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Phase separation models for cuprate stripe arrays
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An electronic phase separation model provides a natural explanation for a large variety of experimental
results in the cuprates, including evidence for both stripes and larger domains, and a termination of the phase
separation in the slightly overdoped regime, when the average hole density equals that in the charged stripes.
Several models are presented for charged stripes, showing how density waves, superconductivity, and strong
correlations compete with quantum size effects~QSE’s! in narrow stripes. The energy bands associated with
the charged stripes develop in the middle of the Mott gap, and the splitting of these bands can be understood
by considering the QSE on a single ladder.
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I. INTRODUCTION

Possible electronic phase separation~EPS! in the cuprates
is often found in the form of stripe phases. Thus, neut
diffraction measurements find evidence for fluctuating str
order in La22xSrxCuO4 ~LSCO! associated with incommen
surate inelastic neutron scattering,1 which can be trans-
formed into long-range charged stripe order2 by codoping
with Nd or Eu. Similar incommensurate peaks are found
other cuprates, and long-range charge-ordered states are
found3 in strongly underdoped samples of YBa2Cu3O72d
~YBCO!, with stripes parallel to the chains, while at high
doping short-range stripe order is found at virtually all te
peratures up to the pseudogapT* . However, EPS can als
manifest itself in the form oflarger domains, particularly if
the dopant ions are somewhat mobile and can follow the h
motion. These domains, long known in La2CuO41d , may
recently have been found in scanning tunneling microsco4

~STM! and microwave5 studies of Bi2Sr2CaCu2O81d
~Bi2212!. These domains, taken together with evidence
the termination of the antiferromagnetic~AFM! stripes at a
fixed doping,6 provide extremely strong support for a pha
separation scenario in the cuprates.

At this point it is essential to better characterize the nat
of the stripes, in particular the charged stripes, and to un
stand how their properties affect physical phenomena, in
ticular photoemission spectra.7–11 While fluctuations7,8 play
an important role in the real cuprates, we have construc
ordered stripe arrays for which detailed tight-binding calc
lations are possible.9 Such calculations can aid in elucidatin
the structure of the charged stripes, both for wide stripe
how the preferred hole density is stabilized—and for narr
stripes—how quantum size effects~QSE’s! modify proper-
ties of the stripes. The present paper provides an exten
analysis of these issues; some of these results were sum
rized recently.12

The paper is organized as follows. Section II enumera
key issues which must be addressed in any EPS mode
stripes, including determination of the hole density
charged stripes. The charged stripes are probably stabi
by some competing order, either magnetic or paramagn
~including charge density waves!. Section III shows that
magnetic charged stripes can arise in a mean-field Hub
0163-1829/2002/65~6!/064520~14!/$20.00 65 0645
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model and can be either ferromagnetic or a linear antife
magnetic ~LAF! phase similar to the White-Scalapin
stripes.13 Calculations on stripe arrays find that the charg
stripes lead to midgap states near the Fermi level. Sectio
shows how these data can be interpreted in terms of QS
on single stripes. Section V presents the results of sin
stripe calculations: competing charge-density-wave~CDW!
and superconducting orders can exist in paramagn
stripes, but they are strongly modified by the QSE’s. On L
stripes,d-wave superconductivity and an unusual form
CDW’s are both found to persist down to the narrowest~two
cells wide! stripes. Section VI includes results on stripe a
rays: the LAF stripes produce photoemission constant-ene
maps in significantly better agreement with experiment.
the Discussion, Sec. VII, we summarize the reasons for
choice of the doping on the charge stripe,x0.0.25, and
show that this provides a consistent picture explaining
termination of the AFM stripes slightly beyond optimal do
ing, the 1/8 anomaly, and the presence of domains at hig
doping levels~including the Yamada plot!. Further, we sum-
marize evidence that superconductivity ‘‘lives’’ in th
charged stripes. Conclusions are given in Sec. VIII.

II. KEY ISSUES FOR AN EPS MODEL OF STRIPES

A. Hole doping on charged stripes

A phase separation model of stripes is characterized
the two well-defined stable end phases between which ph
separation takes place. The insulating stripes are gene
understood to be AFM—essentially the same as the M
insulator found in undoped cuprates. The hole-doped str
are assumed to have a finite dopingx0. This simple idea has
three experimentally verifiable characteristic features:~i! the
stripe phase must terminatewhenx5x0; ~ii ! there will be a
crossover at a lower doping,xcr;x0/2, from magnetic-
dominated (x,xcr) to charge-dominated (x.xcr) stripe ar-
rays; and~iii ! someinteractionon the charged stripes stab
lizes the end phase atx0. In this paper, it will be assumed
that x0.0.25, so the crossoverxcr corresponds to the 1/8
anomaly. In the Discussion, Sec. VII A, it will be demon
strated that this simple choice can consistently explain
large variety of data. It should be cautioned that while t
present paper is written in terms of a smooth evolution
©2002 The American Physical Society20-1
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R. S. MARKIEWICZ AND C. KUSKO PHYSICAL REVIEW B65 064520
stripe periodicity with doping, experimental data~e.g., the
Yamada plot! are suggestive of commensurability pinnin
and the presence of EPS domains rather than stripes fx
.xcr .

B. What stabilizes charged stripes?

In any phase separation model, a key issue is underst
ing the nature of the charged stripes. Indeed, since super
ductivity seems to arise predominantly in these stripes~Sec.
VII B !, such understanding is likely to play an important ro
in elucidating the origin of the high superconducting tran
tion temperatures. For the stripe phase to exist, the dopinx0

must be particularlystable. This can arise via an electroni
instability, which opens up a gap over much of the Fer
surface, making the electronic phase nearly incompress
This ‘‘stability from instability’’ is a fairly general feature
underlying, e.g., Hume-Rothery alloys.14 ~This is a modifi-
cation of an argument due to Anderson15.! Here, we explore
a number of candidates for the predominant electronic in
bility.

In a related paper,16 we will provide strong evidence tha
this ‘‘hidden order’’ is a form of CDW’s, which could in-
clude the flux phase. However, here we will explore a wid
variety of possibilities. One issue is that in the low dopi
limit the charge stripes act as antiphase boundaries~APB’s!
for the AFM stripes. Such an effect arises naturally if t
charged stripes have some residual magnetic interaction,
we will explore this possibility. However, in nickelate
charged stripes coupled to a CDW are found to act
APB’s.17 The large Hubbard on-site repulsionU plays an
important role. Strong correlation effects lead to two clas
of charged stripe phases: either the constraint against do
occupancy leads to magnetic order~magnetic charged
stripes! or kinetic energy dominates, leading to a magne
cally disordered phase~paramagnetic charged stripes! with
reduced hopping, as int-j ~Ref. 18! and slave boson19 mod-
els. Section III will provide examples of both classes, d
noted as class B and class A stripes, respectively. Clas
stripes could be simply correlated metals~as in t-j or slave
boson calculations! or could have additional, e.g., CDW, o
der. A crossover from magnetic to correlated paramagn
groundstate arises as a function of doping in models of i
erant ferromagnets.20

In the next section, we show that class B~magnetic!
charge stripes can arise in a mean-field Hubbard mod21

with the charged stripes displaying either ferromagne
~FM! or LAF @ordering vector (p,0)# order. The LAF stripes
are very similar to White-Scalapino~WS! stripes.13 The FM
phase is stabilized by VHS nesting; it may be present
ruthenates,22 but is unlikely to be relevant for the cuprate
~for one thing, the FM stripes are likely to be diagonal, a
do not form APB’s,23 contrary to experiment!. We have sug-
gested that other VHS-stabilized phases are more like24

~see also Ref. 25!, and here we explore the properties of
class A CDW phase.19 At a dopingx;0.25, the effects of
correlations are relatively weak, renormalizing the ban
width by a factor of;2. Thus, for the present calculation
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on paramagnetic stripes, it will be assumed that renormali
parameters are used, and other effects of strong correla
will be neglected.

While LAF stripes are most stable whent850, we ex-
plore the possibility that they can be stabilized even wh
t8Þ0 by on-stripe CDW or superconducting order. Ord
narily, the CDW phase is believed tocompetewith strong
correlation effects, but we find~Sec. V B! that an unusual
form of CDW phase cancoexistwith LAF order: the charge
density varies between zero and one~not two! holes per
atom.

C. Notation of stripes

In a stripe array, the alternating stripes are associated
the two stable thermodynamic phases. Here, we summa
the different ways these stripes are denoted in this paper.
stripe with lower hole doping is variously referred to as ‘‘in
sulating’’ or ‘‘antiferromagnetic.’’~These are also known a
magnetic stripes, since the charged stripes have conside
weaker magnetic order, but we will avoid that notation her!
The stripe with higher hole doping is generically referred
as ‘‘charged’’ or ‘‘hole-doped.’’ At low temperatures, thes
stripes are also ‘‘superconducting,’’ but at high temperatur
they are stabilized by some ‘‘hidden order,’’ and one purpo
of this paper is to explore a number of possible orders. T
orders fall into two groups: ‘‘magnetic charged’’~class B!
stripes could have FM or LAF order~the latter are White-
Scalapino-like stripes!, while ‘‘paramagnetic’’ ~class A!
stripes could have CDW or flux-phase order.

III. PHASE SEPARATION IN A MEAN-FIELD HUBBARD
MODEL

Strong-coupling models would seem to be natural for p
ducing phase-separated or striped ground states. Any m
netic ordering avoids double occupancy, while chang
from one form of magnetic order to another, via, e.g., do
ing, requires highly collective spin rotations, as compet
orders are orthogonal. While superexchange leads to A
insulators at half filling, doping tends to favor textures wi
parallel spins~e.g., FM! to maximize hole hopping. Such
ferron phases were introduced long before highTc ,26 but it
remains controversial whether such states are ground s
of the Hubbard model.27 While thet-j model does have phas
separation for largeJ/t, it is unclear whether such phase
extend to the values J/t;0.3 expected for the
cuprates.13,28–30

We have found phase-separated solutions of the Hubb
model at the mean-field level.21 While these solutions are
metastable in UHF calculations, they closely resemble
WS stripes, and provide an interesting example of pha
separation-mediated stripe phases. We find a well-defi
surface tension for wide, isolated stripes, which decrea
and changes sign as the stripes become narrower. Whe
surface tension becomes negative, the stripes no longe
main straight, and spontaneously meandering solutions
found.

These solutions are found by considering only low-ord
0-2
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PHASE SEPARATION MODELS FOR CUPRATE STRIPE ARRAYS PHYSICAL REVIEW B65 064520
commensurate phases, with wave vectorqx ,qy; 0 or Qi
5p/a only. The bare dispersion is

ek522t~cx1cy!24t8cxcy , ~1!

with ci5coskia. The Hubbard interaction U( i(ni↑
21/2)(ni↓21/2) leads to magnetic order with a mean-fie
magnetizationmq at wave vectorqW , and the quasiparticle
dispersion becomes

E65e16E0 , ~2!

where

E05Ae2
2 1U2mq

2 ~3!

and

e65
1

2
~ek6ek1q!. ~4!

For the cuprates, we expect9 t.325 meV,U/t.6, andt8/t
.20.276. The magnetization is found self-consistently fro

mq5(
k

@ f ~E2!2 f ~E1!#
Umq

2E0
, ~5!

with Fermi function f (E)51/(11e(E2EF)/kBT). The result-
ing free energy is

F5Eq2TS1US mq
21

x2

4 D , ~6!

with

Eq5 (
k,i 56

Ei f ~Ei !, ~7!

S5kB (
k,i 56

$ f ~Ei !ln@ f ~Ei !#1@12 f ~Ei !# ln@12 f ~Ei !#%.

~8!

The competing phases include AFM forqW 5QW [(p,p),
FM with qW 5(0,0), and LAF withqW 5(p,0). When the LAF
stripes are two cells wide, this LAF phase closely resemb
the White-Scalapino stripes@Fig. 14~e! below#. The AFM
state has the lowest free energy at half filling, but~for t8
50) is unstable for finite hole doping. Fort850, there is
phase separation between the AFM and LAF phases, w
for finite t8 the phase separation is between AFM and F
phases, Fig. 1.~When electron-phonon coupling is include
it is found that the FM phase is unstable with respect t
CDW phase.16!

The LAF stripes fort850 are discussed in Ref. 21. Fo
t8Þ0 electron-hole symmetry is absent; for hole dopingx
.0, there is phase separation to a FM phase, consistent
recent simulations by Vozmedianoet al.,23 who find a uni-
form FM phase atx50.15 forU58t,t850.3t. However,on
the electron-doped side a uniform AFM phase is stable o
a large doping range, suggestive of the asymmetry found
the cuprates. The dot-dashed curve in Fig. 1 shows that in
06452
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phase separation regime, the low-energy physics can be
proximated by the form of free energy assumed in Ref. 9

f ~x!5 f 0xS 12
x

x0
D 2

~9!

~neglecting a term linear inx), with x0 the hole doping of the
uniform charged phase. The FM phase is stabilized by V
nesting~inset to Fig. 1! as found previously.22 The tangent
construction tends to select the FM phase at dopings so
what away from optimal nesting~Fermi energy above mid
gap!. Both regimes of phase separation seem to be driven
hole delocalization: one dimensional~along the LAF rows!
when t850, two dimensional for finitet8.

The resulting phase diagramsx vs U, Fig. 2, are strikingly
different. For t850, Fig. 2~a!, the phase separation is be
tween the AFM and paramagnetic~LAF! phase forU,Uc

FIG. 1. Free energy vs doping for several magnetic phases o
Hubbard model assumingU56.03t and t8520.276t. Diamonds
5 AFM, triangles5 LAF, circles5 FM, and squares5 PM phase.
Dashed lines5 tangent construction; dot-dashed line5 Eq. ~9!.
Inset: dispersion of the FM phase atx50.31; Brillouin zone points
G5(0,0),X5(p,0),S5(p,p).

FIG. 2. Phase diagrams,x(U) for the Hubbard model, witht8
50 ~a! or t8520.276t ~b!. @Dashed line in~b! 5doping of VHS.#
0-3
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R. S. MARKIEWICZ AND C. KUSKO PHYSICAL REVIEW B65 064520
55.3t (U.Uc), while for finite t8, Fig. 2~b!, there is gener-
ally a VHS-stabilized FM phase. For smallU and t8Þ0,
there is a regime where simple spin-density-wave the
works and a uniform AFM phase is stable, but whent850
phase separation persists for all finiteU. Note thatUc marks
a crossover between class A~paramagnetic! and class B
~magnetic! charged stripes. The valueUc is close to theU
56.03t expected in the cuprates, although for finitet8, Uc
decreases,Uc;3t for t8520.276t, and the range ofU for
which paramagnetic stripes are stable becomes very sm
While these stripes are metastable in UHF calculations,
will show below that the stability of phase separating strip
can be enhanced byadditional interactionsbeyond the pure
Hubbard model.

IV. ISOLATED STRIPES VS ARRAYS

In ordered stripe arrays it is found9 that the AFM stripes
have a Mott-Hubbard gap, and the features near the Fe
level are associated with the charged stripes. This ch
stripe dispersion shows a series of quasi-one-dimensi
features which qualitatively resemble the bands of an
lated stripe produced by QSE’s. In this section, we mak
quantitative comparison with isolated stripes and explore
mechanism of QSE-induced Van Hove splitting.

For a single stripeN Cu atoms wide, the dispersion is st
given by Eq.~1!, but the allowedkx values are quantized
with kx5km[mp/(N11), m51,2, . . . ,N. These are in fact
the usual quantized Bloch bands, but for largeN the quanti-
zation is not noticeable. For smallN, the dispersion appear
as a series ofN overlapping one-dimensional~1D! disper-
sions. Equation~1! can be rewritten asN 1D dispersions

em,ky
522tcm22~ t12t8cm!cy . ~10!

These are the QSE’s, with the corresponding density of st
~DOS! shown in Fig. 3. Notice that forN5100, the VHS is
readily apparent in the dispersion. Even down toN52, the

FIG. 3. Density of states for a single stripe of widthN5100 ~a!,
10 ~b!, 4 ~c!, or 2 ~d! atoms. Based on Eq.~1! with t8/t520.276.
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VHS is clearly defined~albeit only within a finite interval! as
the locus of energies where all subbands overlap. In fact, the
QSE opens a gap at the VHS, effectively lowering the kinetic
energy of the electrons just like a conventional~e.g., CDW!
gap. The VHS splitting can be found from Eq.~10!:

DEVHS5e1
max2eN

min54t~12c1!. ~11!

This splitting has two consequences: first, the VHS splitt
enhances the stabilization of the striped phase, but sec
the QSE gap competes with other gaps, such as CDW’s
superconductivity. However, while the QSE splits the VH
peak, a substantial DOS remains ungapped, so additiona
stabilities remain possible. This competition will be di
cussed further in the next section.

It should be noted that this is the first direct demonstrat
that the VHS can be defined on a stripe only two atoms wi
The definition is quite analogous to the standard definition
two dimensions: the point at which the bands cross o
from electron like to hole like.

Figure 4 compares the gaps of a single stripe with th
found in the ordered stripe array;9 the array is labeled (m,n)
when the magnetic stripes arem coppers wide and the
charged stripes aren coppers wide. In the array calculation
no competing order was introduced on the charged stripes
the QSE provides the only gap. Figure 4 shows that ther
a very good match for both two-Cu-wide and six-Cu-wi
stripes, although for the two-Cu-wide stripe, the VHS gap
somewhat larger for the single stripe than in the array. Fr
Eq. ~10!, the 1D bands have DOS peaks at the band bot
and top; the band bottom corresponds toky50—i.e., the
dispersion fromG→X is flat, at the energy corresponding
the lower DOS peak.~The intensity alongG→X is given by

FIG. 4. Dispersion of stripe arrays:~a! ~6,2! array with charged
stripes two Cu wide~AFM stripes six Cu wide!; ~b! ~2,6! array with
charged stripes six Cu wide~AFM stripes two Cu wide!. Data from
Figs. 7~a! and 7~d!, respectively, of Ref. 9; triangles~diamonds!
5 predominantly from charged~AFM! stripes, while circles
5 mixed origin; dashed line5 Mott bands of AFM stripes; solid
line 5 single~charged! stripe model, withkx approximated by near-
est quantized value.
0-4
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PHASE SEPARATION MODELS FOR CUPRATE STRIPE ARRAYS PHYSICAL REVIEW B65 064520
a structure factor, which does not directly come into a sin
stripe calculation.! Along X→S one should see the 1D dis
persion extrapolating to the band top atS5(p,p). Given the
good agreement, it should be possible to analyze compe
orders on a single stripe, for which the calculations are s
pler ~no need to self-consistently adjust doping on each r
to account for charging effects!.

V. ORDERING ON SINGLE CHARGED STRIPES

A. CDW’s and superconductivity on paramagnetic stripes

1. Electron-phonon coupling

In this section, we will develop two closely related mo
els of the competition of CDW order and superconductiv
on a single charged stripe. The first is a class A paramagnet
stripe, stabilized by electron-phonon coupling,31,32 while the
second has dominant electron-electron coupling, with~class
B! magnetic charged stripe order.

An earlier calculation31 used a Van Hove–stabilized CDW
model to describe the doping dependence of the pseudo
Here we reapply the model for a single stripe, by introduc
the following modifications.~1! The calculation is carried
out on a single, finite-width stripe.~2! Pinning to the VHS
arises naturally, since all stripes are at the same doping~3!
For closer approximation to experiment,d-wave supercon-
ductivity is assumed.~4! Correlation effects due to the Hub
bardU are neglected: previous slave boson calculations s
gest that the main effect is a bandwidth renormalization b
factor ;2.19

We briefly recall the energy dispersion and the gap eq
tions of the model,31 generalized tod-wave superconductiv
ity. In terms of a function

QkW5H 1, if uekW2eFu,\vph ,

0, otherwise,
~12!

the gap functions areDkW5D0QkW(cx2cy)/2 for superconduc-
tivity and GkW5G01G1QkWQkW1QW for the CDW. The energy
eigenvalues areE6,k and their negatives, with

E6,k
2 5

1

2
~Ek

21Ek1Q
2 12Gk

26Êk
2!, ~13!

Ek
25ek

21Dk
2 , Êk

45(Ek
22Ek1Q

2 )214Gk
2Ẽk

2 , Ẽk
25ek1

2 1(Dk

2Dk1Q)2, ek65ek6ek1Q , and the nesting vectorQ
5(p,p). The gap equations are

D5lDDSkW
QkW~cx2cy!2/4

E1,k
2 2E2,k

2

3S E1,k
2 2ekW1QW

2
2QkW1QW @DkW

2
1GkW

2
#

2E1,k
tanh

E1,k

2kBT

2
E2,k

2 2ekW1QW
2

2QkW1QW @DkW
2
1GkW

2
#

2E2,k
tanh

E2,k

2kBT
D ,

~14!
06452
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Gi5lGSkW
Q iGkW

E1,k
2 2E2,k

2

3S E1,k
2 1ekWekW1QW 2DkW

2
2GkW

2

2E1,k
tanh

E1,k

2kBT

2
E2,k

2 1ekWekW1QW 2DkW
2
2GkW

2

2E2,k
tanh

E2,k

2kBT
D , ~15!

with interaction energieslD and lG , and Q05QkWQkW1QW ,
Q151.

The CDW-superconducting competition was studied
bulk in Ref. 31. The previous results are recovered fo
sufficiently wide stripe (;100 Cu wide!. For narrower
stripes, it is found that the quantum confinement gap
verely interferes with alternative gap formation. Figure 5
lustrates how the various gaps vary with stripe width, n
x050.25. The data are plotted versus average doping, ass
ing a regular stripe array with two-Cu-wide AFM stripe
~which do not contribute to the gaps! andN-Cu-wide charged
stripes of dopingx0, giving an average hole dopingx
5Nx0 /(N12).

The CDW gap is most sensitive to stripe width, but in t
narrowest stripes superconductivity is also suppressed~the
suppression is stronger for ad-wave gap!. Strong instabilities
are possible in the stripes, but they are shifted in dop
away from x050.25. Thus, the CDW instability require
bothEkW andEKW 1QW to be near the Fermi level; for a two-cel
wide stripe, this is only possible nearx50. On the other
hand, superconductivity is possible anywhere if the coupl
is strong enough. For a two-cell-wide stripe, the optimal
perconductivity arises when the Fermi level is at theone-
dimensional VHSat the edge of one of the stripe subband
This depends ont8, and fort8520.276t falls atx50.582~a
larger gap is found on the electron-doped side,x520.376).
It should be noted that, even though the superconductivit

FIG. 5. Gaps in a paramagnetic stripe, as a function of dop
~equivalently: stripe width!, assuming x050.25,lCDW

50.5 eV,lD50.25 eV. Squares5 s-wave superconducting gap
diamonds5 CDW gap; triangles5 combined gap; circles5 total
gap at (p,0), including the quantum confinement gap.
0-5
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assumed to bed-wave, in general a finite minimum gap
found in the stripe, even when the CDW gap is zero. This
because the vanishingd-wave gap can be sampled only whe
the point (p/2,p/2) is sufficiently close to the Fermi surfac
which in general requiresN to be odd@recall that the allowed
values of kx are integer multiples ofp/(N11)# or very
large.
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2. Electron-electron coupling

In the above calculations, thel ’s arose from electron-
phonon coupling.32 Similar contributions follow from
electron-electron coupling, in an extended Hubbard mo
For instance, the near-neighbor Coulomb repulsion has
following mean-field expansion:
V (
^ i , j &,s,s8

ni ,snj ,s854V(
kW ,s

ckW ,s
†

ckW ,s22V^On&(
kW ,s

~cx1cy!ckW ,s
†

ckW ,s28V^Tx&(
kW ,s

ckW1QW ,s
†

ckW ,s

24V^Ty&(
kW ,s

g̃kckW ,s
†

ckW ,s14V^Tz& i(
kW ,s

g̃kckW1QW ,s
†

ckW ,s

14V(
kW

g̃k~DckW ,↑
†

c
2kW ,↓
†

1D* c2kW ,↓ckW ,↑!14NV~ uDu21^On&
21^Tx&

21^T&2!, ~16!
ed.
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h

-
e
rate
try-
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where^T&25^Tx&
21^Ty&

21^Tz&
2 and g̃k5(cx2cy)/2. The

first two terms in Eq.~16! renormalize the chemical potentia
and the hoppingt, respectively, and can be neglected. T
terms in ^Ti& comprise a pseudospin triplet of CDW-lik
distortions, withTx representing a CDW similar to the on
discussed above,Ty being related to the low-temperature t
tragonal distortion andTz an orbital antiferromagnet closel
related to the flux phase. The remaining term is ad-wave
superconductor. The coefficients of the terms must be fo
self-consistently by solving the gap equations

(
s

^ci ,s
† ci ,s&512x12~21!rW i^Tx&, ~17!

Im^ci ,s
† ci 1 x̂,s&52Im^ci ,s

† ci 1 ŷ,s&5~21!rW i^Tz&, ~18!

Rê ci ,s
† ci 1 x̂,s&5^On&1^Ty&,

Rê ci ,s
† ci 1 ŷ,s&5^On&2^Ty&, ~19!

^ci↑
† ci 1 x̂,↓

†
&5D. ~20!

The terms^On& and ^Ty& have recently been discussed
Valenzuela and Vozmediano.33 A detailed discussion of the
competition between the three CDW-like modes is given
Ref. 16.

3. d-wave superconductivity

Retaining only the superconducting term in Eq.~16!, the
interaction can be derived from a quartic term

H85(
kW , lW

VkW , lWckW ,↑
†

c
2kW ,↓
†

c2 lW,↓clW,↑ , ~21!

with VkW , lW52V@cos(kx2lx)a1cos(ky2ly)a#. Assuming DkW

5Dx coskxa1Dy coskya, the gap equations can be written
the form
d

n

D i5 (
j 5x,y

Ai , jD j ~22!

( i 5x,y), with

Ai , j522V(
lW

cosl ia cosl ja
tanhElW/2kBT

2ElW
~23!

andElW5A(e lW2eF)21D lW
2.

For the uniform charged state~infinitely wide stripe!
Ax,x5Ay,y , and the gap symmetry can be simply analyz
The symmetry can be eitherd wave (Dy52Dx) or extended
s wave (Dy51Dx), with the choiceAx,yDxDy.0 giving the
largest gap. TheAx,x term is always BCS like, having the
opposite sign fromV, while theAx,y term has the opposite
sign fromAx,x , the integral being dominated by the regio
near the VHS’s. Hence, there are two possibilities:~i! attrac-
tive (V,0) d-wave superconductivity or~ii ! repulsive (V
.0) extendeds-wave superconductivity. However, the latt
would require uAx,yu.uAx,xu, which does not arise in the
present model, so only case~i! is possible. These conside
ations readily generalize to a finite-width stripe, for whic
Ax,xÞAy,y .

Agterberget al.34 recently introduced a model for ‘‘ex
otic’’ superconductivity in multiband superconductors. If th
Fermi surface consists of several inequivalent but degene
pockets, the order parameter can consist of symme
allowed superpositions of the order parameters of the in
vidual pockets. Equation~23! can be thought of as a form o
exotic superconductivity, with the degenerate VHS’s playi
the role of hole pockets.

B. Modifications due to magnetic order

In the above calculations, it was implicitly assumed th
the doping is high enough that the only role of the on-s
0-6
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repulsionU is to renormalize the band parameters. Howev
Baskaran35 recently estimated that near-optimal doping c
relation effects remain stronger than the kinetic energy a
ciated with hopping. Hence, it is important to look for strip
ground states which minimize this on-site repulsion~class B
stripes!. The LAF stripes discussed in Sec. III are a go
candidate for the cuprate charged stripes: they closely
semble the White-Scalapino stripes,13 have an appropriate
doping, close tox050.25, include strong correlations, an
have the additional advantage that a two-cell-wide L
charge stripe acts as a natural APB for the AF stripes. In
section, we will explore these stripes and show that they
be further stabilized by additional interactions.

A special form of strongly correlated CDW is found
exist on a LAF. The charge and spin distribution is shown
the inset to Fig. 7, with the corresponding dispersion in F
6~c!. There is a strong antiferromagnetic ordering on o
sublattice, while most of the holes are confined on the ot
nonmagnetic sublattice. Whereas in a conventional CDW
charge density is zero on one sublattice and two on the o
in this strong-coupling case the hole density varies from 0
1, and there is no double occupancy, Fig. 7. Whereas
paramagnetic stripes were extremely sensitive to quan
confinement, these magnetic charged stripes are much
so: this CDW is stable almost independently of the str
width. From Fig. 6~c!, it can be seen that the gapped Fer
surface still has hole pockets near (p/2,p/2), which would
lead to conducting stripes, consistent with optic
properties.36 However, it is only found near a hole dopin
x50.5, and so does not appear to be relevant for stripe p
ics in the cuprates.

Away from this doping, CDW instabilities are relativel
weak and it is possible to stabilized-wave superconductivity
Figs. 6~b! and 8. While the overall dispersion varies wi
stripe width the superconducting gap is also relatively ins
sitive to the width and actually increases for the narrow

FIG. 6. Dispersion of linear antiferromagnetic~LAF! array
along the linear direction~X! ~a!, along with modifications due to
d-wave superconductivity~b! or CDW order ~c!. U/t56,t8/t
50, V/t52 ~b!, 0.1 ~c!.
06452
r,
-
o-

e-

is
n

n
.
e
r,
e

er,
o
e
m
ss

e
i

l

s-

-
t

stripes, Fig. 9. Note that the order parameter is not a pud
wave, the gap along the stripe being larger. Such a la
anisotropy is not consistent with tunneling measurement
the gap; it is possible that the anisotropy is reduced by str
interstripe coupling. On the other hand, a large gap ani
ropy has been found in YBCO,37 where the stripes are
aligned along the chain direction.3

Note in Figs. 6~b! and 8 that the combination of LAF an
d-wave order leads to a finite minimum gap over the f
Fermi surface. While the pure LAF phase is not stabilized
the VHS, thed-wave superconductivity is optimized whe
the Fermi level is at the (p,0) VHS—at essentially thesame
doping, x050.245, as the VHS on a paramagnetic stripe.

FIG. 8. Dispersion of a LAF withd-wave superconducting orde
for a uniform system~a! or a single stripe of widthN510 ~b!, 6 ~c!,
or 2 ~d! atoms. Darkness of lines reflects the relative intensity of
dispersion feature.

FIG. 7. Linear antiferromagnetic~LAF! array with CDW’s,
showing spin and doping distribution on different sites as a funct
of interaction strengthV, with U/t56,t8/t520.276. The inset
shows the arrangement of atoms.
0-7
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VI. EXTENSION TO ARRAYS

In Ref. 9, the Fermi surface was calculated for a series
ordered stripe arrays. These results can now be compar
experimental photoemission data.38 For this purpose we re
plot the data as integrated spectral weight over a finite ene
cut within energyDE of the Fermi surface. Figure 10~a!
shows a cut withDE5200 meV for the model of a 1/8
doped stripe array~i.e., x50.125).9 The pattern is readily
understood: the stripe superlattice leads to a numbe
quasi-one-dimensional bands; however, due to structure
tor effects, they have significant intensity only near the ori
nal Fermi surface@solid line in Fig. 10~a!#. For comparison
with experiment, the calculated spectral weight is symm
trized (0,p)↔(p,0) in Fig. 10~b! to represent a sample wit
regions of stripes running along bothX and Y directions.
Finally, an empirical matrix element is included, Fig. 10~c!,
which extinguishes spectral weight along the zone diago
(0,0)→(p,p), similar to the matrix element assumed in an
lyzing Bi2212.38,39The resulting Fermi surface maps for se
eral values ofDE are illustrated in Ref. 12 for paramagnet

FIG. 9. Linear antiferromagnetic~LAF! array with ‘‘d-wave’’
superconductivity, showing the magnitude of the gap along~y! or
across~x! the stripes, as a function of stripe width.

FIG. 10. Constant-energy cuts of photoemission dispersion f
~2,2! stripe array, within 200 meV of the Fermi level. Line
5 Fermi surface of bulk~or very wide! charged stripes. Relative
intensity increases with darker shading.~a! Representative of a
single domain sample;~b! for a multidomain sample~symmetrized
about the zone diagonal!; ~c! with a diagonal-suppressing matri
element,M5ucx2cyu.
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charged stripes, and in Figs. 11 (x51/8) and 12 (x
50.1875) for LAF stripes.

For both models, the stripe band nearest (p,0) is in good
agreement with experiment: there is little dispersion perp
dicular to the stripe, while the intensity falls off toward (0,0
due to the structure factor effect. In general, the LAF strip
are in better agreement with experiment, since the additio
subbands predicted for paramagnetic stripes@moving from
(p,0) toward (0,p)# are not seen in the experiment. Whi
the matrix element improves the agreement, theory sugg
that this effect is present only for certain photo
polarizations.40 One disagreement with experiment for bo
models is that for shallow energy cuts~30, 100 meV! the
experiment still finds a smeared dispersion rather tha

a

FIG. 11. Constant-energy cuts of photoemission dispersion f
~2,2! stripe array, with LAF charged stripes, within~a! 30, ~b! 100,
~c! 200, or~d! 500 meV of the Fermi level.

FIG. 12. Constant-energy cuts of photoemission dispersion f
~2,6! stripe array, with LAF charged stripes, within~a! 30, ~b! 100,
~c! 200, or~d! 500 meV of the Fermi level.
0-8
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PHASE SEPARATION MODELS FOR CUPRATE STRIPE ARRAYS PHYSICAL REVIEW B65 064520
sharp Fermi surface. This is presumably an effect of str
fluctuations.

It should be noted that all the spectral weight in Fig
10–12 is associated with the charged stripes; the lower H
bard band of the AFM stripes lies below 0.5 eV in LSCO.
is somewhat surprising that the spectral weight nearest
Fermi level is near (p,0), since this is where the pseudog
arises. Nevertheless, our calculation reproduces both
~quantum confinement! pseudogap, Fig. 4, and the spect
weight distribution.

VII. DISCUSSION

A. Evidence for charge stripe dopingx0Ä0.25

1. Doping on charged stripes

Recent evidence suggests that the stripes and pseud
terminate at the same dopingx0 while superconductivity per-
sists to higher doping.6 However, the proper choice ofx0
requires some discussion. The neutron diffraction meas
ments of Tranquadaet al.2 and Yamadaet al.1 have estab-
lished that charged stripes in La22xSrxCuO4 ~LSCO! have an
invariant topology over the doping range 0.06<x<0.125,
acting as APB’s for the AFM stripes and having a net dop
of 0.5 holes per stripe. However, there are two models
how this charge is distributed: either in one row with avera
hole density 0.5 hole per copper site or in two rows with 0
hole per copper. These two alternatives are often somew
simplistically referred to as site order versus bond order. T
strongest evidence distinguishing between the alternat
comes from x-ray data on the charge order41 at x51/8: non-
observation of diffraction harmonics suggests a sinuso
distribution of charge. For a four-Cu-wide repeat distan
two insulating and two charged rows would be exactly sin
soidal, whereas one charged and three insulating rows sh
have significant harmonic content. A similar conclusion w
reached by muon spin resonance (mSR ) line shape
analysis.42 However, the charge ordering peaks are we
and it remains possible that fluctuations or disorder co
wash out the harmonics.

Direct evidence for the density on the charged stripe
found from low-temperature nuclear quadrupole resona
~NQR! measurements,43 which find valuesx0;0.18–0.19.
While this is close to the lower value, the small differen
can also be understood: this is alocal measurement, and it i
expected that some holes will be pushed off onto the m
netic stripes. The lower doping is also more consistent w
the t-j model simulations of White and Scalapino.13 Indirect
evidence favoring the lower hole density includes the f
that it is easier to understand the properties of AFM stripe
terms of even-leg ladders~e.g., the AFM stripes would be
two coppers wide atx51/8),44 and that the stripe phase a
pears to terminate when the average doping approachx
50.25, as discussed below.

2. Doping at termination of the stripe phase

We assume that the pseudogap is associated with an o
parameter which competes with superconductivity, repres
ing either magnetic45,46 or charge-density-wave19,47 order,
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but in either case associated with stripes.48,9,49 Similarly, a
pseudogap arises in the nickelates50 in conjunction with
stripe fluctuations and turns into a true gap at the cha
ordering temperature. Therefore, the fact that the pseudo
closes in the overdoped regime in the cuprates strongly s
gests that stripes terminate at the same doping, as a for
quantum critical point~QCP!.51,8 In an EPS model, this dop
ing should also bex0, and we present evidence that this is t
case.

Tallon52 finds an optimal doping atxopt50.16 for all cu-
prates, with respect to which the stripes terminate at a dop
x50.19. However, it is hard to reconcile a common optim
doping with muon spin resonance data,53 which find Tc is
optimized at very different values ofns/m (ns is the pair
density, which seems to scale with the hole doping,54 andm
effective mass! for LSCO and YBCO. We assume instea
that m is approximately constant, soxopt scales withn/m;
thus, if xopt50.16 for LSCO, it is 0.21 for YBCO, in good
agreement with several estimates.55 This also resolves a
problem with the thermopower. While the thermopower a
pears to be universal for most cuprates and the best mea
estimating the doping is from room-temperature th
mopower, LSCO is anomalous in that ‘‘overdoped’’ samp
still have high thermopower.56 If the doping for YBCO is
rescaled as above, however, the thermopower data of LS
fall on the universal curve. Hence, the anomaly for LSCO
not in the thermopower, but in a too low value ofTc , which
is accompanied by a too low value ofxopt . It is likely that
these features are associated with a competing LTT ph
which is most prominent in LSCO and which also leads
the most nearly static stripe correlations.

Taking xopt50.21 for YBCO gives x0519/1630.21
50.25, which agrees with the above estimate for the dop
on the charged stripes,x0. We believe this value holds forall
cuprates, including LSCO, as shown below. This would lea
to very wide charged stripes near optimal doping: the wi
of the charged stripes,N, satisfiesN/(N12)516/19 or N
532/3.10 Cu wide. Hence, models of isolated quasi-on
dimensional charged stripes are likely to be valid only in t
far-underdoped regime, while for the good superconducto
better model would be a metal with intrinsic weak links.57

Here we show that strong magnetic correlations extra
late to zero~i.e., magnetic stripes disappear! at the same
doping for which the pseudogap closes.9,6,58,3 Figure 13~a!
compares the intensityI of the integrated inelastic neutro
scattering near (p,p) as a function of doping in YBCO~Ref.
59! and LSCO.2,1 In a stripe picture,I should be a measure o
the fraction of material in AFM stripes. Remarkably, the i
tensity extrapolates to zero at nearly the same doping in b
materials, even thoughTc(x) peaks at substantially differen
dopings. For both materials, this is the doping at which
pseudogap closes. Furthermore, a study of the neutron
fraction pair distribution function60 for LSCO finds evidence
for charge fluctuations, presumably associated with strip
The excess fluctuations are maximal nearx50.15 and termi-
nate nearx50.25. Strong reductions of thermal conductivi
associated with stripe scattering also terminate at a com
0-9
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rable doping,61 while a recent optical study62 finds evidence
for a quantum critical point at a similar doping,x;0.22.
Moreover, in Bi2212, Tokunagaet al.63 have introduced a
new crossover temperatureTmK based on Cu NMR, below
which AFM correlations develop; they findTmK→0 nearx
50.26.

A recent NQR study of the slowing of spin fluctuations
rare-earth~RE-! substituted LSCO~Ref. 64! finds that the
effective spin stiffnessrs

e f f ~or equivalently the effective ex
change constant! scales to zero at a comparable doping;
inverted triangles in Fig. 13 show 2prs

e f f/460 K. There is a
1/8 anomaly, in that the doping dependence ofrs

e f f changes
radically belowx50.12. Note that while the integrated ne
tron intensity scales approximately with the area fraction
charged stripes, 2prs

e f f scales to;460 K asx→0. This is
only 1/4 of the actual spin stiffness, 2prs51.13J51730 K
in the undoped AFM. The change by nearly a factor of 4
suggestive of a dimensional reduction~lower coordination!,
but for an isolated straight spin ladder, a factor of 2 mig
have been expected.

It is important to note the proximity of this termination o
the phase separation regime to the VHS: the arrow in F
13~a! shows the doping at which the pseudogap in the h
capacity65 closes, leaving an approximately logarithm
peak,24 while the3 indicates the point at which photoemi
sion finds the VHS crossing the Fermi level.66 Termination of
the stripe phase close to a VHS is an important prediction
our EPS model of stripes.

Figure 13 provides strong constraints on the value ofx0.
LSCO is the only cuprate for which the value ofx is mea-
sured directly, and a valuex050.19 for the stripe termination
is clearly too low for LSCO: when the stripes are gone, m
netic correlations should be weak, but there is evidence
long-range magnetic order atx50.22 and 0.21, the latter

FIG. 13. ~a! Magnetic inelastic scattering intensity vsx in
YBCO @squares~Ref. 59!# and LSCO@diamonds~Ref. 2! and tri-
angle ~Ref. 1!#. Inverted triangles5 ~scaled! effective exchange
constant in RE-substituted LSCO, estimated from slowing of s
fluctuations~Ref. 64!. ~b! CorrespondingTc(x): solid line5 YBCO
@circles ~Ref. 59!#; dashed line5 LSCO.
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coupled with a suppression ofTc .67 On the other hand, both
facts are compatible withx0;0.25, Fig. 13.

3. Crossover at 1Õ8 doping

For x0;1/4, the crossoverxcr5x0/2 can be identified
with the 1/8 anomaly, where both charged and AFM strip
have their minimal width~two Cu atoms!. There is consid-
erable evidence that the doping 1/8, in addition to its spe
stability, acts as a crossover in the properties of the strip
Thus, Uchidaet al.,68 studying the Hall coefficientRH , find
a crossover from one-dimensional behavior (RH→0 as T
→0) for x,xcr51/8 to two-dimensional behavior~coupled
charged stripes! for x.xcr . In YBCO, the spin gap grows
slowly with doping for x,xcr , then more rapidly forx
.xcr ; this behavior can be understood in terms of coup
spin ladders, as the coupling changes with the width of
charged stripes.9 In Eu-substituted LSCO,69 the Meissner
fraction is negligibly small forx,xcr , then grows roughly
linearly with doping untilx.0.18, staying large up to at leas
x50.22. Finally, the two-magnon Raman peak in LSCO h
a splitting at low temperatures which has been associa
with stripes,70 in analogy with similar observations in
La22xSrxNiO4 ~LSNO!.71 For x,xcr the ratio of the two
peak frequencies is constant and consistent with a sim
stripe model; forx.xcr the lower frequency starts decrea
ing with doping. Moreover, the higher frequency loses inte
sity with doping; nearx50.26, theintensity of one mode
approximately disappears, while thefrequencyof the other
mode extrapolates to zero.

4. Clusters for xÌ1Õ8

The Yamada1,2,72 plot, Fig. 14~a!, provides a severe con
straint on any model of stripes: in LSCO the incommensu
bility d is found to grow linearly with doping forx,xcr but
to saturate forx.xcr . Furthermore, the saturation value
just the incommensurability expected forx51/8 doped
stripes,dsat5xcr . A similar saturation has been reported
YBCO, but different groups find different values fordsat :
;1/6 ~Ref. 73! or ;1/10 ~Ref. 74!. If either of these values
proves correct, it would suggest some nonuniversality inx0,
perhaps associated with bilayer splitting.

For x<1/8, the EPS model agrees with the Yamada p
Fig. 14~b!: an increase in doping causes the AFM stripes
narrow, with no changes in the charged stripes. Note that,
concreteness, we have assumed that the charged stripes
LAF order ~Sec. III!; these stripes naturally act as APB’
consistent with the neutron evidence. However, a simple
tension of the stripe model forx.1/8 is in disagreement with
the Yamada plot, Fig. 14~c!: as the charge stripes get wide
and the incommensurability should decrease, while the n
tron peaks may broaden if the wider charge stripes do not
as APB’s. This behavior is not observed. However, the mo
can be simply modified to explain the observed saturati
Figs. 14~d! and 14~e!. This would be a commensurabilit
effect, with part of the sample pinned at 1/8 doping while t
rest forms a different phase~e.g., at 1/4 doping! where no
stripes are present. Such behavior is well known in ni

n
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elates, where the coexistence of 1/3 and 1/2 stripes is c
mon.

Further evidence for commensurability pinning is fou
by noting12 the similar doping dependence of the chemi
potentialm in LSCO ~Ref. 75! and LSNO~Ref. 76!, where
the latter is clearly caused by commensurability pinning o
striped phase. The recent STM observations of local cha
domains in Bi2212~Ref. 4! paint a similar picture. The ob
served broad gap distribution is presumably due to the s
sitivity of the EPS to the local density of charged impuritie
presumably interstitial oxygen in Bi2212. This sensitivity
impurities leads to the question of which came first: is
preexisting EPS sensitive to local impurities, or does oxyg
clustering77 provide the driving mechanism for domain fo
mation? Since the electronic inhomogeneity seems chara
istic of most cuprates while there is considerable variety
the doping counterions, the simpler interpretation would
pear to be that the EPS is primary. Thus, in La2CuO41d
~LCO!, the interstitial oxygens are highly mobile, allowin
the domains to grow to macroscopic size. Similar clust
form in YBCO ~here associated with chain oxygens!, but can
be suppressed in fully oxygenated samples by quenchin78

On the other hand, well-formed stripes appear when the d
ing counterions are least mobile in LSCO. Microwa

FIG. 14. ~a! Yamada plot of incommensurabilityd vs dopingx
for LSCO. Open squares5 elastic neutron scattering in Nd
substituted samples~Ref. 2!; others5 inelastic neutron scattering
for vertical stripes@open circles~Ref. 1! or diamonds~Ref. 72!# or
diagonal stripes@solid diamonds~Ref. 72!#. Dashed~solid! line
5 prediction of EPS model without~with! commensurability effect
at 1/8 doping.~b!,~c! 5 Stripe phase model without commensur
bility effect, atx51/12 ~b! and 1/6~c!. For this figure, the charged
stripes are assumed to have linear antiferromagnetic order~Sec. III!.
~d!,~e! 5 domains associated with commensurability pinning of 1
doped phase;~e! 5 blowup of ~d!.
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anomalies in Bi2212 have been interpreted in terms of si
lar electronic domains,5 suggesting that they are represen
tive of the bulk, while measurements on other cuprates79 find
similar anomalous behavior which was interpreted in ter
of pinned CDW’s, possibly stripe related. A domain pictu
would also explain the persistence of nodal quasiparticle
the underdoped regime, at least down to 1/8 doping.80

In conclusion, the assumption of a charged stripe dop
x0.0.25 reconciles the neutron diffraction data, evidence
a termination of the stripe phase nearx0, and the 1/8
anomaly as a crossover effect nearx0/2, while commensura-
bility effects can explain the saturation in the Yamada p
and the STM observation of charge domains.

B. Superconductivity in charged stripes

We suggested earlier9 that the peak and hump feature
seen in photoemission from Bi2212 were associated with
charged and the AFM stripes, respectively. As such, the
tensity of the peak should have the doping dependence
dicted for charged stripes, with the intensity increasing fro
zero at half filling, approximately linearly with dopingx.
This has now been verified experimentally.66,81 Moreover,
the maximum intensity of the spectral weight occurs at
same doping66 x0 discussed above, where the stripe pha
terminates. Remarkably, the peak spectral weight clos
tracksTc , suggesting that thesuperconducting pairs ‘‘live’’
in the charged stripes, as predicted by several models.24,82

Consistent with this, a number of measures of the strengt
superconductivity~condensation energy, critical current! are
optimized at this same point66,6,83 where the charge stripe
intensity is maximum and AFM stripes vanish. The fact th
Tc itself is actually optimized at a slightly lower doping ma
be a hint that stripes can enhance the superconducting ga
found above, Fig. 9. An analysis of the superconducting fl
tuations in the underdoped cuprates84 leads to similar conclu-
sions: superconductivity arises predominantly in the char
stripes ~or domains!, so the phase coherence temperat
falls in underdoped cuprates, due to weak coupling betw
domains. Remarkably, the mean-field transition tempera
is enhanced in the underdoped regime, consistent with
theoretical results of Fig. 9.

VIII. CONCLUSIONS

Recent experiments have provided considerable evide
for the presence of stripes and EPS in the cuprates, but t
remain many questions as to how universal these are,
they arise and vary with doping, and how they interact w
superconductivity. We have here elaborated our earl9

model of stripes driven by frustrated phase separation
particular adducing evidence that the doping on the char
stripes is close tox5x050.25 and that when the averag
doping approaches this value EPS terminates. Moreo
nearxcr5x0/2 there is a crossover in stripe properties: f
x,xcr the charged stripes are quantum confined, and fox
.xcr the AFM stripes are so confined. This model can e
plain the 1/8 anomaly (x5xcr), the anomalous Hall effec
(RH→0) ~Ref. 68! for x,1/8 ~charged stripes confined
0-11



,
ing
e

p-
ab
th
tiv
rti
u

ct
de
es
as
de
op
p
p

ula
io
te
he

m

.
/8

tal
he
ety
ion
in-
ripe
ra-

at

m-
p-
to
f

ies
st-

an
by

R. S. MARKIEWICZ AND C. KUSKO PHYSICAL REVIEW B65 064520
hence one dimensional!, and the growing spin gap in YBCO
for x.1/8.9

On the important issue of thestructureof a charged stripe
we have explored a number of possibilities without com
to any final conclusions. While there is evidence that sup
conductivity ‘‘lives’’ in the charged stripes, there also a
pears to be a second instability in these stripes, which st
lizes the stripe phase while competing wi
superconductivity. We have shown that a semiquantita
understanding can be achieved by looking at the prope
of a single doped ladder, and we have discussed how a n
ber of instabilities~both CDW and superconducting! vary
with ladder width. We showed that strong correlation effe
could lead to charged stripes with a residual magnetic or
introduced a simple model for White-Scalapino-like strip
and found novel superconducting and CDW instabilities
sociated with such stripes. We illustrated how stripe or
would affect angle-resolved photoemission spectrosc
~ARPES! spectra, both dispersions and Fermi surface ma
Future studies will apply the model to describing other pro
erties of the cuprates.

Certain anomalous features of strong-correlation calc
tions may find an explanation in underlying phase separat
Thus, the vanishing of the renormalized hopping paramet
near half filling in slave boson calculations may reflect t
vanishing of the charged stripes at half filling,9 while the
frequently observed pinning of the VHS near the Fer
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level24,85 is consistent with VHS-stabilized charged stripes
Finally, the idea of a commensurability effect near 1

doping, leading to a coexistence ofdomainsfor x.1/8, pro-
vides a simple explanation for a large variety of experimen
findings, including the saturation of the Yamada plot, t
direct observation of domains in STM studies, and a vari
of microwave anomalies. This may also lead to a resolut
of the combined puzzle of magnetic neutron scattering
commensurability and the neutron resonance peak. A st
model provides a natural explanation of the incommensu
bility for x<1/8, including a stripe reorientation transition
the metal-superconductor transition nearx;0.053. However,
a band picture86 ~with EF close to a VHS! provides a supe-
rior model for the combined, frequency-dependent inco
mensurabilitycum resonance peak found near-optimal do
ing in YBCO and Bi2212. An EPS crossover from stripes
domains nearx;1/8 would provide a natural explanation o
these phenomena.
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Borowski, Phys. Rev. B58, 11 876~1998!.
70S. Sugai and N. Hayamizu, J. Phys. Chem. Solids62, 177~2001!.
71G. Blumberg, M. V. Klein, and S.-W. Cheong, Phys. Rev. Le

80, 564 ~1998!; K. Yamamoto, T. Katsufuji, T. Tanabe, and Y
Tokura, ibid. 80, 1493 ~1998!; and S. Sugai, N. Kitamori, S
Hosoya, and K. Yamada, J. Phys. Soc. Jpn.67, 2992~1998!.

72M. Fujita, K. Yamada, H. Hiraka, P. M. Gehring, S. H. Lee,
Wakimoto, and G. Shirane, cond-mat/0101320~unpublished!.

73M. Arai, T. Nishijima, Y. Endoh, A. W. Garrett, S. Tajima, K
Tomimoto, Y. Shiohara, C. D. Frost, and S. M. Bennington,
Cosmology and Particle Physics, edited by R. Durreret al., AIP
Conf.Proc. No.554 ~AIP, Melville, 2001!, p. 191; M. Arai, Y.
Endoh, S. Tajima, and S. M. Bennington, Int. J. Mod. Phys
14, 3312~2000!.

74P. Dai, H. A. Mook, R. D. Hunt, and F. Dogan, Phys. Rev. B63,
054525~2001!.

75A. Ino, T. Mizokawa, A. Fujimori, K. Tamasaku, H. Eisaki, S
Uchida, T. Kimura, T. Sasagawa, and K. Kishio, Phys. Rev. L
79, 2101~1997!.

76M. Satake, K. Kobayashi, T. Mizokawa, A. Fujimori, T. Tanab
T. Katsufuji, and Y. Tokura, Phys. Rev. B61, 15 515~2000!.

77A. V. Balatsky ~unpublished!. An oxygen clustering model has
problem, in that most of the excess oxygens in Bi-2212 are
06452
.

t.

t

randomly clustering, but are responsible for the superlattice
mation. See W. Que and M. B. Walker, Phys. Rev. B46, 14 772
~1992!.

78A. Erb, A. A. Manuel, M. Dhalle, F. Marti, J.-Y. Genoud, B
Revaz, A. Junod, D. Vasumathi, S. Ishibashi, A. Shukla,
Walker, O. Fischer, R. Fluekiger, R. Pozzi, M. Mali, and D
Brinkmann, Solid State Commun.112, 245 ~1999!.

79C. Kusko, Z. Zhai, N. Hakim, R. S. Markiewicz, S. Sridhar, D
Colson, Viallet-Guillet, A. Forget, Yu. A. Nefyodov, M. R. Tru
nin, N. N. Kolesnikov, A. Maignan, A. Daignere, and A. Er
~unpublished!; R. S. Markiewicz~unpublished!.

80X. J. Zhou, T. Yoshida, S. A. Kellar, P. V. Bogdanov, E. D. Lu, A
Lanzara, M. Nakamura, T. Noda, T. Takeshita, H. Eisaki,
Uchida, A. Fujimori, Z. Hussain, and Z.-X. Shen, Phys. Re
Lett. 86, 5578~2001!.

81H. Ding, J. R. Engelbrecht, Z. Wang, J. C. Campuzano, S
Wang, H.-B. Yang, R. Rogan, T. Takahashi, K. Kadowaki, a
D. G. Hinks, cond-mat/0006143~unpublished!.

82I. Martin, G. Ortiz, A. V. Balatsky, and A. R. Bishop, Int. J. Mod
Phys. B14, 3567~2000!.

83C. Bernhard, J. L. Tallon, Th. Blasius, A. Golnik, and Ch. Nie
ermayer, Phys. Rev. Lett.86, 1614~2001!.

84R. S. Markiewicz, cond-mat/0108075~unpublished!.
85R. S. Markiewicz, J. Phys.: Condens. Matter2, 665 ~1990!; A.

Himeda and M. Ogata, Phys. Rev. Lett.85, 4345~2000!.
86M. R. Norman, Phys. Rev. B61, 14 751~2000!; Y.-J. Kao, Q. Si,

and K. Levin,ibid. 61, 11 898~2000!.
0-14


