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Fermiology, the shape and size of the Fermi surface, underpins the low-temperature physical properties of a
metal. Recent investigations of the Fermi surface of high-Tc superconductors, however, show a most unusual
behavior: upon addition of carriers, “Fermi” pockets appear around nodal �hole doping� and antinodal �electron
doping� regions of the Brillouin zone in the “pseudogap” state. With progressive doping, �, these evolve into
well-defined Fermi surfaces around optimal doping ��opt�, with no pseudogap. Correspondingly, various physi-
cal responses, including d-wave superconductivity, evolve from highly anomalous up to �opt, to more conven-
tional beyond. Describing this evolution holds the key to understanding high-temperature superconductivity.
Here, we present ab initio quantum chemical results for cuprates, in an attempt to provide a quantitative
description of the evolution of the Fermi surface with �. Our results constitute an ab initio justification for
several hitherto proposed semiphenomenological theories, offering a unified basis for understanding of various
unusual physical responses of cuprates.
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I. INTRODUCTION

Understanding high-temperature superconductivity in
quasi-two-dimensional �2D�, doped copper oxides remains
one of the most challenging problems in condensed matter
physics. In spite of varying structural and chemical details,
the phase diagram of the high-Tc superconductors �HTS’s� is
seemingly remarkably universal: the undoped compounds
with nominally one hole per Cu site are Mott insulators
�MI’s� due to strong electron-electron interactions.1 Upon ad-
dition of charge carriers �doping�, the cuprates turn into
d-wave superconductors �d-SC� at low temperatures, T�Tc.

1

The “normal” state for T�Tc is actually very abnormal,
and radically undermines the conventional Landau theory of
Fermi liquids �FL’s�. In the so-called underdoped �UD� re-
gime, ��1, a d-wave pseudogap �d-PG� characterizes the
normal state.1 Whether this d-PG state is the precursor of
d-SC at lower T or its competitor is hotly debated.2,3 Around
optimal doping, �opt, a “strange metal” phase with most un-
usual singular responses4 is clearly revealed: this is the cel-
ebrated non-FL metallic state that has been investigated for
20 years.1 In the overdoped �OD� regime, ���opt, low-T FL
behavior seems to be smoothly recovered.

Very recently, notable improvements in sample quality as
well as measuring technology have finally allowed accurate
mapping of the actual dispersion of the quasiparticles �QP’s�
and the Fermi surface �FS� of HTS’s. Specifically, angle-
resolved photoemission spectroscopy �ARPES� �Refs. 5–7�
and Shubnikov–de Haas �SdH� quantum oscillation
techniques8,9 reveal crucial, hitherto unmapped features of
the evolution of the �renormalized� QP dispersion as a func-
tion of doping. Thus, these works open up the possibility, for
the first time, of unearthing the link between the electronic
structure and physical responses of cuprates in microscopic
detail as a function of �. Both ARPES and SdH measure-
ments reveal a full FS consistent with conventional band-
structure calculations for ���opt.

5,10 However, in the UD
regime, the small “Fermi” pockets inferred by SdH experi-
ments are in deep conflict with Luttinger’s theorem. For

hole-doped samples with �=0.1, the SdH results yield a car-
rier concentration xSdH=0.15.8 Under the same conditions,
the low-T Hall constant is electronlike.11 How can this come
about? Existing theoretical calculations cannot resolve this
issue satisfactorily, and yet this finding points toward a glar-
ing discrepancy in our understanding of the electronic struc-
ture of cuprates. Given these findings, a consistent theoreti-
cal scenario aiming to describe the unique physics of HTS’s
is now constrained to base itself upon the appropriate collec-
tive excitations stemming from the observed detailed shape
and size of the FS.

Here, we address the issues raised above. Using an ab
initio wave-function-based formalism, we describe the low-
est QP bands and FS evolution with �, with quantitative ac-
curacy vis-à-vis recent ARPES and SdH measurements. We
extend our previous work on hole-doped cuprates12 by study-
ing the correlated electronic structure of the “electron-
doped” cuprate SrCuO2. In the case of the p-type supercon-
ductors, we discuss the generalized Zhang-Rice13 nature of
the lowest electron-removal state. Further, motivated by the
SdH and Hall-effect experiments mentioned above, we point
out possible implications of our results in light of these ex-
periments, as well as their connection to earlier model-based
and semiphenomenological theories, in detail. Our calcula-
tions confirm the view14 that the unique properties of cu-
prates are those of a 2D doped MI.

II. THEORETICAL FRAMEWORK

The correlation-induced renormalization effects on the va-
lence and conduction energy bands are remarkably strong in
cuprates. Early attempts to describe these effects were based
on the t−J model1 and indicated the crucial role played by
the strong antiferromagnetic �AF� couplings in reducing itin-
erance. In the three-band context, it was suggested that a
doped oxygen hole would induce short-range ferromagnetic
�FM� correlations among adjacent Cu sites.15 If the extra
hole delocalizes over all four equivalent ligands of a given
CuO4 plaquette,13 these FM correlations would involve Cu
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sites on five plaquettes,16 as shown in Fig. 1. Since the mo-
bility of this entity is expected to be small, it is often referred
to as a FM “spin polaron.”

An accurate investigation of the structure of such compos-
ite objects calls for methods that allow an unbiased treatment
of the various �competing� interactions in the CuO2 plane. A
fundamental point underlying the physics of cuprates is the
interplay between electron localization effects as a result of
strong repulsive interactions and itinerant behavior as a re-
sult of translational symmetry and intersite orbital overlap.
Standard band theories based upon the density-functional
model �and the local-density approximation �LDA�� mainly
emphasize the latter aspect. Though LDA provides rather
good results for weakly correlated solids, its limited ability
to describe correlated d �and f� electrons is well documented.
With the advent of dynamical mean-field theory �DMFT�,
this basic conflict has been partially resolved.17 In particular,
much progress in describing the FS’s of real materials, along
with their one-particle spectral functions, has been possible.
However, this is still some distance from being a totally ab
initio approach, since the actual correlations are approxi-
mated by local �Hubbard� parameters. Use of constrained
LDA to estimate these parameters entails an uncertainty on
the order of 20%, while their self-consistent estimation
within LDA /LDA+DMFT is fraught with insurmountable
problems.18

An alternative approach bases itself on state-of-the-art
quantum chemical �QC� methods.19 In molecular systems,
wave-function-based quantum chemistry provides a rigorous
theoretical framework for addressing the electron correlation
problem.20 A real-space, QC-based treatment is then a natural
starting point in dealing with Mott physics in d-metal solid-
state compounds. As shown below, the k-dependent energy
bands can be recovered at a later stage after accounting for
the ubiquitous strong short-range correlation effects.

The strategy is to use a sufficiently large cluster, C, cut out
from the infinite solid and properly embedded in some effec-
tive lattice potential, capable of describing these crucial
short-range correlations accurately. The presence of partially
filled d-electron shells requires a multiconfiguration repre-

sentation of the many-electron wave function. The complete-
active-space �CAS� self-consistent-field �SCF�, CASSCF,
method21 provides precisely such a framework �see Sec. II A
for details�. It can, for example, describe spin correlation
effects such as the Anderson superexchange in MI’s �Ref. 22�
and the double-exchange in mixed-valence systems.23 For
undoped cuprates, with formally one 3dx2−y2 electron per Cu
site, the CAS wave function is similar to the variational wave
function used in numerical studies of the 2D, one-band Hub-
bard model.24 The main difference is that all integrals, in-
cluding intersite Coulomb and exchange terms, are computed
here in a totally ab initio way. In particular, the lower, com-
pletely filled levels, e.g., the O 2s and 2p orbitals, do affect
�i.e., screen� the actual interactions among the active elec-
trons by readjusting themselves to fluctuations within the
active orbital space.

The dispersion of d-like states on a square lattice is given
by the following relation:

��k� = − 2t�cos kxa + cos kya� + 4t� cos kxa cos kya

− 2t��cos 2kxa + cos 2kya� ,

where t, t�, t� are the hopping integrals between nearest-
neighbor �NN�, second-NN, and third-NN sites and the ef-
fective site is one CuO4 plaquette.13 LDA calculations yield t
values of 0.4–0.5 eV and a ratio between the NN and
second-NN hoppings t� / t�0.17 for La2CuO4 and 0.33 for
Tl2Ba2CuO6.25,26 In contrast, the CASSCF calculations pre-
dict a renormalized NN hopping t=0.135 eV in
La2CuO4.12,16 Here, we describe how the detailed QP disper-
sion can be obtained with quantitative accuracy, for both hole
and electron-addition states. The effective hoppings are com-
puted by using the overlap, Sij, and Hamiltonian, Hij, matrix
elements between �N�1�-particle wave functions having the
additional particle �hole or electron� located on different
plaquettes �i , j , ...� of a given cluster. Each of these �N�1�
wave functions, �	i

N�1�, is obtained by separate CASSCF
optimizations. A similar scheme was previously applied to
simpler, noncontroversial systems such as diamond, silicon,
and MgO.27–29 It accounts for both charge27,28 and spin12,16

polarization and relaxation effects in the nearby surround-
ings; see Fig. 1. For degenerate �i.e., Hii=Hjj� �N�1� states,
t��� j −�i� /2= �Hij −SijHii� / �1−Sij

2 �, where �i and � j are the
eigenvalues of the 2
2 secular problem. For nondegenerate
�Hii�Hjj� states, t�1 /2��� j −�i�2− �Hjj −Hii�2 / �1−Sij

2 ��1/2.
The Sij and Hij terms are computed using the state-
interaction �SI� method.30 Correlation effects beyond
CASSCF on the on-site matrix elements Hii are calculated by
multiconfigurational second-order perturbation theory,
CASPT2.31 The short-range magnetic correlations are in-
cluded in our clusters by adding extra CuO4 units around
those plaquettes directly involved in the hopping process; see
Fig. 2.

The basic assumption we are making in our study is the
quasiparticle approximation, see, e.g., Ref. 19. Everything
going beyond that approximation would require a Green’s
function formulation. The incoherent processes leading, e.g.,
to satellite structures are beyond the scope of our present
calculations. Quasiparticle interactions are not accounted for

FIG. 1. �Color� Ferromagnetic correlations �green� among Cu
sites around a doped oxygen hole �violet� as inferred from CASSCF
calculations. Farther spin couplings are antiferromagnetic �red�. The
motion of the oxygen hole is coherent when the FM spin polariza-
tion “cloud” at adjacent Cu sites moves solidarily with the hole. The
O ligands are at the vertices of the square plaquettes; the Cu ions
are shown as gray dots.
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either. Nevertheless, the strong correlation effects on the
band structure are treated accurately and the calculated qua-
siparticle dispersion is that of a doped Hubbard system.

A. Computational details

In the CASSCF approach,20,21 the wave function is writ-
ten as a linear combination of configuration state functions
�CSF’s� �m�, �	�=	mCm�m�. These CSF’s are spin- �and
symmetry-� adapted combinations of Slater determinants
�SD’s�, i.e., eigenfunctions of the operators for the projected
and total spins. In turn, the SD’s are constructed from a set of
real and orthonormal spin orbitals 
�p�r ,���, where r and �
are the spatial and spin coordinates, respectively. In this
work, an initial guess for these orbitals is obtained from a
Hartree-Fock calculation for a hypothetical Cu 3d10, O 2p6

closed-shell configuration of the Cu and O species.
In determining the CASSCF wave function, the orbitals

are variationally optimized simultaneously with the coeffi-
cients of the CSF’s. The orbitals employed for expressing the
wave function are thus the optimal orbitals for the state at
hand and do not introduce a bias toward a particular configu-
ration. Three different sets of orbitals are used in CASSCF:
�i� the inactive levels, doubly occupied in all configurations,
�ii� the virtual orbitals, unoccupied in all configurations, and
�iii� the active orbital set, where no occupancy restrictions
are imposed. For undoped cuprates, with formal Cu 3d9 and
O 2p6 valence states, the minimal active space would include
the partially occupied in-plane Cu 3dx2−y2 orbitals. If extra
holes are created, the active space must be enlarged with
orbitals from the inactive group. Each additional doped hole
requires one orbital to be transferred from the inactive to the
active space. For the lowest electron-removal state, for ex-
ample, the orbital added to the active space turns into a
Zhang-Rice �ZR� type p-d composite13 in the variational cal-
culation, localized on a given CuO4 plaquette. With regard to
the electron-addition conduction-band states, these turn out
to have Cu 3d10 character and, in a first approximation, an
active orbital space including only the 3dx2−y2 levels would
suffice.

So-called dynamic correlation effects20 for the on-site ma-
trix elements Hii were computed using second-order pertur-

bation theory �the CASPT2 method31�. The Cu 3d and O 2s,
2p electrons on five plaquettes �i.e., the ZR plaquette and the
two apical ligands for that plaquette plus the four NN
plaquettes� were correlated. All calculations were performed
with the quantum chemical software MOLCAS.32 For the ions
of the plaquettes directly involved in the hopping process,
all-electron basis sets �BS’s� of triple-zeta quality were ap-
plied. These were Gaussian-type atomic-natural-orbital BS’s
from the MOLCAS library,32 with the following contractions:20

Cu�21s15p10d� / �5s4p3d� and O�14s9p� / �4s3p�. The core
electrons of the remaining ions of each cluster, see Fig. 2,
were represented by effective core potentials �ECP’s�, i.e.,
Cu ECP’s plus valence double-zeta BS’s �Ref. 33� and O
ECP’s with triple-zeta BS’s.34 To describe the finite charge
distribution at the sites in the immediate neighborhood of the
cluster, we model those ions by effective ion potentials.35

Beyond these neighbors, we use large arrays of point charges
�PC’s� that reproduce the crystal Madelung field within the
cluster region. Apical ligands are explicitly included in our
calculations only for the “active” plaquettes. Other apex oxy-
gens are represented by formal PC’s. That the charge popu-
lations of the Cu 3d and active O 2p orbitals are not sensitive
to the size and shape of the clusters we use was shown in
Ref. 16. We employed the crystal structure measured by
Cava et al.36 for La2CuO4 and by Smith et al.37 for SrCuO2.

III. QUASIPARTICLE BANDS AND ARPES

In earlier work,12,16 the p-type HTS La2CuO4 was inves-
tigated. Here, we extend that work to study the n-type HTS
SrCuO2. For the sake of completeness, we present the de-
tailed description of both hole- and electron-doped cuprates
in this paper. Renormalized hopping matrix elements �ME’s�
for ZR-type states in La2CuO4 and electron-addition states in
SrCuO2, involving neighbors up to the third order, are listed
in Table I. For comparison, “unrenormalized” �or bare� hop-
pings were also computed, by imposing a FM arrangement
of spins at the nearby Cu sites, i.e., a FM lattice. The bare
hoppings are substantially smaller for the �N+1� Cu d10

states because the Cu 3d functions are more compact as
compared to the O 2p orbitals.

FIG. 2. �Color online� Sketch of the finite clusters employed for
the calculation of the effective valence-band and conduction-band
hoppings.

TABLE I. Hopping ME’s for ZR-type states in La2CuO4 and
electron-addition Cu d10 states in SrCuO2. The bare hoppings were
computed by imposing high-spin couplings among the nearby Cu
sites.

Hopping ME’s
�eV� Bare Renormalized

“ZR” state

t 0.540 0.135

t� 0.305 0.010

t� 0.115 0.075

d10 state

t 0.290 0.115

t� 0.130 0.130

t� 0.045 0.015
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Interestingly, for the electron-addition states, each of the
effective hoppings changes by less than 15% from La2CuO4
to SrCuO2 �not shown in Table I�, although the crystalline
structures of the two compounds are quite different, with no
apical oxygens for the latter. On the other hand, no ZR-type
solution was obtained for the electron-removal states in
SrCuO2, which qualitatively confirms the experimental find-
ings: for in-plane lattice constants a3.87 Å �a=3.925 Å
in SrCuO2�, the CuO2 planes do not readily accept holes in
the O bands.37 We also found that the energy difference be-
tween the electron-addition �E�N+1�� and electron-removal
�E�N−1�� states relative to the N-electron state, given by
�E=E�N+1�+E�N−1�−2E�N�, is about 5 eV.38 Thus, the
ground state of the undoped N-electron system is found to be
a Mott-Hubbard-type insulating state, in agreement with
standard knowledge for the parent cuprate compounds.

In effective one-band models,1,13 the ZR p-d state is re-
garded as a vacant, or unoccupied, d-like site. Consequently,
there is no renormalization of the second-NN and third-NN
hoppings t� and t� because these connect sites of the same
magnetic sublattice. In contrast, the interplay between short-
range FM correlations and longer-range AF couplings �see
the sketch in Fig. 1� produces large renormalization effects
for all hopping ME’s in our approach. For t� and t�, in par-
ticular, the hopping of the 2p hole implies coupled, Cu and O
spin “flips” on the two plaquettes directly involved in the
hopping process. Nevertheless, spin correlations decay rap-
idly with distance and so the renormalization effects are less
drastic for the third-NN ME, t�. We thus find t�� t /2 and
t�� t, a rather remarkable result.

For the description of the electron-addition d10 states, an
effective one-band model1 is seen to be justified. As shown
in Table I, in this case only t is substantially affected by
nonlocal spin correlations. Hence, for the �N+1� states, the
renormalized hoppings satisfy t�� t, an equally remarkable
result. The particle-hole asymmetry, see Fig. 3, is now
readily understood from the very different t� / t and t� / t val-
ues for the �N−1� �ZR-type� and �N+1� �Cu d10� bands.

Doping of the CuO2 planes is achieved by chemical sub-
stitution in the “reservoir” layers. The dopant carriers must
quantum mechanically tunnel from the reservoir to the
planes: this necessarily involves the apical O 2pz, Cu 3dz2

and Cu 4s orbitals, causing additional renormalization of the
planar QP’s from these apical charge-transfer interactions.
Hence, we extended our calculations to include configura-
tions where an electron is removed from or added to the
Cu 3dz2 or Cu 4s orbital.

Only the Cu 3dz2 �N−1� state gave rise to considerable
renormalization of the planar QP dispersion. While the on-
site mixing between the ZR and dz2 �N−1� configurations
and the NN hopping between degenerate dz2 hole states are
negligible, the intersite off-diagonal hopping is large. With
sets of orbitals individually optimized for each �N−1� state,
this off-diagonal ME is tm=0.20 eV, larger than the value
reported in Ref. 12, where the lowest dz2 hole state was ex-
pressed in terms of orbitals optimized over an average of
several excited states involving different couplings among
the nearby Cu spins. In k space, the hybridization ME be-
tween the ZR-type and dz2 bands reads �m�k�= tm�cos kxa
−cos kya�. Further, on-site, the ZR-type and dz2 �N−1� states

are separated by an energy ��. It turns out that the
correlation-induced corrections to the CASSCF energy sepa-
ration are substantial, changing this quantity from 0.60 eV
�Ref. 12� to ��=1.70 at the CASPT2 level. Such corrections
are usually small, for both the on-site relative energies22 and
hoppings.16,28 Nevertheless, corrections as large as 0.9 eV
have been found before for the relative energy of the 1A1g
state of the d8 manifold in NiO,22 for example.29

The quantum chemical calculations allow an analysis of
the strength of correlation effects in doped cuprates. The
dominant contribution to the lowest electron-removal state is
a superposition of three configurations, �dx2−y2

1 p�
1�, �dx2−y2

2 p�
0�,

and �dx2−y2
0 p�

2� �hole notation�, where p� denotes the in-plane
ZR-type combination of O 2px,y orbitals on one CuO4
plaquette. The weights of these configurations in the
CASSCF wave function are 0.70, 0.14, and 0.11,
respectively.39 In the Heitler-London limit, i.e., for U→�,
the weight of the �dx2−y2

2 p�
0� configuration would vanish since

double hole occupation of a Cu site is excluded in that limit.
Our ab initio data indicate thus that the quantum chemical
picture deviates somewhat from the original Heitler-London-
type model of Zhang and Rice.13 Moreover, there are contri-
butions of a few percent to the multiconfigurational wave
function which are related to interplaquette d-p-d excitations
and responsible for the FM d-d correlations around the O 2p
hole. Additionally, our incorporation of the dz2 hole state and
its mixing with the �x2−y2� hole state goes beyond the mod-
els hitherto considered, where, to the best of our knowledge,
such effects have not been discussed within a correlated
framework. The detailed consequences of these findings in
the context of a “minimal” model for cuprates will be treated
at length in future work. In what follows, we discuss how the
above findings facilitate a detailed theory-experiment com-
parison.

-1
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0
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1
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FIG. 3. �Color online� �a� The ZR-type electron-removal band
for La2CuO4 in the 2D Brillouin zone, without including the inter-
action with the d3z2−r2 hole state �dashed line� and after including
this interaction �thick red line�. For clarity, the d3z2−r2 band is not
shown in the figure. The zero of energy is the value of the on-site
Hamiltonian ME of the ZR-type state, Hii

ZR. �b� QP dispersion for
the electron-addition Cu d10 state in SrCuO2. The reference energy

is the value of the on-site Hamiltonian ME, Hii
d10

. Units of eV are
used in both panels.
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It is now straightforward to diagonalize the k-dependent
2
2 matrix,

�ZR�k� �m�k�
�m�k� �z2�k� + ��

� ,

to yield the renormalized bands. This constitutes a nontrivial
extension of the three-band Hubbard model, where the addi-
tional renormalization from the apical link is not considered.
Shown in Fig. 3�a� is the resulting dispersion of a ZR-type
singlet generated by a doped hole. We call that object a qua-
siparticle. The figure tells us what the energy of the quasi-
particle is once its momentum k is given. The dispersion of
the ZR-type band shows good agreement with the dispersion
of the lowest ARPES band reported for La2CuO4 by Ino et
al.40 In particular, the flat dispersion around ��� ,0� and
�0, ���, the maximum near ��� /2, �� /2�, and a renor-
malized bandwidth of nearly 1 eV are all reproduced in the
theoretical results. The importance of the ZR-z2 mixing is
apparent: it is required to generate pronounced flattening of
the bands in the antinodal regions of the Brillouin zone.
Given their controversial interpretation,41 we did not attempt
to describe the “waterfalls” seen in ARPES. Theoretically,
the study of such structures requires an analysis of the inco-
herent part of the spectral function.17,42,43 For the Cu d10

states, see Fig. 3�b�, a lack of detailed data for ARPES line
shapes in n-type cuprates precludes a direct comparison be-
tween theory and experiment.

Knowledge of the QP dispersion enables us to study the
evolution of the renormalized FS as a function of doping.
Thereby the following features have to be kept in mind.
Since the QP is a ZR-type singlet state we cannot have more
than one singlet per plaquette. Provided the character of the
QP’s would remain unchanged with increasing hole doping,

we would be able to fill the band with one doped hole per
plaquette, i.e., per k state. However, that is not what is hap-
pening, as is well known from studies of the Hubbard model,
when an originally full lower Hubbard band is depleted by
hole doping. Here, like in the Hubbard model, the QP band
can accommodate an increasing number of holes as the hole
concentration increases. Eventually one may fill each k state
with two instead of one hole, and the well-known Luttinger
theorem for the FS does apply. The reason is that with in-
creasing hole doping correlations become less and less im-
portant. Certainly, for heavy overdoping, our present calcu-
lations are quantitatively not reliable.

Assuming that the chemical potential shifts downward
�upward� with hole �electron� doping, an assumption sup-
ported by independent experiments,44,45 we plot the evolu-
tion of the FS for both hole and electron-doped cuprates in
Fig. 4. We simulate doping effects by a progressive down-
ward shift �hole doping� and upward shift �electron doping�
of the Fermi energy, EF. We find that small hole pockets in
the nodal region comprise the “FS” in the deeply UD
regime.8,9 These pockets are centered in the region�s� be-
tween the ��� /2, �� /2� and ��� , ��� points, as also
predicted by projection-technique42,43 and cellular DMFT
�Ref. 46� calculations for the Hubbard system. Recent
ARPES data for La2−xSrxCuO4 samples with x=0.03 show
indeed that spectral weight is mainly found between the
��� /2, �� /2� and ��� , ��� points.47 Whether the dis-
connected features observed in photoemission5,47 correspond
to the inner arc profiles of the holelike pockets predicted
theoretically is an unsettled issue. The electron-removal
spectral weight in the region between the ��� /2, �� /2�
and ��� , ��� points is expected to be vanishingly small
because of the strong drop in the quasiparticle coherence
beyond the AF zone boundary. We believe that the “discrep-
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0
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FIG. 4. �Color� �a� 2D color map for the ZR-type QP dispersion in La2CuO4, including the effect of the ZR-dz2 hole interaction. In a
rigid-band picture, the constant-energy �CE� contours �black curves� illustrate the evolution of the FS with hole doping, from small �hole�
pockets in the nodal region for deeply UD samples to a large holelike FS at intermediate dopings and an electronlike shape in the OD regime
�Ref. 5�. For a narrow doping interval in the UD regime, the “FS” is defined by eight contours �see the dashed curves�, with both holelike
sheets and electron pockets centered at the corners of the Brillouin zone. The latter are related to the small dip in the dispersion at the �� ,��
point, see Fig. 3�a�, and have been also inferred from Hall-effect measurements �Ref. 11� �b� Color map for the electron-addition Cu d10

states in SrCuO2. The CE contours reproduce the experimentally observed evolution of the FS with electron doping, from small electron
pockets in the antinodal region for the lightly doped regime to a large holelike FS at high doping �Refs. 5 and 48�. The same energy scales
as in Fig. 3 are used.
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ancy” between the quantum oscillation data8,9 �which show
closed pockets� and the ARPES spectra5 �which show the
Fermi “arcs”� in the underdoped regime is related to the fact
that the first give information on the QP dispersion, while the
second map both the dispersion and the k-dependent damp-
ing of QP’s.

For slightly higher �, smaller, electronlike pockets cen-
tered around the corners of the Brillouin zone are also
clearly resolved; see Fig. 4�a�. With further doping, these
progressively evolve into a large holelike FS,5 implying a FS
reconstruction close to �opt. At a critical value �=�c, the FS
changes from holelike ����c� to electronlike ����c�, in
accord with results from ARPES.5

Similar agreement of the FS vis-à-vis experiment48 is also
obtained for the n-type cuprates: small pockets centered
around the ��� ,0� and �0, ��� points evolve into a
holelike FS with progressive electron doping. Our ab initio
results capture such effects: hitherto, these have been
�partially� described within effective, one-42,46,49 or
three-band50–52 models with parametrized couplings.

IV. BROADER IMPLICATIONS

Our results constitute an ab initio derivation of the “hot-
spot-cold-spot” phenomenology,53 also seen in cluster-
DMFT work on the 2D Hubbard model.17 There, the QP
scattering rate is strongly k dependent as the FS is traversed.
This is manifest in our computed FS: the pronounced disper-
sion of the nodal QP’s implies weaker QP scattering around
kn, in marked contrast to the antinodal region, where strong
band flattening is indicative of strong QP scattering and very
short QP lifetimes. Further, the renormalized t, t�, t� imply
intrinsically frustrated hopping: interestingly, the importance
of frustrated kinetic energy to the high-Tc problem has been
discussed at length in the resonating valence bond �RVB�
model of Anderson.14 We show that both these seemingly
disparate features arise from the same underlying micro-
scopic mechanism: strongly anisotropic renormalization of
carrier motion by strong, short-range spin correlations.

Interestingly, in Hubbard-type models, large t� �or t��
open the door to additional exotic phases, like d-wave
nematic,54 d-density wave,55 and valence-bond56 ordered
phases. These have been invoked as possible competitors of
d-SC in various semiphenomenological contexts. Our work
establishes the intimate connection between these putative
instabilities and short-range spin correlations characteristic
of a �lightly doped� MI.

Our findings have remarkable implications for the inter-
pretation of a host of experiments probing the unusual
“normal”-state physical responses of the cuprates as a func-
tion of doping. First, the UD p-type cuprates are revealed to
be nodal metals for small �, as inferred by ARPES.6,7 All the
“nodal metal” phenomenology1 can now be provided an ab
initio justification in light of our results. Coherent nodal QP’s
also naturally explain the “good metal” thermal conductivity
in the UD region.57 Additionally, the SdH quantum oscilla-
tion frequencies � now correspond to coherent carrier orbits
in the “pockets.”8,9 Under the assumption that a k state can-
not contain more than one QP, the Onsager-Lifshitz formula

reads �=�0A / �2��2, with �0=hc /e as the flux quantum
and A= �2��2x /4a2 as the area of the pocket for x carriers in
k space. It tells us that ��x��x. Our finding of additional
electronlike pockets around �� ,�� in the hole-doped case
offers a route toward a resolution of one of the central con-
troversies surrounding recent SdH experiments, where xSdH
=0.15 for the �=0.10 cuprates.8 While this is irreconcilable
with theories having only hole pockets, our finding of addi-
tional electronlike sheets can reconcile the SdH results with
the k state counting for ��0.1.8,9 Moreover, the Hall con-
stant RH�x� is now expected to track the evolution of the
renormalized FS with doping. Depending upon the concen-
trations of hole and electron carriers nh and ne, with nh�ne,
and the mobilities �h and �e, RH may change sign from
holelike to electronlike with T,11 reconciling the SdH �Refs.
8 and 9� and Hall-effect11 data. This is a different picture
compared to the alternative of a 3/2-Fermi liquid,58 proposed
exactly in this connection, where the possibility of RH�0 is
not clear.

Finally, what about superconductivity? Given the small
number, �, of nodal QP’s in the UD regime, d-SC will result
from pairing of these quasicoherent fermionic entities. With-
out going into the nature of the pairing mechanism, the
above implies that Tc����� for ��1. So the superfluid den-
sity at T=0 will decrease linearly as � is reduced, implying
that upon underdoping d-SC will be progressively destroyed
by order parameter phase fluctuations, which grow as the MI
is approached. This implies non-BCS �large� values of
2� /kBTc and strong vortex-liquid-like effects above Tc for
UD cuprates. These have indeed been invoked in connection
with the anomalous “giant” Nernst effect in UD
superconductors.2 However, once a full FS develops, d-SC
would be expected to revert back to a more conventional
BCS-type variety,1 with identical scaling for the nodal and
antinodal gaps.

V. CONCLUSIONS

To summarize, we have implemented a first-principles,
wave-function-based calculation of correlated hole and
electron-addition quasiparticle states in layered cuprates. In
addition to quantitatively describing the dispersion of the
ZR-type band, our work reproduces the FS evolution as a
function of doping, in good agreement with a host of recent
ARPES and quantum oscillation experiments. Our finding of
large longer-range effective hoppings implies intrinsically
frustrated carrier kinetic energy, in agreement with Ander-
son’s RVB ideas.14 The very different behavior of hole and
electron-doped cuprates is clearly manifested as originating
from very different quantum chemical and spin correlation
“backgrounds.” These give rise to very different hopping pa-
rameters t, t�, t� in the hole- or electron-doped cuprates,
implying asymmetric T-x phase diagrams. Seen from this
perspective of renormalization of carrier hoppings by strong,
short-range spin fluctuations, the FS “reconstruction” with
doping,11 as well as the famed nodal-antinodal dichotomy in
the UD systems, are both understood in terms of k-space
differentiation of QP states in the 2D doped MI. Phenomeno-
logically, the computed evolution of the FS with � goes
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hand-in-hand with the observed evolution of d-SC from a
strongly non-BCS, phase fluctuation dominated type, to a
more conventional BCS type with progressive doping,
benchmarking the crucial relevance of fermiology in cu-
prates.
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