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Spin and charge fluctuations in theU-t-t8 model
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As additional neutron scattering experiments are performed on a variety of high temperature superconduct-
ing compounds it appears that magnetic incommensuration is a phenomenon common to all of the samples
studied. The newest experimental results indicate that incommensurate peaks exist at momentumq5p(1,1
6d) andp(16d,1) in La22xSrxCuO4 ~LSCO! and YBa2Cu3O72d ~YBCO!. The dependence ofd with hole
doping appears to be similar in both materials. In addition, new angle-resolved photoemission spectroscopy
~ARPES! data for LSCO as a function of doping show that its Fermi surface is qualitatively similar to the one
of YBCO, contrary to what was previously believed. Early theoretical attempts to explain the behavior of
LSCO and YBCO usually relied on one- or three-band Hubbard models or thet-J model with electron hopping
beyond nearest neighbor and with different parameter values for each material. In this paper it is shown that
using a one-band HubbardU-t-t8 model withU/t56 andt8/t'20.25, good agreement is obtained between
computational calculations andboth neutron scattering and ARPES experiments for LSCO and YBCO. It is
also shown that using a more negativet8/t will induce short-range magnetic incommensuration along the
diagonal direction in the Brillouin zone, in qualitative disagreement with the experimental results. At the finite
temperatures of the present Monte Carlo simulation it is also observed that in this model the tendency to
incommensuration appears to be more related to the shape of the two-dimensional Fermi surface and the
strength of the interaction, rather than to charge order.@S0163-1829~99!05615-5#
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I. INTRODUCTION

Neutron scattering experiments continue providing ex
ing information about the behavior of spin and charge
grees of freedom in the highTc cuprates. Studies on
La22xSrxCuO4 ~LSCO! ~Ref. 1! have shown the existence o
incommensurability in the spin channel near the commen
rate position (p,p). In this case, the incommensurate pea
were found atQd5p(16d,1) andp(1,16d). The value of
d increases linearly with doping in the range 0.05<x
<0.14, while forx>0.14, d plateaus at 0.25.2 The intensity
at Qg5p(16d/2,16d/2) was observed to be 0.18 time
that atQd for x50.14 while the intensity atQp5(p,p) was
negligible compared with the background.3

For some time neutron scattering experiments
YBa2Cu3O72d ~YBCO! were less clear. Rossat-Mignod an
co-workers detected magnetic fluctuations only at the co
mensurate position,4 while Tranquadaet al.5 noticed possible
incommensurate fluctuations. Measurements by Dai, Mo
and Dogan,6 using a new position-sensitive detector ba
indicate that incommensurability in the spin channel inde
is present in YBCO. Although originally incommensurabili
was detected only along the diagonal direction in the B
louin zone, the latest results indicate that it occurs atQd as in
the case of LSCO, and the dependence ofd with doping
appears to be similar in both materials.7

In addition, Bi2Sr2CaCu2O8 has recently been studied b
Mook and Chakoumakos8 and an incommensurate fluctu
tion that occurs belowTc was found. This incommensuratio
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was identified with a dynamic charge density wave beca
its scattering intensity appeared to increase with increas
momentum transfer. Scattering that could be described
magnetic has not been observed yet in this material bec
the experimental technique used does not allow to reach
enough values of the momentum transfer. However, m
netic excitations should be present if a dynamic strip ph
gives origin to the charge peaks. Evidence of incommen
rability in the charge channel was also observed
La1.62xNd0.4SrxCuO4,9 which led to speculations about
similar behavior in LSCO. This would indicate that the i
commensuration in the spin channel may be due to the e
tence of charge-stripe order rather than to some kind
charge uniform spiral spin state or two-dimensional~2D!
Fermi surface effects.10

While some of these experiments suggest that magn
incommensurability in the cuprates may be due to char
stripe order in which the orientation of the stripes is n
material dependent, the theoretical understanding of this p
nomenon is less clear. Short-range magnetic incommensu
correlations in the spin channel were detected early on in
Hubbard11,12 andt-J ~Ref. 13! models. The split of the com
mensurate peak was observed to be qualitatively simila
the behavior in LSCO and YBCO. However, the depende
of d with doping did not reproduce the experimental da
and, as will be shown later, the experimentally observed r
tive intensities of the peaks at different points in the Br
louin zone are not well reproduced either. No particular or
was reported in the charge channel in these models thro
9882 ©1999 The American Physical Society
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numerical analysis.14,15 However, since the proposal of dy
namical phase separation in the CuO2 planes,16 a reanalysis
of these conclusions is needed.

At the same time that the recent neutron scattering exp
ments were reporting new similarities between the magn
properties of the different cuprates, recent angular-reso
photoemission spectroscopy~ARPES! experiments per-
formed on LSCO mapped its Fermi surface17 ~FS! at differ-
ent values of doping, unveiling interesting similarities amo
the qualitative FS shape of several highTc materials.

Motivated by all these new experimental results the a
of this paper is to revisit theU-t-t8 model, exploring numeri-
cally the spin and charge channels to determine whether
possible to obtain agreement with the new data for LS
and YBCO using a unique set of parameters in the mode
will be concluded that this is indeed possible. The pape
organized as follows. In Sec. II theU-t-t8 Hamiltonian and
the notation used are introduced. Results on magnetic
charge correlations, as well as on the shape of the Fe
surface, are presented in Sec. III while Sec. IV is devoted
the conclusions.

II. THE MODEL

The U-t-t8 one-band Hubbard model Hamiltonian
given by

H52t (
^ ij &,s

~ci,s
† cj ,s1H.c.!2t8 (

^ in&,s
~ci,s

† cn,s1H.c.!

1U(
i

~ni↑21/2!~ni↓21/2!1m(
i,s

nis , ~1!

whereci,s
† creates an electron at sitei with spin projection

s, nis is the number operator, the sum̂ij & runs over pairs
of nearest-neighbor lattice sites, and the sum^ in& runs over
pairs of lattice sites along the plaquette diagonals.U is the on
site Coulombic repulsion,t the nearest-neighbor hoppin
amplitude, t8 the diagonal hopping amplitude, andm the
chemical potential. In this workt will be set equal to 1.

The static charge and magnetic structure factorsN(q) and
S(q) are defined by the relations

N~q!5(
r

eiq•r^dn0dnr&, ~2!

S~q!5(
r

eiq•r^S0
zSr

z&, ~3!

where^dn0dnr& and^S0
zSr

z& are equal-time density- and spin
correlation functions, Sr

z5 1
2 (a,bcr ,a

† sa,b
z cr ,b , and dnr

5(scr ,s
† cr ,s2^n&. Here ^n&512x is the average densit

of electrons. The brackets in Eqs.~2! and~3! refer to thermal
averaging in the grand canonical ensemble which will
performed using the standard quantum Monte Carlo~QMC!
determinantal method.

Before presenting our results let us discuss the beha
of the spin and charge correlations in the noninteracting s
tem (U/t50), and also in the standard Hubbard model w
t850. In the noninteracting system the spin and charge c
relations are related throughS(q)5 1

4 N(q).N(q) increases
ri-
ic
d

g

is

It
is

nd
mi
to

e

or
s-

r-

from zero, reaching the valuên& at q52kF and remaining
constant afterwards. On the other hand, in the Hubb
model it was observed that at low density, i.e.,^n&
,0.5, S(q) peaks atq52kF while N(q) is suppressed a
these momenta compared with the noninteracting system
it only peaks atq5(p,p).14 This peak is due to the short
range effective repulsion between particles. The behavio
higher densities is very different in the spin channel. At h
filling a sharp peak develops atQp and, with a substantially
reduced intensity, it moves toQd with doping. While the
intensity is maximum atQd as in the experiments, the weigh
at Qp is always larger than the one atQg ,11 which is quali-
tatively incorrect compared with recent experiments, as w
be shown below.

III. RESULTS

Due to the well known ‘‘sign problem’’ it is very difficult
to perform Monte Carlo numerical studies at small hole do
ing, low temperatures, and values ofU/t.4. This problem is
exacerbated as the absolute value oft8 increases. For this
reason the numerical efforts will be concentrated here on
study of the fixed densitŷn&50.7 ~i.e., x50.3) since for
this ^n& a good degree of control of the numerical results c
be achieved. In addition, new experiments have been
formed in LSCO at preciselyx50.3 providing information
about incommensuration2 and the shape of the FS.17 Here
results forU/t56 on 838 lattices will be presented. Due t
the sign problem at this relatively large value ofU/t, and
using a finite diagonal hoppingt8, the temperature had to b
fixed atT50.25t. It is to be expected that the intensity of th
observed features will increase at lower temperatures and
results presented here are, thus, lower bounds to the a
values.

The relevant values ofut8/tu range in principle from 0 to
1. However, for values larger than 0.5 the bottom of the ba
in momentum space moves from~0,0! to (6p,0) and (0,
6p) in the noninteracting case, qualitatively changing t
Fermi surface. Thus, the actual relevant range of values
ut8/tu is between 0 and 0.5.

Note that as part of our study, runs for other values ofU/t
were performed and qualitative differences with the resu
for U/t56 were not observed. In particular, fort8/t50 we
found that for values ofU/t as high as 10 the magneti
incommensuration always occurs atQd rather than along the
diagonal as predicted by mean-field calculations in the str
coupling regime.18

A. Magnetic incommensurability

As a first step, the static structure factor will be calculat
for several values oft8/t and comparisons with the exper
mental neutron scattering results will be made along sev
directions in momentum space.

In Fig. 1~a! the peaks inS(q), indicative of short-range
spin incommensurate tendencies in theU-t-t8 model, are
presented along the (0,p)-(2p,p) direction for values of
t8/t ranging from 0 to20.5. The figure shows that for a
values oft8/t analyzed here, the peak in the structure fac
occurs atq5(3p/4,p) and (5p/4,p) which correspond to
d50.25. This is in agreement with the experimental va
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9884 PRB 59CHARLES BUHLER AND ADRIANA MOREO
for x50.3 in LSCO.2 However, a spline fit through the avai
able data points~dashed line! suggests that the actual peak
ut8/tu>0.3 occurs at a slightly larger value ofd. Actually,
when the structure factor is scanned along the diagona
rection as shown in Fig. 1~b! it is clear that the results with
ut8/tu50.3 or larger do not fit the experimental data beca
the maxima inS(q) at q5(16d)p(1,1)5(3p/4,3p/4) and
(5p/4,5p/4) have intensities which are approximately equ
to or higher than those atQd ,19 as can be deduced by com
paring Fig. 1~a! with Fig. 1~b!. This is in disagreement with
the experiments that indicate that the intensity atq5(1
6d)p(1,1) should be indistinguishable from th
background.2,3,6,7

An important result is that att850 S(q) along the diag-
onal direction,qx5qy , has a maximum atq5Qp as can be
observed in Fig. 1~b! ~top curve!. This behavior is in dis-
agreement with the experimental data for LSCO presente
Fig. 3 ~closed circles! of Ref. 3, and for YBCO in Fig. 1~c!
of Ref. 6 where a minimum is observed atQp along the
diagonal. The experimental results were obtained ax
50.15 for optimally doped LSCO andx50.1 ~i.e., d50.4)
for YBCO showing that the qualitative behavior does n
depend strongly on doping. This indicates that the stand
Hubbard model (t850) does not describe the qualitative b
havior observed with neutron scattering whend50.25. How-
ever, working witht8520.2 the fit along the diagonal in
momentum space@Fig. 1~b!# indicates thatS(Qp) now has
become a local minimum, in qualitative agreement with
experiments. Then, the constraints on the relative intensit
the peaks provided by the experiments leave a finite wind
of possible values oft8/t. If ut8/tu>0.3 the incommensurat
peaks will appear along the diagonal rather than atQd ~as
discussed in the preceding paragraph! and if ut8/tu<0.2 the
structure factor atQp would be a local maximum rather tha
a minimum along the diagonal direction. Note that this w
dow naively seems small, but the effects ofut8/tu on the
noninteracting Fermi surface can be shown to be substa
in this range ofut8/tu hoppings. In addition, the effect ofut8u
is enhanced by the renormalization oft towards smaller val-

FIG. 1. The static structure factorS(q) for U/t56, ^n&50.7 on
an 838 lattice forT50.25t and values oft8/t ranging from 0 to
20.5. ~a! Along the (p,0)-(p,2p) direction;~b! along the diagonal
direction; ~c! along theqy5dp1qx direction. The dashed line in
dicates a spline fit.
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ues due to the existence of short-range spin correlations
disfavor same sublattice hopping of holes.

Additional experimental measurements3 have been re-
ported along the directionQd@5p(12d,1)#→Qg@5p(1
2d/2,11d/2)#→Qd@5p(1,11d)#. Note that ford50.25
the pointQg is given by (7p/8,9p/8) which is computation-
ally accessible only on 16316 or larger lattices if periodic
boundary conditions are being used. Since such a large
tice size is beyond the capabilities of the QMC at finite ho
density we obtained the values ofS(q) at the equivalentQg
points located at 7p/8(1,1) and 9p/8(1,1) with the help of a
spline fit of the available data in Fig. 1~b! ~dashed line!.

In Fig. 1~c! the structure factor is shown along the lin
qy5dp1qx which corresponds to the direction along whic
the experimental neutron scattering data shown by o
circles in Fig. 3 of Ref. 3 were taken. In the figure it can
seen that the relative intensity of the numerical data atqx
5p(12d/2)57p/8, ~i.e.,Qg) andqx5p(16d)50.75p or
1.25p ~i.e., Qd) is a function oft8. Considering, as in the
experiments, that the intensity forq5p(16d)(1,1) @this
point corresponds toqx53p/4 and 5p/4 in Fig. 1~b!# has to
correspond to the background, then the relationshipQg /Qd
50.18 is satisfied fort8/t520.25. This is used as a guid
because this relationship may be doping dependent but s
the window int8/t is so narrow, at most an error of the ord
of 0.05 in the estimation oft8/t is being made.

The above analysis shows that a comparison of
present numerical data when the measured incommensur
ity d is 0.25 agrees with the data for LSCO with the samed
using U/t56 and t8/t520.2560.05. Notice that the posi
tion and the relative intensity of the peaks does not cha
too much with temperature according to the experiment.
in the experiment we also observed that the intensity of
incommensurate peak decreases with the density of e
trons.

B. Fermi surface

The next issue to be addressed is highly nontrivial. F
the consistency of the results discussed in this paper we m
show that the ratiot8/t520.25, fixed by the spin structur
factor analysis in the preceding subsection, will fit other e
perimental data such as, for example, the shape of the F
surface recently obtained using ARPES for LSCO.17 The
possible shape of the FS will be determined by analyzing
momentum distributionn(q) which is calculated by Fourie
transforming the one-electron Green function,

gij 52K (
s

ci,scj ,s
† L , ~4!

that is evaluated using QMC.
The criteria used here to obtain the most probable locu

the FS from numericaln(q) data are two:~a! find the values
of q wheren(q)'0.511 and ~b! find the values ofq where
n(q) changes the most rapidly.20 For the case oft8/t5
20.25 we have observed that both methods provide sim
results in the regions close to the diagonal direction in
Brillouin zone, but substantial differences were observ
close to the (0,p) and (p,0) points. While criterion~a! in-
dicated a FS closed around~0,0!, criterion~b! indicated a FS
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closed around (p,p). Since criterion~b! provided similar
results for the noninteracting case with^n&50.7 andt8/t5
20.25, a situation where it is known that the FS actua
closes around~0,0!, it was decided that criterion~a! would be
more effective in this context.

The FS obtained with procedure~a! is shown in Fig. 2~a!.
The closed circles indicate wheren(q)'0.5 and the continu-
ous line is a sixth order polynomial fit of the points. Th
obtained FS is very similar to the noninteracting one~de-
noted by a dashed line in the same figure!. It satisfies Lut-
tinger’s theorem within error bars and, actually it is in exc
lent agreement with the experimental data forx50.3 ~Ref.
17! shown with open squares in Fig. 2~a!. Thus, usingt8/t
520.25 good agreement has been obtained between the
merical results and two independent experiments~neutron
scattering and ARPES! performed in overdoped LSCO
Since the obtained Fermi surface closely resembles the
interacting one, the FS in theU/t50 limit was calculated for
x50.1 and its shape compared directly with the experime
results at this density. As can be observed in Fig. 2~b! the
agreement is once again very good. According to Ref. 17
FS for LSCO at optimal doping is still centered about (p,p)
and it is qualitatively similar to the one obtained forx
50.1. This is indeed what happens with theU/t50 FS for
t8/t520.25 atx50.15 which is shown in Fig. 2~c! ~dashed
line!. At the noninteracting level the change between a
that closes around (p,p) and around (0,0) occurs atx
50.22 for the ratio oft8/t used here.

In addition, in Fig. 2~c! the experimental points for opti
mal doped YBCO obtained several years ago22 are also
shown. The agreement with our result is only qualitative
it has to be considered that the measurements are very
cult due to surface effects and thus the experimental po
have large error bars~not shown!. It is important to remark

FIG. 2. ~a! The numerically calculated Fermi surface forU/t
56,̂ n&50.7 on an 838 lattice for T50.25t and t8/t520.25
~closed circles and solid line!; the open squares are experimen
results for LSCO atx50.3 from Ref. 17; the dashed line is th
noninteracting,U/t50, FS fort8/t520.25 and̂ n&50.7; ~b! non-
interacting (U/t50) FS for t8/t520.25 and density 0.9~dashed
line! and experimental data for LSCO withx50.1 from Ref. 17;~c!
noninteracting FS fort8/t520.25 and density 0.85~dashed line!
together with experimental data for YBCO withx'0.15 from Ref.
22.
-
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e
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that the similarity found between the interacting and the n
interacting FS fort8/t520.25 does not mean that they a
identical, but the differences will be apparent only wh
larger lattices at lower temperatures can be studied.

In previous literature the experimental results have b
interpreted as indicating that there is a FS only along
diagonal direction and no FS close to (0,p) and (p,0).21 The
rate of change ofn(q) could support this view but we found
out that it also gets very reduced close to (0,p) and (p,0)
even in the noninteracting case when it is known that ther
a continuous FS. Thus, the present results do not allow u
decide one way or the other. We also noticed that the in
acting FS fort8/t520.3 appears to be qualitatively differen
from the noninteracting one. In particular, atx50.3 it seems
to close around (p,p) while the noninteracting one close
around (0,0). Thus, assuming that YBCO has the same qu
tative shape of FS than LSCO in the overdoped regime,
provides another reason to rule out values ofut8/tu equal to
or higher than 0.3.

C. Charge correlations

The next issue that will be addressed is the origin of
incommensurate magnetic fluctuations in the present mo
In Fig. 3 the charge structure factorN(q) along the (0,0)
→(p,p)→(p,0)→(0,0) directions fort8/t ranging from 0
~top! to 20.5 ~bottom! is shown. In all cases there is a broa
maximum atQp which is due, as in the low electron densi
limit of the Hubbard model, to the short-range effective r
pulsion between particles. If the incommensurate magn
fluctuations were due to dynamical charge fluctuatio
peaks atq5p(0,2d) and p(2d,0) should be observed in
N(q) according to previous theoretical studies.9,16 In the
present case, sinced50.25, the peaks would be expected
(0,p/2) and (p/2,0). This momentum is indicated with a
arrow in Fig. 3 and it is clear from the figure that no indic
tions of incommensurate charge order are observed. It co
be argued that charge incommensuration is not observed
to the high temperature in our calculations. However, t

l

FIG. 3. Static charge structure factor forU/t56, ^n&50.7 on
an 838 lattice forT50.25t and values oft8/t ranging from 0~top!
to 20.5 ~bottom! along the directions (0,0)-(p,p)-(p,0)-(0,0).
The arrow indicates the value of the momentum where a maxim
indicating incommensurate short-range order would be expecte
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9886 PRB 59CHARLES BUHLER AND ADRIANA MOREO
would be an indication that the threshold of temperature
the observation of spin and charge incommensurability is
the same.

Another possible origin of the magnetic incommensu
tion in 2D could be simple FS effects.10,23,24There are some
momenta that map points~or regions! of the FS into other
points~or regions! also on the FS. These are called nesting
pseudonesting vectors and they correspond to values of
mentum where maxima occur in the imaginary part of
magnetic susceptibility in the 2D noninteracting system. W
performed a numerical calculation of the pseudonesting v
tor for the interacting FS. We constructed a histogram
order to identify the value of the momentum that mapp
most points of the FS into other points also belonging to
For t8/t520.25 atx50.3 a maximum in the histogram wa
obtained atq5(p,0.67p) which is in very good agreemen
with the analytical value for the corresponding nonintera
ing FS, namely,q5(p,0.71p).23 Thus, the maximum in
S(q) at q5(p,0.75p) could be explained by FS effects i
this case but it may be due to the coarse grid that necess
had to be used in our computational studies. In the nonin
acting case it is expected that the maximum remains atQp

until x reaches 0.22~see Sec. III B!. Though this behavior
seems to be in agreement with previous results for the in
acting case20 and in disagreement with the experimental da
it is possible that the effect of the interaction at smaller d
ings will be observed at lower temperatures than the o
that can presently be reached.

IV. CONCLUSIONS

In summary, motivated by recent neutron scattering a
ARPES experiments, we have studied theU-t-t8 model nu-
merically on 838 lattices at temperatureT50.25t and with
coupling U/t56. Fixing the density at̂n&50.7 agreement
between the position and the relative intensity of the inco
mensurate peaks obtained numerically and experimen
for LSCO and YBCO is observed fort8/t520.2560.05
which corresponds to a window of 20% within the possib
values ofut8/tu that run from 0 to 0.5. Larger values ofut8/tu
are ruled out because in this case the structure factor h
maximum along the diagonal direction rather than atQd ,
while with less negative values oft8/t a relative maximum is
observed atQp along the diagonal direction, again in di
agreement with experimental results. It is possible that
slightly larger values ofU/t, such as 8 or 10, the window i
ut8/tu that reproduces the experiments may change bu
n
ys
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simple continuity it is not expected that these poten
changes will be large. Thus, the Hubbard ort-J models with-
out nearest-neighbor electron hopping do not appropria
reproduce this experimental behavior in the cuprates.

The incommensurate magnetic peaks do not seem rel
to incommensurate charge fluctuations. In the overdoped
gime FS effects enhanced by the electronic interactions m
be responsible for the observed results. The sign prob
prevented the exploration of this issue in the optimal dop
and underdoped regimes.

The most exciting result of our paper is that the additi
of a diagonal hoppingt8/t520.25 also provides good
agreement with experimental angle-resolved photoemis
measurements of the FS for LSCO and YBCO at differ
densities. A FS that closes around (p,p) in the underdoped
and optimal doped regimes, and around (0,0) in the ov
doped case is observed.

Thus, the present numerical analysis provides good ag
ment between a theoretical model and two unrelated exp
ments in the overdoped regime of LSCO. It also shows t
the consideration of a diagonal hopping in models for
cuprates is crucial in order to reproduce experimental d
Note that this conclusion is in excellent agreement w
ARPES calculations that have focused on the insulat
compound Sr2CuO2Cl2 .25 For the cases analyzed here, t
same ratiot8/t can reproduce results for both LSCO an
YBCO. Then, the difference in parameters between LS
and YBCO observed in previous calculations26 may need
reexamination. Note that the addition oft9 terms may further
improve the theory-experiment agreement reported her27

Although the behavior of the incommensurate magne
peaks in the cuprates appear to be similar, there is still
experimental information about relative intensities of t
peaks at different points in the Brillouin zone carried out
the same density. These measurements could indicate
sible material dependent properties that could be cause
longer-range electron hopping terms.25
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