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Abstract—The electronic structure of p-type doped HTSC cuprates is calculated by explicitly taking into
account strong electron correlations. The smooth evolution of the electronic structure from undoped antiferro-
magnetic to optimally and heavily doped paramagnetic compositions is traced. For a low doping level, in-gap
impurity-type states are obtained, at which the Fermi level is pinned in the low-doping region. These states are
separated by a pseudogap from the valence band. The Fermi surfaces calculated for the paramagnetic phase for
various concentrations of holes are in good agreement with the results of ARPES experiments and indicate
a gradual change in the Fermi surface from the hole type to the electron type. © 2003 MAIK “Nauka/Interpe-
riodica”.
1. INTRODUCTION

Knowledge of the low-energy electronic structure,
i.e., the Fermi surface and the dispersion of bands both
in the superconducting and in the normal state, is essen-
tial for a better understanding of the properties of high-
temperature superconductors (layered cuprates). This is
necessary to determine the superconductivity mecha-
nism and to interpret the thermodynamic and transport
properties. In addition, this information can be directly
obtained using angular-resolution photoelectron spec-
troscopy (ARPES) for the compounds Bi2Sr2CaCu2O8 + y

(Bi2212) [1–9], Bi2Sr2CuO6 + y (Bi2201) [10, 11], and
YBa2Cu3O7 – y (YBCO) [12]. The most comprehensive
ARPES studies have been carried out for La2 – xSxCO4

(LSCO) and Bi2212 in the HTSC state. Weakly doped
LSCO exhibits in-gap states and the absence of a shift
(pinning) of the Fermi level. As the doping level
increases to above the optimal value, the Fermi surface
changes from the hole type to the electron type [13].
Unfortunately, the data on weakly doped Bi2212 are
scarce in view of the absence of stable materials. How-
ever, all other properties of Bi2212 (in particular, the d
symmetry and the concentration dependence of the
pseudogap and the evolution of the Fermi surface (FS)
from the hole type to the electron type in the region of
strong doping [13]) are similar to those observed for
LSCO. Since the electron properties of high-tempera-
ture cuprates strongly depend on the doping level, it is
essential to trace the evolution of the band structure of
the ARPES spectra upon doping for an understanding
of the main features of high-temperature superconduc-
tivity.
1063-7761/03/9704- $24.00 © 20773
The conventional band theory successfully repro-
duces the shape of the Fermi surface in optimally doped
compounds [14] such as Bi2212. However, problems
exist in HTSC systems, which cannot be solved in the
framework of the band theory. Indeed, in accordance
with the observed phase diagram, La2CuO4 is an anti-
ferromagnetic (AFM) insulator. The dielectric nature of
the ground state is ensured by a strong electron–elec-
tron Coulomb interaction at a site. However, in accor-
dance with the Wilson criterion, the band theory dem-
onstrates that La2CuO4 is a paramagnetic (PM) metal,
and there are no “in-gap” states of the corresponding
pinning of the Fermi level in the region of weakly
doped compositions. Thus, it can be concluded that the
advances in the band theory in the local density func-
tional approximation are limited to optimally and
strongly doped HTSC compounds. For weakly doped
and undoped compounds, it is necessary to calculate
the electronic structure taking into account strong elec-
tron correlations. Earlier, we proposed a generalized
tight binding method (GTBM) [15] combining the
exact diagonalization of the multielectron Hamiltonian
in a cell with perturbation theory for hopping between
unit cells. For an undoped CuO2 layer, the GTBM cal-
culations correctly reproduced not only the width of the
dielectric gap, but also the dispersion at the top of the
valence band for Sr2CuO2Cl2 [16].

In this study, we analyze the spectral density of
states at the top of the valence band as well as the FS
cross sections for doped cuprates for various hole con-
centrations. The results of numerical calculations and
their analysis and comparison with experiments will be
given below.
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In Section 2, the GTBM will be described briefly
and basic relations for dispersion and spectral density
will be given. In Section 3, we describe the numerical
calculations for the density of states and the depen-
dence of the position of the chemical potential for var-
ious concentrations of the doping component both for
the PM and for the AFM phase using only the parame-
ters determined from the calculation of the dielectric
state [16]. In Section 4, the cross sections of the Fermi
surface and their dependence on the doping levels are
considered and compared with experimental results. In
Section 5, we will show that the nontrivial temperature
dependence of the spectral density in cuprates can also
be reproduced in computations. The results are com-
pared with the ARPES data obtained for chlorides
Sr2CuO2Cl2 and Ca2CuO2Cl2.

2. BRIEF DESCRIPTION 
OF THE GENERALIZED TIGHT BINDING 

METHOD

The initial Hamiltonian of the multiband p–d model
can be written in the form [17]
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 ≡ dz) and oxygen (px, py, pz) sets of localized

atomic orbitals. Similarly, ελ =  (λ = dx), ελ = 

(λ = dz) and εα = εp (α = px, py), εα = (α = pz) are the
energies of the corresponding atomic orbitals; tλα = tpd

(λ = dx; α = px, py), tλα = tpd/  (λ = dz, α = px, py) are
the matrix elements of the copper–oxygen hopping;
tαβ = tpp are the matrix elements of the hopping between
the nearest oxygen ions; Uλ = Ud (λ = dx, dz) and Uα =
Up (α = px, py, pz) are the intraatomic Coulomb interac-
tions at copper and oxygen; Vdd(Vpp) and Jdd(Jpp) are the
energies of the intraatomic Coulomb and exchange
interactions of copper (oxygen) electrons on different
orbitals; and Vαλ = Vpd (α = px, py; λ = dx, dz) and Vαλ =

 (α = pz, λ = dx, dz) are the energies of the Coulomb
repulsion between copper and oxygen. All matrix ele-
ments of the Coulomb and exchange interactions are
assumed to be independent of the form of the d- and
p-plane orbitals. The prime corresponds to the interac-
tion with apical oxygen in the CuO6 cluster.

All calculations were made using the GTBM [16]
for the CuO2 plane divided into unit CuO6 cells. In this
version, the cell symmetry coincides with the symme-
try of the crystal, but there arises the problem of com-
mon oxygen belonging to two cells simultaneously.

The problem of nonorthogonality of molecular
orbitals of neighboring clusters was solved explicitly
by constructing the corresponding Vanier functions on
the , , px , py , pz five-orbital initial basis of

atomic states. In the new symmetric basis, the one-cell
part of the Hamiltonian is factorized, permitting the
classification of all possible one-particle excitations in
the CuO2 plane according to symmetry. The subsequent
exact diagonalization of the unit cell Hamiltonian and a
transition to the representation of the Hubbard opera-
tors of the unit cell make it possible to take into account
the intercellular-hopping part of the Hamiltonian in
perturbation theory. As a result of exact diagonaliza-
tion, the cell Hamiltonian Hc for the antiferromagnetic
phase assumes the form

(2)

Here, p and q denote one-hole and two-hole terms of

the cell and  = |p〉〈 q| are the Hubbard operators con-
structed on exact states of the unit cell. The energy lev-
els of sublattices are split by the molecular field of the
antiferromagnetic state: ε1pA = ε1p – σh and ε1pB = ε1p –
σh. The quantity h ∝  J〈Sz〉 , where J is the effective
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exchange interaction between nearest neighbors. With
increasing doping level, the value of h decreases, van-
ishing in the paramagnetic phase. In this study, we con-
fine the analysis to non-self-consistent calculation in
which the magnetic (antiferromagnetic or paramag-
netic) state is assumed to be preset.

The Hamiltonian of hopping between unit cells can
be written in matrix form:

(  and  are the Fourier transforms of the Hub-
bard operators over the A and B sublattices, respec-
tively; here, index m labels the quasiparticle band and
is determined by the pair (p, q) of indices of the initial
and final multielectron states |p〉  and |q〉  in Hubbard
operator Xpq (in terms of [18], m denotes the root vector
am = a(p, q)).

The corresponding dispersion relations for the band
structure of quasiparticles were derived using the equa-
tions of motion for the two-time Green temperature
functions constructed on the Hubbard operators,

(3)
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dispersion relations are defined by the equation

(4)

This equation is an analog of the ordinary one-electron
equation in the tight binding method and differs from it
in the following two aspects. First, the local energy lev-
els Ωm are defined as resonances between multielectron
states and, hence, take into account explicitly the strong
correlations due to exact diagonalization of the Hamil-
tonian of the CuO6 cluster. Second, the filling factors

 =  + , which are calculated self-
consistently, lead to a doping dependence of both the
dispersion relations and the amplitude of the quasipar-
ticle peak in the spectral density. From the mathemati-
cal point of view, we are dealing with a generalized
eigenvalue problem, in which the inverse matrix of the
corresponding filling factors appears instead of the con-
ventional “nonorthogonality matrix.” Each root vector
am describes a Fermi quasiparticle with charge e and a
spin of 1/2, but with a fractional spectral weight of the

order of F(m); their local energies are equal to  =
ε2qG – ε1pG.

Formula (4) is convenient for calculating the disper-
sion relation in the sense that it enables us to obtain all
possible quasiparticle states. However, not all of these
states can be observed in experiments. It is well known
that the spectrum in ARPES experiments is propor-
tional to the spectral density of quasiparticles, which
can be calculated by the GTBM in the form

(5)

Owing to corresponding filling factors, the spectral
density for some types of quasiparticles may be simply
negligibly low or even equal to zero. Consequently, the
corresponding quasiparticle peak can be missing in the
experiment. The numerical calculation of spectral den-
sity by formula (5) was carried out along the principal
symmetric directions of the Brillouin zone at T = 0. For
the PM phase, the dispersion relation and the spectral
density can be obtained using one-sublattice analogs of
formulas (4) and (5). The band structure of the undoped
CuO2 layer in the PM phase was calculated in [19] and
is shown in Fig. 1. In this case, the Fermi level lies in
the forbidden band and the dielectric gap width Eg ~
0.2 eV is close to the experimentally observed value. It
should be noted that the dielectric ground state is due to
strong electron correlations, while the gap width is
mainly determined by charge transfer processes. The
complex structure of the valence band is due to a large
number of quasiparticles with the participation of two-
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Fig. 1. Dispersion relation and the density of states of an undoped CuO2 layer in the PM phase (borrowed from [19]).
hole states of the unit cell; the width of the valence band
is approximately equal to 3 eV in conformity with the
experimentally observed value for La2CuO4.

Following publication [19], numerous experimental
studies of the band structure of cuprates were carried
out using ARPES methods, which enabled us to refine
the model parameters [16] and to achieve a quantitative
agreement for the dispersion relation for the top of the
valence band in Sr2CuO2Cl2. We obtained the follow-
ing model parameters in units of tpd (  = 0):

(6)

Here, we describe the doping dependence of the elec-
tronic structure without introducing additional fitting
parameters.

3. DENSITY OF STATES

Figure 2 shows the dispersion relations for the bot-
tom of the conduction band and the top of the valence
band of an undoped CuO2 layer, calculated for the AFM

εdx

εdz
2, εp 1.6, εpz

0.5,= = =

t pp 0.46, t pp' 0.42, Ud 9,= = =

U p 4, U pd 1.5, Jd 1.= = =
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phase at T = 0 with parameters (6). The Fermi level lies
in the gap. Nondispersed levels at the bottom of the
conduction band and at the top of the valence band

Fig. 2. Dispersion relation for the top of the valence band
and the bottom of the conduction band for an undoped
CuO2 layer in the AFM phase.
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show the virtual states with zero spectral weight, which
were obtained in [16]. It is these levels that form, as a
result of doping, the in-gap states with a spectral weight
proportional to the doping level.

Figure 3 shows a part of the density of states near the
top of the valence band of the CuO2 layer doped with
holes in the AFM phase. We denote by N1(E) the contri-
bution to N(E) from the top of the valence band; this
contribution is characterized by a narrow peak associ-
ated with Van Hove singularities. As a result of doping,
a virtual level acquires dispersion, the density N2(E)
within the gap states being low in view of the smallness
of the hole concentration. The in-gap states are respon-
sible for a red shift of the top of the valence band; how-
ever, this shift is difficult to observe in experiments in
view of the low spectral density. The main spectral
weight N1(E) of the peak experiences a blue shift
approximately equal to 0.1 eV. One more peak appear-
ing at the “shoulder” of the main peak corresponds to a
Van Hove singularity at point k = (π, 0). Naturally, only
an insignificant blue shift is observed against the back-
ground of the density of states from the entire valence
band (see Fig. 1) since the value of N1(E) is much
smaller than the total density of states. Thus, the
absorption edge at low doping levels in the AFM phase
is formed with the participation of states whose pres-
ence at the top of the valence band is associated with
strong electron correlations. The spectral density of
such an individual state may change in the limits deter-
mined by the sum rule determined by the presence of a
“constraint” (inaccessibility of a part of multielectron
states due to strong electron correlations),

which were used in calculating the position of the
Fermi level. Thus, the position of the Fermi level can be
determined from the equation

where the spectral density and the density of states
depend on the doping component concentration. In
other words, the situation takes place opposite to that in
the hard band model. It can be seen from Fig. 3 that the
density of states N2(E) of an impurity-type band has
dips in the vicinity of E ≈ –0.8 eV, which correspond to
the pseudogap between the valence band and the virtual
level. The main contribution to the formation of the

A1 k E,( ) kd∫ N1 E( ),=

A2 k E,( ) kd∫ N2 E( ),=

N1 E( ) Ed∫ N2 E( ) Ed∫+ 1,=

x N1 E( ) Ed
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∞

∫ N1 E( ) E,d

µ

∞
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pseudogap comes from the states in the vicinity of point
(π, 0) of the Brillouin zone. For x ~ 0.01, for which the
AFM phase is preserved after doping, the spectral
weight of the in-gap state is small in view of the small-
ness of x. For this reason, we show in Fig. 3 for better
visualization the density of states for large values of x
from the range of weakly doped compositions. For x =
0.10, the long-range AFM order is not observed any
longer, but a short-range order of the AFM type takes
place in this range with a correlation length ξAFM larger
than the length l of formation of the electron structure
(analogous to the mean free path); l = 2–3 lattice
parameters. Consequently, as a reasonable interpola-
tion between the AFM ordering with a long-range order
(x < 0.03) and the strongly doped paramagnetic region
(x > 0.18), we disregard the difference between the
long-range and short-range AFM order in weakly and
optimally doped samples and calculate the band struc-
ture in the AFM phase; for x > xopt , the band structure
in the PM phase is calculated. The vertical dashed line
in Fig. 3 shows the position of the Fermi level. The evo-
lution of the position of the Fermi level upon doping
(Fig. 4) indicates the possibility of Fermi level pinning
as a result of simultaneous increase in the carrier con-
centration and the spectral density at a virtual level.
Precisely such a behavior of the Fermi level was
observed in [20] for La2 – xSrxCuO4. In the PM phase,
the impurity band merges with the valence band and the
Fermi level for x > 0.15 is displaced towards the bottom
of the valence band.

4. FERMI SURFACE

Figure 5 shows the dynamics of the Fermi surface
cross section upon a change in the doping level for the
PM phase. For lower doping levels, no agreement with
the experimental data [21] could be reached. This can
be explained by the necessity of a more detailed
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Fig. 3. Density of states of a CuO2 layer doped with holes
with concentration x in the AFM phase.
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description of the spin system for lower doping levels.
The Fermi surface is subjected more strongly to the
effect of various parameters of the system and not only
the chemical potential, which is an integrated charac-
teristic. In our computations, the optimal doping level
for which the Fermi level reaches a Van Hove singular-

ity in the PM phase is observed at  ≈ 0.55, while the

experimental value is  ≈ 0.18. Assuming that we
were incorrect only while determining the scale of the
doping level and the evolution of the Fermi surface cor-
responds to the experimental results, we describe our
results in units of relative doping levels xT =

x* / . Indeed, it can be seen in Fig. 5 that the
results of calculations are in good qualitative agreement
with experimental data. Thus, the evolution of the FS in
LSCO is reproduced qualitatively in the concentration
range of x > 0.15. Quantitative discrepancies are
observed for the absolute value of xopt . A departure
from the Hubbard I approximation in which Eq. (4) was
derived and the inclusion of short-range order spin cor-
relations will apparently narrow the band and will lead

xopt
T

xopt
exp

xopt
T xopt

exp

–0.2

10 0.2 0.3

0

0.2

x

∆µ, eV

LSCO

Fig. 4. Chemical potential shift as a function of the doping
level. The solid curve describes the results of GTBM com-
putations (x < 0.15 for the AFM phase and x > 0.15 for the
PM phase). The experimental data for La2 − xSrxCuO4 are
borrowed from [20].
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to correct values of concentrations. An analogous con-
clusion was drawn for the t–J model in [22, 23].

5. TEMPERATURE DEPENDENCE 
OF ARPES SPECTRA

Kim et al. [24] obtained the results of a peculiar
variation of ARPES spectra for Sr2CuO2Cl2 with tem-
perature. With increasing temperature, the height of
spectral density peaks decreased and the peaks were
shifted towards lower energies. For finite temperatures,
the intensity of the ARPES spectra can be described as

where A(k, ω) was calculated by formula (5) with the
help of two-time Green temperature functions. Usually,
the temperature dependence of the photoelectron spec-
tra in the vicinity of the Fermi level is determined by the
spread of the Fermi distribution function. However, in
a system with strong correlations, additional, stronger
mechanisms of temperature dependence associated
with the spectral density itself come into play. In our
case of the undoped CuO2 layer, the filling factors
depend on temperature in view of the temperature
dependence of the population of the upper spin level

. In the absence of spin fluctuations, we would have

 = 1/2 and  = 0. However, zero-point spin fluc-
tuations take place in the AFM phase even at T = 0, and

 = 1/2 – (0) and  = n(T). As the temperature
increases, the occupational number n(T) for the upper
spin layer increases. The value of n(T) can be calculated
quite easily in the spin-wave approximation (which

gives  ≈ 2 for T = 0); however, experiments [24]
were performed for rather high temperatures of T ≤ TN ,
at which the evaluation of the magnon concentration is
a complicated problem, which is beyond the framework
of this paper. For this reason, instead of n(T), we calcu-
late the spectral density at three points corresponding to

I k ω,( ) f F ω( )A k ω,( ),∝

ε1 A,
σ–

SA
Z〈 〉 n1

σ–

SA
Z〈 〉 n1

σ– n1
σ–

n1
σ–
x = 0.15 x = 0.22 x = 0.3

(π, π)(π, π)(π, π)

(π, 0)(0, 0) (π, 0)(0, 0) (π, 0)(0, 0)

Fig. 5. Evolution of the Fermi surface upon an increase in the hole concentration in La2 – xSrxCuO4. Thin curves describe the results
of GTBM computations, while bold curves are ARPES spectroscopic data from [21].
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Fig. 6. Temperature dependence of the spectral density for points (2π/3; 0), (π/2; π/2), and (0.4π; 0.4π).
temperatures T1 < T2 < T3 such that n(T1) = 0.3, n(T2) =
0.4, and n(T3) = 0.5, point T3 lying above TN . It can be
seen from Fig. 6 that for all three points of the Brillouin
zone at which the temperature dependence of the
ARPES spectra, we obtained qualitative agreement
with the experiment; for Sr2CuO2Cl2, the spectral den-
sity peak amplitude at point k = (0.67π; 0) decreases
upon an increase in temperature faster than at point k =
(0.5π; 0.5π), in accordance with the experimental data.

6. CONCLUSIONS

A systematic analysis of the evolution of the elec-
tronic structure with doping in LSCO within the GTBM
reveals the following three distinct features.

First, the Fermi level in the range of low-doped
p-type HTSC compounds is pinned by the states of a
virtual level in the region of the dielectric gap and
exhibits no shift. Indeed, in view of the presence of the
undoped virtual CuO2 level at the top of the valence
band, which acquires a finite spectral density and dis-
persion as a result of doping, the Fermi level is pinned
by these states and not by the valence band itself.

Second, as the dopant concentration increases in the
PM phase, the evolution from the hole-type FS with the
center at k = (π, π) to the electron-type FS with the cen-
ter at k = (0, 0) takes place [21]. This scenario is repro-
duced in calculations. However, a discrepancy is
observed between the theoretical and experimental val-
ues of xopt in this case. Since the calculated values of xopt
for the AFM phase are lower (xopt ≈ 0.28–0.3), we
believe that this discrepancy is due to the simplified
description of spin correlations and hope that the cor-
rect value of xopt can be obtained by taking into account
the short-range spin order.

Third, in the AFM phase of HTSC compounds, our
computations reproduce the pseudogap between the
“impurity” band and the top of the valence band. The
pseudogap is destroyed together with the impurity band
upon an increase in the doping level since the disper-
sion of electrons in the PM phase is similar to disper-
sion of optimally doped HTSC compounds.
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHY
In addition, the band structure of quasiparticles and
the spectral density strongly depend on the temperature
in the AFM phase; the nature of this dependence is
associated with the redistribution of the spectral weight
between various quasiparticles upon a change in tem-
perature. Neither the temperature nor the concentration
dependence of the band structure can be obtained using
the traditional one-electron band approach; these
dependences are consequences of the specific band
structure of quasiparticles in strongly correlated elec-
tronic systems [25].
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