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General model for explicitly hole-doped superconductor parent compounds:
Electronic structure of Ca2−xNaxCuO2Cl2 as a case study
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Periodic density functional theory (DFT) + U calculations using sufficiently large supercells to explicitly
account for dopant disorder are reported for undoped Ca2CuO2Cl2 and for the doped Ca2−xNaxCuO2Cl2 (x =
0.125 and x = 0.250). For the undoped material, the charge-transfer antiferromagnetic character is properly
reproduced. For the doped systems, a metallic character is predicted with the conduction band dominated by the
O(2p) states, with doping having a small effect on the antiferromagnetic order of the Cu2+ cations within the
CuO2 planes while maintaining the diamagnetic character in the rest of centers. The analysis of the spin density
plots for the doped material evidences the appearance of a new feature reminiscent of the so-called Zhang-Rice
singlet, thus providing unbiased independent support to the corresponding model Hamiltonian. However, it is
also worth pointing out that the present DFT picture provides only an average static representation of what is
expected to be a dynamic electronic structure.

DOI: 10.1103/PhysRevB.88.085108 PACS number(s): 31.15.E−, 74.20.Pq, 71.23.−k

I. INTRODUCTION

Nearly 30 years after the discovery of superconductivity in
ceramic Cu-containing compounds by Bednorz and Müller,1 a
general theory explaining this surprising physics is still miss-
ing. In part, the difficulty arises from the nonstoichiometric
character of these cuprates, which exhibit superconductivity
only after appropriate doping.2,3 The hole or electron doping
transforms the material from insulator to superconductor but
only for a small concentration of dopants in a very specific
range. The optimal doping for a given cuprate is defined
as the one for which the critical temperature (Tc) is the
highest. For instance, La substitution by Sr in La2CuO4

results in nonstoichiometric La2−xSrxCuO4, which achieves
the maximum Tc of 39 K for x = 0.15,4 and Ca substitution
by Na in Ca2CuO2Cl2 results in Ca2−xNaxCuO2Cl2 with a
maximum Tc = 26 K also for x = 0.15 (see Ref. 5). Hole
doping can also be achieved by excess of oxygen or fluorine
atoms in interstitial sites as in La2CuO4+δ , Sr2CuO2F2+δ (Tc =
46 K for δ ∼ 0.6) or HgBa2CuO4+δ (Tc = 97 K for δ =
0.09), the latter holding the highest Tc value observed so
far for single-layered cuprates.6 In all cases, atomic substi-
tutions are localized out of the CuO2 planes. Nevertheless,
these substitutions have an indirect effect over the effective
charge in the CuO2 planes,7,8 leading to the superconductor
phase.

The electronic structure of the undoped compounds has
been a matter of controversy since earlier theoretical stud-
ies based on the local density approach (LDA) of density
functional theory (DFT) predicted these materials to have a
metallic character.4 This exciting prediction was, however,
proven wrong, as accurate experiments undoubtedly revealed
that the stoichiometric materials are antiferromagnetic (AFM)
insulators.2,3 The AFM character of these compounds was
properly predicted by calculations using embedded cluster
models to represent the materials and explicitly correlated

configuration interaction wave functions.9,10 This type of
approach was able even to quantitatively reproduce the
magnitude of the magnetic coupling constant, a rather elusive
property, in a rather large series of undoped cuprates.11,12

However, one could still argue that the periodic nature of the
materials was not properly taken into account in these studies.
The study of Muñoz et al.13 using the Hartree-Fock method
and either a periodic approach or an embedded cluster model
to represent the material has proven that the cluster model
representation does not introduce any bias in the description
of the prediction of the magnetic coupling of these materials.
Subsequent studies based on DFT methods that go well beyond
the LDA formalism have reconciled theory and experiment
and properly predicted not only the AFM character of these
compounds but again accurately reproduced the magnitude
of the magnetic coupling constant regardless of whether
a cluster14 or a periodic model15 is used to represent the
undoped cuprates. Therefore, one can affirm that the electronic
structure of the stoichiometric cuprates, often referred to as
superconducting parent compounds, is now almost completely
understood. However, the fact remains that superconductivity
only emerges after doping the material with either electrons or
holes.2,3

Clearly, to approach the electronic structure of the super-
conducting materials, it is necessary to explicitly consider
doping in some way. Earlier approaches employed model
Hamiltonians with parameters taken from either experiment
or from theoretical calculations. In the first case, one needs
to use experimentally measured properties such as electronic
transitions to assign values to the parameters of the model
Hamiltonian, which in this way loses predictive power. The
second approach is not free of problems since we have already
commented that an accurate description of the electronic
structure has been difficult to achieve even for the par-
ent compounds. Nevertheless, these approximate theoretical
descriptions have been extremely important and exposed a
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FIG. 1. (Color online) Schematic representation of the two
possible situations of Zhang-Rice (open-shell) singlets. Note that
the spin density on the O atoms (blue) is 1/4 of the corresponding
value on the Cu site (red) to indicate the dynamic character of this
entity. Note also that a proper description of each singlet requires the
appropriate spin combination.

large amount of the essential physics and many important
concepts. This is the case of the so-called Zhang-Rice
singlet,16 which aims at providing a first explanation of the
disappearance of AFM coupling upon doping by holes. In this
model, one electron is removed from the O(2p) band and the
resulting hole couples to the unpaired electron of the Cu2+
cation thereby forming a local singlet with a concomitant
quenching of the total magnetic moment of the doped material,
as schematically shown in Fig. 1. The coupling is, however,
dynamic and involves simultaneously several instantaneous
electron distributions. This is because this is a purely many-
electron effect, and its proper description requires using a
superposition of states, or a configuration interaction-type
wave function. In this way, the four O atoms surrounding
each Cu2+ cation in a CuO4 unit of the CuO2 planes are
all instantaneously involved. The simple Zhang-Rice singlet
picture16 emerges from the so-called t-J model Hamiltonian
initially proposed by Anderson.17 This is essentially a one-
band model that simultaneously takes into account the AFM
interactions between the magnetic moments localized at the
Cu sites and the presence of holes in the Cu-O planes and
can be regarded as a simplification of the three-band Hubbard
model Hamiltonian of Emery18 that implicitly includes the
O(p)-Cu(d) hybridization.

In order to include the effect of the dopant and to provide
an explanation of the dependence of Tc on the composition
of the material, several different ideas have been discussed.
The latter involves charge-ordering effects,19 band-structure
variations,20 dopant-induced disorder,21 and several other
phenomena. Nevertheless, despite intense research on the
mechanism of superconductivity in this kind of materials, not
much is known yet about the details of how the electron or hole
is created within the CuO2 plane. Clearly, a more elaborate
description of the electronic structure of the doped cuprates
requires the doping to be explicitly included in the model,
which for realistic concentrations of the dopant implies using
very large supercells, thus requiring a computational effort that
has become possible only very recently.22–24 Anisimov et al.22

reported a DFT-based study of La1.88Sr0.12CuO4 in which the
LDA + U exchange-correlation potential25–27 is used to avoid
the unphysical description of the Cu(3d) orbitals provided by

LDA. The empirical U term penalizes double occupancy; this
favors spin localization and provides the correct AFM charge-
transfer electronic ground state. A somewhat better description
has been provided by Patterson, who employed the hybrid
B3LYP exchange-correlation potential,28,29 including a part of
the nonlocal Fock exchange, to study Ca2−xNaxCuO2Cl2. The
amount of Fock exchange comes from fitting to experiment
thermochemical data for a large set of molecular systems, and,
therefore, the procedure is not exempt from some amount of
empiricism. LDA + U and B3LYP differ, however, in that in
the former, only the Cu(3d) band is corrected, whereas in the
latter, all the one-electron states are affected by the nonlocal
Fock exchange. Cluster models and quantum chemical meth-
ods have also been used to study the effect of hole doping in the
local electronic structure, although the limitations of the model
here are more important than in the case of undoped materials;
the results herein are difficult to compare with the experimental
situation.30

In spite of the progress achieved by the pioneering work
of Anisimov et al.22 and Patterson,24 several issues still
require clarification and further work. A possible weakness
in the model used by Anisimov et al.22 is the use of a
stoichiometric unit cell where the charge injection by the
dopant is artificially introduced in the model and compensated
by a uniform background charge density of opposite sign.
This charge-compensating model has also been used by
Patterson,24 although the latter author employs large supercells
representing the nonstoichiometric-doped cuprates. In order
to carry out the calculations involving these large supercells,
Patterson made an assumption regarding the symmetry of
the supercell, namely, that the dopant atom per unit cell is
symmetrically replicated and thus not adequately representing
the disordered nature of the doped phases. In the present work,
an attempt is made to go one step beyond these previous
studies22,24 and explicitly consider the effect of dopants and
their disorder on the electronic structure of the cuprate. To
this end, we will focus on Na-doped Ca2CuO2Cl2, where a
fraction of Ca atoms has been replaced by Na leading to
a Ca2−xNaxCuO2Cl2 formula unit while considering large
enough supercells and taking into account all symmetrically
unique ionic configurations for any particular composition.
The choice of this material comes from the fact that it is one
of the most experimentally studied doped cuprates: it has been
extensively studied using photoemission experiments,31,32

and the inhomogeneous character of the electronic structure
has been explored by scanning tunneling microscopy.33–38

Moreover, the undoped system exhibits a simple crystal
structure, which facilitates the calculations. It has been shown
that upon doping, Cooper pairs in the CuO2 planes involving
holes rather than electrons are formed in this material, with
the resulting phase exhibiting superconductor character, and
Tc reaching a maximum of 26 K at an optimal doping of
x = 0.10.39

This paper is organized as follows. Section II describes
the models used to study the Na doping of Ca2CuO2Cl2 with
explicit consideration of the dopants and their distribution.
Section III describes the settings and approximations for
our quantum-mechanical calculations. Section IV presents
and discusses our theoretical results. Finally, in Sec. V, our
conclusions are given.
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II. SUPERCELL MODELS FOR Na-doped Ca2CuO2Cl2

To study the electronic structure of the Ca2−xNaxCuO2Cl2-
doped system by means of a periodic model, it is necessary
to start from the crystal structure of the undoped Ca2CuO2Cl2
system. This material exhibits a tetragonal I4/mmm40 struc-
ture at all temperatures below the melting point, and its cell
parameters are a = b = 3.869 Å and c = 15.05 Å with
atoms located at Cu(0,0,0), O(1/2, 0, 0), Ca (0,0,0.396), and
Cl (0,0,0.183) fractional coordinates in the crystal unit cell.
This cuprate has been found to be a charge-transfer AFM
insulator with a Néel temperature of 250 K.41,42 Note that,
similar to most cuprates, this structure involves CuO2 planes
well separated by counterion planes, including Ca and Cl ions
stacked along the c crystallographic axis (Fig. 2).

Explicit doping using a periodic model requires the use
of a supercell and the substitution of one or more Ca2+
cations by Na+ cations, which, to maintain electroneutrality,
introduces one hole per Na+ in the CuO2 planes of the
supercell. Note, however, that the overall electronic structure
is subsequently variationally relaxed, and, hence, this way of
reasoning does not introduce any bias in the model. In this
paper, we consider models representing two different dopant
concentrations, namely x = 0.125 and x = 0.250. The case
for x = 0.125 has already been considered by Patterson24 in a
supercell model, including a single substitution and imposing
a symmetry constraint in the c direction. In this paper, we
use a similar model but without any symmetry constraint,
which implies considering larger supercells. In addition, the
case with x = 0.250 implies more substitutions per unit cell
and, consequently, a larger number of possible distributions
of Na cations in the unit cell. In this way, the latter allows
us to explicitly consider the effect of the dopant distribution
on the stability and on the electronic structure of the doped
system, which has not been taken into account in previous
investigations.

For x = 0.125, we choose a supercell that corresponds to a
2 × 2 × 1 multiple of the conventional unit cell shown in Fig. 2.

FIG. 2. (Color online) The unit cell of the Ca2CuO2Cl2 cuprate.
Green, yellow, red, and light blue correspond to Cu, O, Cl, and Ca,
respectively.

For the undoped system, this would lead to a Ca16Cu8O16Cl16

supercell. By substituting one Ca atom by one Na atom, one
gets Ca15Na1Cu8O16Cl16, and, in this way, a hole state is
introduced, which, in principle, is localized in one of the CuO2

layers in the supercell. There are 16 Ca sites in the supercell
where Na can be substituted, but all of them are symmetrically
equivalent. In the following discussion, we refer to the unique
configuration with this composition as Q1. Clearly, this model
allows one to study the effect of introducing one hole in the
electronic structure but does not permit us to scrutinize the
effect of disorder of the dopant. To explicitly consider disorder,
we still use the 2 × 2 × 1 supercell but with two Ca substituted
by two Na, leading to Ca14Na2Cu8O16Cl16 or, equivalently,
Ca1.75Na0.25CuO2Cl2. For this supercell and composition, a
symmetry analysis by the SOD code43 reveals that there are
seven possible nonequivalent configurations, which have all
been explicitly considered in this work. The nonequivalent
configurations for the overdoped cuprate will be referred to as
Q2-1, Q2-2, . . . , Q2-7, respectively.

III. COMPUTATIONAL DETAILS

The electronic structures of the undoped
Ca2CuO2Cl2 cuprate and of the Ca15Na1Cu8O16Cl16 and
Ca14Na2Cu8O16Cl16 models of Ca2−xNaxCuO2Cl2 for x =
0.125 and 0.250 doped systems have been studied by means of
periodic DFT-based calculations carried out with a plane-wave
basis set and the projected augmented wave (PAW) description
of the atomic cores.44,45 The simple LDA exchange correlation
potential with the on-site Coulomb U correction has been
employed.25–27 The resulting LDA + U scheme represents a
good compromise between accuracy and computational cost
to provide a physically meaningful description of strongly
correlated solids. A value of 8 eV has been chosen for the
U parameter, which has been shown to provide a reasonable
description of the band gap and magnetic coupling in a
rather large group of monolayered cuprates, Ca2CuO2Cl2
among them.46 In all cases, the crystal structures have been
optimized employing a conjugate gradient algorithm47; both
cell parameters and atomic positions have been fully relaxed.

For the LDA + U calculations on the supercells described
in the previous sections, the PAW chosen are such that they
leave Cu with 17 valence electrons (3p6, 3d10, 4s1), O with 6
(2s2, 2p4), Cl with 7 (3s2, 3p5), and Ca with 8 (3p6, 4s2). The
quality of the plane-wave basis set is controlled by kinetic
energy cutoff that determines the number of plane waves
included in the calculation. In this paper, we have used a
high value of 650 eV (50% above the standard value for
the potentials employed), which is necessary to accurately
describe the energy difference between configurations. A
4 × 4 × 2 Monkhorst-Pack grid special k-point has been
used to carry out the numerical integration in the reciprocal
space.

Before closing this section, it is important to describe the
different magnetic solutions that one can obtain for each one of
the supercells considered for the undoped and doped materials.
In the case of the undoped materials, it is sufficient to consider
one unpaired electron per Cu2+ center in a dx2−y2 magnetic
orbital, which gives rise to the well-known ferromagnetic
(FM) and AFM solutions,9–15 the latter being the ground state
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in all known cuprates.4 Note that in these solutions the z

component of the total spin (Sz) for the (double) supercell
is either 1 or 0. However, in the doped materials, different new
possibilities emerge depending on the total Sz resulting from
the coupling with the additional unpaired electrons introduced
by Na substitutions in the undoped cuprate. In the case of x =
0.125, the supercell contains eight Cu2+ cations. It is possible
to obtain three different magnetic solutions, namely (i) AFM
ordering of the magnetic moments in the Cu2+ cations, with
one additional unpaired electron resulting in a total Sz = 1/2;
and (ii) and (iii) FM ordering of the magnetic moments in
the eight Cu2+ cations, with one additional unpaired electron
either with spin up or spin down, resulting in a total Sz = 9/2
and Sz = 7/2. In the case of heavier doping (x = 0.250), one
still has eight Cu2+ cations but needs to consider two holes or,
in other words, two new unpaired electrons per unit cell, giving
rise to four different magnetic solutions: (i) AFM ordering of
the magnetic moments in the Cu2+ cations, with two additional
unpaired electrons FM or AFM coupled, resulting in a total
Sz = 1 or Sz = 0; and (ii) FM ordering of the magnetic moments
in the Cu2+ cations, with two additional unpaired electrons FM
or AFM coupled, resulting in a total Sz = 5 or 4. The magnetic
solutions described correspond to the simplest ones because
they maintain the FM or AFM order in the CuO2 plane. Other
solutions exist with intermediate spin ordering in the CuO2

plane defining the spectrum of magnetic excitations for this
supercell. In the case of doped systems, these intermediate
states are not relevant because the final energy is dominated
by the coupling with the new unpaired electrons.

All calculations in this work have been carried out with the
Vienna ab initio Simulation Package.48,49

IV. RESULTS AND DISCUSSION

The electronic structure of the undoped Ca2CuO2Cl2
parent compound was studied in detail by means of dif-
ferent DFT-based methods, including LDA + U and hybrid
exchange-correlation potentials.15,24,50 Therefore, the results
corresponding to the undoped compound will not be discussed
here. We only mention that the two approaches properly predict

the compound to be an AFM insulator and also quantitatively
reproduce the measured band gap. Moreover, calculated values
of the magnetic coupling constants for the Ca2CuO2Cl2 parent
compound are in line with those corresponding to similar
systems for which results from cluster-model configuration-
interaction calculation or the experimental data exist.11–13

Here, let us recall that the calculated values for the parent
compound are J = −143 meV using LDA + U (U = 8 eV)
and J = −198 meV using B3LYP, while the experimental
value is still unknown. It is also important to point out that
while LDA + U remedies most of the deficiencies of LDA, it
still fails to properly describe the charge-transfer nature of the
electronic band gap of this type of compound, especially for
La2CuO4. Nevertheless, it is expected that LDA + U will be
adequate to provide a reasonable description of the electronic
structure of Ca2CuO2Cl2 and the hole-doped systems. The
comparison below between our results and those reported by
Patterson24 for the small unit cell using the hybrid B3LYP
functional strongly supports this hypothesis.

We first consider the case of x = 0.125 corresponding to the
Q1 (2 × 2 × 1) supercell and involving the substitution of one
Ca atom by Na; this is exactly the system previously studied
by Patterson.24 We already mentioned that among the possible
Ca positions for Na substitution, a simple symmetry analysis
reveals that there is only one nonequivalent configuration of
the doped supercell. Figure 3 display the density of states
(DOS) plot corresponding to the AFM CuO2 planes with an
additional hole (Sz = 1/2) solution (left panel) and that of the
AFM ground state of the undoped system as obtained from a
double cell to allow for AFM order (right panel). In agreement
with the periodic B3LYP calculation of Patterson,24 the DOS
plot for the doped supercell shows a metallic solution. The
origin of the metallic solution provoked by Ca substitution by
Na is a shift of the valence band of the undoped compound
toward higher energies, crossing the Fermi level and thus
becoming the conduction band. Figure 3 also evidences a small
contribution of the spin polarization caused by the presence
of one electron hole in the supercell, which contrasts with the
common assumption that doping induces a constant (rigid)
shift of all bands.

FIG. 3. (Color online) Density of states of the ground state of Na-doped (x = 0.125) and undoped Ca2CuO2Cl2 cuprate, as obtained from
LDA + U calculations on the Q1 (Ca15Na1Cu8O16Cl16; left panel) and double (Ca4Cu2O4Cl4; right panel) supercells, respectively.
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FIG. 4. (Color online) Spin density maps for z = 0 (left) and
z = 0.5 (right) crystallographic planes (cf. Fig. 1) of the doped Q1
(Ca15Na1Cu8O16Cl16) phase of Ca1.875Na0.125CuO2Cl2. The circle in
the right panel evidences a feature attributable to a Zhang- Rice type
singlet. The separation between isolines is 0.05 e/Bohr3.

To better understand the effect of the Na dopant in the
electronic structure of Ca2CuO2Cl2, we present in Fig. 4 spin
density maps for the basal (left panel) and central CuO2 planes,
the latter being closer to the plane containing the (periodically
repeated) Na substitutions. The spin density map in the left
panel is indistinguishable from the one corresponding to the
undoped material (not shown), whereas the map in the right
panel, explained in detail below, evidences a new feature that is
reminiscent of the Zhang-Rice singlet,16–18 thus indicating that
the corresponding model Hamiltonian has the right physics
or at least has a physics that coincides with this LDA + U
description of the electronic structure. Here, one must point
out that the correct description of the Zhang-Rice singlet
implies a superposition of states and, therefore, requires a
many-electron wave function to be properly described. It is
not possible to rigorously claim that the present approach
evidences the existence of the Zhang-Rice singlet, precisely
because of the one-electron average description of electron
correlation in DFT-based methods. With all these caveats,
it is still possible to suggest that the spin density maps in
Fig. 4 correspond to an averaged picture of this dynamic
many-electron entity. We note that a similar interpretation of
this feature has been reported in the elegant work of Patterson.
It is important to mention that in spite of representing the
same dopant concentration, the supercell used in the present
work for Q1 is different from that used by Patterson. This is
because Patterson employed a larger supercell to accommodate
a larger number of CuO2 units per supercell plane and, in turn,
had to force a higher (Pm) symmetry, implying equivalence
of CaCl planes in pairs so that substitution necessarily affects
planes above and below the central plane. The use of a higher
symmetry by Patterson resulted in a strongly localized effect,
which was interpreted as a spin polaron. On the contrary, in
this paper the Na dopant is only introduced in one of the
possible planes thus allowing for a differential effect between
the doped and undoped CaCl planes, and the possible spin
polaron resulting from the optimized crystal structure is not as
localized. Note also that Patterson uses a hybrid B3LYP-like
DFT approach, whereas the DFT + U scheme is used here.
Both approaches have some arbitrariness, and the difference
degree of polaronic distortion is not totally unexpected. In
any case, the most relevant point is that present calculations
confirm the findings of Patterson and show that the appearance
of the Zhang-Rice singlet features in his calculations is not

TABLE I. Spin density population on Cu and O sites based on
Bader analysis for undoped (x = 0) and several doped phases of
Ca2−xNaxCuO2Cl2 (see text).

x Phase μ (Cu↑) μ (Cu↓) μ (O↑)

0 AFM + 0.63 − 0.63 0.00
0.125 Q1 + 0.63 − 0.53/− 0.58 0.03/0.07
0.250 Q2-1 + 0.64 − 0.45 0.07
0.250 Q2-2 + 0.64 − 0.45 0.07

induced by imposing a higher symmetry. One can argue that
the present Q1 model represents an artificially ordered doping
situation around a given CuO2 plane. The calculations for the
Q2 phases discussed below introduce disorder explicitly in the
supercell and, hence, show that results in Fig. 4 are not an
artifact of a particular ordering of the dopants.

Before describing the Q2 phases in more detail, it is
important to point out that while the presence of the dopant
introduces a local point defect in the atomic structure, it also
affects the whole electronic structure of the CuO2 plane. Thus,
all spin-up Cu2+ cation in the doped system experience a
reduction on their spin density by (open-shell singlet) coupling
to the antiparallel spin density in all O anions in that plane
arising from the hole injection. Note also that the spin density
of the spin-down Cu2+ cations, however, remains unchanged
as in the undoped system. This is clear from the comparison of
spin density values for undoped and Q1 phases in the first and
second rows of Table I. This picture implies that the physics
of the Zhang-Rice singlet is more complex than imagined
from a simple scheme as in Fig. 1. The coupling between the
(down) spin density in the O(2p) band introduced by the hole
injection affects the (up) spin density of half of the cations in
the CuO2 plane. While the effective model Hamiltonian16–18

leading to the Zhang-Rice singlet implies that the coupling is
dynamic, however, the present DFT picture provides only an
average static representation. This is why taking into account
strong correlation effects explicitly is necessary to describe
the fluctuations governing the low-temperature physics. In any

FIG. 5. (Color online) The Q2-1 (left) and Q2-2 (right) con-
figurations corresponding to the most stable situation for a double
substitution of Ca by Na in the Ca16Cu8O16Cl16 supercell. Green,
yellow, red, light blue, and dark blue correspond to Cu, O, Cl, Ca,
and Na, respectively.
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TABLE II. Relative energies of the Q2 unique configurations of
Ca2−xNaxCuO2Cl2 (x = 0.250) in meV per Cu atom (8 Cu atoms
in Q2 supercells) relative to the most stable one.

Configuration �E (meV)

Q2-1 0
Q2-2 0.003
Q2-3 0.078
Q2-4 0.101
Q2-5 0.142
Q2-6 0.155
Q2-7 0.251
Q2-FM 2.160

case, the observation that the present DFT calculations support
the model based on the presence of Zhang-Rice entities is
already extremely appealing, although one must also admit
that, in part, this is biased because of the inherent mean-field
nature of DFT-based methods.

The relative stability of the Q2 phases, containing two
dopants in the unit cell simultaneously, is reported in Table I;
the most stable situations, corresponding to Q2-1 and Q2-2
configurations, are displayed in Fig. 5. We have already
commented that substitution of two Ca by two Na atoms
on the Ca14Na2Cu8O16Cl16 unit leads to seven different
(symmetrically nonequivalent) configurations. Obviously, the
total energy corresponding to the fully optimized structure of
each of these configurations is different and provides a measure
of the probability of finding them in a real sample. Introduction
of the dopant slightly modifies the lattice parameters with
a very small contraction of the cell volume and a small
modification of the atomic positions near the dopant, as
expected from the very similar ionic radius of Ca2+ and Na+
cations. An identical situation is found for the Q1 phase,
although this has not been commented before. For these Q2-1
and Q2-2 cases, the total energy per Cu atom differs by 3 meV
only, whereas the next most stable configuration (Q2-3) is
significantly less stable (78 meV per Cu higher in energy than
Q2-1). The relative energies all Q2 configurations are reported

in Table II. It is interesting to mention that the most stable
situations correspond to cases where the distance between
the two Na centers is the longest possible, and substitution
occurs in different planes in the cell, leading to the maximum
possible homogeneity in the dopant distribution. Notice that
this preferential distribution is not respected in the model of
Patterson where, because of the use of the Pm space group
to reduce the computational burden, the distribution of Na
cations is constrained by symmetry. The present results for the
Q2 phases thus indicate that the distribution of disorder among
the dopants has to be explicitly accounted for, which requires
considering different cation configurations in a sufficiently
large unit cell.

Figure 6 displays the DOS for the Q2-1 and Q2-2 phases in
their electronic ground state, which corresponds to a high-spin
coupling of the unpaired electrons injected in the O(2p) band
while maintaining the AFM coupling between the eight Cu2+
cations in the supercell. It is also important to point out that
the solution forcing Sz = 0 in the unit cell lies at a 115 meV
higher energy, which provides an estimate of the cost to break
down the Zhang-Rice singlet local entities. The analysis of
Fig. 6 reveals similarities with Fig. 3 corresponding to x =
0.125. Both doped systems are metallic, and the higher dopant
concentration in the Q2 supercells (x = 0.250) results in a more
intense peak at the Fermi level, which suggests a better metallic
conductivity. Unfortunately, this static picture of the electronic
structure does not permit us to extract any information about
the superconductivity below Tc in the doped system, but it
does allow us to explain the metallic character at temperatures
above Tc. This is not a trivial conclusion since the undoped
system is a charge-transfer AFM insulator, a character properly
reproduced by the present DFT + U approach.

Finally, Fig. 7 displays the spin density plots for the
two different planes of this cuprate, as obtained from Q2-1
electron ground state; an identical plot is obtained for the
near degenerate Q2-2 situation. These spin plots confirm the
picture discussed for the lower doping concentration (x =
0.125), although in the Q2-1 phase there larger differences in
the spin density at the Cu centers, and the spin density at O
centers is also larger than the one corresponding to the Q1

FIG. 6. (Color online) Density of states of the ground state of Na-doped (x = 0.250) and undoped Ca2CuO2Cl2 cuprate, as obtained from
LDA + U calculations on the Q2-1 (left) and Q2-2(right) supercells.
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FIG. 7. (Color online) Spin density maps for z = 0 (left) and
z = 0.5 (right) crystallographic planes (cf. Fig. 1) of the doped Q2-1
(Ca14Na2Cu8O16Cl16) phase of Ca1.750Na0.250CuO2Cl2. Similar to the
case for x = 0.125 in FIG. 4, the circle in the right panel evidences
a feature attributable to a Zhang-Rice type singlet. The separation
between isolines is 0.05 e/Bohr3.

case. Hence, the present results allow one to firmly claim that
the type of Zhang-Rice entity appearing either in Figs. 4 or 7
are not artifacts from the model used to study the doped system
but correspond to a genuine physically meaningful picture.

V. CONCLUDING REMARKS

In this paper, a first-principle based picture is given
for the undoped Ca2CuO2Cl2 cuprate and for the phases
corresponding to close to optimal (x = 0.125) and overdoped
(x = 0.250) Ca2−xNaxCuO2Cl2 material based on periodic
LDA + U calculations. The situation with x = 0.125 has been
represented by a Ca15Na1Cu8O16Cl16 supercell, where, due
to symmetry, there is only one possible way to substitute
Ca by Na. In the x = 0.250 case, seven distinct symmetry
situations are possible for the Ca14Na2Cu8O16Cl16 supercell,
thus allowing the consideration of disorder effects in the doped
systems. All these configurations were explicitly calculated in
order to understand the preferential distribution of the dopants,
which are not symmetry related in the real doped material.

For the undoped material, the experimentally found charge-
transfer AFM character is properly reproduced. For the doped
systems, the DOS reveals a metallic character with the
conduction band dominated by the O(2p) states, as expected
in the case of hole doping. Moreover, the metallic character is
enhanced when increasing the dopant concentration. However,
introduction of holes in the O(2p) band has a small effect
on the AFM order within the Cu2+ cations in the CuO2

planes and maintains the diamagnetic character in the rest of
the centers.

The analysis of the spin density plots shows that for
the two doping concentrations, a new feature emerges that
is reminiscent of the Zhang-Rice singlet.16–18 Hence, the
corresponding model Hamiltonian leads to a description that
agrees with the one obtained from unbiased electronic structure
calculations. Consequently, it is possible to claim that this
model Hamiltonian contains a significant amount of the right
physics. However, it is also worth pointing out that while the
effective model Hamiltonian16–18 leading to the Zhang-Rice
singlet implies that the coupling is dynamic, the present DFT
picture provides only an average static image, although it
already offers an explanation for the metallic character at
temperatures above Tc.
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