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Role of electron-electron correlation in the valence states of YBa2Cu3O7: Low-energy excitations
and Fermi surface
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We have studied the role of on-site correlation in the low-energy excitations of YBa2Cu3O7 in the normal
state, calculating self-energies and spectral functions according to the three-body-scattering approach. The
method allows to include all the details of realisticab initio band-structure calculations and to augment them
with the inclusion of electron-electron correlations, getting quasiparticle energies for one-particle removal. It is
found that correlation effects modify the energy dispersion of hole quasiparticle states, both in the high and low
binding energy region, and strongly modify the Fermi surface topology.
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A detailed knowledge of low-energy electron excitatio
and Fermi surface topology is essential to understand
unusual properties of the normal state of high-Tc cuprates
and to shed light on the superconducting mechanism.

The comparison between measured photoemission sp
and theoretical results, leading to a band mapping of elec
states is a powerful tool to investigate energy dispersion
Fermi surfaces. Density-functional theory~DFT! in the
Kohn-Sham~KS! scheme has been widely used as the st
ing point of mostab initio approaches. As is well known
according to the DFT-KS approach the ground-state t
energy and the one-particle spatial density can be determ
by solving an effective noninteracting problem. Many pro
erties such as stable geometry,1 phonon frequencies,2 and
electric-field gradients3 have been calculated and succe
fully compared with the experimental findings, thus confir
ing the ability of the DFT-KS scheme to describe groun
state properties of quantum many-body systems.

Within the band theory based on the DFT-KS scheme
single-particle eigenvalues of the auxiliary noninteract
Hamiltonian are interpreted as physical quantities describ
electron removal energies. This overinterpretation, eve
very successful in many cases, fails when applied to so
such as cuprates where valence electrons are strongly l
ized and experience a strong electron-electron correlation
these cases a true many-body solution of the problem is
quired in order to reproduce the observed band dispers4

and the occurrence in some cases of a metal-insul
transition.5,6

When dealing with highly correlated metals a quest
that has not been completely clarified yet is the role of el
tron correlation in the determination of Fermi surface
While the KS band gap in insulators is found to devia
considerably from experimental values, the KS Fermi s
faces usually agree well with experiments, even in the c
of strongly correlated materials. On very general grou
systems that are both interactingand inhomogeneous shoul
exhibit deviations from single-particle Fermi surface. Th
has been clearly demonstrated for model systems7,8 and the
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question is to estimate the actual deviations in real mater
In the case of cuprates it has been shown that accurate
proximations for the exchange and correlation functional c
improve the agreement between calculated KS Fermi
faces and experiments;1,9 moreover recent calculation of qua
siparticle energies10 in a noncuprate layered superconduc
have shown that the inclusion of Hubbard-type correlat
according to second-order perturbation theory does mo
the quasiparticle energy dispersions close to the Fermi
ergy but leaves the points where bands cross the Fermi
ergy totally unaffected, giving rise to a Fermi surface th
coincidesexactly with the noninteracting result. It is the
clear that more systematic data on quasiparticle energies
tained for different systems and with different approxim
tions, are essential in order to draw general conclusions.

We have studied the influence of electron-electron co
lation on the low-energy excitations of YBa2Cu3O7 as a
prototypical cuprate using the 3-body-scattering~3BS!
approach.11–153BS is an approximate method that allows
to include many-body correlations~nonperturbatively and
beyond mean field! in the calculation of one-electron re
moval energies; it provides self-energy corrections, spec
functions, and quasiparticle band structure including b
long-lived coherent structures and incoherent short-liv
ones. Within the 3BS approach, it is possible to combine
accurate treatment of many-body terms with a realistic
scription of the band structure. This is done starting from
multiband Hamiltonian, where the single-particle part co
tains all the details of anab initio band-structure calculation
and the electron-electron interaction is described by a H
bard term.14 The generalized Hubbard Hamiltonian ink
space is
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whereCa
n(k) are the expansion coefficients of single-partic

Bloch states of wave vectork and band indexn in terms of
localized orbitals.a, b, are d orbital indices andUab de-
scribes the on-site Coulomb repulsion amongd electrons on
copper sites. Since a band-structure calculation based o
DFT-KS approach corresponds to the self-consistent me
field solution of the interacting system, the matrix eleme
of the effective one-particle Hamiltonianeks

n can be derived
from DFT band eigenvalues according to

eks
n 5ekns

DFT2Qks
n ~2!

with

Qks
n 5(

ab
uCas

n ~k!u2Uab

1

N (
k8n8

occ

uCb2s
n8 ~k8!u2. ~3!

This is the way DFT-KS band structure results are used
the present calculation: the on-sitee-e interaction is re-
moved as a mean-field termQks

n from the band
eigenvalues—then avoiding any double counting ofe-e
correlation—and put back again in the Hamiltonian to
treated as a true many-body interaction~see Ref. 14 for a
detailed discussion!.

The band structure of YBa2Cu3O7 has been calculated b
the full-pontential linearized augmented plane-wave met
utilizing theWIEN97 code.16 Exchange and correlation effec
are treated within a generalized gradient approximat
~GGA!.17 Lattice parameters were taken from experime
and all the atomic positions have been relaxed by atom
force calculations. The computational details are describe
Ref. 2. As far as the value of HubbardU is concerned, we
have chosenUdd58 eV in agreement with current estimat
for cuprates.18 This value optimizes also the agreement b
tween the present theory and experiments concerning the
sition of satellite structures.19

According to the 3BS approach the interacting man
body state is expanded on the configurations obtained
adding onee-h pair to the Fermi sea, i.e., to the ground sta
of the single-particle Hamiltonian. The state with one
moved electron (N21 particle system! is expanded in terms
of the basis set including 1-hole and 3-particle configurati
~one hole plus onee-h pair!. If the same level of approxi-
mation in the configuration expansion~just one e-h pair
added! is consistently assumed for theN-particle system, in-
cluding then zero- and two-particle configurations, it is ea
to show that the ground state of the interactingN-particle
system would coincide with the noninteracting one~rigid
Fermi sea!:12–14 at this level of approximation electron co
relation comes into play only when dealing with anN21 or
N11 particle system, i.e., when calculating removal or a
dition energies. This point—that ground-state properties
the N-particle system are not affected within 3BS theory
correlation effects—must be kept in mind in the followin
discussion; in particular it explains why it is important
start from thebestmean-field description of theN-particle
system as the one provided by DFT with an accurate form
the exchange-correlation potential.
02050
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The response of the system to the removal of one elec
is described by the hole spectral function

Dkn
2 ~v!52

1

p
Im

1

v2ek
n2Snk~v!

. ~4!

The self energySnk(v) is determined identifying it with the
hole self-energySnk

2 (v) that enters the definition of the hol
~retarded! Green function. This identification is justified i
the limit of an almost filled valence band: although both o
hole 1 onee-h pair and one electron1 onee-h pair are in
general required to describe time-ordered Green-function
self-energy corrections, the efficiency of scattering proces
involving three-particle states depends strongly on the b
occupation.4 Whenever the number of empty states is ve
small, the most efficient scattering processes are those
volving one hole plus onee-h pair. The occupation ofd
orbitals in YBa2Cu3O7 (nd59.8 andnd59.7 for the two
inequivalent Cu sites! makes this approximation quite appro
priate in the present case. The interactions between th
body configurations are represented as in Ref. 14 by a se
t matrices describingh-h ande-h scattering and the Faddee
theory20 is used to determine the total scattering matrix, t
self-energy and the resolvent of the many-body system.

A crucial issue in the comparison between theory a
photoemission data is the definition of Fermi energyEf
5E0(N)2E0(N21) where E0(N), E0(N21) are the
ground-state energies of the interacting system ofN and N
21 particles. In general we expect the interactingEf to be
different from the noninteracting one. This is true also in t
3BS approach where correlation effects do not enterE0(N)
~see the above discussion! but do affect theN21 particle
system.

The noninteracting Fermi energyEf
0 is the highest occu-

pied energy defined by the sum-rule involving the sing
particle ~band! density of statesn(e),

E
2`

Ef
0

n~e!de5N, ~5!

N being the number of occupied states. The interact
Fermi energyEf in turn is generally assumed to be related
Ef

0 by self-energy renormalization

Ef5Ef
01S~Ef ! ~6!

in the same way as quasiparticle energies are relate
single-particle ones. While expression~6! is clearly appli-
cable to the interacting homogeneous electron gas, it ca
be used for inhomogeneous systems where self-energy i
trinsically k dependent: the chemical potential is a prope
of the system as a whole and ak-dependent renormalizatio
is meaningless.

An alternative definition of the interactingEf is obtained
extending sum rule~5! to the quasiparticle density of state

2
1

p
ImE

2`

Ef 1

v2ek
n2Snk~v2D!

5N. ~7!

D5Ef2Ef
0 makes the imaginary part of the self-energy

equal to zero by construction atEf
0—vanish correctly at
7-2
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Ef .21–23This definition ofEf guarantees the correct occup
tion of the band, adjusting at the same time the origin of
energy scale of self-energy to provide quasiparticle state
infinite lifetime at the interactingEf . This is the expression
we have used to calculate Fermi energy and Fermi surfa
of YBa2Cu3O7.

The maxima of spectral functions fork points along high-
symmetry directions in the Brillouin zone give rise to th
quasiparticle band structurereported in Fig. 1~b!. Energies
are referred to the interacting Fermi energyEf , which turned
out to be shifted with respect toEf

0 of D50.46 eV. By com-
paring these data with single particle results@Fig. 1~a!# the
most evident effect ofe-e correlation is the appearance of
bunch of satellite structures around 12 eV partially overl
ping Ba states. The shape of spectral functions in a sm
energy window close to the Fermi energy are shown in F
2 with and without self-energy corrections. AlongX-S the
quasiparticle band structure exhibits much less structu
than the single-particle one in agreement with recent ph
emission data24 where structures are absent in this ene
region in most of the direction. Modifications are even mo
drastic alongG2X andG2Y where the energy dispersion o
the highest band is strongly affected by correlation: wh
according to single-particle theory this band crosses
Fermi level, after the full renormalization it does not. This
the band exhibiting the saddle point behavior resulting in
well-known van Hove singularity, which is believed to ha
an important role in the explanation of high-Tc superconduc-
tivity in cuprates.25

These features are going to affect the Fermi surface
well. The results obtained for YBa2Cu3O7 in the planekz
50 for two different values ofUdd are shown in Fig. 3. It
appears that modifications do occur and that they scale
the strength of the interaction. This point is importantper se,
independently of the quantitative corrections, since it allo
us to draw general conclusions concerning the role

FIG. 1. ~a! Single-particle band structure of YBa2Cu3O7 ob-
tained in the DFT-GGA approach; energies are referred toEf

0 . ~b!
Quasiparticle band structure obtained in the 3BS scheme withUdd

58 eV with energies referred to the interactingEf .
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Hubbard-type interactions in the determination of Fermi s
faces of realistic systems: the Fermi surface calculated f
band theory does not coincide with the quasiparticle Fe
surface inclusive of self-energy renormalization, and this
true not only in model systems8,26 but also in a real material
Quantitatively the differences between quasiparticle a
single-particle Fermi surfaces are not too large—and perh
below the experimental accuracy.24,27,28 The effect ofe-e
correlation on the topology of the Fermi surface is, howev
rather impressive: the Fermi surface is deformed just neaX
andY kpoints where single-particle bands exhibit the sadd
point van Hove singularity, which is now shifted belowEf
converting the external sheet from electronlike to holelik
Moreover forUdd58 eV the external sheet turns out to b
parallel to the internal one giving rise to an almost perf
nesting. The presence of two Fermi surface sheets run
parallel over a considerable distance can give rise to ano
lously strong scattering that may be extremely relevant in
interpretation of transport properties.

FIG. 2. Spectral functions~arbitrary units! along high symmetry
directions. ~a! Single-particle and~b! quasiparticle results with
Udd58 eV. Energies are referred toEf .

FIG. 3. Fermi surface atkz50 obtained from the DFT-GGA
band structure~a!, and according to 3BS theory withUdd54 eV ~b!
andUdd58 eV ~c!, respectively.
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