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Fermi surface and spectral functions of a hole-doped spin-fermion model for cuprates
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Using numerical techniques we study the spectral functionA(k,v) of a spin-fermion model for cuprates in
the regime where magnetic and charge domains~stripes! are developed upon hole doping. FromA(k,v) we
study the electronic dynamics and determine the Fermi surface~FS!, which is compared with angular-resolved
photoemission results for La22xSrxCuO2. A pseudogap is observed in the density of states at the chemical
potential for all finite dopings. The striped ground state appears to be metallic in this model since there is finite
spectral weight at the chemical potential, but the electronic hopping seems to be stronger perpendicular to the
stripes rather than along them. The band structure is not rigid, contrary to the behavior found in mean-field
studies, and changes with doping. Both midgap~stripe-induced! and valence-band states determine the FS. For
vertical ~horizontal! stripes, a clear FS appears close to (p,0) @(0,p)#, while no FS is observed close to (0,p)
@(p,0)#. Along the diagonal direction the spectral function shows a clear quasiparticle peak close to~0,0!, but
its weight is reduced as the chemical potential is approached. A weak FS develops along this direction as the
system is doped.

DOI: 10.1103/PhysRevB.63.214513 PACS number~s!: 74.20.Mn, 74.72.2h, 71.10.Fd
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I. INTRODUCTION

Neutron-scattering studies have shown that many h
temperature superconducting materials exhibit magnetic
commensurability~IC! upon hole doping.1 In some com-
pounds it is believed that this spin IC is due to the format
of charge stripes.2 Indirect evidence of static stripe formatio
has been observed in Nd-doped La22xSrxCuO2 ~LSCO!.2 On
the other hand, in LSCO, angular-resolved photoemiss
experiments~ARPES! ~Ref. 3! as well as neutron scattering4

show features consistent with the existence of dynam
stripes. In neutron scattering the evidence is in the broad
ing of the peak in the supposedly inhomogeneous stripe
gime, while in ARPES a one-dimensional-like band disp
sion and a straight Fermi surface~FS! around (p,0) and
(0,p) are observed.

The goal of this paper is to gain theoretical understand
on the effect of stripes in the spectral function and FS o
system of electrons and spins, since these are properties
can be measured in ARPES experiments. In previous
tempts to study these properties, mean-field and exact di
nalization~ED! techniques have been applied to the Hubb
and t-J models.5–7 The problem with these models is that
has not been shown that their actual ground state has st
characteristics. In mean-field approaches5 not all possible
states have been considered, and with ED, additional at
tive terms have to be added to the Hamiltonian to stabi
the striped phase.6 Thus, here we consider a spin-fermio
model that can be unbiasedly studied with accurate Mo
Carlo ~MC! techniques without ‘‘sign problems’’ and, upo
hole doping, has a striped ground state, as shown in prev
investigations.8,9 This model has been used successfully
qualitatively describe magnetic and charge properties of
cuprates, showing that spin IC and charge stripe forma
are related.8,9

The main result of the present effort is that midgap sta
associated with the stripes and valence-band states relat
0163-1829/2001/63~21!/214513~10!/$20.00 63 2145
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the background both contribute to determine the FS. T
band structure is not rigid, as found in mean-fie
calculations.5 A pseudogap at the chemical potential clea
develops as the system is doped. The doped holes are
only introduced into the stripes but also into the backgrou
and the striped state appears to be metallic, although
electronic hopping is stronger along the direction perp
dicular to the stripes.

The paper is organized as follows: the spin-fermion mo
is presented in Sec. II, a schematic picture is shown in S
III, and Sec. IV is devoted to the results. The pseudoga
discussed in Sec. V, and the conclusions are presente
Sec. VI.

II. THE MODEL

The spin-fermion model is constructed as an interact
system of electrons and spins, crudely mimicking pheno
enologically the coexistence of charge and spin degree
freedom in the cuprates.10–12 Its Hamiltonian is given by

H52t (
^ ij &a

~cia
† cja1H.c.!1J(

i
si•Si1J8(̂

ij &
Si•Sj ,

~1!

wherecia
† creates an electron at sitei5( i x ,i y) with spin pro-

jection a, si5(abcia
† sabcib is the spin of the mobile elec

tron, the Pauli matrices are denoted bys, Si is the localized
spin at sitei, ^ ij & denotes nearest-neighbor~NN! lattice sites,
t is the NN-hopping amplitude for the electrons,J.0 is an
antiferromagnetic~AF! coupling between the spins of th
mobile and localized degrees of freedom at the same
and J8.0 is a direct AF coupling between the localize
spins in nearest-neighbor sites. The density^n&512x of
itinerant electrons is controlled by a chemical potentialm.
Hereaftert51 will be used as the unit of energy. From pr
vious phenomenological analysis the couplingJ is expected
©2001 The American Physical Society13-1
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MORAGHEBI, BUHLER, YUNOKI, AND MOREO PHYSICAL REVIEW B63 214513
to be larger thant, while the Heisenberg couplingJ8 is ex-
pected to be smaller.11,12,8The value ofJ will be here fixed
to 2 and the couplingJ850.05, as in Ref. 8. To simplify the
numerical calculations, avoiding the sign problem, the loc
ized spins are assumed to be classical~with uSiu51). This
approximation was discussed in detail in Ref. 8 and it is
expected to alter qualitatively the behavior of the strip
ground state. The model will be studied using a standard
method, details of which can be found in Ref. 13. Perio
boundary conditions are used.

The spectral functionA(k,v) is defined as

A~k,v!52
1

p
Im G~k,v!, ~2!

whereG(k,v) is the one-particle retarded Green’s functi
for the electrons,k is the momentum, andv denotes the
energy. Since we are performing a MC calculation on
classical spins only, because the fermions do not inte
among themselves directly but only through the class
spins, the time-dependent Green’s function can be strai
forwardly calculated in real time. The spectral functions o
tained with this procedure only contain small controlled s
tistical errors. This should be contrasted against ot
calculations that use the maximum entropy technique, wh
is typically an uncontrolled procedure. The density of sta
~DOS! N(v) is obtained by adding the spectral functions f
all different momenta in the first Brillouin zone~FBZ!.

III. SCHEMATIC PICTURE

ARPES results in La1.28Nd0.6Sr0.12CuO4 show a FS that
appears to be formed by the superposition of two o
dimensional~1D! FS’s believed to be caused by metal
stripes in an insulating background.14 Similar features are
observed in underdoped LSCO3 and in Bi2Sr2CaCu2O81y
~Bi2212!.15 The naive band structure that would provid
such a FS is shown in Fig. 1~a!, along the main directions in
the FBZ, for the case of quarter-filled~metallic! equally
spaced vertical stripes with a perioda54 on an AF~insulat-
ing! background. The overall density is^n&50.875, which
corresponds to a hole densityx50.125. A valence and con
duction band, separated by the AF gap, are associated
the insulating background. The dashed line indica
‘‘shadow bands.’’16 In the middle of the gap there is a ban
that corresponds to the 1D stripes. Notice that the mid
band is not symmetric underp/2 rotations. At (p,0) @(0,p)#
the midgap band is closer to the valence~conduction! band.
The midgap-band energy is given byEm(kx ,ky)5
2t8 cosky , while the energy of the valence and conducti
bands is given byEk

656Aek
21D2, whereek522t(coskx

1cosky), and 2D is the AF gap. In Fig. 1~a! we have used
t850.5, t51, andD51 for simplicity. The metallic band is
crossed by the Fermi energy (EF) defining the FS shown in
Fig. 1~b!. Notice that the midgap band is flat, i.e., it does n
disperse, along (0,p)2(p,p) and (0,0)2(p,0) indicating
that the holes are static in the horizontal direction~they only
can move vertically along the stripe!. The corresponding
schematic density of states is shown in Fig. 1~c!.
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l-

t
d
C
c

e
ct
l
t-

-
-
r
h
s

-

ith
s

p

t

This naive picture also shows that if the hole density
the stripes were 1 rather than 0.5 the system would be in
lating since, as shown in Fig. 1~a!, the Fermi energy, indi-
cated byEF8 , would be inside a gap and all the stripe sta
would be empty. When typical mean-field calculations
lowing for the possibility of vertical stripes are performed o
the Hubbard model, the stable solution is qualitatively sim
lar to the one shown in Fig. 1~a!, with Fermi energyEF8 ,
indicating an insulating ground state.17 The addition of the
diagonal hopping terms distorts the bands allowing the
bilization of metallic stripes.5

Although the mean-field results mentioned above are v
instructive, it is not clear that they represent the true grou
state of the system. In addition, numerical studies are v
difficult to perform directly in the Hubbard model. Howeve
we have shown that the easier-to-study spin-fermion mo
captures many of its properties.8 We have also observed tha
the addition of negative diagonal hopping parameters to
spin-fermion model with absolute values larger than 0.0t
destabilize the striped ground state on a square lattice.18 This
is the reason why, in spite of the encouraging mean-fi
results of Ref. 5, we will not show data here for finite dia
onal hoppings.

In order to compare the schematic results of Fig. 1~a! with
those of the spin-fermion model it has to be considered
antiferromagnetic models tend to have symmetrical ba
structures below and above the antiferromagnetic gap. Ju
the conduction and valence bands described above
caused by an AF splitting, we should expect that the midg

FIG. 1. ~a! Schematic band structure along the path (0
2(0,p)2(p,p)2(p,0)2(0,0)2(p,p) in the FBZ for an AF sys-
tem with metallic quarter-filled vertical stripes with^n&50.875.EF

indicates the position of the Fermi energy and shadow bands
indicated by a dashed line.EF8 indicates the position of the Ferm
energy in the case of empty (^n&50) stripes.~b! Fermi surface
corresponding to the band structure shown in~a!. ~c! The corre-
sponding density of states of~a!.
3-2
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band will itself be split in the same way. In our schema
model the energy of the split midgap band is given byEm

6

56A(t8cosky)
21D82, where 2D8 is the gap between th

two bands. The expected band structure, usingD850.5 and
t850.7, is schematically shown in Fig. 2~a!. This indicates
that for vertical stripes, midgap spectral weight will appe
close to the valence band around (p,0), while only shadow,
and thus much weaker, spectral weight will appear aro
(0,p). The observed midgap band should not disperse fr
(0,0) to (p,0), but it will disperse from (p,0) to (p,p). It is
also clear that very little midgap spectral weight will be o
served along the diagonal direction fork larger thanp/2
since the shadow bands are not intense. In this naive pic
the Fermi surface will be similar to the one shown in F
1~b! if EF , in Fig. 2~a!, is the Fermi energy.19 As before, no
FS will be observed if the Fermi energy isEF8 in Fig. 2~a!.
The DOS, on the other hand, will look qualitatively differe
from the one displayed in Fig. 1~c!. Two midgap bands will
appear, instead of one, as shown in Fig. 2~b!.

A problem with the naive schematic picture that we ju
discussed is that, as can be observed in Fig. 2~b!, the DOS
does not have a pseudogap at the chemical potential, w
is a feature experimentally observed in the cuprates. In
schematic scenario, a pseudogap would be observed i
midgap states and the valence band overlap each other.
resulting band structure is shown in Fig. 3~a!. In this case,
though, the Fermi surface would have an electronlike con
bution coming from the valence band@dotted line in Fig.

FIG. 2. ~a! Schematic band structure along the path (0
2(0,p)2(p,p)2(p,0)2(0,0)2(p,p) in the FBZ for an AF sys-
tem with a split midgap band associated to metallic quarter-fi
vertical stripes with^n&50.875. EF indicates the position of the
Fermi energy and shadow bands are indicated by a dashed lineEF8
indicates the position of the Fermi energy in the case of em
stripes.~b! The corresponding density of states.
21451
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3~b!#, superimposed to a FS qualitatively similar to the o
shown in Fig. 1~b! due to the partial filling of the midgap
band, denoted by the full lines in Fig. 3~b!. The resulting
DOS, with a pseudogap at the chemical potential, is sho
in Fig. 3~c!. We would like to point out that although her
we have presented the simplest case of band overlappin
is also possible that the two bands would merge in wh
case a single FS would be observed.

IV. RESULTS

A. Half filling

Let us consider now the similarities and differences b
tween the schematic results described in the previous sec
and those arising from the spin-fermion model. In Figs. 4~a!
and 4~b! the spectral function along the main directions
the FBZ is shown for the undoped̂n&51 spin-fermion
model on an 838 cluster. The dispersion of the main pea
in A(k,v) gives rise to the band structure presented in F
4~c!, in which a valence and conduction band separated
the AF gap appear. The shadow bands associated with
AF order are indicated by the dashed line in Fig. 4~c!. The
ground state is invariant under rotations inp/2, i.e., the fea-
tures along the direction (0,0)2(0,p) are identical to those
along (0,0)2(p,0). The DOS showing the valence and co
duction bands separated by the AF gap is displayed in
4~d!. The chemical potential is in the middle of the gap i
dicating that the system is an insulator. The results sho
here are to be expected for an AF insulator, and they d

)

d

ty

FIG. 3. ~a! Schematic band structure along the path (0
2(0,p)2(p,p)2(p,0)2(0,0)2(p,p) in the FBZ for an AF sys-
tem with overlapping midgap and valence~conduction! bands asso-
ciated to metallic vertical stripes with overall^n&50.875.EF indi-
cates the position of the Fermi energy and shadow bands
indicated by a dashed line.~b! Fermi surface corresponding to th
band structure shown in~a!. ~c! The corresponding density of state
3-3
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MORAGHEBI, BUHLER, YUNOKI, AND MOREO PHYSICAL REVIEW B63 214513
onstrate that the spin-fermion model with classical localiz
spins properly reproduces the main physics of such a st

B. Šn‹Ä0.935

In the MC simulations of the spin-fermion model, hol
added to the system tend to align forming horizontal or v
tical stripes, as discussed in previous literature.8 Studying 8
38 and 12312 systems it was observed that forx less than
1/L holes doped (L is the side of the square cluster! the
system remains an insulator. As an example, in Fig. 5
presentA(k,v) along the main directions in the FBZ fo
^n&50.937, i.e., when four holes are introduced on the
38 system.

In Figs. 5~a! and 5~b! it can be seen that spectral weight
transferred from the valence and conduction bands to
middle of the gap, creating two midgap bands shaded
black in Figs. 5~a! and 5~b!, similarly to the second sche
matic model described in Sec. III. In the results shown he
the four doped holes are aligned vertically and, as expec
the spectral weight associated with the holes comes from
valence band, and it is located around (p,0) in momentum
space@Fig. 5~b!#. A redistribution of spectral weight, shade
in black in Fig. 5~a!, is also observed close to the conducti

FIG. 4. Spectral function for the undoped spin-fermion mo
on an 838 lattice as a function ofv2m. ~a! Along the path
(0,0)2(0,p)2(p,p); ~b! along the path (0,0)2(p,p); ~c! the
band structure obtained from~a! and ~b!. The lines indicating the
main bands are to guide the eye. Dashed lines indicate sha
bands. Darker points indicate higher spectral weight;~d! the density
of statesN(v) vs v2m.
21451
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band around (0,p). Only a negligible shadow weight, indi
cated with an arrow in Fig. 5~a!, appears close to the valenc
band around (0,p). It has been checked that, as expect
when the holes are aligned horizontally the states close to
valence ~conduction! band are located close to (0,p)
@(p,0)#. Also in agreement with the schematic picture, w
observe that the lower midgap states disperse along (p,0)
2(p,p), but not along (0,0)2(p,0). A somewhat unex-
pected result though is that the low midgap spectral wei
around (0,0) is negligible, and the same occurs along
diagonal direction. Thus, only states with momenta close
(p,0) and (0,p) contribute appreciably to the midgap ban
in the spin-fermion model, in contrast with the schema
model of the previous subsection in which all the mome
participated.

The resulting band structure is shown in Fig. 6~a! and the
DOS is presented in Fig. 6~b!. This band structure is remi

l

ow

FIG. 5. Spectral function for the spin-fermion model with^n&
50.937 on an 838 lattice, with holes aligned along the vertica
axis forming a straight segment. The midgap states are shade
black. ~a! Along the path (0,0)2(0,p)2(p,p). The arrow indi-
cates the midgap shadow states with nearly negligible weight;~b!
along the path (0,0)2(p,0)2(p,p); ~c! along the path (0,0)
2(p,p).
3-4
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FERMI SURFACE AND SPECTRAL FUNCTIONS OF A . . . PHYSICAL REVIEW B63 214513
niscent of the one described in Fig. 2 for vertical insulati
1D stripes in an antiferromagnetic background. The chem
potential is in a gap between the lower midgap band, as
ciated to the doped holes in the stripes, and the valence b
The state is an insulator since the midgap bands are a
the chemical potential. ARPES results for LSCO~Ref. 3!
also detect an insulating ground state at low doping.

The symmetry underp/2 rotations is clearly broken du
to the vertical stripe of holes. However, independent M
simulations, using different random initial spin configur
tions, provide outputs with vertical or horizontal stripes i
dicating that the two states are degenerate. As more hole
added to the system in the insulating regime, spectral we
is transferred from the valence and conduction bands to
midgap states.

C. Šn‹Ä0.875

At ^n&50.875, which corresponds to eight holes on t
838 lattice, one stripe is stabilized in the ground state
very important issue is whether the system is an insulator
in the early mean-field results,17 or metallic as suggested b
the experimental data.

The electronic density of the stripes observed in the sp
fermion model is;0.5,8 in agreement with the experiment
but there is a slight reduction in the density of all the sites
the lattice indicating that, on average, four holes are loca
at the stripe, while the other four are spread in the syst

FIG. 6. Band structure for the spin-fermion model with^n&
50.937 on an 838 lattice obtained from the data in Fig. 5.~a!
Along the path (0,0)2(0,p)2(p,p)2(p,0)2(0,0)2(p,p) in
the FBZ. The valence, conduction, and midgaps bands are indic
with lines to guide the eye. The dashed lines connect points w
very small spectral weights that define shadow bands.~b! The den-
sity of statesN(v) vs v2m.
21451
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We will discuss this point in more detail below. Notice th
this is different from the picture emerging from experimen
performed in Nd-doped LSCO~Ref. 2! in which two stripes
rather than one would be expected to be observed in
situation that we are discussing, since the holes are assu
to be located exclusively in the quarter-filled stripes and
in the background. This could be a drawback of this mo
since the incommensurability pattern for LSCO is similar
the Nd-doped material mentioned above.20 However, it is not
clear that all the cuprates follow the same pattern.21 The
spectral functions in the FBZ are shown in Fig. 7 and th
correspond to the case in which the stripe is vertical. T
same results, exchangingkx with ky , were obtained for the
case of a horizontal stripe. In Fig. 7~a! it can be observed tha
the lower midgap states only have very small shad
weight, indicated with an arrow, around (0,p), as expected
from the schematic model, and the valence band rem
below the chemical potential. Thus, it appears that there is
FS along this direction.

ed
th

FIG. 7. Spectral function for the spin-fermion model with^n&
50.875 on an 838 lattice. ~a! Along the path (0,0)2(0,p)
2(p,p). The arrow indicates the midgap shadow weight;~b! along
the path (0,0)2(p,0)2(p,p); ~c! along the path (0,0)2(p,p).
3-5
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Along the (0,0)2(p,0)2(p,p) direction depicted in Fig.
7~b!, on the other hand, the valence band and the lower m
gap band are very close to each other. On the 838 system
@Fig. 7~b!#, there seems to exist a very small gap in betwe
the valence and the midgap band that would indicate insu
ing behavior. However, we need to establish whether
gap is real or an artifact of the small lattice that we a
studying. To explore this issue we studied the eigenva
distribution of the Hamiltonian defined in Eq.~1! for several
configurations of the spin variables~snapshots! whose
ground state had one stripe on 838 @Fig. 8~a!# and 12312
@Fig. 8~b!# systems. We observed that the eigenvalue dis
bution changes very little for the different snapshots. On
838 system a very small gap in the eigenvalue distribut
was observed at the chemical potential indicated with
dashed line in Fig. 8~a!. As expected, there are eight eige
states forming the lower midgap states associated with
number of holes in the system.

For the 12312 system@Fig. 8~b!# the gap between the
lower band and midgap states is smaller. The numbe
eigenstates per energy interval provides the density of st
for the snapshot. A histogram of the eigenvalue distribut
provides an estimation of the DOS. These histograms, u
an energy interval equal to 0.04t, are shown in Fig. 8~c! for
the 838 system and in Fig. 8~d! for the 12312 cluster. In
both cases the chemical potential is very close to
pseudogap in the DOS located between the valence
lower midgap bands, as experimentally observed in
cuprates.22

Thus, combining the results in Figs. 7 and 8 we infer th
in this case, both the valence and the low midgap ba
merge and will contribute to the Fermi surface. It is n
possible to detect the position of the FS precisely due to
flatness of the overlapped bands close to (p,0). Our data are
consistent with either a FS at (p2d,0) or at (p,d), where
0<d,3p/4. Notice that the dispersive behavior of the mi

FIG. 8. ~a! Eigenvalue distribution for a snapshot configurati
on an 838 cluster with a vertical stripe;~b! same as~a! but for a
12312 cluster;~c! density of states obtained from~a!; ~d! density of
states obtained from~b!.
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gap states is the type expected for vertical stripes in the s
matic system, although the dispersion is small.

A similar analysis looking at Fig. 7~c! shows that a FS
along the diagonal of the FBZ, i.e., from (0,0) to (p,p),
does not exist. The valence-band quasiparticle peak tha
well defined at (0,0) becomes incoherent just below
chemical potential for momentum (p/2,p/2), and it is almost
touching the Fermi energy. The midgap states, as expec
have only shadow spectral weight.

The band structure arising from Fig. 7 is presented
Figs. 9~a! and 9~b! and the possible FS due to the vertic
stripe is shown in Fig. 9~c!. The shadowed region indicate
its possible location and the solid lines running fro
(7p/8,0) to (7p/8,p/8) and (p,p/8) to (7p/8,p/8) denote
its two approximate extreme positions.

In Fig. 9~d! we show the possible FS obtained as a sup
position of the results for horizontal and vertical stripes. It
an incomplete FS that could close either around (0,0)
(p,p) @solid line in Fig. 9~d!#. We could not determine if the
surface is closed or open but away from (p,0) and (0,p) the
spectral weight is weak and incoherent. The possible extre
positions of this weaker FS~or gap! is indicated with dashed
lines in Fig. 9~d!. The FS closing around (p,p) has been
observed in underdoped LSCO~Ref. 3! and Bi2212.15,23The
observation of a FS closing around (0,0) is controvers
According to Ref. 15 it appears in Bi2212 at 32.3 eV phot
energy, while Ref. 23 interprets similar data as indicating
changes in the shape of the FS.

Our results are also in agreement with the LSCO d
showing a weak or no FS along the diagonal in the und
doped regime.3 ARPES data seem to indicate a FS along
diagonal direction in Bi2212,15 but we believe that inverse

FIG. 9. Band structure for the spin-fermion model with^n&
50.875 on an 838 lattice obtained from the data in Fig. 5.~a!
Along the path (0,0)2(0,p)2(p,p)2(0,0) in the FBZ;~b! along
the path (0,0)2(p,0)2(p,p); ~c! possible FS obtained from th
data in Fig. 7;~d! possible FS obtained by combining the data f
vertical and horizontal stripes. The solid lines indicate an actual
while the dashed line indicates a gapped region or very weak F
3-6
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ARPES data would be necessary to rule out the existenc
a gap. In our results the existence of the gap becomes c
after observing the behavior of the spectral weight in
valence band and the midgap band abovem.

D. Šn‹Ä0.80

Next we will study how the band structure evolves as
system is doped further away from half filling. At;20%
doping it is possible to determine that the FS closes aro
(0,0). The symmetry under rotations is still spontaneou
broken, but the potential barrier separating vertical and h
zontal stripes appears to be lower than for lighter doping.
a result, some features due to horizontal configurations
pear in the spectral functions presented here, which co
sponds to a ground state with mostly vertical charge inhom
geneities.

The spectral functions along the main directions in
FBZ are shown in Figs. 10~a!–10~c!, and the corresponding
band structure is in Figs. 10~d! and 10~e!. As in the previous
case, a gap rather than a FS is observed close to (0,p) @Figs.
10~a! and 10~d!#.24 Close to (p,0) the valence and midga
bands overlap each other where the FS seems to be loc
@Figs. 10~b! and 10~e!#. The FS along the diagonal is sti
inexistent or very weak since the spectral weight
(p/2,p/2) is incoherent@Fig. 10~c!#.

The shape of the FS for the combined ground state~with
vertical and horizontal incommensurability! is shown in Fig.

FIG. 10. Spectral functions for the spin-fermion model w
^n&50.81 on an 838 lattice. ~a! Along the path (0,0)2(0,p)
2(p,p) in the FBZ; ~b! along the path (0,0)2(p,0)2(p,p); ~c!
along the path (0,0)2(p,p); ~d! band structure along the pat
(0,0)2(0,p)2(p,p)2(0,0); ~e! along the path (0,0)2(p,0)
2(p,p); ~f! FS obtained by combining the data for vertical a
horizontal stripes. The dashed line indicates a very weak FS;~g! the
density of states.
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10~f!. This FS was obtained by analyzingA(k,v) for all the
available momenta in the FBZ. In Fig. 10~g! we present the
DOS and it can be seen that the chemical potential is i
pseudogap.

E. Šn‹Ä0.75

When 16 holes are introduced in the system two para
stripes are stabilized. The system is metallic and the
closes around~0,0!. The spectral functions along (0,0
2(0,p)2(p,p) are shown in Fig. 11~a!. It is clear that the
valence band does not cross the chemical potential, and
shadow weight appears in the lower midgap band. Alo
(0,0)2(p,0)2(p,p), presented in Fig. 11~b!, the valence
and low gap bands overlap and cross the chemical pote
at k;(3p/4,0). The FS in the diagonal direction is wea
because the spectral weight that crossesv5m is incoherent
as can be seen in Fig. 11~c!. The band structure correspond
ing to the case in which the stripes are vertical is shown
Figs. 11~d! and 11~e!. The superposition of the two groun
states~vertical and horizontal stripes! will give rise to a FS
that closes around~0,0! as shown in Fig. 11~f!. Clearly the
chemical potential is located in a pseudogap in the densit
states, as can be seen in Fig. 11~g!.

F. Šn‹Ä0.625

With increasing doping the area of the FS is reduced.
^n&50.625 the symmetry under rotations is still broken. T

FIG. 11. Spectral functions for the spin-fermion model wi
^n&50.75 on an 838 lattice. ~a! Along the path (0,0)2(0,p)
2(p,p) in the FBZ; ~b! along the path (0,0)2(p,0)2(p,p); ~c!
along the path (0,0)2(p,p); ~d! band structure along the pat
(0,0)2(0,p)2(p,p)2(0,0); ~e! along the path (0,0)2(p,0)
2(p,p); ~f! FS obtained by combining the data for vertical a
horizontal stripes. The dashed line indicates a very weak FS;~g! the
density of states.
3-7
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magnetic and charge incommensurability still form vertic
or horizontal patterns. The spectral functions for the verti
pattern are shown in Figs. 12~a!–12~c!. In Fig. 12~a! it can
be seen that no FS is observed along (0,0)2(0,p)2(p,p).
Fig. 12~b! shows that the midgap and valence bands that
merged crossm below (3p/4,0). In the diagonal direction
just below (p/2,p/2) incoherent weight crosses the chemic
potential determining a weak FS@Fig. 12~c!#. The corre-
sponding band structures are presented in Figs. 12~d! and
12~e! and the FS is shown in Fig. 12~f!. The chemical poten-
tial is in a pseudogap as shown in Fig. 12~g!.

G. Analysis

The previous results indicate that as the electronic den
varies from 1.0 to 0.625 a clear change in the band struc
of the system occurs. Spectral weight for the momenta c
to the chemical potential is transferred from the valence b
to the lower midgap band. As a result, the chemical poten
always appears in a pseudogap between the valence an
lower midgap bands. The bottom of the valence band,
cated atk5(0,0), remains at an approximately constant d
tance from the chemical potential. This is very different fro
the mean-field studies5 in which a rigid band structure is
obtained and the chemical potential approaches the bo
of the valence band as holes are added. We believe tha
main difference between our numerical results and m

FIG. 12. Spectral functions for the spin-fermion model w
^n&50.625 on an 838 lattice. ~a! Along the path (0,0)2(0,p)
2(p,p) in the FBZ; ~b! along the path (0,0)2(p,0)2(p,p); ~c!
along the path (0,0)2(p,p); ~d! band structure along the pat
(0,0)2(0,p)2(p,p)2(0,0); ~e! along the path (0,0)2(p,0)
2(p,p); ~f! FS obtained by combining the data for vertical a
horizontal stripes. The dashed line indicates a very weak FS;~g! the
density of states.
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field is due to the fact that in the mean-field analysis
proposed striped background is always an almost perfect
tiferromagnet, which physically is not accurate. Another i
portant characteristic of the evolution of the band struct
with doping is that while the gap between the valence a
lower midgap bands closes becoming a pseudogap, the
between the valence and conduction bands still exists eve
40% doping.

Another characteristic of the band structure in the meta
case is that for vertical incommensurability, the quasiparti
at (0,p) has lower energy than at (p,0) as can be seen in
Figs. 9~a! and ~b! and ~d! and ~e! of Figs. 10, 11, and 12. If
we consider a two-dimensional system of free electrons w
horizontal hoppingtx and vertical hoppingty , the energy as
a function of momentum is given byek522(txcos(kx)
1tycos(ky)). It is clear thate(p,0).e(0,p) if tx.ty . Al-
though this comparison is naive, directly measured value
the electronic kinetic energy~KE! were found to be larger in
the direction perpendicular to the stripes than along
stripes. The ratio between the parallel and perpendicular
is of the order of 0.85 in the metallic phase. The difference
KE along and across the stripes may be justified by the
that the stripes break the symmetry under rotations. This m
indicate that, in the spin-fermion model, it is easier for t
electrons to move in the direction perpendicular to the stri
rather than along them.

V. THE PSEUDOGAP

The results presented in the previous section show
upon hole doping, a pseudogap between the valence an
lower midgap stripe-induced bands develops at the chem
potential in the density of states@see Figs. 8~c! and ~d! and
~g! of Figs. 10, 11, and 12#. This is a feature that has bee
observed experimentally both in the cuprates22 and the
manganites,25 and it deserves to be understood in terms
the spin-fermion model.

The formation of a pseudogap at the chemical potentia
the manganites has been explained in previous studie
arising from the coexistence of hole-poor antiferromagne
insulating regions and hole-rich ferromagnetic clusters.26 In
Ref. 26 it was concluded that pseudogap behavior should
observed in any compound that is in a mixed-phase regi
Although the spin-fermion model does not present ph
separation for the value ofJ studied in the present paper, it
clear that the ‘‘striped’’ ground state has mixed-phase ch
acteristics, since the stripes are richer in holes than the b
ground. A schematic picture of the hole distribution in t
direction perpendicular to the stripes is shown in Fig. 13~a!.
The density of holesx in the direction perpendicular to th
stripes is clearly nonuniform, and it is schematically sho
in Fig. 13~b!. We can represent this result using an ‘‘effe
tive potential’’ for the holes that will be more negative at th
stripes, as shown in Fig. 13~c!. The states inside the well
generate the midgap bands along the direction parallel to
stripes in the Brillouin zone, (p,0)2(p,p) for vertical
stripes. Clear quasiparticle peaks and maximum disper
are expected along this direction since it is easier for
holes to move along the stripes. Along the direction perp
3-8
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dicular to the stripes, from (0,0) to (p,0) for vertical stripes,
the holes move through tunneling between the poten
wells or by fluctuations away from the stripe, effective
providing a widthd to such stripes. This motion will gener
ate a midgap band, schematically shown in Fig. 13~c!. The
electrons, on the other hand, will move mostly across
stripes, as discussed in the previous section and thus, a
persive valence band would be expected. As a result of
formation of the midgap bands a pseudogap develops a
chemical potential in the DOS, as schematically shown
Fig. 13~d!.

An important difference between the pseudogap in
spin-fermion model and the one observed in models for m
ganites is that in the latter the pseudogap is isotropic in m
mentum space. In the spin-fermion model, on the other ha
the pseudogap is clearly observed close to (p,0), while a
clear gap appears close to (0,p) ~for vertical stripes! since
the lower midgap band has only shadow weight here and
valence band has a lower energy than at (p,0). This differ-
ence should be attributed to the one-dimensional natur
the stripes in the spin-fermion model. The incoherence of
spectral weight along the diagonal is, as mentioned ab
due to the fact that diagonal hopping of electrons or hole
not particularly favored.

VI. CONCLUSIONS

Summarizing, we have studied the spectral functions
the spin-fermion model, that has a ground state in wh

FIG. 13. Schematic explanation of the pseudogap forma
upon hole doping in the spin-fermion model. In~a! a typical distri-
bution of the AF background and stripes~S! reach in holes along
the direction perpendicular to the stripes. In~b!, the corresponding
hole densityx is sketched, showing that the holes are mostly loca
in the stripes. In~c!, the effective potential felt by the holes i
presented. The thick line indicates the midgap band populated
holes that develop. The resulting DOS with the chemical poten
in the pseudogap is sketched in~d!.
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added holes tend to form vertical and horizontal stripes,
ing unbiased numerical techniques. We have observed
doped holes contribute to the formation of midgap bands
modifying the valence and conduction bands associate
the insulator. The midgap bands arise from a dynamica
generated effective potential that produces a nonuniform
tribution of charge in the ground state. In the metallic regim
the lower midgap and valence bands overlap each other,
ing rise to a pseudogap in the density of states at the che
cal potential, as observed in experiments for the cuprate
pseudogap arising from inhomogeneities in the ground s
has also been observed in previous investigations of mo
for manganites.

The ground state of the spin-fermion model appears
change from an insulator to a conductor with an incompl
FS when a single stripe gets stabilized, i.e., for a hole den
x51/L. In the conductor, electrons hop more easily in t
direction perpendicular to the stripes. Thus, though
striped state in the spin-fermion model is not insulating
appears that most of the electronic hopping occurs in
direction perpendicular to the stripes rather than along
stripes. At close to 20% doping, the FS clearly closes aro
~0,0!. These features are qualitatively similar to those o
served in ARPES experiments. The band structure is
rigid, in disagreement with mean-field results, and
smoothly changes from insulating to conductor. Another
teresting feature is the observation of well-defined quasip
ticle peaks inA(k,v) that become incoherent as the chem
cal potential is approached indicating that the FS is v
weak or it does not exist along the diagonal direction. T
may indicate that the original quasiparticles in the (p/2,p/2)
region are greatly affected by scattering from the strip
Also close to (0,p) @(p,0)# in the case of vertical~horizon-
tal! stripes the chemical potential is in a gap. These featu
are related to the one dimensionality of the stripes. A sim
behavior of the valence and midgap bands has been obse
using a cluster perturbation theory for thet-J model.27

Although part of our results disagrees with some of t
theoretical models for stripes in the cuprates, we believe
this numerical study provides unbiased information on
dynamical properties of charge inhomogeneous gro
states, which will be relevant to understand the behavio
materials whose inhomogeneous properties are just be
ning to be unveiled experimentally.
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