounds, and these hopping processes de-
increasing doping, showing that the scattering within thestabilize the(01) stripe phases described in Sec. IV. One
LHB becomes gradually more incoherent. expects that for more extended hopping quantum fluctuations
As the pseudogap opens right at the Fermi energy, thehould give another energy contribution which would desta-
density of statedl(0) atw=0 is rather low. In fact, the large bilize the (01) stripe structures in the higher doping regime.
spectral weight close ta at and near th& point falls within ~ Although we could not obtain such energy contributions
the pseudogap in the range of doping 8s05<0.15, but it  which follow from the fluctuations of the stripe structures,
has low weight in the integrated spectral density. We havave investigated the effect of a single kink along ttte)
found that it increases almost linearly when the dopihg domain wall in an &8 cluster, which stands for the mag-
increases in the range of 084<0.15 (Fig. 14), and next  netic stripe supercell in this cas€ig. 15, using the DMFT.
flattens out and even slightly decreases wher0.17, where  For the doping o= 1/8, which is optimal for th¢01) stripe
the stripes melt and the spectral weight at thepoint is  phase with the magnetic unit cell consisting of eight atoms,
already above the Fermi energy. The dominating contributiorthe kink costs energy dt =0, as it disturbs the hopping of
to N(0) comes from the QP structures near ¥point, and  holes along the vertical domain wall$able Il). Smallt’, as
shows a similar increase to that obtained by énal. for the  found in La_,Sr,CuQ,, has almost no effect on the energy
integrated spectral weight at thepoint®® The results pre- of the (01) stripe phase — in fact the energy cost of forming
sented in Fig. 14 indicate that a maximum observed imthe a kink even slightlyincreasesup tot’=—0.1t, and we be-
coefficient of the low-temperature specific h&a€,~yT, lieve that this follows from the proximity of the Fermi en-
proportional also to the effective mass*, develops as a ergy to the van Hove singularity in the noninteracting band
natural consequence of the crossover from the stripe phasegructure, which moves to lower energies at finit@® This
stable in the normal state of La-based superconductors, to tregrees with the softening of the stripe tension which was
Fermi-liquid regime above the optimal doping. observed recently within the effective band motfeHow-
It is remarkable that the domain-wall atoms contributeever, att’/t<—0.1 the opposite trend was observed, and the
about one third ofN(0) in the (01) stripe phases, almost energy to form a kink decreases fast with increasthlg and
independently of the size of the charge unit cell. This demfinally the wall with a kink becomes favored Ht< —0.3.
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TABLE II. Energies per holé21) obtained using an 8 8 stripe
supercell in the(01) stripe phase: without By /t), and with
(Exnk/t) a single kink along each domain wédhown in Fig. 15,
and the energy differenc®E/t=[E,— E(oy)]/t, for different val-
ues oft’/t. Parameters6=1/8,t"=—0.5', andU=12.

t'/t E(on/t Egink/t AE/t (X107°9)
0.0 —2.3599  —2.3499 10.0
—-0.05 —2.3444  —-2.3340 10.4
-0.10 -—2.3788 —2.3664 12.4
-0.15 —2.4190 —2.4132 5.8 :
—-0.20 —2.4738 —2.4684 5.4 r X M v r s M
—-0.25  —2.5462 —2.5418 4.4
-0.30 —2.6218 —2.6220 -0.2 FIG. 17. Spectral functiol\(k, ) of the (01) stripe phase at
—0.35 —2.7300 —2.7468 -16.8 6=0.15. Parameters are the same as in Fig. 16.

hybridizes again with the mid-gap band induced by the non-

. . ..magnetic domain-wall atoms just aboue=0, and thus these
Thus the regime of parameters encountered in the HTS wit o features happen to merge at tepoint, a dispersive

.TC: 100 K'is characterized byransverse kink quctuation§ state continues along the thé—M line, and crosseg at

in the _nor_m_al state. Wfa believe that these _strong quctuatlons:(W,WM), quite close indeed to the ,intersection expected
along individual domain walls are responsible for the appare; the corresponding band structure in the HF approxima-
ent difficulty to observe the static stripes in these com+jon, This strong hybridization near thépoint is responsible

pounds. . _ for the metallic behavior of the system in the verti¢al)
If the hopping becomes more extended, and the effectivgtripe phase.
Hubbard model contains also sizable secotid=(—0.33) Due to the increased diagor(all) hopping, the gap which

and third ¢"=0.17) neighbor hopping? several changes in opened beforéatt’ =0) at theS point (Figs. 2, 9, and 10
the spectral functions occur. Here we present the data olgioses, and the polaron band continues smoothly through the
tained for(01) stripe phases which are believed to be repre+ermi energy. This band has now the largest dispersion along
sentative also for fluctuating stripe phases. Although thehe I'— S direction, similar to the one-hole ca8eand the
spin-polaron band appears again below the Fermi engrgy hybridization with the mid-gap band enhances the coherent
=0, it is modified in a similar way to that known from the spectral weight of the QP state close to Bipoint. On the
earlier studies of a single-hole dispersion in ti¢-J model  contrary, the polaron band does not hybridize with the mid-
(Fig. 16.°” Due to the diagonal hoping elemetitthe dis-  gap state at th¥ point, where an even larger gap than in the
persion along thel’—X and I'-Y directions decreases, t'=0 case opens at. Nevertheless, when the spectral den-
while it remains almost unchanged along the diagdnal sity is integrated over thk points, the large spectral weight
— S direction, giving again a QP bandwidth close th. Zhis  found aroundw=p close to theS and equivalent points
induces rather strong changes in the overall distribution ofjominates at low energies in the present spectra, and is re-
the spectral weight at low energies. At low dopifg-1/12  sponsible for the closing of pseudogap. It agrees very well
the polaron band is found well below at the X point, and  with the sharp peak observed @t both for the underdoped
the QP state at this point is rather broad. However, this bandnd overdoped BBrL,Cu,Og, y .%
With increasing doping the dispersive state abavbe-

comes more distinct, and starts to hybridize with the polaron
’ band even at th¥ point, where no spectral weight was found
before (Fig. 17). This change occurs as the hole penetrates
now easiercrossthe domain walls due to a more extended
hopping. In fact, the mid-gap state close to ¥heoint almost
merges with the maximum of the QP band along kheY
line, showing that two different physical processes are re-
sponsible for the low-energy spectral properties at this point.
The pseudogap does not open also at the higher doping due
to a large spectral weight along tti&l) direction, what is

m consistent with our expectations confirmed by the experi-

| ment that theg01) stripes are unstable for the present values
Y r s ™ of the hopping elements! =—0.33 andt”=0.1%.

FIG. 16. Spectral functiof\(k,w) of the (01) stripe phase at VL. SUMMARY AND CONCLUSIONS

6=1/12 for U=12t, and with the extended hoppinty:=—0.33
andt”=0.17. The meaning of different high-symmetry pointsisas ~ We have presented a generalization of the DMFT ap-
in Fig. 5. proach to stripe phases in the Hubbard modelat0. This
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approach, combined with the ED method to determine thenid-gap band found in the HF approximation for the stripe
local self-energies, allows us to obtain the evolution of stripesuperstructure, but is strongly renormalized by spin fluctua-
phases with increasing doping which agrees remarkably wetions.
with the experimental observations in 1g§Sr,CuQ, mate- The changes of the polaron band under increasing doping
rials. The present study demonstrates the importantecaf ~ demonstrate that the rigid band approximation does not ap-
correlationswhich play a crucial role in stabilizing the stripe ply to the electronic structure of stripe phases, and the QP
phases having the same periodicity and regions of stability adispersions determined for a single hole moving in an AF
observed experimentalf?®*°We have verified that inaccu- background®®can only be used to interpret the experimen-
rate forms of the self-energy lead always to higher energietal data at very low doping=0.03. The strong renormaliza-
per doped hole, and the presented here stripe ordering t®n of the QP band with the mid-gap band plays a prominent
destabilized. role in breaking the symmetry between tendY points in
While the tendency towards charge and spin ordering in 401) [or equivalent(10)] stripe phases. The noninteracting
form of stripe phases may be understood as a compromisaid-gap band lies well above the Fermi energy at the
which follows from optimizing the kinetic energyt and the  point, and thus the polaron band is here only weakly influ-
magnetic energy<J at the same time, the detailed mecha-enced, and a gap for charge excitations opens at the Fermi
nism of this instability is still under investigation. First of all, energy. Similar weight distribution, with a gap for charge
the HF studies have clarified that the largest kinetic energgxcitations was obtained at tige= (7/2,7/2) point, and the
gains are obtained due to the hopping eleméntperpen-  noninteracting band crossing at k= (7/2,7/2) was elimi-
dicular to the (01) stripes by the solitonic mechanisth!’  nated. On the contrary, the hybridization between the polaron
while the elementg; parallel to the (01) stripes are less band and the mid-gap band is very strong close tothe
important for their stability. Therefore it might be expected =(,0) point, resulting in a flat QP state which is almost
that the stripe ordering will always tune the direction of thepinned tou. It staysbelow x at dopings§<1/8, and next it
domain walls along a weaker hopping in the anisotropicapproaches the Fermi energy, passes it, and finally moves to
model, realizing the conditioh, >t, and indeed this trend higher energiesabove u when the(01) stripe phase gets
was confirmed by recent numerical simulations within theoverdoped. This explains the physical origin of the flat QP
t-J model®® In contrast, there are more parallel AF bondsstate observed near thepoint in La,_,Sr,CuQ,.*®
than perpendicular ones to the direction of (henmagneti Our conclusions concerning tkedependence of the spec-
domain walls, and therefore an increasing superexchandea are similar to those obtained recently by simulating the
parallel to the domain walls); will have a stabilizing effect stripe phases either in an analytic approach of btand
on the(01) stripes. We expect that these tendencies are gerEder;* and in numerical studies using either a cluster pertur-
eral and occur in théll) stripes as well, with the second bation theory’? or the Monte Carlo methotf.All these stud-
neighbor hoppingt’ across the(11) stripes and exchange ies have shown in a very transparent way that electrons cor-
elements)’ along them playing a similar role for the stability relations present in strip@®1) phases are responsible for the
of such phases. strong hybridization between the spin polaron band and the
The main conclusions of the present study concern thenid-gap stripe band which leads to the flat QP state near the
spectral properties of the stripe phases. The spectral fune¢ point, and for a gap which opens at tBepoint. It was
tions A(k,w) obtained within the DMFT for the stripe pointed out recently that the above features observed in PES
phases, analyzed here for a realistic value of the local Cowsould be simulated in thé-J model only after including
lomb interactionU = 12t, consist of the LHB and the UHB, anisotropic spin-spin interactions on the domain wills.
separated by the Mott-Hubbard gapJ, and these dominat- Such terms replace in their phenomenological approach local
ing features manifest the strong correlations and are thueorrelations which were shown by us to give different
almost independent of the magnetic order. In contrast, thecreening olJ; (24), depending on the atom position in the
spectral weight distribution near the Fermi enefgys very  stripe supercell.
sensitive to the type of magnetic order and allowed us to As a second important conclusion, stripe phasesnae
identify the spectroscopic consequences of the stripe phaseaallic, and we could not confirm thiesulatingstripes discov-
We could derive systematic changesAfk,») within the  ered in the HF studies'® Instead we show that the physical
LHB when the system is doped and the ground state changgsocesses of dynamical nature which occur at low energies
from the AF insulator a=0 to stripe phases a>0. The  play a decisive role for the metallicity of stripe phases. Pre-
doping modifies strongly the LHB and leads to three maincisely for this reason the coupling between a hole and spin
features atw< u: (i) incoherent part at low energy— u~ excitations cannot be neglected, if the spectral properties are
—4.8, (ii) folded bands due to stripe supercell at intermedi-investigated. Our study demonstrates that the metallic behav-
ate energyw— u~ — 2.0, and (iii) low-energy QP states of ior occurs notably due to quantum fluctuations which
the spin-polaron band. These distinct features of the LHBstrongly screen the Coulomb elemerds on the domain
agree very well with recent QMC calculatiofsWe empha-  walls, which coexist with much larger magnetic potentials
size that the low-energy polaron band represents a coherewithin the AF domain walls. As a result, the spectra show
part of the LHB, and appears as expected within the Mottsimultaneously features characteristic to bstfongly and
Hubbard gap in a strongly correlated system. At the sameveaklycorrelated systems. On one hand, the electrons move
time, a new dispersive feature above the Fermi energy devegasieralongthe (01) vertical domain walls where they do not
ops gradually to a band. It originates from the partly filled experience the alternating potential, while this motion is hin-
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dered by the magnetic order within the AF domains. On thehe Hubbard model with nearest-neighbor hopping is ad-
other hand, the electron motion across the domain walls isquate only for the La ,Sr,CuQ, compounds, where the
disturbed due to the potential barrier, but becomes possiblextended hopping plays no role. We have shown that the
as tunneling processes when the electron is dressed by sppectral properties are strongly modified when the hopping
fluctuations. Therefore the metallic behavior follows from to second (') and third ¢”) neighbors is sizable, as in other
the tunneling which is enhanced when l0d) stripe phase HTS's. It moves the QP peak close to tBeoint, and closes

is overdoped, i.e., in the regime éf>1/8. Similar conclu- the gap at the Fermi energy. We believe that the extended
sions were deduced recently by Morebal** for the stripe  hopping termsxt’ and «t” have far reacher consequences
phases in the spin-fermion model. near the optimal doping than just the presented changes of

The present study shows that the pseudogap observed ihe QP dispersion at low energies, influencintgr alia the
the cuprate® follows in an intricate way from the stripe actual value of transition temperatuFg,”® and they will be
ordering. Gaps found for the charge excitations closg.to addressed in more detail by future studies. In their presence
for all the points within the AF BZ except in the vicinity of the stripe phases become softer, and kink fluctuations are
the X point reproduce a pseudogap which is pinneduto more easily generated. They are likely to destabilize the
Therefore, in spite of their metallicityhe stripe phases show stripes at lower temperatures, and thus explain why static
a non-Fermi-liquid behavioin a broad regime of doping, in stripes could not be observed in other than, L&r,CuQ,
particular for§<1/8. This is confirmed by the chemical po- systems until nov:>®* However, they could also lead to other
tential u which shifts downwards with hole dopirf§A u« forms of short-range magnetic order which might be respon-
— &2, in agreement with the experimental data of &tal,>®  sible for a pseudogap in Y- and Bi-based cuprates. It would
and with the results of Monte Carlo simulations of the 2D also be interesting to investigate the stripe phases in electron
Hubbard modef® We emphasize that the pseudogap is a verydoped HTS'S’® once their effective parameters were derived
characteristic feature of the systems which exhibit phaséom the charge-transfer model. Another challenging prob-
separation, as has been experimentally observed also in them for future studies is the relation of the stripe order to the
colossal magnetoresistance mangarfités. electron fractionalization in the cuprat€s.

It has been established experimentally that the stripe Summarizing, we have shown that the local correlations
phases and a pseudogap exist only below a certain characteaptured within the DMFT lead to stable stripe phases in a
istic temperaturd* of the order of~0.0%.%* This tempera-  broad range of hole doping, and reproduces the experimental
ture is in the range of the excitations in stripe ph&8emd  results. These correlations are responsible for the character-
we also found a similar energy difference between the siteistic momentum dependence of the spectral properties and
ordered and bond-ordered stripe phases. This explains whyrovide a microscopic explanation of such prominent fea-
the spectral properties at high temperatufesT* are so tures measured in the ARPES of,L§Sr,CuQ, at low and
different, and are dominated by broad dispersive featureitermediate doping as the flat QP state nearXipmint and
which originate from local processes due to on-site electrothe gap at theS point, being signatures of th@1) stripe
correlations!”’# In contrast, the quantum coherence whichordering. In contrast, these stripe phases are destabilized by
leads to the observed distinct QP peak atthke(,0) point,  kink fluctuations in Y- and Bi-based HTS'’s, and the extended
and the charge gap between well defined QP states & thehopping leads there to the enhanced spectral weight along
=(m/2,7/2) point, can develop only at sufficiently low tem- the (11) direction and to the distinct QP states closeut@t
peraturesT<T*, where the stripe phases are stable. Thes#¢he S point, also observed in the ARPES experiments.
features were both obtained within our calculations, showing
that the local correlations described by the Hubbard model at
largeU=12t are sufficient to explain the experimental data
for La,_,Sr,Cu0,.* We thank O. K. Andersen, A. Greco, B. Keimer, B. Nor-

Finally, the present study allows to understand the physimand, E. Pavarini, S. Sachdev, and J. Zaanen for stimulating
cal reasons behind the observed differences between tltiscussions. A.M.O. acknowledges the support by the Com-
ARPES  spectra of BBr,CaCyOg.,,>"*® and mittee of Scientific ReseardtkBN) of Poland, Project No.
La,_,Sr,CuQ, systemg? The generic picture obtained using 5 PO3B 055 20.
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