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Ab initio periodic approach to electronic structure and magnetic exchange inA2CuO2X2
„AÄCa,Sr and XÄF,Cl… high-Tc superconductor parent compounds
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The electronic structure ofA2CuO2X2 (A5Ca, Sr andX5F ,Cl) compounds is investigated by means of the
periodic unrestricted Hartree-Fock~UHF! method using the linear combination of atomic orbitals approach
~LCAO!. The relative stability of different alternative structures is discussed. All the systems are described as
insulators with strong ionic character and well localized spin moments on the Cu atoms. The O 2p nature of
the highest occupied bands is clear, supporting the charge transfer nature of this kind of narrow band systems;
optical gaps are however, overestimated. The magnetic ordering of these materials is two dimensional in nature
with almost independent antiferromagnetic CuO2 planes withJc /J1;1023. The in–plane nearest (J1) and
next-nearest (J2) magnetic coupling constants are antiferromagnetic and much larger than the interplane
interactions (Jc), with J2 /J1;0.02. The relative values of the magnetic constants are in qualitative agreement
with available experimental results. None of the analyzed properties provide differences between the various
compounds so relevant to limit the possible development of a superconducting phase. On the contrary, the
close similarity between them suggest that kinetic limitations in the doping process can be responsible of the
fact that no superconducting transition has been observed in Sr2CuO2Cl2 and in theT8 phase of Sr2CuO2F2

and Ca2CuO2F2 .

DOI: 10.1103/PhysRevB.67.134513 PACS number~s!: 74.25.Jb, 74.72.2h, 74.25.Ha, 75.30.Et
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I. INTRODUCTION

Since the discovery of the anomalous properties of hi
Tc superconducting cuprates~HTSC’s!, the crystal and elec
tronic structure of these compounds had attracted cons
able attention from the experimental point of view. In ad
tion, the failure of the phonon mediated pairing mechani
proposed by Bardeen, Cooper, and Schrieffer~BCS! to ac-
count for the superconductivity in these systems was a
challenge to theorists to explain their properties.1–3 Many
theoretical models have been reported aimed to disclose
fundamental microscopic interactions governing the pair
mechanism in high-Tc superconductors. The effective param
eters appearing in the microscopic models can be extra
either from experiment or from theoretical calculations an
detailed analysis of the electronic structure of simple ma
rials is necessary to disentangle the fundamental asp
common to all of them that are responsible for the appe
ance of a superconducting phase.2,4

HTSC’s are ceramic materials that show as a comm
feature a layered crystal structure with well-defined Cu2
planes in which strong magnetic interactions give rise t
two-dimensional ~2D! antiferromagnetic order (J1
;2125 meV) of the spin moments on the Cu21 ions. It is
widely accepted that these strong antiferromagnetic inte
tions in the CuO2 planes are at the origin of the fundamen
mechanisms of superconductivity in these materials.1,2,5–7

The pure, stoichiometric ‘‘parent’’ compounds are charg
transfer insulators with gaps between 1.5 and 2.0 eV
show a insulator-metal transition when doped. Light dop
usually leads to a superconducting phase that evolves
strange metallic phase for excess dopant concentrations2,5 It
is well accepted that the CuO2 planes are the essential part
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a cuprate superconductor in which the extra mobile char
~holes or electrons! given by the other layers, usually calle
‘‘charge reservoirs,’’ move. The role of these charge res
voirs is to chemically control the number of mobile charg
in the CuO2 planes and usually are considered as second
or even irrelevant for the pairing mechanism.2,6,7Usually, the
theoretical descriptions of HTSC’s focus on the nature of
CuO2 planes and include the effect of the other layers in
very indirect way, or ignore them. However, specific que
tions on the interaction between the dopant and the cha
reservoirs and the effect on the CuO2 planes are important to
decide the reduction to the essential scheme supposed b
models. To address this kind of questions, it is important
be able to correctly describe the electronic structure of th
materials, at least at a qualitative level, and to focus on
fundamental parameters governing the microscopic mec
nisms of superconductivity and the relations that cont
their values. Hence, a systematic theoretical approach to
electronic structure of the simplest HTSC compounds wh
physical properties exhibit a smooth variation from one s
tem to the other would permit to develop a qualitative stu
to address most of these questions.

The monolayered cuprate compounds have simple st
tures and most of them have been extensively studied in
past years in their pure and doped phases. The family
oxyhalide compounds with formulaA2CuO2X2 (A5Ca ,Sr
and X5F ,Cl)8–20 belongs to this class of simple cuprat
which have also a smooth variation in their structural a
chemical properties. This family is an optimal candidate t
theoretical research because its constituent ions are ch
cally simple~not trivalent lanthanides!, have different struc-
tures without apical oxygens and have quite different sup
conducting behavior. Superconductivity has been found
©2003 The American Physical Society13-1
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Sr2CuO2F21d ~Refs. 15,16!, in Ca22xNaxCuO2Cl2 ~Refs.
10,11!, and also in the closely related compou
Sr1.4Ba0.6CuO2F21d , which shows one of the highest know
critical temperatures for a monolayered HTSC w
La2CuO4 structure.21 However, the closely related com
pounds Sr2CuO2Cl2 , Ca2CuO2F21d seem not to be super
conducting for the available doping concentrations.8,17,18

Since experimental and theoretical investigations of th
properties seem to indicate that there are no substantial
ferences between them or with respect to other supercond
ing cuprates, it is important to study the electronic struct
of the full set of compounds in detail in order to carefu
evidentiate similarities and differences, and this will be t
object of the present paper.

Attempts to rationalize the electronic structure of HTS
parent compounds and other transition metal~TM! com-
pounds by means of the local density approximation~LDA !
of density functional theory~DFT!22–28as well as the gener
alized gradient correction~GGA! to the exchange-correlatio
functionals22,29–31have been unsuccessful because they p
dict a too small band gap, indicating either a metallic or,
the most favorable cases, a semiconducting behavior
some cases an inverted relative stability of the magn
phases with respect to the experiment is also observed22,28

Ad hoccorrections for the self-interaction error~SIC! inher-
ent to the local exchange functional have been propose
remedy this LDA~and GGA! deficiency, such as LDA1SIC
~Ref. 32! or LDA1U.33 However, the use of these ap
proaches has been rather limited. An interesting alterna
approach to correct the self-interaction error of LDA consi
in making use of hybrid functionals, such asB3LYP.34–36

However, in spite of its overall balanced description of m
of the relevant properties of the studied solids,37–41theB3LYP

functional shows some limitations in describing magne
coupling interactions~usually overestimates antiferroma
netic interactions by a factor 2 to 3! and is semiempirical in
nature.

An alternative strategy is to use theab initio unrestricted
HF periodic approach.42–45 This approach has previousl
been applied to several large gap TM oxides~Refs. 46–52!
and fluorides~Refs. 53–60! including simple and complex
3D, 2D or ~quasi!1D magnetic systems with different kind
of ions in several structures, bearing different spin mome
symmetric or strongly Jahn-Teller distorted. A qualitative
correct description of the insulating ground state and prop
ties of the systems is attained: the optimized structural
rameters and properties such as the formation energy, ela
and magnetic coupling constants are in reasonable agree
with the experimental values.

Recently, embedded cluster model calculations of m
netic exchange in HTSC parent compounds and other
compounds have been reported by Illas a
collaborators61–66 by using UHF and highly sophisticate
configuration interaction~CI! schemes to account for the co
relation effects on the relevant electronic states definingJ1 .
Small cluster models have been used which are, howe
large enough for a careful determination of the first neigh
superexchange constants that are in good agreement
available experimental data.65–67 From these studies it turn
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out that magnetic coupling appears to be a rather local p
erty and that UHF, while systematically underestimating
J value, is, however, able to reproduce trends along a fam
of compounds. The cluster model approach is obviously
appropriate to describe other important properties of so
which are long ranged, as forJ2 andJc in the present case
or originated by the periodicity of the system. The
periodic46–60 and cluster model51,52,59–66calculations on TM
compounds indicate that UHF is able to provide a qual
tively correct description of the electronic structure of T
compounds and of the relative values of the magnetic c
pling constants along a family or between magnetic inter
tions within the same compound.

Theab initio UHF periodic approach,42,43as implemented
in the CRYSTAL98 code,44,45 is the method chosen in th
present work to study the crystal and electronic structure
the Sr2CuO2Cl2 ~Refs. 8,9!, Ca2CuO2Cl2 ~Refs. 10–13!,
Sr2CuO2F2 ~Refs. 15–17!, and Ca2CuO2F2 ~Ref. 18!, family
of superconductor parent compounds in their commonT
(La2CuO4) andT8 (Nd2CuO4) crystal varieties.

Previous theoretical approaches to some of the oxyha
compounds considered in this work are based either on L
or UHF band structure calculations as well as on the emb
ded cluster model approach. The early LDA approaches
Mattheiss,23,24 stressed the importance of Sr2CuO2Cl2 and
Ca2CuO2Cl2 oxyhalides as candidates for high-Tc supercon-
ductivity. Three members of this family have been studied
Novikov et al.27 at the LDA level; Wu and Zheng70 explored
the performance of LDA1U on Sr2CuO2Cl2 . The periodic
UHF approach has been applied by Mackrodt, Gotsis,
Allan71 to Sr2CuO2F2 and Suet al.50 extended this approac
to La2CuO4. Finally, the work of Illas and co-workers66,68

focused on several monolayered cuprates includ
Sr2CuO2Cl2 , Ca2CuO2Cl2 , and Sr2CuO2F2 . These authors
found an important linear correlation betweenTc andJ/t for
a wide series of monolayered cuprate materials,68 that
stresses the adequacy of thet-J model and, hence, a pairin
mechanism based on magnetic interactions. The values oJ1
provided in their works66,68 will be used as a reliable refer
ence for the present calculations.

The present work is organized as follows. After the Intr
duction, the structures and relevant properties of the ma
als are described in Sec. II. The computational details
described in Sec. III. In Sec. IV, two subsections present
results: the crystal structures are discussed on the basis o
optimized crystal parameters and the electronic structure
the experimental phases is analyzed by means of the
jected density of states and the spin and density maps~Sec.
IV A !. Magnetic interactions, calculated by means of the
percell approach, are discussed in Sec. IV B. Our conc
sions are presented in Sec. V.

II. CRYSTAL STRUCTURES AND PROPERTIES

The crystal structure of most of the monolayered HTSC
are related to theT andT8 structures of La2CuO4 ~close to
the prototypical layered perovskite K2NiF4) and of
Nd2CuO4, respectively. Most of these systems have be
investigated at length during the late 1970’s and 1980’s
3-2
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their pure phase.9,13,14,18However, the discovery of the su
perconducting oxyhalides was made in the middle 199
since their synthesis needs special procedures~usually in-
cluding high pressure! to permit the formation of metastabl
phases under ambient conditions and to control the do
concentrations in an efficient way.10,11,15–17These new high
pressure/high temperature synthetic methods opened the
to sintetize other important cuprate superconductor syst
such as the infinite layered compound (Sr,Ca)CuO2 ~Refs.
72–74! or the ladder compounds.75,76

The family of the oxyhalide compounds with formu
A2CuO2X2 with A5Ca ,Sr andX5F , Cl are simple layered
cuprates that exhibit theT and T8 structures. Ca2CuO2Cl2
and Sr2CuO2Cl2 show the simplest tetragonalT
structure.8,10–12 Closely related to theT structure is that of
the Sr2CuO2F21d superconductors, showing an orthorhom
bic distorted structure.15,16 The stoichiometric compound
Sr2CuO2F2 ~Ref. 17! and its Ca homologue~pure and with F
excess!18 crystallize, however, in theT8 structure. Hole-type
superconductivity has been found in the excess-fluorine c
pound Sr2CuO2F21d ~with Tc

max546 K at d50.6)15,16 and
Ca22xNaxCuO2Cl2 ~with Tc

max526 K at x;0.08)11,12 mate-
rials, both with theT structure. Moreover, the closely relate
compound Sr1.4Ba0.6CuO2F21d is a p-type superconducto
with Tc564 K, one of the highest known critical temper
tures for a monolayered HTSC withT structure.21 In clear
contrast, Sr2CuO2Cl2 also crystallizes with theT structure
but has not been found to become superconductor, prob
due to the large stability of the stoichiometric compou
which is very difficult to dope, especially by catio
substitution.8 Ca2CuO2F21d and the stoichiometric phase o
Sr2CuO2F2 crystallize in theT8 structure; the former seem
not to be superconducting for the available anion dop
concentrations.18 However, the effect of cation substitutio
on these oxyhalide cuprate systems has not been studie
extent, except for the Ca22xNaxCuO2Cl2 superconductors
and several experimental and theoretical studies on t
properties and electronic structures indicate that these
tems can develop a superconducting phase since there a
substantial differences between them and other cuprate
perconductors.

Sr2CuO2Cl2 is one of the most studied monolayered c
prates and usually is considered as a prototypical system
resentative of superconductor cuprate parent compou
Sr2CuO2Cl2 has a charge transfer gap in the 1.4–1.9
range,77–79shows an antiferromagnetic order (TN5257 K)80

of the spin moments on the Cu21 ions, each center bearing
magnetic moment of 0.34mB . The magnetic cell is twice the
conventional one with the magnetic moments lying in t
@1 1 0# direction on the~conventional! ab planes.81 The mag-
netic order corresponds to a quasi-2D Heisenberg sys
with in-plane J1512566 meV ~Refs. 78,80! and a much
smaller interplane interaction.81 It has been pointed out tha
in layered cuprates a next-nearest-neighbor magnetic
pling J2 exists and induces a magnetic frustration on
antiferromagnetic ground state of the planes, that can be
portant to the hole dynamics and the thermodynamic
spectroscopic properties of the pure and dop
13451
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materials.82–85 The relative magnitude of these interactio
(J2 /J1) is expected to be in the 0.08–0.2 range.82–88

Ca2CuO2Cl2 has been studied to a much less extent. It h
been found to be a charge-transfer antiferromagnetic ins
tor (TN;250 K)90,91 with an electronic structure similar to
Sr2CuO2Cl2 ~Refs. 11,27,89!. In the case of oxyfluorides
there are only few experimental studies, mainly addresse
structural and synthetic aspects.15–20 However, the close
similarity between the structures and the nature of the ion
this family of compounds is usually invoqued as an argum
to suppose that the electronic structures and, hence, e
tronic and magnetic properties of the oxyfluoride systems
similar to those of the most studied oxychlorides.

III. COMPUTATIONAL DETAILS

The calculations presented in this article have been p
formed by using the periodic HF approximation42,43 in its
unrestricted or spin polarized version44 ~in order to account
for the open shell character of the systems!, as implemented
in the CRYSTAL98 code.45 The crystalline orbitals are con
structed as linear combinations of Bloch functions built fro
atomic orbitals~AO’s! optimized for the crystal environ
ment. The AO’s are contracted real solid spherical harmo
Gaussian type functions~GTF’s!.

Extended all–electron basis sets have been used to
scribe Cu21, O22, and F2 in the ionic environment. They
can be indicated as 8-6-411-~41 d)G ~two d shells! for Cu,
7-311G for O and F, and contain 27~Cu! and 13~O and F!
AO’s, respectively. For Ca21, Sr21, and Cl2, Hay and Wadt
core pseudopotentials have been used to represent inner
trons of the ions@1s22s22p6 for Cl2 ~Ref. 92! and Ca21 and
1s22s22p63s23p63d10 for Sr21 ~Ref. 93!# and basis sets
with 31G, 311G, and 31-~3 d)G contraction schemes
respectively.94 There are then, per unit cell, 93 AO’s with 7
electrons for Ca2CuO2Cl2 , 95 AO’s with 79 electrons for
Sr2CuO2Cl2 and 105 AO’s with 83 electrons for Sr2CuO2F2 .

The values adopted for the computational parameters
control the truncation of the Coulomb and exchan
series43,45 ~7 7 7 7 and 14! ensure the high numerical accu
racy required for the evaluation of energy differences of
order of 1027 Hartree/formula unit at fixed geometry, as
the case in the present study. A shrinking factor 4 has b
used to define the reciprocal net in all the structures, co
sponding to diagonalizing the Fock matrix at 21 points b
longing to the irreducible Brillouin zone. The total energ
difference obtained by using larger sampling nets is sma
than 1026 Hartree/cell.

The optimization of the structures has been perform
considering the simplest primitive cell~which is necessarily
in a ferromagnetic state! for each system, as indicated i
Tables I, II, and III. For the analysis of the electronic stru
ture and the evaluation of magnetic coupling constants
experimental cell parameters have been used. Three diffe
supercells have been considered for the determination
magnetic exchange constants: the first one is the con
tional ~ferromagnetic! cell, with seven atoms. The secon
and the third ones are double cells suitable to generate
relevant antiferromagnetic phases that permit us to calcu
3-3
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TABLE I. Calculated cell parameters and distances~in Å! of A2CuO2Cl2 (A5Ca,Sr) for the ferromag-
netic phase~corresponding to the conventional cell!. The space group isI4/mmm, with atoms at Cu:~0,0,0!,
O:~0,1/2,0!, Cl:~0,0,zCl), andA:(0,0,zA). The volume of the conventional cell~in terms of the primitive cell,
in Å3) and the corresponding UHF energy per formula unit~in Hartree! are also reported.

Ca2CuO2Cl2 Sr2CuO2Cl2

periodic UHF Exptl.a periodic UHF Exptl.b

a5b 4.021 3.869 4.109 3.972
c 15.001 15.050 15.570 15.613
zCl 0.1822 0.1830 0.1800 0.1831
zA 0.3950 0.3958 0.3925 0.3926
V 121.2732 112.6432 131.4432 123.1632
EUHF 21890.889310 21890.877419 21878.817821 21878.808749
dCu-O 2.011 1.935 2.055 1.986
dCu-Cl 2.733 2.754 2.803 2.859
dCu-Cu 4.021 3.869 4.109 3.972
dCu-A 3.250 3.153 3.353 3.271
dO-A 2.554 2.490 2.650 2.599
dCl-A 3.070 2.982 3.117 3.047

aFrom Argyriouet al. ~Ref. 10!.
bFrom Miller et al. ~Ref. 8!.
e

ro ex-
rgy
the nearest (J1) and next-nearest (J2) neighbor magnetic
coupling constants in the CuO2 planes and the interplan
magnetic coupling constant (Jc). The extraction of the in-
plane and the interplane magnetic coupling constants f
these supercells is described in the next section.
13451
m

IV. RESULTS AND DISCUSSION

A. Crystal and electronic structure

The crystal structure has been optimized by using the
perimentally observed space-group symmetry by ene
l

TABLE II. Calculated cell parameters and distances~in Å! for theT (La2CuO4) andT8 (Nd2CuO4) type
of Sr2CuO2F2 as obtained from the periodic UHF approach using the cell with one magnetic center~corre-
sponding to the FM phase!. The space group for theT (La2CuO4) type isFmmmwith irreducible positions
Cu:~0,0,0!, O:~1/4,1/4,0!, F:~0,0,zF), and Sr:~0,0,zSr). For theT8 structure the space group isI4/mmmwith
irreducible positions Cu:~0,0,0!, O:~0,1/2,0!, F:~0,1/2,1/4!, and Sr:~0,0,zSr). The volume of the conventiona
cell ~in terms of the primitive cell, in Å3) and the corresponding UHF energy per formula unit~in Hartree!
are also given.

Sr2CuO2F2 (T type! Sr2CuO2F2 (T8 type!

periodic UHF Exptl.a periodic UHF Exptl.b

a 5.613 5.394 4.059 3.967
b 5.613 5.513 4.059 3.967
c 13.330 13.468 12.820 12.816
zF 0.1865 0.1802 0.25~fixed! 0.25 ~fixed!

zSr 0.3757 0.3680 0.3687 0.3650
V 104.9934 100.1234 105.6132 100.8432
EUHF 22048.270707 22048.257014 22048.261535 22048.255743
dCu-O 1.984 1.928 2.023 1.984
dCu-F 2.486 2.427 3.794~not apical! 3.768~not apical!
dCu-Cu 3.969 3.856 4.059 3.967
dCu-Sr 3.259 3.2304 (3.2804) 3.327 3.296
dO-Sr 2.585 2.623 2.637 2.632
dF-Sr 2.5221 (2.9264) 2.5291 (2.7742,2.8322) 2.537 2.471

aDerived from the work of Al-Mamouriet al. ~Refs. 15,16!.
bFrom Kissicket al. ~Ref. 17!.
3-4
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minimization of the ferromagnetic state. For Sr2CuO2F2 and
Ca2CuO2F2 the T8 (Nd2CuO4) structure and theT ~ortho-
rhombic! structure have been optimized in order to comp
the stability of the two phases, because, as pointed out in
previous section, stoichiometric Sr2CuO2F2 and
Sr2CuO2F21d compounds crystallize in different structure
but the Ca2CuO2F21d analogs only exist in theT8 structure.
The experimental and optimized geometries are given
Tables I, II, and III.

An interesting feature is that, when theFmmm ortho-
rhombic structure of Ca2CuO2F2 and Sr2CuO2F2 is opti-
mized, it collapses in the more symmetricI4/mmm tetrago-
nal structure. For Sr2CuO2F2 the optimizedT phase is 24.08
kJ/mol more stable than theT8 phase, whereas fo
Ca2CuO2F2 the optimized fictitiousT phase is 27.66 kJ/mo

TABLE III. Calculated cell parameters and distances~in Å! for
the fictitious T (La2CuO4) and the experimentally observedT8
(Nd2CuO4) types of Ca2CuO2F2 ~simple cell data corresponding t
the FM phase!. The space group isFmmm ~T! with irreducible
positions Cu:~0,0,0!, O:~1/4,1/4,0!, F:~0,0,zF), and Ca:~0,0,zCa).
For theT8 structure the space group isI4/mmm with irreducible
positions Cu:~0,0,0!, O:~0,1/2,0!, F:~0,1/2,1/4! and Ca:~0,0,zCa).
The volume of the conventional cell~in terms of the primitive one,
in Å3) and the corresponding UHF energy per formula unit~in
Hartree! are also reported.

Ca2CuO2F2 (T type! Ca2CuO2F2 (T8 type!

periodic UHF periodic UHF Exptl.a

a 5.551~4! 3.955 3.850
b 5.551~0! 3.955 3.850
c 12.627 11.926 11.842
zF 0.1927 0.25~fixed! 0.25 ~fixed!

zCa 0.3781 0.3683 0.3614
V 97.2734 93.2732 87.7632
EUHF 22060.368617 22060.379152 22060.369116
dCu-O 1.963 1.978 1.925
dCu-F 2.434 3.205~not apical! 3.531~not apical!
dCu-Cu 3.926 3.956 3.850
dCu-Ca 3.174 3.208 3.179
dO-Ca 2.495 2.526 2.530
dF-Ca 2.3401 (2.9164) 2.429 2.334

aFrom Al-Mamouriet al. ~Ref. 18!.
13451
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less stable than theT8 phase. The structural stability o
Ca2CuO2F2 is in agreement with experimental findings sin
only theT8 phase is observed for the pure and excess fl
rine compounds.18 However, for stoichiometric Sr2CuO2F2
the T8 structure is less stable thanT. Almost the same rela-
tive stability is obtained when correlation effects are
cluded by means of theB3LYP hybrid functional for these
structures. Hence, a point of disagreement remains
Sr2CuO2F2 . The cell volumes of the optimized structures
overestimated by;6% ~slightly larger for the oxychlorides
than for the oxyfluorides!. In general, the Cu-O bond dis
tances are overestimated by 3–4 % whereas for apical CX
bond distances are underestimated by 1–2 %. The over
mation of the distances and, hence, of the cell volumes i
line with that found in previous HF calculations for other T
compounds, and is a consequence of the so-called correla
error, due to the replacement of the electron-electron ins
taneous interaction by a mean interaction.

The investigated compounds are described as very io
materials; the Mulliken population analysis provides n
charges~see Table IV! very close to the formal ionic ones
The strong ionic character is confirmed by bond populatio
which are very small for the Cu-O bond and even smaller
other bonds. This points to a slightly larger covalent char
ter on the CuO2 planes with respect to the bonds in th
charge reservoir sheets or between those structural uni
the crystal. The Mulliken analysis data are very similar f
the ferromagnetic~FM! and AFM solutions, apart from the
obvious spin inversion in the AFM case. It is also remarka
the nature of the magnetic moments in both phases whic
almost independent of the magnetic solution. The spin d
sity is localized on the Cu21 ions (d9 open shell configura-
tion! with very small spin densities on the other ions, due
a small spin polarization. The nature of the open shell be
ing the spin density is almost puredx22y2. The total and the
spin density maps projected on theab and ac planes are
shown in Figs. 1 and 2. The total electron density maps sh
that, whereas the morphology of the density on the Cu2
planes are almost identical for theT and theT8 structures,
the morphology of the charge reservoir planes and the c
tact zone between these and the CuO2 sheets largely depend
on the type of structure and less on the nature of their c
stituent ions. Thedx22y2 nature of the open shells on Cu ion
is evident from the spin density maps. The small polarizat
on the nonmagnetic planes explains the small coupling
nd

TABLE IV. Calculated net charge~q! and total unpaired spin density (s) of the relevant ions (A

5Ca,Sr andX5F,Cl depending on the compound! as resulting from a Mulliken analysis and indirect ba
gap (D, in eV!. The values for the FM and AFM phases are almost identical unless indicated.

charge spin D

compound qCu qO qX qA sCu
FM sO

FM sCu
AFM sO

AFM DFM DAFM

Ca2CuO2Cl2 1.89 21.94 20.92 1.92 0.92 0.04 0.91 0.00 17.0 16.8
Sr2CuO2Cl2 1.83 21.84 20.97 1.89 0.93 0.04 0.91 0.00 16.7 15.9
Sr2CuO2F2 ~T! 1.90 21.84 21.02 1.91 0.92 0.04 0.91 0.00 12.1 13.0
Sr2CuO2F2 (T8) 1.89 21.88 20.97 1.91 0.92 0.04 0.91 0.00 14.8 15.8
Ca2CuO2F2 (T8) 1.89 21.92 21.00 1.98 0.91 0.05 0.90 0.00 13.6 14.7
3-5
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FIG. 1. Total electron density
maps in a~100! plane~top! through
the Cu, O,A ~Ca or Sr! andX ~F or
Cl! ions, and~001! section through
a CuO2 plane for the AFM magnetic
phase. The separation between co
tiguous isodensity curves is 0.0
ueua0

23 and the function is truncated
in the atomic regions at 0.15
ueua0

23.
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tween CuO2 planes along thec axis and confirms the stron
2D character of the crystal and magnetic structures of
kind of compounds.

The projected density of states~DOS! of the valence and
conduction bands for the AFM case of Sr2CuO2Cl2 and T
and T8 structures of Sr2CuO2F2 are given in Figs. 3, 4, 5
The DOS graphs for the Ca compounds are very simila
their Sr analogs and are not reported. This and other a
tional data are available upon request to the authors. In
cases the band gap is very large respect to available ex
mental value. HF tends to overestimate this quantity b
factor 2–3 in highly ionic fluorides; this overestimation c
be larger in oxides due to the highly correlated nature
these compounds.41,47,49,50,53–58It can be explained by the
fact that conduction bands~virtual orbitals! are obtained in
the Coulomb and exchange field of the total number of e
trons of the unit cell. Consequently, the virtual orbital en
gies are too high as compared to excitation energies s
there are large final state effects that are not taken into
count. This problem is clear for the restricted HF approxim
tion where the Koopman’s theorem applies.95 For the unre-
stricted, or spin polarized, HF approach the situation is l
clear because there is no direct mathematical relation
between the one-electron levels issued from a spin-polar
HF calculation and the excitation energies~see for example
the recent review of Baerends and Gritsenko96 about the
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physical meaning of Kohn-Sham and Hartree-Fock eigen
ues!. As a consequence, the energy and orbital composi
of the occupied bands are useful for the interpretation
optical spectra where the starting state is the ground s
whereas the role of the corresponding virtual orbitals, in p
ticular the orbital energies, is more questionable.

The general structure of the DOS for the oxychloride s
tems is similar, with a broad set of O states from the top
conduction bands down to 6 eV. The Cl 3p states form also
a broad band that starts;0.5 eV below the Fermi level and
decay near 5 eV from the Fermi level. The Cu 3d states are
grouped in four sharp bands near27.5, 29.0, 210.0, and
211.5 energies and the Ca 3p and Sr 4p are well below the
Fermi level (222.0 and217.0 eV, respectively!. For the
oxyfluoride systems, the O bands extend down to25.0 eV
and are well separated from the F 2p states, that concentrat
in the region between29.0 and26.0 eV, in the same rang
where the Cu 3d states appear~@212.0,26.0# eV!. These Cu
states are also grouped in sharp bands with a disper
larger than in the oxychloride compounds. The studied o
halide compounds show a strong O 2p character of the high-
est occupied states that gives a charge transfer nature t
insulating gap. The distribution of the states is qualitative
different in oxychlorides and oxyfluorides: in oxychloride
the anion bands are at the top of the occupied states
separated from the Cu states, whereas in oxyfluoride c
.
s

e

d
i-

-

FIG. 2. Spin density maps in a
~100! plane~top! through the Cu, O,
A ~Ca or Sr! and X ~F or Cl! ions,
and ~001! section through a CuO2
plane for the AFM magnetic phase
The separation between contiguou
isodensity curves is 0.005ueua0

23

and the most internal curves in th
core regions correspond to60.05
ueua0

23. Continuous, dashed an
dot-dashed lines correspond to pos
tive (a density!, negative (b den-
sity!, and zero values of the func
tion, respectively.
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pounds the oxygen bands are at the top of the occupied s
and separated from the Cu and F states, which largely o
lap. However, differences between the compounds in e
family are relatively small, and do not appear to be such
prevent the existence of a superconducting phase
Sr2CuO2Cl2 or in Ca2CuO2F2 . Difficulties in the effective
inclusion of the charge carriers by the available dop
mechanisms are probably responsible for the lack of a su
conducting transition in these systems.

The results reported here agree with the results of Ma
rodt, Gotsis, and Allan71 for Sr2CuO2F2 ~the same theoretica
approach and similar basis sets have been used!; they are
also in line with the results of Suet al.50 However, there are
fundamental differences with the available LDA results23,24,27

where a metallic or semicondunctig solution is obtain
showing an~hypothetic! gap dominated by Cud bands. Fi-
nally, the van Hove scenario analyzed by Novikovet al.27 in
these LDA calculations seems to be irrelevant for the mic
scopic mechanism2,7 of superconductivity since the existenc
of an extended saddle-point-type singularity is neither a n
essary nor a sufficient ingredient for superconductivity
cuprates.69

B. Magnetic exchange interactions

The isotropic interaction between localized magnetic m
ments is commonly described by the phenomenolog
Heisenberg spin Hamiltonian

FIG. 3. Total and projected density of states of the antiferrom
netic phase of Sr2CuO2Cl2 at the experimental geometry@Miller
et al. ~Ref. 8!#.
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HHeisenberg52(
^ i , j &

Ji j Si•Sj , ~1!

where^ i , j & indicates that interaction between near neighb
magnetic momentsSi and Sj are taken once and the$Ji j %
constants give the magnitude and type of interaction betw
them. The$Ji j % set of parameters defining this magne
Hamiltonians~its number and magnitude! results from the
particular electronic structure and permits to describe
lower part of the excitation spectra. Their values are
tracted by fitting to the experimental~or calculated! magnetic
data.97 In a useful simplification of the Heisenberg mode
known as the the Ising model, only theSz,i components of
theSi magnetic moments are considered. The Ising mode
introduced in order to solve the difficulties faced when so
ing the Heisenberg model. However, in some cases it is u
to describe magnetic systems showing axial anisotropie
their magnetic interactions. Here, as the electronic mono
terminantal broken symmetry wave functions obtained at
UHF level are eigenfunctions ofSz , but not ofS2, the Ising
model represents the natural reference spin hamiltonian
the mapping of the UHF energy differences in order to e
tract the magnetic coupling constants.61,62,98This procedure
is equivalent to consider the mean-field approximation of
Heisenberg Hamiltonian@Eq. ~1!# as recently discussed b
Su et al.50

The superexchange mechanism was introduced
Anderson99 to explain the antiferromagnetic coupling b

-
FIG. 4. Total and projected density of states of the antiferrom

netic phase of Sr2CuO2F2 with T type (La2CuO4) structure. Cell
parameters have been derived from the structure determined b
Mamouri et al. ~Refs. 15,16! for Sr2CuO2F21d .
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making use of the well-known Hubbard model Hamiltonia
In this approach, second-order perturbation theory lead
J;t2/U, in a two-electron–two-center problem, which pe
mits one to relateJ and the parameterst ~electron hopping
integral! andU ~on-site electron-electron repulsion! defining
the Hubbard Hamiltonian. The UHF approach can,
principle, account for the superexchange mechan
but provides too small antiferromagnetic couplin
constants—usually 20–30 % of the experimen

FIG. 5. Total and projected density of states of the antiferrom
netic phase of Sr2CuO2F2 with T8 type (Nd2CuO4) structure. Cell
parameters are those determined by Kissiket al. ~Ref. 17! for sto-
ichiometric Sr2CuO2F2 .
13451
.
to

m

l

value.62–65,100 This behavior can be rationalized by th
changes inJ arising from changes in the effective paramete
of the Hubbard Hamiltonian or, more precisely, in thet/U
ratio, i.e., the delocalization/repulsion ratio, in a variable e
tent depending on the particular approach to describe
electronic structure, which may be dramatically exaggera
~as in LDA or GGA’s! or underestimated~as in UHF! or, in
other words, as due to the too small amount of electr
electron correlation taken into account this approach~hence
to a too largeU value!.

Three different magnetic coupling constants have b
calculated by means of the supercell approximation54–57 to
generate several magnetic orderings or magnetic phases
experimental crystal structures given in Tables I, II, and
have been considered for all compounds. The simplest fe
magnetic ordering can be generated by using any of the
percells containing 2 or 4 Cu atoms per cell and the ene
of those solutions is used as a coherence test between eq
lent FM phases~differences are smaller than 1027 Hartree
per formula unit!. The first considered supercell permits
construct an antiferromagnetic phase, hereafter ca
AFM(c), consisting in ferromagnetic CuO2 planes alternat-
ing their spin along thec axis and is used to extract th
interplane coupling constant. A second supercell has b
used to construct the experimentally observed AFM ph
formed by antiferromagnetic CuO2 planes in which eacha
spin has four nearest neighborb spins and four next neares
neighbora spins. The last supercell permits us to constr
an antiferromagnetic phase, hereafter called AFM~2!, which
can be described as containing ferromagnetic@100# ~or
@010#! chains alternating their spins in the direction perpe
dicular to it. If one considers a magnetic spin Hamiltoni
defined with three different dominant~or relevant! interac-
tions, namely,J1 , J2 , and Jc , the mapping between th
energies~per formula unit! of the magnetic phases con
structed and the Ising Hamiltonian permits us to establish
following relations:

E@AFM~c!#2E~FM!52Jc , ~2!

-

te

ue to
TABLE V. Magnetic coupling constants~in meV! at the experimental cell parameters. For Sr2CuO2F2 , T
andT8 structures are considered.

compound J1 J2 Jc J1(exptl.) a Tc
b

Ca2CuO2Cl2 232.41 20.673 10.6231023 (2148) 28
Sr2CuO2Cl2 226.21 20.507 10.6631023 2125(2120) N.S.
Sr2CuO2F2 (T)b 232.09 20.665 10.4731023 (2140) 46
Sr2CuO2F2 (T8) 228.88 20.792 10.5531023 N.S.
Ca2CuO2F2 (T8) 235.74 20.801 10.2031023 N.S.

aAn experimental value is available only for Sr2CuO2Cl2 ~Ref. 80!. The values in parenthesis are accura
predictions from highly correlatedab initio CI calculations on cluster models for the solids~from Refs. 66
and 68!.

bSuperconducting transition temperatures~in K! at optimal doping reported by Hiroiet al. ~Refs. 11,12! for
Ca22xNaxCuO2Cl2 (x;0.08) and by Al-Mamouriet al. ~Refs. 15,16! for Sr2CuO2F21d (d50.6).

cIn the calculation ofJ2 a single average value has been assumed in equation 4 for simplicity. This is d
the fact that CuO2 planes show CuO plaquettes slightly distorted from the perfect square~88.75 instead of
90°) and two different next-nearest neighbor Cu-Cu distances appear~5.394 and 5.513 Å!.
3-8
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E~AFM!2E~FM!5J112Jc , ~3!

and

E@AFM~2!#2E~FM!5
1

2
J11J2 . ~4!

The resulting values derived for all the experimental str
tures are shown in Table V.

The most important magnetic interaction (J1) is underes-
timated with respect to the experimental value
Sr2CuO2Cl2 , or the accurate values obtained by the clus
model approximation using highly correlated CI wave fun
tions by Illas and co-workers.66,68 However, the UHF values
can provide usefulrelative values of the set of magneti
coupling constants defining the magnetic structure of
systems.41,54–56,59,60The UHF approach describes the ma
netic order of these cuprates as 2D magnetic systems
almost independent antiferromagnetic planes~with Jc /J1
;1023) showing a spin frustration due to the non-negligib
next-nearest magnetic coupling~antiferromagnetic, with
J2 /J1;0.02), slightly lower than the experimental es
mates. These results are relevant since the thermodyn
properties of the pure systems and the dynamics of
charge carriers in the CuO2 planes can be largely affected b
the existence of spin frustrations.82–87 The comparison be
tween the UHF values forJ1 and those obtained by the clu
ter approach66,68 can be used to derive an estimate of t
experimental value of the magnetic coupling constant in
T8 structures of the oxyfluorides: since theJ1

CI/J1
UHF ratio is

4.276, 4.578, and 4.358 for Ca2CuO2Cl2 , Sr2CuO2Cl2 , and
T type of Sr2CuO2F2 , respectively, one can estimateJ1 to be
in the @2132,2123# meV range for the T8 type of
Sr2CuO2F2 and @2164,2156# meV range for Ca2CuO2F2 .
The unexpected large value for Ca2CuO2F2 is very interest-
ing since it has been pointed out that the HTSC’s with
largestTc

max also show very strong antiferromagnetic co
pling constants. Moreover, if a linear relation betweenTc

max

and theJ/t relation is considered, and if the value oft is
supposed to be close to 0.57 eV, the value derived
Ca2CuO2Cl2 using the same cluster approach, the expec
value ofTc

max is in the@45,55# K range which is close to the
highest known critical temperature for a monolayered HT
with La2CuO4 structure.21 In our opinion, the investigation
of alternative doping processes of this material is an app
ing research field since it should provide a new series
HTSC’s and important tests of the present models of su
conductivity.
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V. CONCLUSIONS

The structural, electronic, and magnetic properties of
A2CuO2X2 (A5Ca,Sr andX5F,Cl) superconductor paren
compounds have been investigated by using theab initio
periodic UHF method. The calculations correctly descr
the systems as antiferromagnetic insulators with strong io
character. The highest occupied bands have a strong ox
2p character showing the charge transfer nature of the o
cal gap. The spin density is well localized on the Cu2

planes and arises from thedx22y2 open shells of the ionicd9

configuration of the Cu atoms. The projected DOS are v
similar for the oxyfluorides and the oxychlorides com
pounds, the only minor difference being in the position of t
halide 2p states. However, no significant differences b
tween the electronic structures of the experimentally
served superconducting or non superconducting parent c
pounds have been found.

The UHF approach describes the magnetic order of th
cuprates as 2D magnetic systems with almost indepen
antiferromagnetic planes showing a spin frustration due t
non-negligible value ofJ2 . The magnitude ofJ1 is underes-
timated with respect to available experimental or accur
theoretical values. In spite of these limitations, the perio
UHF method has been shown to correctly describe the m
netic order of ionic compounds and to give reasonablyab
initio estimates for the magnetic coupling constants.

Finally, the close similarity between the electronic stru
ture and properties of the oxyhalide cuprate compounds h
investigated indicates that intrinsic limitations to develop
superconducting phase do not exist, and that kinetic lim
tions in the doping process can be at the origin of the f
that no superconducting transition has been observed
Sr2CuO2Cl2 and in the T8 phase of Sr2CuO2F2 and
Ca2CuO2F2 . Hence, the investigation of alternative dopin
processes of those materials is warmly suggested sinc
would provide a new series of HTSC’s, and important va
dation of the present models of superconductivity.
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