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Abstract

We employ the dynamical cluster approach to the 2D Hubbard model in the intermediate coupling regime. For
small to intermediate doping we observe strong deviations from conventional Fermi liquid behavior and evidence for
a violation of Luttinger’s theorem. Our spectra and Fermi surface data compare reasonably well with experiments

on high-7T. compounds.
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1. Introduction

The rich phenomenology of high-T: superconductors
[1] has stimulated strong experimental and theoretical
interest in the field of strongly correlated electron sys-
tems. Apart from the anomalously high transition tem-
peratures, anomalous properties are found in a variety
of dynamical quantities. Among the fundamental and
controversial questions are whether the cuprates can
be described as a Fermi liquid or not and what shape
and volume a possible Fermi surface will have.

The standard model used to investigate the elec-
tronic properties of the high-T: cuprates is the 2D Hub-
bard model [2]
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in the intermediate coupling regime. This is the most
complicated regime of the model, since both weak and
strong coupling perturbative approaches fail. Exact
diagonalization of small clusters suffers from strong
finite-size effects and conventional Quantum Monte
Carlo from a severe minus sign problem [3].
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In this paper we use the recently developed dy-
namical cluster approximation (DCA) [4] to study
the low-energy behavior of the 2D Hubbard model
in the intermediate coupling regime. The DCA is a
non-perturbative scheme going beyond conventional
finite-size calculations. Its main assumption is that the
single-particle self-energy X(k, z) is a slowly varying
function of the momentum k and can be approximated
by a constant within each of a set of cells centered
at a corresponding set of cluster momenta K in the
first Brillouin zone[4]. This prescription is sketched in
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Fig. 1. The DCA coarse graining cells for a cluster size N. = 16.
Each cell is represented by a cluster K-point (filled circles).

Fig. 1 for a cluster size N. = 16. The set of cluster
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K-points is given by K§ = m(na/2 — 1) with the spa-
tial index a = z,y and 1 < no < 4. The self-energy
is assumed to be constant within the shaded region
around each K, i.e. S(K + k', 2) = Z(K, 2).

Within this approximation one can set up a self-
consistency cycle similar to the dynamical mean-field
theory [5]. However, in contrast to the DMFT, where
only local dynamics can be studied, the DCA includes
non-local correlations with length scales that can be
systematically varied with increasing cluster size. The
resulting effective cluster problem we solve with the
Hirsch-Fye impurity algorithm [6] modified to simulate
an embedded cluster[7].

2. Results

For a proper description of the CuO: planes of the
high-T. cuprates within the Hubbard model (1) it is
generally accepted that the tight-binding dispersion
has the form

tk = —2t (cos(kz) + cos(ky)) (2)

—4t' cos(kz) cos(ky)

with a nearest neighbor hopping amplitude ¢t > 0 and a
next-nearest neighbor hopping amplitude #, which in
principle can have any sign. From band structure cal-
culations and the general form of the measured Fermi
surface, especially in the overdoped regime, conven-
tionally a negative ¢’ is inferred|[8].

In the following we use t = 1/4eV and t' = —0.2¢
in accordance with typical values extracted from ex-
periment and band structure calculations and choose
U = W = 2eV. This value ensures that at half filling
the system is a Mott insulator. We performed our sim-
ulations at a range of temperatures, but will present
results for 7" = 0.033eV~ 300K only, which is roughly
room temperature. As cluster size we used 16 k-points
in the irreducible part of the first Brillouin zone.

The single-particle spectra are plotted in Figs. 2 and
3 for dopings 6 = 5% and 20%, respectively. We use
the standard notation for the high symmetry points in
the first Brillouin zone. Peaks in the spectrum cross
the Fermi energy along the ' — M and M — X di-
rections, indicated by the thick lines and arrows. Note
that due to a finite, negative ¢ the Fermi surface is
hole like for all dopings studied, in contrast to the case
t' = 0, where a crossover from a hole-like Fermi sur-
face at small doping to an electron-like at large doping
is observed [9]. The imaginary part of the self energy
at these crossing points is plotted versus frequency in
panel (d) of Figs. 2 and 3.
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Fig. 2. (a)—(c) A(k,w) for 6 = 5% along symmetry directions.
The thick lines indicate a peak crossing the Fermi energy. (d)
the imaginary part of the self energy versus frequency at the
Fermi surface crossing found in (a) and (c).

One very interesting feature of the spectra at low
doping, Fig. 2, is that the peak near (7/2,7/2) broad-
ens dramatically before crossing the Fermi energy. Near
X, on the other hand, one does not observe any dra-
matic change in the spectrum when crossing the Fermi
energy. Note also that the spectra near the crossing
points in Fig. 2 are strongly damped and one cannot
truly speak of quasi-particles crossing the Fermi en-
ergy.
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Fig. 3. (a)—(c) A(k,w) for 6 = 20%, other parameters and
symbols as in Fig. 2.

It is also quite instructive to look at the imaginary
part of the self-energy at the crossing points (Fig. 2(d)).
In particular at ks close to (m,0), SmX(ks,w) starts
to develop an additional feature which eventually leads
to the formation of a pseudo gap in the spectra along
the M — X direction. In addition, one observes a
rather large residual scattering rate for both momenta
ko, and kp. This can either be taken as evidence for
NFL behavior or as signal for the occurrence of a new
very small low-energy scale[10]. Note that in the low-
energy regime the self energy displays significant k-
dependence. This clearly renders theories based on a



local approximation like the DMFA inadequate at least
for small doping.

At high doping, Fig. 3, the peaks in the spectrum
close to the Fermi energy are far sharper. Here it makes
sense to speak of a conventional Fermi liquid and quasi
particles.

The imaginary part of the self energy, shown in
Fig. 3(d), has a broad maximum at w = 0 with a very
small residual scattering rate and changes little as k
moves along the Fermi surface. This weak dependence
on k is an indication that approximations like the
DMFA should be accurate here, i.e. that there is little
effect of non-local correlations. All indications are that
for this doping regime standard Fermi-liquid behavior
has returned.

More direct evidence for NFL behavior can be seen
in the shape of the Fermi surface. An analysis of the
Fermi surface for the ¢-J model has been performed re-
cently within a high-temperature expansion [11] and a
physically motivated decoupling scheme [12]. The re-
sults have been considered as clear evidence for a viola-
tion of Luttinger’s theorem and the possible formation
of a non-Fermi liquid at small doping.

We map the Fermi surface from a constant energy
plot of the single-particle spectra at the Fermi en-
ergy A(k,w = 0), which allows direct contact with
ARPES experiments. The result for § = 5%, 10%, 15%

Fig. 4. Constant energy scans of A(k,w = 0) for 6 = 5% (a),
10% (b), 15% (c) and 20% (d). The violet (red) represents
regions of high (low) electronic density. The Fermi surface for
U = 0 is represented by a black line and the points where the
real part of the denominator of the Green function vanishes
by the solid red line indicates.

and 20% is shown in Fig. 4a-d. Regions of high den-
sity are colored in violet. The solid black lines rep-

resent the non-interacting Fermi surface. To distin-
guish between structures resulting from either quasi-
particle excitations or incoherent background, we also
plot the points where the real part of the denomina-
tor of the Green functions vanishes at zero frequency.
These points which solve the quasi-particle equation
—ex — ReX(k,w = 0) = 0 are given by the solid red
lines.

The Fermi surface resulting from our calculations is
hole-like, centered around (7, 7), and encloses a volume
larger than the non-interacting Fermi surface for 6 >
10%. This indicates a violation of Luttinger’s theorem.
In addition, the shape of the Fermi surface close to
(w/2,7/2), especially the clear shift above (7/2,7/2)
cannot be interpreted neither in terms of a simple tight-
binding band structure nor a weak-coupling theory[13].
At least for § = 5% this structure rather is compatible
with the notion of a small Fermi surface, i.e. pockets
around k = (7/2,7/2) [11,12].

With increasing doping the structures around
(7/2,m/2) start to follow more or less the noninteract-
ing Fermi surface again. This points towards a restora-
tion of Luttinger’s theorem. For § = 20%, the Fermi
surface has essentially the same volume and shape
as the non-interacting surface, indicating a return to
Fermi-liquid like behavior. Note, however, that at the
X point the interacting Fermi surface is still hole-like,
while the non-interacting already is closed around
I". This feature, i.e. the tendency towards a hole-like
Fermi surface of the interacting system even in the
overdoped regime, is also in qualitative accordance
with experiment [14].

3. Summary

The increasing precision and quality of experimen-
tal ARPES spectra in recent years has led to a num-
ber of new results on the single-particle dynamics of
the high-T. cuprates, both partially resolving long-
standing issues and posing new questions and prob-
lems. Motivated by especially the interesting observa-
tions concerning the changes of Fermi surface topology
with doping, we have studied the two-dimensional (2D)
Hubbard model in the intermediate coupling regime
(on-site correlation U equal to the bandwidth) at the
temperature 7" = 0.033eV. To study the model in this
most problematic parameter regime we used quantum
Monte Carlo within the dynamical cluster approxima-
tion for a cluster of 16 k-points in the irreducible part
of the first Brillouin zone. Since this method allows
for controlled and reliable calculations of low-energy
features within a non-perturbative scheme and in the
thermodynamic limit, fundamental problems in this
field can be addressed. These include the single-particle



spectral properties at low energies, especially possible
deviations from Luttinger’s theorem or the formation
of non Fermi liquid states, and the resulting topology
of the Fermi surface.

From the constant energy scans of the spectrum at
the Fermi energy we find that the there is clear evidence
for a violation of Luttinger’s theorem at small doping.
For § = 5% the only sharp structures appear at k =
(w/2,7/2) and strongly resemble the notion of a small
Fermi surface, i.e. hole pockets.

Non Fermi liquid behavior is also evidenced by the
spectra respectively the self-energy, which shows a
rather large residual scattering rate and additional
structures at w = 0.

With increasing doping the Fermi surface changes its
topology around (7/2,7/2), and beyond & ~ 10% one
can infer a tendency towards restoration of Luttinger’s
theorem and conventional Fermi liquid behavior with
the spectra showing well defined quasi-particle peaks
around the Fermi energy.

Acknowledgements

We acknowledge useful conversations with M. Jar-
rell, M. Sigrist and T.M. Rice. This work was supported
by the Deutsche Forschungsgemeinschaft through the
SFB 484 and by the Leibniz Rechenzentrum in Munich
under grant h0301.

References

[1] For a review, see M.B. Maple, J. Mag. Mat. 177-181
pp18-30 (1998) ; J.L. Tallon and J.W. Loram, Physica C:
Superconductivity 3491-2 pp53-68 (2001).

[2] P.W. Anderson, The Theory of Superconductivity
in the High-T. Cuprates, Princeton University Press,
Princeton, NJ (1997).

[3] E. Dagotto, Reviews of Mod. Physics 66, 763(1994).

[4] M.H. Hettler, A.N. Tahvildar-Zadeh, M. Jarrell, T.
Pruschke and H. R. Krishnamurthy, Phys. Rev. B 58, 7475
(1998); M.H. Hettler, M. Mukherjee, M. Jarrell and H. R.
Krishnamurthy, Phys. Rev. B 61, 12739 (2000).

[5] T. Pruschke et al., Adv. in Phys. 42, 187 (1995); A. Georges
et al., Rev. Mod. Phys. 68, 13 (1996).

[6] J.E. Hirsch and R.M. Fye, Phys. Rev. Lett. 56, 2521 (1986).

[7] M. Jarrell, Th. Maier, C. Huscroft, S. Moukouri, Phys. Rev.
B, to appear, cond-mat/0108140.

[8] M.S. Hybertsen, E.B. Stechel, M. Schluter and D.R.
Jennison, Phys. Rev. B41, 11068(1990); S.B. Bacci, E.R.
Gagliano, R.M. Martin and J.F. Annett, Phys. Rev. B44,
7504(1991).

[9] Th. Maier, Th. Pruschke and M. Jarrell, Phys. Rev. B, in
press.

[10] J. Altmann, W. Brenig and A.P. Kampf, Eur. Phys. J.
B18, 429(2000).

[11] W.O. Putikka, M.U. Luchini and R.R.P. Singh, Phys. Rev.
Letters 81, 2966(1998).

[12] P. Prelovsek and A. Ramsak, cond-mat/0109209 (2001).

[13] V. Zlati¢é, B. Horvati¢, B. Dolicki, S. Grabowski, P. Entel,
and K.-D. Schotte, Phys. Rev. B63, 35104(2001) and
references therein.

[14] A.A. Korduyk, S.V. Borisenko, M.S. Golden, S. Legner,
K.A Nenkov, M. Knupfer and J. Fink, cond-mat/0104294.



