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The consequences of disordered charge stripes and antiphase spin domains for the properties of the
high-temperature superconductors are studied. We give a semiphenomenological description of angle-
resolved photoemission experiments and optical conductivity, and show that the many unusual features
of the experimentally observed spectra can be understood naturally in this way. This interpretation of
the data, when combined with evidence from neutron scattering, suggests that disordered and fluctuating
stripe phases are a common feature of high-temperature superconductors. [S0031-9007(96)00557-1]

PACS numbers: 74.25.Jb, 71.45.Lr

Recent neutron-scattering experiments by Tranquada Two mechanisms for producing stripe phases have been
et al. [1] have shown that the suppression of superconsuggested by theories of doped Mott-Hubbard insulators:
ductivity in Lay ¢—Ndy 4SK.1,CuQ, is associated with the a Fermi-surface instability [11] and frustrated phase
formation of an ordered array of charged stripes whictseparation [12]. The former relies on Fermi-surface
are also antiphase domain walls between antiferromagnetiesting which leads to a reduced density of states, or
ically ordered spins in the Cu(planes. This observation a gap, at the Fermi energy. In the latter mechanism, a
explains the peculiar behaV|or [2] of the JGuO, family ~ competition between phase separation (i.e., the tendency
of compounds near t(@ doping and strongly supports of an antiferromagnetic insulator to expel doped holes)
the idea that disordered or fluctuating stripe phases am@nd the long-range part of the Coulomb interaction
of central importance for the physics of high-temperaturdeads to charge-ordered phases, and especially stripe
superconductors [3]. In this Letter, we show that singlephases, which may be either ordered, quantum melted,
particle properties of a disordered stripe phase can accouat disordered by quenched randomness [13]. The charge
for the exotic features in the spectral density measuretbrms an array ofmetallic stripes, whose period is
by angle-resolved photoemission spectroscopy (ARPESJetermined by the energetics of phase separation and is
in Bi,SrhCaCuyOg,:, (for which the best data are unrelated to any nesting vector of the Fermi surface.
available). In particular, we compute the spectral densityfhe charge structures, in turn, drive the modulation
in a background of disordered stripes and show thatf the antiferromagnetic order. The experiments [1]
it reproduces the experimentally observed shape of then La ¢-.Ndy4Sr,CuQ, clearly favor the latter point
Fermi surface, the existence of nearly dispersionless state$ view. The ordering wave vectors do not nest the
at the Fermi energy (“flat bands”), and the appearance dfermi surface, and the ordered system has partially filled
weak additional states (“shadow bands”) [4—7], featurefole bands associated with the stripes. Moreover, the
which have no natural explanation within conventionalmagnetic peaks first develdpelow the charge-ordering
band theory. temperature [1,14]. Our interpretation of the ARPES

The principal signature of the antiphase spin domaingxperiments on BSr,CaCuOg., lends further support
in La;¢—,Ndy4Sr,CuQ, is a set of resolution-limited to this conclusion: nesting would lead to a diminished
peaks in the magnetlc structure factor at wave vecdensity of states at the Fermi surface, whereas we find an
tors (2 * €, 2) and (2 ) [1,8]. The associated increaseddensity of states corresponding to the flat bands
charge stripes are |nd|cated by peaks in the nucleaseen in the experiments.
structure factor at wave vectofs=2¢,0) and (0, =2¢). Our objective is to determine a phenomenological band
A posteriori,it is natural to interpret thénelastic peaks structure for electrons moving in an effective potential
in the magnetic structure factor observed [9] at similargenerated by charge stripes and antiphase spin domains.
locations in reciprocal space in superconducting sampled/e do not propose to solve a particular many-body
of Lay,—,Sr,CuQ, as evidence of “extended domains” model by Hartree-Fock theory; indeed, we have found
[10] of stripe fluctuations,in which the stripes are ori- that this approximation seems to favor insulating stripes,
ented along vertical or horizontal Cu-O bond directions,even if the long-range part of the Coulomb interaction
respectively. Indeed, any experiment, such as ARPESs included. Rather we assume a phenomenological one-
that might be sensitive to the existence of an extendedody Hamiltonian,
domain structure should be reexamined from this point of
view; this is an important feature of our interpretation of g = —; Z (cla_c,/ + H.c) + ZV (Rpnie, (1)
the data. (o lo
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where the first term is the nearest-neighbor hopping on a n/a
square lattice and the second one describes the interaction Y
with the effective stripe potential. Here;, annihilates
an electron of spirr = * at siteR; andn;, = c,t,c,g.

The effective potential is given by

X/Y

Vo(R) = p(R) + oS(R)e'¥, (2) <
where Q = (£,Z) and a is the lattice spacing.

Specifically, for vertical stripes, we use the forms
p(x,y) = po2, sech(x — x,)/&] and S(x,y) = Sp X

[1,tanH(x — x,)/&s], where R = (x,y), x, are fixed

centers of the stripes, and the paramejgrsSy, &., and —n/a .
&, determine the amplitude of the charge and spin modu- -m/a 0 m/a
lation and whether the stripes are narrow or broad. The x
hopping-matrix element is an effective parameter which FIG. 1. The spectral density_ in the first Brillouin zone
has been renormalized by high-energy fluctuations, so thattegrated over an energy windowe = /30 about e, for
t = O(J), the antiferromagnetic exchange interaction. ~ an ordered array of vertical stripes of periéd= 4a with ¢

According to the usual interpretation [15], the mea-doping. The size of a circle, denoting a Fermi-surface crossing

sured photocurrent in a photoemission experiment is th%thg g;?fnga}gjeenﬁﬁé?hg‘éves “3]? [ﬁ'eat%irmgﬁgggsve‘ggﬁa? )- The

product of the electronic spectral density (k. e) for  arameters specifying the effective potential ake= —1/2,
the removal of one electron from the system and &, = 2¢, ¢, = a, and¢, = 2a.

slowly varying matrix element which reflects the pho-
ton polarization selection rules. This spectral density

can be written ad (k, €) = f(e)A(k, €), wheref(e) = e energy band in the first Brillouin zone by the effective
1/[ele=0/lsT + 1] is the Fermi functioney is the Fermi gyripe potentialV/,,. Figure 1 also shows shadow bands—
energy, andA(k, e) = —(1/7) ImG(k, e + i0+? is the  \yeak copies of the Fermi surface created by the local
spectral function of tThe one-electron Green’s functiongspling of the unit cell in the regions between the stripes.
G(k,1) = —i(Tckq()cko(0)). In order to compare with ARPES experiments on su-

First, consider vertical stripes condensed into a regulagerconducting materials, the stripes must be disordered
array,p(x + €) = p(x) andS(x + 2¢) = S(x), where¢  [17]. Since the system is not far from a stripe-ordered
is the separation between vertical stripes. Results W”Lhase, the collective stripe motion is slow, and, more-
be presented for bond-centered stripgs.= nf + a/2  over, it is not strongly influenced by the single-particle
with €/a integer, but they are largely insensitive to this dynamics. Consequently, we consider a quenched ran-
assumption. For evefya, the unit cell size i2¢/a X 2 dom distribution of stripes, which we expect to give es-
so the band structure is computed by diagonalizing &entially the correct band structure [18]. Specifically, with
4€/a X 4¢/a matrix for eachk vector. For illustrative Bj,Sr,CaCuOs;, in mind, we chose 15% doping and a
purposes, we have used the paramepgrs- —#/2, So =  mean stripe separatiafya = 4. The ensemble of stripe
2t, {¢ = a, and & = 2a, for which the ground state |ocations was constructed by taking,; — x, = € + 8,
of the Hamiltonian in Eq. (1) solves Hartree-Fock self-where the random variabl@ is uniformly distributed be-
consistency conditions at small doping for the Hubbardween —34 and3a4. The spectral density was averaged
model with U/t = 4-5. However, to make contlact over five realizations, and we assumed a nonzero tempera-
with the structure observed by Tranquaetaal. [1] at 3 ture, kzT = ¢/10, which further diminished finite size
doping, we choosé/a = 4, which does not minimize the effects. We have found that the results do not depend
Hartree-Fock energy. The results are not very sensitive tmarkedly on the choice of ensemble, or the parameters in
the choice of parameters, so long as the stripes are ngie effective potential and that the large lattices used in
too narrow. the calculation (linear dimension 184 sites) are essentially

Figure 1 shows the spectral density (integrated over self-averaging. In other words, our results are robust con-
an energy windowAe = ¢/30 abouter) as a function sequences of a disordered stripe array, and are largely in-
of k. Clearly the general shape of the calculated Fermiependent of other details. (We have not investigated the
surface is quite different from that of the noninteractingeffects of orientational disorder.)
system (which circles thE€ point) [16]. The fine features Figure 2 summarizes the results by showing the
are a consequence of the fact that energy gaps adependence of the spectral density at the Fermi energy,
generated at points on the original Fermi surfatg &  and the quasielectron dispersion along the lingf,-X /Y
0) that are spanned by the wave vect()}st €, %) of the for a single, extended domain, with disordered vertical
spin order and+2e¢,0) of the charge order, where =  stripes (running in thd'-M, direction). Disordering the
a/2€. They are a consequence of the multiple foldings ofstripes has removed the fine details from the Fermi surface
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X/Y M, is completely different: band narrowing in a direction
parallel to the stripes leads to an open Fermi surface.

A stripe phase, even a disordered one, breaks the four-
fold rotational symmetry of the ideal CuQplane and
reflection symmetry through a plane at°4% the Cu-O

= bond. However, reflection symmetry through planes par-
allel and perpendicular to the stripes and the associated
selection rules on the polarization dependence of the ma-
trix elements are still obeyed. Extended domains with
horizontal stripes give rise to the same structures, but ro-
tated through 90 Of course, an ARPES experiment aver-
ages over the two stripe orientations but, with the electric
field polarized along thé/; direction, the photoelectron
intensity vanishes by symmetry in tidé, direction, and
hence the observed spectrum will deemphasize the hori-
zontal stripes, for which there are no Fermi-surface cross-
ings nearM;. The experiments of Dessa al. [4] were
performed in this geometry, so it is reasonable to compare
them directly with our results for vertical stripes shown in
Fig. 2(a); indeed, the theoretical and experimental results

n/a

r M, X/Y

0.3 : look remarkably similar.
= ozl © In a Fermi liquid, the signature of well-defined quasi-
& particles is a spectral density_(k, €) which approxi-
< o1 /\ 1 matesd (€) as the energy approachegr. Inthe present
0.0 _J . calculation, it is clear from the energy dependence of
r M, X/Y the spectral density that there are no well-defined quasi-
Wave vector k particle features near th#; point. One consequence is

FIG. 2. (a) The spectral density. in the first Brillouin zone  that the optical conductivity has a rather small weight at
integrated over an energy windate = /30 abouteg, (b) the  low frequencies, with most of the oscillator strength ap-
dispersion relation, and (c) the corresponding spectral densitgearing in a broad peak centered in the neighborhood of
of the highest-energy occupied “band” as a functiorkadlong ;. — ¢ This feature, shown in Fig. 3, corresponds to

the I'-M,-X/Y line. The band is determined by broadening ' "
the energyé functions by a Lorentzian of the full width of the “midgap peak” deduced from a two-component analy-

1/4 at half maximum and finding the highest-energy maximumsis of the experiments. (For a brief review and- list .Of
of A_. The results are for a disordered array of verticalreferences, see Ref. [12].) The absence of quasiparticles

stripes with the mean separation 6f= 4a at 15% doping at is consistent with a widely held view of the normal-state
the_ter_"p‘;raéurfBzT = 1/10. Thde rest 2°f the parameters are properties of the high-temperature superconductors [19],
po = ~1/2, 80 =2, éc = a, and¢; = 2a. and has profound implications for the physical origin of

leaving only one sheet which closely resembles the Fermi T
surface of Refs. [4] and [6]. In particular, ne#f, there i }
is a high density of states and a truly flat “band” at the
Fermi energy, extending towards theand X /Y points.
The flatness along thé&'-M; line is a consequence of
both the smearing of the energy gap structure seen in the
ordered system and the localization of the electronic wave
functions in the direction perpendicular to the stripes.
There is in fact aegionof almost degenerate states, and it
appears in the vicinity of th&/, point because the energy-
gap structure is most significant where the band dispersion
of the undoped system is weak, i.e., near to Van Hove
singularities. The spectral density of the shadow band i§!G. 3. The real (absorptive) part of the optical conductivity
(w) with the electric field polarized parallel (dashed line)

. . 0
reduced so much that it no longer shows up on a Ilneagnd perpendicular (solid line) to a disordered array of vertical

scale, although it would reappear on a Iogarithm?c Scalestripes with the mean separation = 4a at 15% doping at
In fact, plotted on such a scalg,- looks qualitatively  zero temperature. The stripe ensemble and the parameters are
like that of Ref. [5]. The effect of vertical stripes at the same as in Fig. 2.

Conductivity o, (w)

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Energy hw/t
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shape of the Fermi surface and the regions of flat bands. charge stripes, the other to larger regions in which
Since there are also theoretical reasons for believing one of a discrete set of degenerate ground states is
that such combined charge and spin structures are the realized. Here, we use “extended domain” for the
natural consequences of frustrated phase separation in a Seécond case. Such a domain might be macroscopic
doped antiferromagnet, it is reasonable to look anew t11] 3r ?:;g:ﬁogfa 0. Gunnarsson, Phys. Reva( 7301

a wide variety of experiments in the high-temperatur (1989): H. Schulz, Phys. Rev. Léﬁ.4, 1445 (1990): J. A,
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dramatic consequences can be expected for laogl  [13] U. Léw, V.J. Emery, K. Fabricius, and S.A. Kivelson,
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