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The momentum dispersion of the peak structure of the single-particle spectral weight A(p, to) of the two-

dimensional Hubbard model is discussed. Using results obtained from Monte Carlo simulations on lattices up
to 12X12 in size, we determine the low-lying quasiparticle dispersion relation. This dispersion relation is

anomalously flat near the (qr, 0) and (O, qr) points of the Brillouin zone, similar to the results of recent angular

resolved photoemission measurements of the hole-doped cuprates. We argue that the generic nature of the

quasiparticle dispersion relation observed in these materials arises from the strong Coulomb interaction and

reflects the hole-spin correlations rather than the one-electron interactions which customarily determine the

band structure.

Recent angular resolved photoemission experiments on
B12SrzCaCuzOrp (Bi 2212), BizSrzCuOs (Bi 2201),'

YBazCu40s (YBCO 124), and YBazCu307 (YBCO 123)
(Refs. 3 and 2) suggest a "generic" quasiparticle dispersion

E(p) for these hole-doped copper oxide materials. These
studies find that the Fermi surface is a rounded square cen-
tered around (m, m) with an extended region of flat bands
near the Fermi energy located around the X(Y) points
(n,0) [(O,m.)]. The saddle-point behavior near the X(Y)
points is much more extended than the usual van Hove band-
structure form. While some of the general features of the
initial angular resolved photoemission spectroscopy
(ARPES) results appeared consistent with band-structure cal-
culations, more recent measurements have shown that the
band-structure results for E(p) exhibit a much larger disper-
sion near the X and Y points. ' In addition, the generic
behavior is difficult to understand within a band-structure
picture which involves different one-electron potentials for
each of these materials. An alternative possibility, which we
explore here, is that the generic features arise from the pres-
ence of a strong Coulomb interaction and reQect the structure
of the many-body correlations rather than the one-electron
interactions. Recent Monte Carlo calculations of the single-
particle density of states for the two-dimensional Hubbard
model doped away from half-filling show that when the Cou-
lomb interaction U is of order the bandwidth 8t, a peak
develops at the top of the lower Hubbard band near the
Fermi level. This resonant peak is associated with low-lying
quasiparticle excitations near the Fermi energy. Here we use
Monte Carlo simulations to study how the peaks in the
single-particle spectral weight for a two-dimensional Hub-
bard model disperse with p. Focusing on the behavior of the
peak near the Fermi surface, we find that it exhibits a re-
markably fiat dispersion near the (m, 0) X(Y) points, while
cutting through the (n/2, n/2) point in a similar manner to

the ARPES data. Thus we conclude that the striking similar-

ity of the quasiparticle dispersion E(p) of the hole-doped
cuprates listed above can arise as a consequence of the strong
Coulomb repulsion and the resulting hole-spin correlations in
these materials. In addition, we discuss the nature of the
Fermi surface. We find that the Fermi surface is centered
around (m, m), if the Fermi level lies above the flat region in

E(p), but when the doping increases sufficiently to put the
Fermi level below the fiat region, the Fermi surface is closed
around (0,0).

The two-dimensional Hubbard model that we study has a
Hamiltonian given by

H= t g (ct c, +ct c—; )+Up n;tn;1,

A(p, to) = ——Im G(p, to). (3)

In order to obtain A(p, to) from G(p, r), an analytic continu-
ation is necessary. The maximum entropy procedure ' pro-
vides an effective way to perform the analytic continuation
provided one has Monte Carlo data with good statistics. The
results reported here typically consisted of averages over

where t is the near-neighbor hopping amplitude and U is the
on-site Coulomb repulsion. The operator ct creates an elec-
tron of spin cr on site i and n; =c~ c; . Achemical poten-
tiai ts is used tn set the giiing (n =(n;t+a;t). Using quan-
tum Monte Carlo techniques, * we have calculated the
single-particle finite-temperature Green's function

G;,( r) = —(T~; ( r)ct (0)),
where 7. is the imaginary time variable. The corresponding
spectral weight is defined as
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FIG. 1. Single-particle spectral weight A(p, co) versus co for various values of p. These results are for U=8t and (n)=0.87 on a

12X 12 lattice at a temperature T=O.St. The inset in each panel shows the location of the momentum cuts through the Brillouin zone. Here

the momentum p is given in units of m/6.

105 updates of all the Hubbard-Stratonovich variables and

G(p, r) had statistical error of less than 0.5%. The reliability
of the analytic continuation has been tested in a number of
ways, including comparisons with 4 X 4 exact diagonaliza-
tion results. "

The results which we will discuss were obtained on lat-

tices up to 12& 12 in size with U= 8t for various fillings and

temperatures. We begin by examining the single-particle
spectral weight A(p, co) for a filling of (n) =0.87. In Figures

1(a)—1(c), we plot A(p, co) versus co for p moving along the

momentum cuts shown in the Brillouin zone insets. Here we
see that the peak in A(p, co) disperses very slowly around

(m,0) relative to its behavior near (m/2, m/2).
As previously noted, the spectral weight of the doped

system shows remnants of the upper and lower Hubbard
bands present in the insulating state along with a quasiparti-
cle peak which remains much closer to the Fermi level at the

top of the lower Hubbard band. It is this peak that we are

particularly interested in following. When p is on the Fermi
surface, it should be centered at co=0. As p moves outside
the Fermi surface, as shown for example in Fig. 1(b), we can
clearly resolve both the quasiparticle peak near the Fermi
energy and the upper Hubbard band peak. However, when

p moves below the Fermi surface our resolution is such that
we lose the quasiparticle peak, if it exists, in the lower Hub-

bard band. With this limitation in mind, we have plotted the
peaks in A(p, co) as E(p) versus p (for various sized lattices
to obtain different values of p) in Fig. 2(a). The dotted curve
in Fig. 2(a) represents the band-structure result for the Hub-

bard model e(p) = —2t(cosp +cospY) —p,.
We note the flat dispersion of the Monte Carlo results near

(m,Q) and the small rise at (m, m) compared to the band-
structure result. The existence of the flat dispersion can also
be seen in the behavior of A(p, cu) for p near (m, O), shown

in Fig. 1~ For this filling and temperature, the Fermi level lies

slightly above the flat region in E(p). By comparing results

for E(p) obtained at different temperatures, we find that

E(p) near (m, O) gets flatter as T is lowered. This is also

observed as U is increased from 8t to 12t. In addition, the

single-particle density of states for this system exhibits a
sharp resonant peak near the Fermi energy. While this is
reminiscent of a van Hove peak, it is stronger and much

more robust. The usual band-structure peak is washed out by
the lifetime broadening for the interacting problem. Here we
have a structure characteristic of the strong spin correlations
which form around the hole. These results for N(cu) are simi-

lar to those found by Jarrell for the infinite-dimensional Hub-

bard model, where the problem can be exactly mapped to a
single-impurity Anderson model. '

As discussed, in the region below the Fermi surface the

quasiparticle peak can be obscured, within our present reso-
lution, by the lower Hubbard band. We believe that there is
in fact a quasiparticle band near the Fermi surface, for which
the energy scale is set by J-4t /U. This is what has been
found for one-hole doped in an antiferromagnetic t-J
model. ' Furthermore, a narrow quasiparticle band was ob-
served for finite dopings in the exact diagonalization calcu-
lations of the t J(Ref. 14) a-nd the one-band Hubbard" mod-

els, as well as in the Monte Carlo simulations of the three-
band Hubbard model. The peaks associated with the upper
and lower Hubbard bands are also seen in Fig. 2(a). We
believe that the low-lying quasiparticle peak nearest the
Fermi energy represents a hole strongly correlated with the
local spin background and that its dispersion is basically set
by J rather than the one-electron band structure.

For (n) =0.87, we see in Fig. 2(a) that the Fermi level lies
slightly above the flat band at (m, O). This would lead to a
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Fermi surface that is closed around (m, m). When the doping
is varied, the flat band region near (m, 0) moves with respect
to the Fermi energy, lying below it for (n) = 0.94 and slightly
above it for (n) =0.75 as seen in Figs. 2(b) and 2(c). Thus
for (n) =0.75, when the Fermi level lies just below the flat
band region of E(p), the Fermi surface will be closed around
(0,0). In agreement with these results, we find that the den-

FIG. 2. Dispersion E(p) of the peaks in the spectral weight
versus p for fillings (a) (n) =0.87, (b) (n) =0 94, and . (c)
(n) =0.75 obtained using U= 8t and T= 0 5t The dott.ed.
lines are the dispersion of the noninteracting system
e(p)= —2t[cos(p„)+cos(p~)]—p,. The results for (n)=0.87 are
given for 8X8, 10X10, and 12X12 lattices, and the results for

(n) = 0.94 and (n) =0.75 are given for the 8 X 8 lattice.

sity of states, N(0), is a maximum when the filling is such
that the Fermi level lies at the fiat portion of E(p). At
T=0 5t., this maximum in N(0) occurs for (n)-0.84. Thus,
in the case where there is only a near-neighbor hopping, the
change in the Fermi surface topology' occurs for a site fill-

ing (n)-0.84.
In order to make more direct comparisons with the super-

conducting cuprates, we have included a next-nearest-
neighbor hopping t' in the simulations. For t' = —0.15t, we
find that a similar flat band exists near the X(I') point, and
the change in the topology of the Fermi surface occurs at
(n)-0.7. If one assumes that the curvature of the Fermi
surface determines the sign of the Hall coefficient, RH, then
these results would be in agreement with the observed dop-
ing dependence of RH in La2,Sr,Cu04. '

From these results, we conclude that the dispersion of the
spectral weight near the Fermi energy of the doped Hubbard
model has a generic behavior similar to the hole-doped cu-
prates. In particular, there is a flat band of states near the
Fermi energy around the (m, 0) and (Q, m) points. This is
clearly seen in the variation of the peak position shown in

Fig. 1 and gives rise to the resonant peak in the single-
particle density of states N(tu). We believe that this is part
of a band of quasiparticles characterized by an energy scale
set by J which has an anomalously flat band region near X
and Y. The dispersion relation of these excitations is deter-
mined by the strong Coulomb interactions which give rise to
local hole-spin correlations and is not simply determined by
the one-electron band structure. In addition, depending on
whether the Fermi level lies above or below the flat region in

E(p), the Fermi surface is closed around the (m, m) or
(0,0) point, respectively. We find that, when only a near-
neighbor hopping t is included, this change in the topology
of the Fermi surface occurs at (n)-0.84. Monte Carlo re-
sults in which a next-near-neighbor hopping t'= —0.1St is
introduced show a similar flat band near X(I') with a change
in the topology of the Fermi surface at (n)-0.7. It has been
suggested' that the generic many-body flattening of the
bands near the Fermi energy may play a role in enhancing
T, . As we have seen here, this is not a van Hove band
structure effect but rather a many-body effect.

We have recently received a paper by Dagotto et al. ,
'

where a similar discussion regarding the quasiparticle disper-
sion of a hole in the t-J model is given.
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