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The electronic structure &,Cu0,X, (A=Ca, Sr andX=F ,Cl) compounds is investigated by means of the
periodic unrestricted Hartree-Fo¢kdHF) 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. Tihe&uPe 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 Guanes withJ./J;~10"3. The in—plane nearestl{) and
next-nearest J,) magnetic coupling constants are antiferromagnetic and much larger than the interplane
interactions {.), with J,/J;~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,@uSyCl, and in theT’ phase of SICuO,F,
and CaCuG,F,.
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[. INTRODUCTION a cuprate superconductor in which the extra mobile charges
(holes or electronsgiven by the other layers, usually called

Since the discovery of the anomalous properties of high“charge reservoirs,” move. The role of these charge reser-
T, superconducting cupratéslTSC’s), the crystal and elec- voirs is to chemically control the number of mobile charges
tronic structure of these compounds had attracted considein the CuQ planes and usually are considered as secondary
able attention from the experimental point of view. In addi-or even irrelevant for the pairing mechaniéfh’ Usually, the
tion, the failure of the phonon mediated pairing mechanisntheoretical descriptions of HTSC’s focus on the nature of the
proposed by Bardeen, Cooper, and Schrief@€S) to ac- CuO, planes and include the effect of the other layers in a
count for the superconductivity in these systems was a newery indirect way, or ignore them. However, specific ques-
challenge to theorists to explain their properfiegsMany tions on the interaction between the dopant and the charge
theoretical models have been reported aimed to disclose threservoirs and the effect on the Cuflanes are important to
fundamental microscopic interactions governing the pairingdecide the reduction to the essential scheme supposed by the
mechanism in higf, superconductors. The effective param- models. To address this kind of questions, it is important to
eters appearing in the microscopic models can be extractdak able to correctly describe the electronic structure of these
either from experiment or from theoretical calculations and anaterials, at least at a qualitative level, and to focus on the
detailed analysis of the electronic structure of simple matefundamental parameters governing the microscopic mecha-
rials is necessary to disentangle the fundamental aspectssms of superconductivity and the relations that control
common to all of them that are responsible for the appeartheir values. Hence, a systematic theoretical approach to the
ance of a superconducting phadge. electronic structure of the simplest HTSC compounds whose

HTSC’s are ceramic materials that show as a commoiphysical properties exhibit a smooth variation from one sys-
feature a layered crystal structure with well-defined guO tem to the other would permit to develop a qualitative study
planes in which strong magnetic interactions give rise to &o address most of these questions.
two-dimensional (2D) antiferromagnetic  order Jg The monolayered cuprate compounds have simple struc-
~—125 meV) of the spin moments on the Cuions. Itis  tures and most of them have been extensively studied in the
widely accepted that these strong antiferromagnetic interagast years in their pure and doped phases. The family of
tions in the Cu@ planes are at the origin of the fundamental oxyhalide compounds with formulA,CuG,X, (A=Ca ,Sr
mechanisms of superconductivity in these matefi&fs.’  and X=F ,Cl)®~?° belongs to this class of simple cuprates
The pure, stoichiometric “parent” compounds are charge-which have also a smooth variation in their structural and
transfer insulators with gaps between 1.5 and 2.0 eV thathemical properties. This family is an optimal candidate to a
show a insulator-metal transition when doped. Light dopingtheoretical research because its constituent ions are chemi-
usually leads to a superconducting phase that evolves to lly simple(not trivalent lanthanideshave different struc-
strange metallic phase for excess dopant concentrativhs. tures without apical oxygens and have quite different super-
is well accepted that the Cy@lanes are the essential part of conducting behavior. Superconductivity has been found in
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SKL,CUOF,. 5 (Refs. 15,16 in Ca_,NaCuO,Cl, (Refs. out that magnetic coupling appears to be a rather local prop-
10,19, and also in the closely related compounderty and that UHF, while systematically underestimating the
Sr, Bay (CUO,F,., 5, which shows one of the highest known Jvalue, is, however, able to reproduce trends_ anng a family
critical temperatures for a monolayered HTSC with ©f compounds. The cluster model approach is obviously in-
La,CuQ, structuré® However, the closely related com- &Ppropriate to describe other important properties of solids
pounds SyCuO,Cl,, CaCuO,F,, ; seem not to be super- wh|ch. are long ranged, as fd@lalnd\lc in the present case,
conducting for the available doping concentratidns!® Of originated by the periodicity of the system. These
Since experimental and theoretical investigations of theiPeriodi¢® *’and cluster modet®**~*calculations on TM
properties seem to indicate that there are no substantial dif°mPounds indicate that UHF is able to provide a qualita-
ferences between them or with respect to other supercondudfely correct description of the electronic structure of TM
ing cuprates, it is important to study the electronic structuré®mpounds and of the relative values of the magnetic cou-
of the full set of compounds in detail in order to carefully Pling constants along a family or between magnetic interac-

evidentiate similarities and differences, and this will be thefions within the same compound. o

object of the present paper Theab initio UHF periodic approacf?**as implemented
. . § ) H 44,45 H

Attempts to rationalize the electronic structure of HTSCIN the CRYSTAL98 code,™™ is the method chosen in the

parent compounds and other transition meffM) com-  Present work to study the crystal and electronic structures of
pounds by means of the local density approximationA)  the SECUOCl, (Refs. 8,9, CaCuQ,Cl, (Refs. 10-13§

of density functional theoryDFT)?22as well as the gener- SRCUOGF; (Refs. 15-1F, and CaCuG;F, (Ref. 18, family
alized gradient correctiofGGA) to the exchange-correlation ©f superconduct/or parent compounds in their comrion
functionalé?2°-3'have been unsuccessful because they pretlaCuQ;) andT’ (Nd,CuQ,) crystal varieties.

dict a too small band gap, indicating either a metallic or, in  Previous theoretical approaches to some of the oxyhalide
the most favorable cases, a semiconducting behavior; igompounds considered in this work are based either on LDA

some cases an inverted relative stability of the magneti® UHF band structure calculations as well as on the embed-

phases with respect to the experiment is also obsé@&d. ded clgstegrzznodel approach. The early LDA approaches of
Ad hoccorrections for the self-interaction err(8IC) inher-  Mattheiss’™ stressed the importance of ,SuO,Cl, and
ent to the local exchange functional have been proposed tg&CUQ,Cl, oxyhalides as candidates for high-supercon-
remedy this LDA(and GGA deficiency, such as LDASIC duct_|V|ty. Three members of this family have been studied by
(Ref. 32 or LDA+U.3® However, the use of these ap- Novikov et al?” at the LDA level; Wu and Zherl§ explored
proaches has been rather limited. An interesting alternativihe performance of LDAU on SpCuQ,Cl,. The periodic
approach to correct the self-interaction error of LDA consistsJHF approach has been applied by Mackrodt, Gotsis, and
in making use of hybrid functionals, such asLyp.34-3¢  Allan"*to SL,CUO,F, and Suet al> extended this approach
However, in spite of its overall balanced description of mostt© LaCu0,. Finally, the work of lllas and co-workef®®
of the relevant properties of the studied sofffs*'thessLyp ~ focused on several monolayered cuprates including
functional shows some limitations in describing magneticSCUO;Cl,, C&CuO,Cl,, and S;CuG,F,. These authors
coupling interactions(usually overestimates antiferromag- found an important linear correlation betwegpandJ/t for
netic interactions by a factor 2 td and is semiempirical in @ Wwide series of monolayered cuprate matefilshat
nature. stresses the adequacy of thé model and, hence, a pairing
An alternative strategy is to use thé initio unrestricted mechanism based on magnetic interactions. The valuds of
HF periodic approacf?=5 This approach has previously provided in their work¥®®will be used as a reliable refer-
been applied to several large gap TM oxidBefs. 46-52  ence for the present calculations.
and fluorides(Refs. 53—60 including simple and complex The present work is organized as follows. After the Intro-
3D, 2D or(quas)1D magnetic systems with different kinds duction, the structures and relevant properties of the materi-
of ions in several structures, bearing different spin momentsls are described in Sec. Il. The computational details are
symmetric or strongly Jahn-Teller distorted. A qualitatively described in Sec. lIl. In Sec. IV, two subsections present the
correct description of the insulating ground state and propertesults: the crystal structures are discussed on the basis of the
ties of the systems is attained: the optimized structural paoptimized crystal parameters and the electronic structure of
rameters and properties such as the formation energy, elastibe experimental phases is analyzed by means of the pro-
and magnetic coupling constants are in reasonable agreemd@¢ted density of states and the spin and density ni@ps.
with the experimental values. IV A). Magnetic interactions, calculated by means of the su-
Recently, embedded cluster model calculations of magpercell approach, are discussed in Sec. IV B. Our conclu-
netic exchange in HTSC parent compounds and other T\sions are presented in Sec. V.
compounds have been reported by lllas and

colla_boratprgl_ by using UHF and highly sophisticated Il CRYSTAL STRUCTURES AND PROPERTIES
configuration interactiofCl) schemes to account for the cor-
relation effects on the relevant electronic states defiding The crystal structure of most of the monolayered HTSC'’s

Small cluster models have been used which are, howeveare related to thd and T’ structures of LaCuQ, (close to
large enough for a careful determination of the first neighbothe prototypical layered perovskite ,KiF,) and of
superexchange constants that are in good agreement wilfd,CuQ,, respectively. Most of these systems have been
available experimental dafa-®’ From these studies it turns investigated at length during the late 1970’'s and 1980’s in
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their pure phas&l3'*®However, the discovery of the su- material$2~8 The relative magnitude of these interactions
perconducting oxyhalides was made in the middle 1990's(J,/J;) is expected to be in the 0.08-0.2 rarfige®
since their synthesis needs special procedqussially in- Ca&CuO,Cl, has been studied to a much less extent. It has
cluding high pressujeto permit the formation of metastable been found to be a charge-transfer antiferromagnetic insula-
phases under ambient conditions and to control the dopai@r (Ty~250 K)***with an electronic structure similar to
concentrations in an efficient way*'*~1"These new high SRCUGCl, (Refs. 11,27,80 In the case of oxyfluorides,
pressure/high temperature synthetic methods opened the wijere are only few experimental studies, mainly addressed to
to sintetize other important cuprate superconductor systenfructural and synthetic aspects™ However, the close
such as the infinite layered compound (Sr,Ca)GuRefs. ~ Similarity between the structures and the nature of the ions of
72-74 or the ladder compound&."® this family of compounds is us_ually invoqued as an argument
The family of the oxyhalide compounds with formula to Suppose that the electrgmc structures and, hence, elec-
A,CUO,X, with A=Ca ,Sr andX=F , Cl are simple layered tronic and magnetic properties of the oxyfluoride systems are

cuprates that exhibit th@ and T’ structures. CZCuG,Cl, similar to those of the most studied oxychlorides.
and SpCuO,Cl, show the simplest tetragonalT
structure®19-2 Closely related to thd structure is that of IIl. COMPUTATIONAL DETAILS
the SpCuO,F,, 5 superconductors, showing an orthorhom-
bic distorted structuré5.'.16 The stoichiometric compound (/-0 by using the periodic HF approximatfdd® in its
SrZC“OZSFZ (Ref. 17 and its Ca.homolloguépure andwith Fnrestricted or spin polarized versf8rin order to account
excesy' cryst.al.llze, however, in th_é structure. HoIeTtype for the open shell character of the systgnas implemented
superconductivity has been found in the excess-fluorine comp the crysTAaL98 code?® The crystalline orbitals are con-
pound SCUO,F,, 5 (with T{®=46 K at 5=0.6)'>"®and  structed as linear combinations of Bloch functions built from
Ca_NaCuO,Cl, (with TT™=26 K atx~0.08)""'?mate-  atomic orbitals(AO’s) optimized for the crystal environ-
rials, both with theT structure. Moreover, the closely related ment. The AO’s are contracted real solid spherical harmonic
compound SrBayCuO,F,, 5 is a p-type superconductor Gaussian type function&GTF’s).
with T.=64 K, one of the highest known critical tempera- Extended all-electron basis sets have been used to de-
tures for a monolayered HTSC wifh structuré?! In clear  scribe CG*, 0?7, and F in the ionic environment. They
contrast, SYSCuO,Cl, also crystallizes with thé structure can be indicated as 8-6-4141 d)G (two d shellg for Cu,
but has not been found to become superconductor, probab§311G for O and F, and contain 2Cu) and 13(O and B
due to the large stability of the stoichiometric compoundAQ’s, respectively. For Gd, SP', and CI', Hay and Wadt
which is very difficult to dope, especially by cation core pseudopotentials have been used to represent inner elec-
substitutior? Ca,CuQ,F,.. 5 and the stoichiometric phase of trons of the iong 1s22s22p® for CI~ (Ref. 92 and C&* and
Sr,CuGQ,F, crystallize in theT’ structure; the former seems 1s522s?2p%3s23p®3d*° for SP* (Ref. 93] and basis sets
not to be superconducting for the available anion dopingnith 31G, 311G, and 313 d)G contraction schemes,
concentrations® However, the effect of cation substitution respectively’* There are then, per unit cell, 93 AO’s with 79
on these oxyhalide cuprate systems has not been studied dtectrons for CaCuQ,Cl,, 95 AO’s with 79 electrons for
extent, except for the Ga,Na,CuO,Cl, superconductors, Sr,CuQ,Cl, and 105 AO’s with 83 electrons for STUO,F,.
and several experimental and theoretical studies on their The values adopted for the computational parameters that
properties and electronic structures indicate that these sysontrol the truncation of the Coulomb and exchange
tems can develop a superconducting phase since there are s@rieé*° (7 7 7 7 and 1#ensure the high numerical accu-
substantial differences between them and other cuprate Swacy required for the evaluation of energy differences of the
perconductors. order of 107 Hartree/formula unit at fixed geometry, as is
Sr,CuO,Cl; is one of the most studied monolayered cu-the case in the present study. A shrinking factor 4 has been
prates and usually is considered as a prototypical system repsed to define the reciprocal net in all the structures, corre-
resentative of superconductor cuprate parent compoundsponding to diagonalizing the Fock matrix at 21 points be-
Sr,CuQ,Cl, has a charge transfer gap in the 1.4—-1.9 eMonging to the irreducible Brillouin zone. The total energy
range’’~"*shows an antiferromagnetic ordéf\(=257 K)®  difference obtained by using larger sampling nets is smaller
of the spin moments on the €uions, each center bearing a than 10 ® Hartree/cell.
magnetic moment of 0.34s. The magnetic cell is twice the The optimization of the structures has been performed
conventional one with the magnetic moments lying in theconsidering the simplest primitive celivhich is necessarily
[1 1 O] direction on theconventional ab planes’ The mag-  in a ferromagnetic statefor each system, as indicated in
netic order corresponds to a quasi-2D Heisenberg systeffables I, Il, and lll. For the analysis of the electronic struc-
with in-plane J;=125+6 meV (Refs. 78,8) and a much ture and the evaluation of magnetic coupling constants the
smaller interplane interactidi.It has been pointed out that experimental cell parameters have been used. Three different
in layered cuprates a next-nearest-neighbor magnetic cosupercells have been considered for the determination of
pling J, exists and induces a magnetic frustration on themagnetic exchange constants: the first one is the conven-
antiferromagnetic ground state of the planes, that can be intional (ferromagnetig cell, with seven atoms. The second
portant to the hole dynamics and the thermodynamic an@nd the third ones are double cells suitable to generate the
spectroscopic  properties of the pure and dopedelevant antiferromagnetic phases that permit us to calculate

The calculations presented in this article have been per-
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TABLE I. Calculated cell parameters and distanéesA) of A,CuQ,Cl, (A=Ca,Sr) for the ferromag-
netic phasécorresponding to the conventional gellThe space group is4/mmm with atoms at Cy0,0,0,
0:(0,1/2,0, CI:(0,0z¢)), andA:(0,0z,). The volume of the conventional céih terms of the primitive cell,
in A% and the corresponding UHF energy per formula imitHartre@ are also reported.

CaCuO,Cl, Sr,CuQ,Cl,
periodic UHF Exptl2 periodic UHF Exptl?

a=b 4.021 3.869 4.109 3.972
c 15.001 15.050 15.570 15.613
Zc| 0.1822 0.1830 0.1800 0.1831
Za 0.3950 0.3958 0.3925 0.3926
\Y 121.27 2 112.64¢ 2 131.44¢2 123.16<2
EVHF —1890.889310 —1890.877419 —1878.817821 —1878.808749
deuo 2.011 1.935 2.055 1.986
deuc 2.733 2.754 2.803 2.859
deucu 4.021 3.869 4.109 3.972
deua 3.250 3.153 3.353 3.271
do-a 2.554 2.490 2.650 2.599
dea 3.070 2.982 3.117 3.047

3 rom Argyriouet al. (Ref. 10.
bFrom Miller et al. (Ref. 8.

IV. RESULTS AND DISCUSSION

the nearest J;) and next-nearestJg) neighbor magnetic
coupling constants in the Cy(planes and the interplane
magnetic coupling constantl{). The extraction of the in-
plane and the interplane magnetic coupling constants from The crystal structure has been optimized by using the ex-
these supercells is described in the next section.

A. Crystal and electronic structure

perimentally observed space-group symmetry by energy

TABLE II. Calculated cell parameters and distan@esA) for the T (La,CuQ,) andT’ (Nd,CuQ,) type
of Sr,CuO,F, as obtained from the periodic UHF approach using the cell with one magnetic ¢eores-
sponding to the FM phageThe space group for thE (La,CuQy) type isFmmmwith irreducible positions
Cui(0,0,0, O:(1/4,1/4,0, F:(0,02¢), and Sr(0,0zs,). For theT’ structure the space grouplid/mmmuwith
irreducible positions C0,0,0, 0:(0,1/2,0, F:(0,1/2,1/4, and Sr(0,0zs,). The volume of the conventional
cell (in terms of the primitive cell, in &) and the corresponding UHF energy per formula (imtHartre
are also given.

Sr,CuG,F, (T type Sr,CuG,F, (T’ type

periodic UHF Exptl2 periodic UHF Exptl?
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
Ze 0.1865 0.1802 0.2ixed) 0.25 (fixed)
Zg 0.3757 0.3680 0.3687 0.3650
\Y 104.99< 4 100.1% 4 105.61x 2 100.84 2
EUHF —2048.270707 —2048.257014 —2048.261535 —2048.255743
deuo 1.984 1.928 2.023 1.984
deur 2.486 2.427 3.794not apical 3.768not apica)
deucu 3.969 3.856 4.059 3.967
deu-sr 3.259 3.236 (3.280) 3.327 3.296
do-sr 2.585 2.623 2.637 2.632
de.gr 2.522 (2.926) 2.529 (2.774,2.83%) 2.537 2.471

@Derived from the work of Al-Mamouret al. (Refs. 15,16
bFrom Kissicket al. (Ref. 17.
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TABLE lII. Calculated cell parameters and distan¢esA) for
the fictitious T (La,Cu0Q,) and the experimentally observer
(Nd,CuQ,) types of CaCuG,F, (simple cell data corresponding to
the FM phasg The space group iEmmm (T) with irreducible
positions Cu0,0,0, Ox(1/4,1/4,0, F:(0,0z7), and Ca0,0zc,).
For theT’ structure the space group lig/mmmwith irreducible
positions Cu0,0,0, 0:(0,1/2,0, F:(0,1/2,1/4 and Caf0,07¢,).
The volume of the conventional célh terms of the primitive one,
in A% and the corresponding UHF energy per formula uitit
Hartree are also reported.

CaCuG,F; (T type) CaCuGF; (T’ type)

periodic UHF periodic UHF ExptF
a 5.551(4) 3.955 3.850
b 5.5510) 3.955 3.850
c 12.627 11.926 11.842
Ze 0.1927 0.25(fixed) 0.25 (fixed)
Zca 0.3781 0.3683 0.3614
\Y 97.27x 4 93.27% 2 87.76<2
EVHF —2060.368617  —2060.379152 —2060.369116
dewo 1.963 1.978 1.925
deur 2.434 3.205not apica] 3.531(not apica)
deucy 3.926 3.956 3.850
deuca 3.174 3.208 3.179
do.ca 2.495 2.526 2.530
deca  2.340 (2.916) 2.429 2.334

8 rom Al-Mamouriet al. (Ref. 18.

minimization of the ferromagnetic state. For,SuO,F, and
CaCuG,F, the T' (Nd,CuQy) structure and th& (ortho-
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less stable than th@' phase. The structural stability of
CaCuO,F, is in agreement with experimental findings since
only theT’ phase is observed for the pure and excess fluo-
rine compound$® However, for stoichiometric SEUO,F,

the T’ structure is less stable than Almost the same rela-
tive stability is obtained when correlation effects are in-
cluded by means of thesLyp hybrid functional for these
structures. Hence, a point of disagreement remains for
Sr,CuOG,F,. The cell volumes of the optimized structures is
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 apicaf Cu-
bond distances are underestimated by 1-2 %. The overesti-
mation of the distances and, hence, of the cell volumes is in
line with that found in previous HF calculations for other TM
compounds, and is a consequence of the so-called correlation
error, due to the replacement of the electron-electron instan-
taneous interaction by a mean interaction.

The investigated compounds are described as very ionic
materials; the Mulliken population analysis provides net
charges(see Table IV very close to the formal ionic ones.
The strong ionic character is confirmed by bond populations,
which are very small for the Cu-O bond and even smaller for
other bonds. This points to a slightly larger covalent charac-
ter on the Cu@ planes with respect to the bonds in the
charge reservoir sheets or between those structural units of
the crystal. The Mulliken analysis data are very similar for
the ferromagneti¢FM) and AFM solutions, apart from the
obvious spin inversion in the AFM case. It is also remarkable
the nature of the magnetic moments in both phases which is
almost independent of the magnetic solution. The spin den-
sity is localized on the G ions (d° open shell configura-

rhombig structure have been optimized in order to compareion) with very small spin densities on the other ions, due to
the stability of the two phases, because, as pointed out in thee small spin polarization. The nature of the open shell bear-

and

previous  section, stoichiometric SUG,F,
Sr,CuG,F,, s compounds crystallize in different structures,
but the CaCuG,F, ., s analogs only exist in th&' structure.

ing the spin density is almost pucgz2_,2. The total and the
spin density maps projected on tld and ac planes are
shown in Figs. 1 and 2. The total electron density maps show

The experimental and optimized geometries are given inhat, whereas the morphology of the density on the CuO

Tables |, Il, and 111

An interesting feature is that, when tllemmm ortho-
rhombic structure of GZLuO,F, and SyCuO,F, is opti-
mized, it collapses in the more symmett&/m mmtetrago-
nal structure. For SCuO,F, the optimizedT phase is 24.08
kJ/mol more stable than thel’ phase, whereas for
CaCuGO,F, the optimized fictitiousT phase is 27.66 kJ/mol

planes are almost identical for tAHeand theT’ structures,

the morphology of the charge reservoir planes and the con-
tact zone between these and the GsBeets largely depends
on the type of structure and less on the nature of their con-
stituent ions. Thel,2_,2 nature of the open shells on Cu ions
is evident from the spin density maps. The small polarization
on the nonmagnetic planes explains the small coupling be-

TABLE IV. Calculated net chargéq) and total unpaired spin densityr) of the relevant ions A
=Ca,Sr andX=F,Cl depending on the compounas resulting from a Mulliken analysis and indirect band
gap (4, in eV). The values for the FM and AFM phases are almost identical unless indicated.

charge spin A
compound Aecu Yo ax aa 0'(F:’\JI 0'<F3M UéEM UéFM Arm Apem
CaCuO,Cl, 1.89 —-194 -0.92 192 092 0.04 0.91 0.00 17.0 16.8
Sr,CuG,Cl, 1.83 —-184 —-0.97 189 093 0.04 0.91 0.00 16.7 15.9
Sr,CuO,F, (T) 190 —-184 —-1.02 191 0.92 0.04 0.91 0.00 12.1 13.0
Sr,CuO,F, (T') 1.89 —-1.88 —-0.97 191 092 0.04 0.91 0.00 14.8 15.8
CaCuG,F, (T') 1.89 —-192 —-1.00 198 091 0.05 0.90 0.00 13.6 14.7
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Sr,CuO,F,

T (La,CuQ,) T'(Nd,Cu0Q,) Ca,CuQ,F,

FIG. 1. Total electron density
maps in &100) plane(top) through
the Cu, O,A (Ca or Sy andX (F or
Cl) ions, and(001) section through
a CuQ plane for the AFM magnetic
phase. The separation between con-
tiguous isodensity curves is 0.01
le|ay ® and the function is truncated
in the atomic regions at 0.15

lelag *.

tween CuQ planes along the axis and confirms the strong Physical meaning of Kohn-Sham and Hartree-Fock eigenval-
2D character of the crystal and magnetic structures of thisieS. As a consequence, the energy and orbital composition
kind of compounds. of the occupied bands are useful for the interpretation of
The projected density of staté®0S) of the valence and optical spectra where the starting state is the ground state,
conduction bands for the AFM case of,6uO,Cl, and T whereas the role of the corresponding virtual orbitals, in par-
and T’ structures of SICUO,F, are given in Figs. 3, 4, 5. ticular the orbital energies, is more questionable.
The DOS graphs for the Ca compounds are very similar to The general structure of the DOS for the oxychloride sys-
their Sr analogs and are not reported. This and other addiems is similar, with a broad set of O states from the top of
tional data are available upon request to the authors. In aftonduction bands down to 6 eV. The Op 3tates form also
cases the band gap is very large respect to available expe#-broad band that starts0.5 eV below the Fermi level and
mental value. HF tends to overestimate this quantity by alecay near 5 eV from the Fermi level. The Cd States are
factor 2—3 in highly ionic fluorides; this overestimation can grouped in four sharp bands neai7.5, —9.0, —10.0, and
be larger in oxides due to the highly correlated nature of—11.5 energies and the Cg@&nd Sr 4 are well below the
these compound§:#7495053-58t can be explained by the Fermi level (—22.0 and—17.0 eV, respectively For the
fact that conduction bandwirtual orbitalg are obtained in  oxyfluoride systems, the O bands extend down-1%6.0 eV
the Coulomb and exchange field of the total number of elecand are well separated from the | 8tates, that concentrate
trons of the unit cell. Consequently, the virtual orbital ener-in the region betweer- 9.0 and—6.0 eV, in the same range
gies are too high as compared to excitation energies sinaghere the Cu @ states appedf—12.0,-6.0] eV). These Cu
there are large final state effects that are not taken into actates are also grouped in sharp bands with a dispersion
count. This problem is clear for the restricted HF approximadarger than in the oxychloride compounds. The studied oxy-
tion where the Koopman’s theorem appliés=or the unre-  halide compounds show a strong @ 2haracter of the high-
stricted, or spin polarized, HF approach the situation is lesgst occupied states that gives a charge transfer nature to the
clear because there is no direct mathematical relationshimsulating gap. The distribution of the states is qualitatively
between the one-electron levels issued from a spin-polarizedifferent in oxychlorides and oxyfluorides: in oxychlorides
HF calculation and the excitation energisge for example the anion bands are at the top of the occupied states and
the recent review of Baerends and Gritsefikabout the separated from the Cu states, whereas in oxyfluoride com-

Sr,CuO,F,

FIG. 2. Spin density maps in a
CaCuQ,Cl, Sr,Cu0O,Cl, T (La,CuO,) T'(Nd,CuQ,) Ca,CuO,F, (100 plane(top) through the Cu, O,
A (Ca or Sy and X (F or Cl) ions,
and (001) section through a CuQ
plane for the AFM magnetic phase.
The separation between contiguous
isodensity curves is 0.00%e|a,
and the most internal curves in the
core regions correspond ta0.05
lelag 3. Continuous, dashed and
dot-dashed lines correspond to posi-
tive (a density, negative 3 den-
sity), and zero values of the func-
tion, respectively.
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FIG. 3. Total and projected density of states of the antiferromag- ) ) .

netic phase of SCUO,Cl, at the experimental geometiyiller I_:IG. 4. Total and prOJect.ed density of states of the antiferromag-

et al. (Ref. 9]. netic phase of SCuG,F, Wlth T type (LaCuQy) structure_. Cell

parameters have been derived from the structure determined by Al-
Mamouriet al. (Refs. 15,18 for S,,CuO,F,, 5.

pounds the oxygen bands are at the top of the occupied states

and separated from the Cu and F states, which largely over- _

lap. However, differences between the compounds in each Heisenbere — 3 35+ 5, (1)

family are relatively small, and do not appear to be such to o)

prevent the existence of a superconducting phase iWwhere(i,j) indicates that interaction between near neighbor

SKLCuO,Cl, or in CaCuO,F,. Difficulties in the effective Magnetic moment§ and S are taken once and thig;;}

inclusion of the charge carriers by the available dopingconstants give the magnitude and type of interaction between

mechanisms are probably responsible for the lack of a supeftem. The{J;;} set of parameters defining this magnetic

conducting transition in these systems. Hamlltomans(ns nymber and magmtuaier.esults from _the
The results reported here agree with the results of MackpParticular electronic structure and permits to describe the

rodt, Gotsis, and Allaft for S,CuQ,F, (the same theoretical lower part .OT the excnatlon' spectra. Their values are ex-

approach and similar basis sets have been)usbdy are tractgd by fitting to the e>_<per|_ment€11r calcul_ateaimagnetlc

also in line with the results of Set al>® However, there are data’’ In a useful simplification of the Heisenberg model,

fundamental differences with the available LDA resiiité2” ~ Known as the the Ising model, only i ; components of
. : . o . the S magnetic moments are considered. The Ising model is
where a metallic or semicondunctig solution is obtaine

howi hvpotheti dominated by Cd bands. Fi introduced in order to solve the difficulties faced when solv-
showing an(hypothetig gap dominated by Cd bands. Fi- iy he Heisenberg model. However, in some cases it is used
nally, the van Hove scenario analyzed by Novilahal“ in

. ) . to describe magnetic systems showing axial anisotropies in
these LDA calculations seems to be irrelevant for the microyeir magnetic interactions. Here, as the electronic monode-
scopic mechanisfrf of superconductivity since the existence terminantal broken symmetry wave functions obtained at the

of an extended saddle-point-type singularity is neither a NeCHHE level are eigenfunctions &, , but not ofS?, the Ising

essary nor a sufficient ingredient for superconductivity inmqqe| represents the natural reference spin hamiltonian for
cuprates. the mapping of the UHF energy differences in order to ex-
tract the magnetic coupling constafit§?° This procedure

is equivalent to consider the mean-field approximation of the
Heisenberg HamiltoniafEqg. (1)] as recently discussed by

The isotropic interaction between localized magnetic mo-Su et al*°

ments is commonly described by the phenomenological The superexchange mechanism was introduced by
Heisenberg spin Hamiltonian Andersorf® to explain the antiferromagnetic coupling by

B. Magnetic exchange interactions
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value®2-%51% This behavior can be rationalized by the
‘ Total —— 1 changes i arising from changes in the effective parameters
of the Hubbard Hamiltonian or, more precisely, in &
A\ M ratio, i.e., the delocalization/repulsion ratio, in a variable ex-

: . L . . : . tent depending on the particular approach to describe the
electronic structure, which may be dramatically exaggerated
(as in LDA or GGAS or underestimatetas in UHB or, in
Cu — 1 other words, as due to the too small amount of electron-
- 1 electron correlation taken into account this approdwmnce
- AJlL 1 to a too largeU value.

s s s s . s s s " Three different magnetic coupling constants have been
) calculated by means of the supercell approximafiorf to
generate several magnetic orderings or magnetic phases. The
experimental crystal structures given in Tables I, I, and Il
have been considered for all compounds. The simplest ferro-
. magnetic ordering can be generated by using any of the su-
A | |.|. T . . i IV percells containing 2 or 4 Cu atoms per cell and the energy
(c) of those solutions is used as a coherence test between equiva-
s : . : . . . . lent FM phasegdifferences are smaller than 10 Hartree
| per formula unit. The first considered supercell permits to
construct an antiferromagnetic phase, hereafter called

il i ] AFM(c), consisting in ferromagnetic Cy(planes alternat-
o ao bl , , , ing their spin along thec axis and is used to extract the

-25. -20. -15. -10. -5. 0. 5 10. 15 20 interplane coupling constant. A second supercell has been

) Energy (eV) used to construct the experimentally observed AFM phase

formed by antiferromagnetic Cy(planes in which eacla

FIG. 5. Total and projected density of states of the antiferromagspin has four nearest neighbBrspins and four next nearest
netic phase of SCuQ,F, with T’ type (Ng,CuQ,) structure. Cell  neighbora spins. The last supercell permits us to construct
parameters are those determined by Kisstilal. (Ref. 17 for sto-  an antiferromagnetic phase, hereafter called ABMwhich
ichiometric SpCuG,F,. can be described as containing ferromagngti©0] (or

[010Q]) chains alternating their spins in the direction perpen-
making use of the well-known Hubbard model Hamiltonian. dicular to it. If one considers a magnetic spin Hamiltonian

In this approach, second-order perturbation theory leads tdefined with three different dominarior relevant interac-
J~t2/U, in a two-electron—two-center problem, which per- tions, namely,J;, J,, and J., the mapping between the
mits one to relate) and the parametets(electron hopping energies(per formula unit of the magnetic phases con-

integra) andU (on-site electron-electron repulsiodefining  structed and the Ising Hamiltonian permits us to establish the
the Hubbard Hamiltonian. The UHF approach can, infollowing relations:

principle, account for the superexchange mechanism
but provides too small antiferromagnetic coupling
constants—usually 20-30% of the experimental E[AFM(c)]—E(FM)=2J., 2

TABLE V. Magnetic coupling constan{& meV) at the experimental cell parameters. FyG&IO,F,, T
andT’ structures are considered.

compound J; J, Je J(exptl.) 2 T.®
Ca,Cuo,Cl, —32.41 —0.673 +0.62¢1073 (—148) 28
SKLCuo,Cl, ~26.21 —0.507 +0.66x1073 —125(— 120) N.S.
SKLCUOF, (T)° ~32.09 —0.665 +0.47x1073 (- 140) 46
SKLCUOF, (T') —28.88 ~0.792 +0.55¢1073 N.S.
CaCuo,F, (T') —35.74 ~0.801 +0.20<1073 N.S.

8An experimental value is available only for,8®uO,Cl, (Ref. 80. The values in parenthesis are accurate
predictions from highly correlatedb initio Cl calculations on cluster models for the solifi®om Refs. 66

and 68.

bSuperconducting transition temperatut@sK) at optimal doping reported by Hirait al. (Refs. 11,12 for
Ca,_,Na CuO,Cl, (x~0.08) and by Al-Mamouret al. (Refs. 15,18 for S,,CuQ,F,, s (§=0.6).

‘In the calculation ofl, a single average value has been assumed in equation 4 for simplicity. This is due to
the fact that Cu@ planes show CuO plaquettes slightly distorted from the perfect sq88ré5 instead of

90°) and two different next-nearest neighbor Cu-Cu distances ap&®4 and 5.513 A
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E(AFM)—E(FM)=J;+2J., ®) V. CONCLUSIONS
and The structural, electronic, and magnetic properties of the
1 A,CuG,X, (A=Ca,Sr andX=F,Cl) superconductor parent
E[AFM(2)]-E(FM)=5J,+J;. (4 compounds have been investigated by using dbeinitio
periodic UHF method. The calculations correctly describe
The resulting values derived for all the experimental struc—the systems as gntiferromagn_etic insulators with strong ionic
tures are shown in Table V. character. The h|ghest occupied bands have a strong oxygen
The most important magnetic interactiody) is underes- 2p character sho_vvmg thg charge transfe_r nature of the opti-
timated with respect to the experimental value forC@l gap. The spin density is well localized on the GuO
Sr,CuO,Cl,, or the accurate values obtained by the clustelanes and arises from thig._,2 open shells of the ionid®
model approximation using highly correlated CI wave func-configuration of the Cu atoms. The projected DOS are very
tions by lllas and C().W()rke|f§’€‘8 However, the UHF values similar for the oxyfluorides and the Oxychlorides com-
can provide usefulelative values of the set of magnetic pounds, the only minor difference being in the position of the
coupling constants defining the magnetic structure of thdialide 2 states. However, no significant differences be-
systemg1%4-5659.60The UHF approach describes the mag-tween the electronic structures of the experimentally ob-
netic order of these cuprates as 2D magnetic systems witkerved superconducting or non superconducting parent com-
almost independent antiferromagnetic plan@sth J./J; pounds have been found.
~10"%) showing a spin frustration due to the non-negligible  The UHF approach describes the magnetic order of these
next-nearest magnetic couplingantiferromagnetic, with cuprates as 2D magnetic systems with almost independent
J»13,~0.02), slightly lower than the experimental esti- antiferromagnetic planes showing a spin frustration due to a
mates. These results are relevant since the thermodynamign-negligible value of,. The magnitude o8, is underes-
properties of the pure systems and the dynamics of th@mated with respect to available experimental or accurate
charge carriers in the Cy(lanes can be largely affected by {heoretical values. In spite of these limitations, the periodic
the existence of spin frustratiofi&.*’ The comparison be-  yyE method has been shown to correctly describe the mag-
tween the UHF values far; and those obtained by the clus- netic order of ionic compounds and to give reasonaily

,68 . .
ter approac can be used to Qenve an estimate O.f thejnitio estimates for the magnetic coupling constants.
experimental value of the magnetic coupling constant in the Finally, the close similarity between the electronic struc-

T’ structures of the oxyfluorides: since tAg/J5"F ratio is : -

ture and properties of the oxyhalide cuprate compounds here
‘Tl't276' 4];587% an(:I:4.358 fort_g@tlquCIZ, SrZCthz(;Ilz,t agd investigated indicates that intrinsic limitations to develop a
T type of SpCUG,F, respectively, one can es IMateto be o\ perconducting phase do not exist, and that kinetic limita-
in the [—-132-123] meV range for theT’' type of : . . .

tions in the doping process can be at the origin of the fact
Sr,CuG,F, and[—164,-156] meV range for CsCuG,F,. X o .
The unexpected large value for SCUOF, is very interest- that no supercom_juctlng transition has been observed in

eSrZCuOZCIZ and in the T’ phase of SICuO,F, and

ing since it has been pointed out that the HTSC’s with th . S . .
largest T™ also show very strong antiferromagnetic cou- CaCuO,F,. Hence, the investigation of alternative doping
. . . . f those materials is warmly suggested since it
ling constants. Moreover, if a linear relation betwderf” processes o : ; .
Ping would provide a new series of HTSC's, and important vali-

and thelJ/t relation is considered, and if the value bfs ation of the present models of superconductivit
supposed to be close to 0.57 eV, the value derived fofj P P Y.

CaCuO,Cl, using the same cluster approach, the expected

value of T{'®is in the[45,55 K range which is close to the

highest known critical temperature for a monolayered HTSC ACKNOWLEDGMENT
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