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The results are presented of a combined periodic and cluster model approach to the electronic structure and
magnetic interactions in the spin-chain compoundgdD®; and SgCuO;. An extended-J model is presented
that includes in-chain and interchain hopping and magnetic interaction processes with parameters extracted
from ab initio calculations. For both compounds, the in-chain magnetic interaction is found to be ar@40d
meV, larger than in any of the other cuprates reported in the literature. The interchain magnetic coupling is
found to be weakly antiferromagnetie,1 meV. The effective in-chain hopping parameters are estimated to be
~650 meV for both compounds, whereas the value of the interchain hopping parameter is 30 meZd@¥;Sr
and 40 meV for CgCuQ;, in line with the larger interchain distance in the former compound. These effective
parameters are shown to be consistent with expressions recently suggested foeltbeniperature and the
magnetic moments, and with relations that emerge frontthenodel Hamiltonian. Next, we investigate the
physical nature of the band gap. Periodic calculations indicate that an interpretation in terms of a charge-
transfer insulator is the most appropriate one, in contrast to the suggestion of a covalent correlated insulator
recently reported in the literature.
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[. INTRODUCTION All these studies have in common that the underlying
Heisenberg Hamiltonian is strictly one dimensional and only
The one-dimensional antiferromagnetic spin-1/2 chain hasonsider the in-chain magnetic interactions. Despite the suc-
received considerable theoretical attention being a relativelgess of this model Hamiltonian, it cannot account for the
simple yet nontrivial quantum mechanical model,Ca0;  finite temperature at which 3D ordering sets in, and hence,
and SgCuQ; are generally considered to be the best experiadditional magnetic interactions need to be introduced in the
mental realizations of one-dimensiondD) antiferromag- model. The first attempt to relate the éléemperature with
netic (AF) spin-1/2 chains, and hence, very interesting canthe interchain interactions in £uO; was given by Ami
didates to test the wide range of theoretical predictiont al® Assuming dipolar interactions only, an extremely
reported in the literature. The exact solution of the Heisensmall Neel temperature was obtained, and therefore, the au-
berg model Hamiltonian for the AF spin-1/2 chais a sin-  thors conclude that other than dipolar interactions, e.g., di-
glet (i.e., S=0) and exhibits a vanishing long-range order. rect interchain hopping® play a significant role. Recently
The low-lying excited states have been interpreted as spinsarious proposals have been published that go beyond the
wave like states witt8=172 being a superposition of two simple expression used by Aret al. In the framework of a
spin-1/2 objects. The extremely low Nel temperatureTy, ~ mean-field treatment of the interchain interactions, Schulz
combined with the very small magnetic moment measuredhas proposed a theory to relate the strength of the interchain
for Ca,CuO; and SpCu0;,*~% are indeed in line with the interaction with the Nel temperaturé? The relation applies
character of the Bethe solution and the prediction for theeasonably well both for KCufFand SpCu0O;, although the
low-lying spin excitations has been confirmed in inelasticlatter compound has interchain interactions along the two
neutron scattering experiments for KGufF directions perpendicular to the spin chain that differ by or-
Furthermore, there exists a wealth of numerical studieslers of magnitude, while only oneffective interchain in-
that explore the dynamics of the 1D Heisenberg system. Aeraction appears in the theoretical model. An extension of
very relevant contribution to the understanding of the spirthe mean-field theory has been developed recently by
chains was made by Bonner and Fisherho estimated nu- Sandvik® The interactions between the central chain and its
merically the magnetic susceptibility as a function of theneighbors are treated as exactly as possible or simulated with
temperature. The Bonner-Fisher curve has rather recentiQuantum Monte Carlo techniques, while the rest of the crys-
been revised by Eggert, Affleck, and Takahashiimprove tal is represented by a staggered magnetic field, i.e., a mean-
the correspondence with the experimentally observed sudield treatment. In contrast to the expressions derived by
ceptibility at low temperatures. Moreover, the nuclear mag-Schulz, this approach naturally accounts for the existence of
netic resonancéNMR) relaxation rates observed in,8uQ;  interchain interactions of different strengths. An alternative
have been successfully interpreted with the use of Quantuway to improve the mean-field result is to add corrections
Monte Carlo techniqué&*'and a recent combined analytical obtained within a X, expansiort® with z, the number of
and numerical study of Lorenzana and Edatescribes in nearest neighbor chains. These corrections significantly im-
detail the phonon-assisted magnetic excitations in the 1[prove the overestimation dfy generally obtained within the
spin-1/2 chain. mean-field treatmerif:1’
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The success of all these models depends critically on the Therefore, there are two main points that we want to ad-
reliability of the input parameters. For the strictly 1D modelsdress in this paper: First, the strength of the different mag-
there is only one adjustable parameter, the in-chain magnetitetic coupling parameters in these spin chain compounds and
interaction parameted, while the models aimed at getting second, a study of the band structure in order to clarify the
information about the order/disorder transition need addiphysical character of the band gap. For this purpose we have
tional interchain interaction parameters. However, thergerformed arab initio study combining the local cluster ap-
seems to be no consensus about the magnitude of these poach with periodic band structure calculations. This com-
rameters. For example, the determination of the in-chaimination allows us to obtain complementary information
magnetic coupling parameter by fitting the magnetic suscepabout the electronic structure of the compounds under study.
tibility data of SpCuQ, have resulted in rather different val- After the pioneering work of Wachters and Nieuwpoort in
ues, ranging from-146 meV,” to —190 meV,” and 10  the early 1970'S? the application of moderab initio quan-
—225 meV? Considering other estimates &fthe dispersion  ym chemical techniques within the cluster approach to cal-
becomes even larger-130 to —160 mevzgrom angle- ¢ jate magnetic interaction strengths in ionic insulators ex-
resolved photoemission spect.rogcc(mRPES and _246 anded enormously in the last 10 yr. It now provides a well-
to _26(.J meV_ fr(_)m the desqnpt!on of th_e_phonon-asssteoﬁocumemed field and has been proven to accurately
n}agmétlc e)fgvlztf\tllzqns"apgfgrlnl\?wllrllqtZetml_dl(gllfratredthspte;:;rurrpeproduce experimental data® and hence allows us to
of SRCUO;, inaty. . ata Indicate that the - ove predictions of for materials for which experimental

magnitude ol is around 240 meV:**No direct experimen- data are absent, scarce, or contradict8ry° Nearly all first
tal data for the interchain interactions exist. The only esti- ' ’ ' y

mates reported in the literature are exactly those deriveBrinCipleS periodic electronic structure calculations for tran-
from the equations that relate thé dléemperature with such sition metal oxides are based on the density functional theory

interactions®418|n summary, the dispersion of the values (PFT), in which the LDA is applied to express the unknown
for the in-chain magnetic coupling parameter and the lack ngchi:})nge-correIatlo?1 Izunctlonal. Self interaction corrected
independent estimates for the interchain interactiod-DA™ and LDA+U™""seem to correct for the shortcom-
strengths, makes necessary an accurate alternative deterrfigs of LDA, but the fact that) can be adjusted to best fit
nations of these parameters. experimental dafd makes theab initio character of the
Beside the information about the magnetic behavior of thenethod somewhat questionabfe-iere, we opt forab initio
(quasi)1D antiferromagnetic spin-1/2 chains, the electronicperiodic unrestricted Hartree-FodkJHF) calculation$>4®
structure of these compounds is also of interesiC80;,. s  and compare the results to those obtained from density func-
is one of the few examples of a cuprate compound that extional calculations applying the B3LYPand the F-B:LYP
hibits superconductivityT,~70K, under high pressufé functionals for the exchange-correlation part of the density
but does not possess the typical Guidanes. The study of functional. B3LYP is widely used in quantum chemical cal-
the electronic structure, either by first principles calculationsculations and is extremely successful in reproducing a wide
or by spectroscopic techniques, not only provides a qualitavariety of molecular properties. The F-B:LYP functional has
tive description of the ground state but also important infor-been taken for its ability to predict rather accurately mag-
mation about the character of the gap, charge-trari§f&  netic coupling parameters in ionic insulators as shown by
energy, effective hopping integral, and other relevant pa- Martin and Illas?®° Section 11 B gives more detailed infor-
rameters. Two studies concerning the band structure ahation about the functionals applied. The purpose of the
Sr,CuO;/CaCuG; have been published. In the first place, periodic calculations is twofold. In the first place, we calcu-
Rosner et al. have reported local density approximation late the band structure of both compounds, and second, the
(LDA) calculations for the two cupratéd.From a careful comparison of cluster and periodic calculations at the same
analysis of available experimental data and their LDA re-level of approximation of theN-electron wave function al-
sults, various hopping and magnetic coupling parameters ailews us to verify the reliability of the material model applied
derived. However, it must be noted that LDA predicts thein the cluster calculationf&:4°
compounds to be metallic, while the experimental band gaps The remaining part of the paper is organized as follows.
are of the order of 2 e¥** This well-known artifact of ~ Section Il shortly discusses the crystal structure of the two
LDA?-28 results in exceedingly large magnetic coupling compounds and gives a detailed description of the computa-
parameteré®*°and the consequences on the hopping paramtional strategy used in the cluster and periodic calculations.
eters will be discussed at length in this paper. Second, i Sec. Ill, we first discuss the magnetic coupling param-
combined approach of various electron spectroscopy meaters. Attention will be focused on the quality of the
surements and semiempirical many body calculations is reN-electron wave function and on the appropriateness of the
ported by Maiti and co-workerS. Apart from a detailed cluster model. Results of cluster and periodic calculations are
analysis of the size of the band géip5 eV for S)CuO; and  compared. Thereafter, a discussion of the electronic structure
1.7 eV for CaCu0;), the most prominent conclusion of this will be given. We carefully inspect the character of the band
work is that S§CuQ; is predicted to be a so-called correlated gap and the size of different effective hopping parameters.
covalent insulator, i.e., the upper Hubbard béahpty Cud After analyzing the behavior of some spin-polarized compu-
levels overlaps with the O g band. This is in contrast with tational schemes, we examine the consistency of the param-
the generally accepted interpretation of flumdoped late-  eters derived. The paper concludes with a short summary of
transition metal oxides as CT insulatdis’ the most relevant points.
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FIG. 1. Crystal structure of GEuO;. Black spheres represent
CW" ions, light gray spheres?, and dark gray spheres €a For
some of the copper ions the full oxygen coordination is shown.

IIl. METHODS
A. Pure spin eigenfunctions cluster model calculations

The crystal structure of SEuO; and CaCuO; is closely
related to the perovskite-like structure of,CaO, except for
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I/mmmand the lattice parameters are taken from Refs. 50
and 5 for CaCuO; and SgCuQO;, respectively.

A first requirement to obtain accuradd initio estimates
of the different magnetic coupling and effective hopping pa-
rameters from a cluster model approach is that the material
model applied properly represents the real crystal for the
property of interest. A well-established strategy is to divide
the system into three regions and to describe each region at a
different level of approximatiof’~39484951=%6The first re-
gion contains two magnetic centers and the oxygen atoms
coordinating them. These atoms form the cluster model and
are treated at an all-electron level with standard quantum
chemical techniques as described afterwards. In the present
case, the cluster models are LOd for the in-chain interac-
tion (see Fig. 1, basal plane of the unit ¢edhd CyOg for
the interchain interactiofsee Fig. 1, upper plane of the unit
cell). The second region accounts for the short-range repul-
sion between the cluster atoms of region 1 and their near
neighbors. For this purpose the centers in region 2 are rep-
resented by total ion potential§IP’s), which prevent the
artificial polarization of the charge distribution of the cluster
atoms’>’ The CuO; cluster is embedded in 2 €land 16
X?* TIP's and the CgOg cluster in 4 Cé* and 16 X' TIP’s
(X=Ca or Sy. Finally, the third region further surrounds the
embedded clusters with a set of optimized point charges that
reproduce the Madelung potential with an accuracy better
than 0.1 meV in all centers of regions 1 and 2.

A second, equally important requirement is a correct de-
scription of theN-electron wave function to account for the
large electron correlation effects, which strongly dominate
the properties of interest in the compounds under study.
State-of-the-art quantum chemical computational schemes
provide a solid base to approximate the eigenfunctions of the
exact (nonrelativisti¢ Hamiltonian of the material model.
The simplest approximation follows the description of the
superexchange mechanism discussed by Anderson and Nes-
bet in the late 1950'8%-%C|t consists in choosing the cluster
wave function as a complete active space configuration in-
teraction(CASCI) in the space spanned by the configurations
constructed by distributing in all possible ways the unpaired
electrons over the open-shell orbitals centered on the mag-
netic centers. CASCI has included the direct exchange—
twice the exchange integraK(,) involving the magnetic
orbitals in a localized description—and Anderson delocaliza-
tion and is known to give a reliable prediction of the sign of
the interaction, but it fails to give a quantitative description
of the magnitude of the interactigf3°48:52.53.61

Various approaches exist to construct more sophisticated
wave functions that largely improve the description provided
by the Anderson model. Here, we apply difference dedicated

the fact that the copper cations are connected by oxyger@I®?in its formulation with two degrees of freedof@DCI2)
along one direction only. This structural difference has, how-or three degrees of freedof®DCI3). Malrieu showed that
ever, important implications. Instead of the characteristicup to second-order perturbation theory only those determi-
two-dimensional Cu@ planes, spin-1/2 chains are formed nants external to the CASCI with two degrees of freedom in
that present a variety of particular properties as pointed outhe inactive or virtual orbitals contribute to the singlet-triplet
in Sec. |. Figure 1 depicts the unit cell and in addition the full splitting % All other determinants give equal contributions to
oxygen coordination for some of the copper ions is shown tahe energy of both spin states. DDCI2 adds the ligand-to-
illustrate the formation of the spin chains by corner-sharingmetal CT configurations to the reference CASCI wave func-
CuQ, squares. The space group of both compounds ision and in addition all other second-order terms that contrib-
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ute to J, i.e., dynamic spin polarization, kinetic exchange,the way to derive the magnetic coupling paramefeasad the
etc. as discussed by de Loth and co-workérdlthough effective hopping parametets To distinguish between the
DDCI2 largely improves) compared to CASCI, it tends to different parameters, we adopt the notation introduced by
predict too small absolute values. This indicates that théRosneret al!® for the t's and J's. For the in-chain interac-
second-order selection criterion proposed by Maffieis  tions we usel; for the nearest neighbor add for the next-
certainly a good approximation but needs to be improved anfiéarest neighbor interaction. The interchain interaction is de-
the list of determinants treated in the CI should be extendedloteéd byJ, . The same notation applies to ths. For a
The DDCI3 computational scheme has been proven recent§omprehensive description of the different mapping proce-
to be an excellent tool to derive magnetic coupling param£ures we refer to previous wofR;***here we only give the
eters in a large family of ionic insulators in very good agree-Pasic ideas behind these proceduthsandJ, can be ob-
ment with experimental dat&:*®%°The main feature of the tained from the difference of the energy eigenvalues of the
DDCI3 method is that it adds precisely those determinants t§inglet and tripleiN-electron eigenfunctions of the total clus-
the DDCI2 list that cause an energy lowering of the configuter Hamiltonian because these eigenvalues are related in a
rations connected with CT excitations from the bridging li- ©he-to-one mapping with the eigenvalues of the Heisenberg
gand to the copper cations. In other words, DDCI3 repairdiamiltonian for twoS=1/2 centers, i.eEs—E7=J with Es

the large overestimation &f (the effective on-site repulsion andEr the energy eigenvalue of the singlet and triplet state,
parameter in the Hubbard model Hamiltoniafound in  respectively. To derivel, a three center cluster is con-
Hartree-Fock calculations. The list of determinants treatedtructed for which the Heisenberg Hamiltonian reatis

by DDCI3 includes much more determinants, but the de-—j,(§;5,+5,5;)~J,5,5;. The threeS=1/2 centers in
tailed analysis of Calzado, Sanz, and Malffebas estab-  this cluster give rise to a quartet and two different doublet

lished beyond doubt that the only important contributiong|ectronic states. The energy eigenvalues are relatel to
arises from the determinants that cause the relaxation of thg,q J, by the following relationsd;=2/3 (Ep — Eo); and
N ;

CT excitations. The use of a Cl list larger than strictly nec-Jzle_(EDl_ Ep,), with Ep,, Ep,, and Eq the energy

essary stems from technical reasons only. ‘
The set of molecular orbitals used in the ClI calculations tofigénvalues of the two doublets and quartet states, respec-

estimatet andJ are those obtained at the Hartree-Fock leveltively. Calzado and co-workers have shown that the effective
for the triplet state. The dependencetaindJ on the mo-  NOPPINg parametercan be written as half the energy differ-
lecular orbital choice has been discussed by Calzado ar@’ce Of theN-electron states in which either the bonding or
co-workers® They compare the values df and J for antlbondlrgg()%?mblnatlon of the magnetic orbitals is singly
La,Cu0Q, calculated with the conventional DDCI applied occupiec’®"*"*Hence, to calculate the hopping parameters,
here and those obtained in the iterative DO@DCI) ap- ~ We use & doped cluster model from which one electron has
proach proposed by Gaecet al® In the latter approach the been removed compared to the undoped cluster used to cal-

orbitals are determined by diagonalizing the density matrixculatedJs. ,
averaged for the two states involved after each Cl iteration. Al calculations up to the transformation to molegzzular
This procedure generates an optimal set of molecular orbital¥V0-€lectron integrals have been performed with. CAS 4,
for the property of interest, but is more costly than the con-2nd the sgbsequent Cl calculations with t¥sDI suite of
ventional DDCI. Although the orbital séespecially in the programs’
doped casediffers from the starting set, the results of the
IDDCI do not show important changes in the final estimates
of t and J. This weak dependence on the initial molecular
orbitals set can be explained by the fact that the orbital rota- In the context of solid-state physics, the spin unrestricted
tions and the optimization of the CI coefficients are con-also termed spin-polarized methods provide the only possible
nected by a unitary transformation. In other words, the im-approach to determine the microscopic parametexsd J.
portant CT effects in the doped case can show up in the CTherefore, it is important to assess its performance because
expansion(the conventional DDCI cager in the orbitals these calculations often supply the input for a model Hamil-
(the IDDCI casg tonian to describe long-range properties. The spin polarized
The cluster orbitals are constructed from linear combinamethods can be equally well applied within the cluster model
tions of atomic natural orbitalANO’s) Gaussian type func- approach, and hence, the comparison between the results ob-
tions. The contraction scheme used to construct the AN@ained by these approaches and those obtained using the
basis set is specially designed to accurately describe electrétiantum chemical methods described in the previous subsec-
correlation effects, yet are as compact as posS$ibff.The  tion, both within the cluster model approach, permit us to
primitive basis set for Cu (&115p,10d) is contracted €xplore the performance of the former in a direct way. On
to [5s,4p,3d], for the bridging oxygen (1}9p,4d)/ the other hand, the comparison between cluster and periodic
[4s,3p,1d] and the edge oxygens (4,6p)/[3s,2p]. Previ-  calculations within a given spin polarized approach permits
ous applications have shown that a further enlargement d#s to establish the validity of the cluster model.
these one-electron basis sets does not significantly affect the The monodeterminantal nature of the spin polarized meth-
values calculated either faror J.485253.70 ods makes it impossible to construct spin functions that are
Having established the material model, theelectron eigenfunctions o6? and of the Heisenberg Hamiltonian. In-
wave functions and the atomic basis sets remains to defingtead, we must describe the different spin arrangements by a

B. Spin-polarized cluster model calculations
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single Slater of Kohn-Sham determinant that is only an TABLE I. Magnetic coupling parametet& meV) for CaCuQ;

eigenfunction oféz. Within the cluster model approach, the and SpCuO; from periodic unrestricted Hartree-Fock calculations.
ferromagnetic state corresponds to a large extent with the

maximummg component of the real triplet function but the Ji(=Ja) (=) Je Ja
antiferromagnetic spin setting mixes thg=0 components ca,Cu0, ~39.8 —0.41 0.00 ~0.01
of the singlet and triplet functions at equal parts. To obtainsy,cuo, —36.7 —0.16 0.00 —0.01

estimates ofJ, these functions must be mapped onto the
eigenfunctions of the Ising Hamiltonian. Based on the work

H 75
of Noodleman and Davidsdi,Caballolet al.”® have shown diagonal of the unit celly, and doubling the unit cell along

that the energy difference of the ferromagnetic and antiferyhe three crystal axis provides a way to determine the other
romagnetic spin settings eqya!s.]J;For the periodic repre-  pree spin couplings along the crystal ax@g=J;, Jp
sentation of the materials, similar remarks can be made. The J,, andJ,). The energy differences between the magnetic
ferromagnetic phase corresponds to the ground state of trtg]ases are mapped onto the Ising Hamiltonian to estimate
Heisenberg Hamiltonian witld>0, but the antiferromag- ine coupling parameter&f. Refs. 49 and 56 The values
netic alignment, the so-called Hlestate, is not an eignestate ¢mployed to factorize the one-electron equations, the number
of the Heisenberg Hamiltonian. Indeed, any interchange ofs points, and the Coulomb and exchange sé&%i&sare
spins on neighboring sites introduces off-diagonal elementgy.en from calculations on similar compoufiti€®to ensure
in the Heisenberg Har;gltoman that lower the energy withy correct evaluation of the small energy differences involved
respect to the N state’ _in the extraction of the magnetic coupling parameters.

In the analysis of the performance of the_ unrestricted Apart from the mean-field description provided by the
methods, cluster models are constructed following the proc@jyr scheme. which is known to give too large a band gap
dure sketched in Sec. Il A. One-electron basis sets of similaf,e a1s0 study the inclusion of the electron correlation by

quality as those in the DDCI calculations are used, to say thg\eans of periodic DFT calculations implemented in the
6-3111+ G basis set is used for Cu and the 6&31basis set  rys7aA 98 code® The auxiliary basis sets for the fitting of

for all oxygen ions in the cluster. Beside the wave functionihe exchange-correlation potential are taken from Ref. 82.
based UHF approach, we also investigate a variety of

exchange-correlation functionals. In the first place we calcu-

latet andJ values with the LDA functional and with a gra- . RESULTS

dient corrected functional, the recently proposed modified
Perdew-Wang functional nfPW).”” In contrast to many
other gradient corrected functionalmPW satisfies a set of A simple look at the crystal structure of the two spin
important physical conditions that must be fulfilled by the chain compoundgFig. 1) strongly suggests that the only
exact functional. The hybrid functionals provide a way tomagnetic interaction of importance is that between copper
interpolate between the wave function based methods aridns along thea axis, where linear Cu-O-Cu bonds give rise
DFT based methods. These functionals introduce an arbitrarfp large antiferromagnetic interactions. In addition, it can be
amount of nonlocal Fock exchange in the energy expressiomnticipated that the copper ions along thaxis have a small
We apply the B3LYP and the B-F:LYP functionafs3®#’ interaction, but the interactions along the body diagonal and
which both use the Lee-Yang-Parr gradient correctechlong thec axis are expected to be extremely small and most
functional® for the correlation part but combine the HF ex- probably negligible. Periodic UHF calculations provide a di-
change and the gradient corrected exchange functional @éct and relatively simple way to explore the relative impor-
Becke differently. B3LYP uses approximately 20% HF ex-tance of the different magnetic interactions. The results re-

A. Magnetic coupling constants

change, while B-F:LYP uses a 50% mixture. ported in Table | indeed illustrate that only andJ, are of
The cluster model UHF and DFT calculations are per-importance. Superexchange interaction alongdlais and
formed with theGAUSSIAN98 progran'? the body diagonalJ, andJy) can be considered to be neg-

ligibly small, and a reasonable approximation for these inter-
actions seems to be a classical magnetic dipolar interaction
only as adopted by Angt al.to estimatel, [Eg. (6) of Ref.
The periodic calculations are performed with the5].

cRYSTALI8 code® using the unrestricted or spin-polarized A second, even more important conclusion can be drawn
approach to account for the magnetic character of theskom these periodic calculations by comparing them to UHF
systenf! The crystalline orbitals are expressed as linearesults obtained within the cluster model approach. This
combinations of Bloch functions, which themselves are concomparison provides a rigorous test of the applicability of
structed from an atomic basis set optimized for the crystathe cluster model to extract magnetic coupling parameters.
environment? The atomic basis functions are Gaussian typeThe cluster model results listed in Table (%6 which we
orbitals of similar quality as applied in the cluster calcula-will come back later opshows that botld; andJ, compare
tions. To extract the magnetic coupling parameters, four difvery well with the periodic results. The close resemblance
ferent magnetic unit cells with ferromagnetic and antiferro-between the results obtained by the two approaches shows
magnetic spin settings are considered. The single unit cethat, as far as the magnetic coupling is concerned, modeling
allows us to determine the spin coupling along the bodythe three dimensional ionic crystal with a properly embedded

C. Periodic calculations
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TABLE Il. In-chain and interchain magnetic coupling constants place along linear Cu-O-Cu bonds, for which significant
Ji andJ, (in meV) for CaCu0; and SgCuO; obtained within the O 2p to Cu3d CT excitations can be expected. On the other
cluster model approach with different pure spirelectron wave  pwand, the lack of a bridging ligand along thexis makes the

functions. interchain interaction basically a Cu-Cu exchange interaction
i without CT contributions, and hence it is not at all unex-
Direct exchange CASCI DDCI2 DDCI3 o oy that DDCI3 does not add any new physics to the
CaCu0;, J; 10.63 -347 -124 -231  DDCI2 wave function. o _
J, 0.02 —003 -072 -0.72 Second, it is interesting to see thitis slightly smaller in
CaCu0;, although the Cu-O-Cu bond is smaller compared
SRCuG;  J; 10.81 —348 —130 246 {0 SKLCUO; (3.79 versus 3.91 Aand from this point of view
Ji 0.02 —-0.01 -037 -0.44 g smaller interaction is expected. The interchain interaction,

on the other hand, is in line with the Cu-Cu distances in the
two compoundg3.28 versus 3.49 A The larger interchain
distance in SICuQ; leads to a smaller magnetic coupling.
The origin of this apparent contradiction can be elucidated
cluster containing only a few atoms does not introduce seriby means of a computational experiment consisting in the
ous artifacts in the calculation of the magnetic interactioncalculation ofJ; andJ, for CaCuO;, but applying the lat-
parameter. This observation is not unique foyC3rO; and  tice parameters of SCuO;. Note that this fictitious system
Ca,Cu0;, but has been reported before for other ionic insu-only differs from real SYCuG; in the representation of the 16
lators as KNik, K,NiF, KCuR, LaCuQ, and counterions directly surrounding the 3 cluster, C4"
CuF,. *44849.558}10re evidence for the reliability of the clus- TIP’s instead of S¥* TIP’s and in the Madelung potential
ter model approach has been given by lllas and co-wotkers provided by the array of point charges. DDCI2 predicts a
in a study of the dependence dfupon the number of mag- rather large effect due to the larger lattice parametéys:
netic centers explicitly included in the cluster model. Thebecomes—104 meV(we skip the DDCI3 calculation, being
magnetic interactions calculated in a two-center cluster wereather expensive computationally, while DDCI2 very well
found to be virtually the same as those in a three-center areproduces trengl@ndJ, equals—0.44 meV. This indicates
four-center cluster. that the larger size of the Srions counterbalances the Cu-
The large advantage of the cluster model approach abow®-Cu bond elongation going from gau0; to SL,CuO;. On
periodic calculations is that electron correlation effects carthe contrary, since the direct exchange contribution to the
be introduced in a straightforward and systematic manneinterchain interaction is negligiblef. Table 1), it turns out
Table Il reports the in-chain and interchain magnetic couthat this magnetic coupling is completely determined by the
pling parameters at four different levels of approximation of Cu-Cu distances and largely independent of the size of the
the N-electron wave function. In the first place, we notice counterions.
that as expected the direct exchange is always ferromagnetic. Finally, we compare the DDCI3 results with data listed in
While it has a significant contribution for the in-chain inter- Sec. I. Our results are in excellent agreement with the inter-
action, it is almost zero for the interchain interaction. This ispretation by Lorenzana and Eder of the phonon-assisted
consistent with the fact that the magnetic orbitalsmagnetic excitatiold and the NMR data reported by Taki-
(Cu 3d,2_y2) do not have significant density along thaxis, gawaet al1*?2 and confirm CsCuO; and SpCuO; to have
the interchain direction. On the other hand, CASCI properlyexchange integrals that are much larger than in any other
predicts both]; andJ, to be antiferromagnetic, but the ab- cuprate. These large magnetic couplings are incompatible
solute values are much smaller than any of the values givewith the analysis of the magnetic susceptibility d&td
in the literature. based on the accurate expression of Eggert, Affleck, and
A more realistic description is reached by the DDCI2 Takahastiand the rough estimate derived from ARPES.
method;J; is enhanced by a factor of approximately 3.5 andAt this point a comparison must also be made with another
J, is now clearly antiferromagnetic as predicted by UHFcluster model study of the magnetic interactfrisased on
cluster (vide infra) and periodic calculations. Although the the nonorthogonal Cl approacfNOCI).2® This computa-
inclusion of the second-order terms described in Sec. Itional scheme gives magnetic coupling parameters in a series
largely improves the description of the magnetic couplingof undoped cuprates: L&uQ,, Nd,CuO,, YBa,CusOg, and
process, an important term is still missing and—as previou$rLCuO,Cl,,3* in rather good agreement with experimental
work shows—a quantitative description is only obtained bydata and comparable to DDCI3 valuéslthough NOCI val-
activating the instantaneous relaxation of the ligand-to-metalies are always somewhat smaller than those obtained with
CT excitations. The DDCI3 values listed in Table Il have DDCI3. Nevertheless, in the present case a NOCI study pre-
included this effect and give our final and most reliadle  dicts J; to be 136 meV both for GE€uO; and SgCuQ;, in
initio estimates ofl; andJ, for CaCuO; and SpCuQ;. In obvious contradiction to the DDCI3 values reported in Table
the first place, we note that DDCI3 increases the in-chairl. Two reasons can be given to explain the difference be-
interaction by a factor of 2 for both compounds, whereas théween the two computational approaches. In the first place,
interchain interaction is hardly affected by the extension ofthe embedding used in the NOCI calculations is less precise
the Cl space. A look at the structure provides a simple exand has a morad hoccharacter than the well-defined TIPs
planation for this difference. The in-chain interaction takeswe use in the DDCI3 calculations. Another factor to be con-

#Two times the exchange integriél,,, wherea andb refer to the
localized magnetic orbitals.
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sidered is that apart from the relaxed CT excitations, the TABLE lll. In-chain and interchain effective hopping param-
NOCI study did not include any of the other mechanismseterst; andt, (in meV) for C&Cu0; and SpCuG; obtained within
accounted for in DDCI2 and/or DDCI3. Hence, we concludethe cluster model approach with different pure ditelectron wave
that the computational scheme adopted in the present work fgnctions.

more precise and gives a more complete description of the

. : CASCI DDCI2 DDCI3
magnetic coupling.

The next-nearest neighbor in-chain interactibnis also  CaCuG; ty 639 551 653
accessible in the cluster model approach by extending the t, 21.0 29.9 40.4
cluster with a third C&" ion and its neighboring oxygen
ions. Nevertheless, the computational efgll‘ort begome);gmucﬁrzch b 639 552 659

t, 16.9 22.0 30.2

larger now, and therefore, we estimate this parameter by
complete active space second-order perturbation theory
(CASPT2% ¥ instead of the variational DDCI method. Al-
though this more approximate method does not quantita- . .
tively reproduce the magnetic coupling strength, it does Ver)puratedesélmaéef m:jthe hIOGF;F;'O”Q parsmeters(?as t;een. demon-
accurately predict trends and relative magnitudes, and hen érate y Calzadoet al. n their . _stu y o tin :

. . . . o a, ,Sr,CuQ,. In Sec. Il C we give additional evidence in

is very suitable to give an estimate of the relative |mportanc<?avor of the cluster model approach by comparing with pe-
of J, compared toJ;. For CgCuQ;, J, turns out to be

weakly ferromagnetic, 5.5 meV, to be compared with theriodic calculations. Table Il reports the in-chain and inter-
L Y : chain hopping parameters for both compounds at different
—162 meV calculated fod; with the same method in the pping b b

levels of approximation of thé&l-electron wave function. A

same thrge-cente_:r cl_uster. This means that the next-nearqgl, striking observation is the fact that bathandt, show
neighbor interaction is about 3.5% of the nearest neighbo

int i d v th " lati £ thi % much weaker variation with the different computational
Interaction, and consequently, the extrapolation ot thiS perg nemes second, it is recognized that whjlés relatively
centage to the final DDCI3 value df can give us a rough

. ; ; . similar in CaCuQO; and SpCuO;, t, is 50% larger in
first estimate of the size b, being+7.8 meV. The results  ~, ~ : t with the shorter interchain dist
for SL,CuO; are very similar: at the CASPT2 levdl, is CUO; In agreement wi € snorter Inierchain distance

) for this compound. The absolute values of the hopping pa-
+5.9 meV versus—17.1 mevV forJ,, agaln_~3.5% OT‘]l' rameters are in fair agreement with the LDA values reported
Hence, the extrapolation to DDCI3 results in an estimate l‘oby Rosneret al.13 but the more elaborate treatment of the
J2 Of. 8.6 meV in S5CuQ,. The three-center_ calculations gjacron correlation effects makes the DDCI3 result a more
permit us to repeat the check on the cluster size convergen

. : . X X tEliable estimate of the magnitude hopping integral. More-
discussed in previous watk by comparing them with e, "t g important to point out the fact that LDA and

equivalent calculations in the two-center model. CASPT25pc3 both agree in the estimate of(vide infra) while

values forJl in the two-center cluster are 168 meV for Iargely differing in the predictions Oﬂ, the former most
CaCuQ; and —177 meV for S5CUO;. As expected, these qen heing completely unable to produce even qualitatively
values closely resemble those derived from the three-centel)raoct results.

cluster.

The ability of the cluster model approach to calculate ac-

Another matter of concern is the character of the holes in
the doped material. This character can be assessed by com-
paring the contributions to the DDCI3 wave function of CT
configurations with the hole localized on the oxygen ions

The t-J model Hamiltonian defines a simple yet ratherversus the contributions of the non-CT configurations that
accurate model to study the low-energy properties of theepresent the unscreened hole. This analysis shows that the
Cu0, planes in doped copper oxid®sThe model is easily hole has approximately a 50% @Zharacter in agreement
extended to d-t’-J model(or similar variants to incorpo-  with the general understanding behind the single badd
rate mechanisms other than those occurring between nearegsbdel of Zhang and Rice, and also previously found in the
neighbors in the Cuplanes. The model is also useful to study of the hopping processes in,LaSr,CuQ,.%° A similar
study other systems for which the crystal structure stronghanalysis for the undoped system reveals a contribution as
suggests that the low-energy physics cannot be describddgh as 90% of the non-CT configurations to the DDCI3
with just onet and onel. In the spin compounds, it is clear wave function. Since the importance of the CT determinants
that at least the interchain magnetic coupling and the hopin the doped system is about as important as the non-CT
ping parameters must be added to the Hamiltonian. In addideterminants, it can be argued that these determinants must
tion, Rosneet al® suggest that hopping processes to seconde included in the reference wave function. However, the
neighbors are also important. In order to complete the list oivariational determination of the DDCI3 wave function en-
ab initio parameters that can serve as input to construct asures a treatment on equal footing with the CT and non-CT
effective Hamiltonian such as the extended model, we determinants. Therefore, there is no need to include the CT
present in this section calculations aimed at an accurate edeterminants in the reference space or to change the molecu-
timation of the hopping parameters. Indeed, this is of crucialar orbital set used in the CI. Another concern is the different
importance because direct experimental estimates of thespiality of the bridging oxygen and the edge oxygens, al-
parameters are generally not available. though the role of all oxygens is expected to be of similar

B. Hopping parameters
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TABLE IV. In-chain and interchain magnetic coupling con- ciency in the density functional based approaches in the
stantsJ; and J, (in meV) for CaCuO; and SpCuG; obtained  forthcoming analysis cannot be attributed to the use of a
within the cluster model approach with different spin unrestrictede|ster model but the particular theoretical approach under
methods. discussion.

To start with the in-chain interaction, it can be readily
concluded that the tendency of LDA to incorrectly predict
CaCuO; J; —457 —142 —-339 —-839 -1105 insulators as metallic systems result in magnetic interactions

J  -091 -175 -196 —229 -275 along Cu-O-Cu bonds that are unphysically large. In fact, the

AF state corresponds to a closed-shell solution, i.e., the

SpCuQ J; —43.7 -144 —355 -879 -1151 equivalent of a metallic state in a solid-state description. The

J, -042 -093 -101 -1.01 -115  yse of a gradient corrected functional does not largely im-
prove the LDA result. In fact); decreases somewhat but is
still far outside the experimental range of data. On the other
)éxtreme, we find the UHF approach, which predicts too
small an interaction. The application of hybrid functionals
esults in parameters that lie between these two extremes
nd, depending on the amount of HF exchange, the value
loser resembles the LDA or UHF result. Hence, it is in
principle possible to construct a hybrid functional that accu-
rately reproduces the DDCI3 values listed in Table(dr

UHF B-F.LYP B3LYP mPW LDA

importance in the description of the hole states. However, b
repeating the calculations fdr, of CaCuO; reported in

Table 11l with a better balanced basis set-s{8p) for all

oxygens—we find that the description of the hole state is no
largely affected by this slight unbalance in the one-electrorb
basis set. The values of with the alternative basis set are
624 meV for CASCI, 544 meV for DDCI2, and 632 meV for

DDCI3. experimental data for compounds for which there is a clear

. Finally, we note that the next-nearest neighbor hOpme:onsensus about the size of the couplibg optimizing the
integral t, cannot be calculated as straightforward as the

th ters di q far. This is b . i amount of HF exchange in the functional. Note, however,
other parameters discussed so 1ar. This IS echuseno that there is no systematic well-grounded way to do this and
simply related to an energy difference between two elec

; . N the resulting method cannot be considered asalarinitio
tronic states. In fact it has been proven that it is indispens: g

. L ! method since it requires information external to theory.
aple to construct a (3.6). effective Hamiltonian to _dg_nve Moreover, the optimum amount of HF exchange can differ
this paramete?? Work is in progress to calculatb initio '

' for thi from compound to compound, e.g., Martin and Hf&€ have
estimates for this parameter too. shown that F-B:LYP fairly well reproduces the magnetic
coupling constant in L&uQy,, but the present results show

C. Magnetic coupling and hopping parameters that for the spin-chain compounds,SuQ; and CaCuQ; the
from spin-polarized methods amount of HF exchange has to be significantly smaller in
As stated in Sec. |, LDA badly fails to reproduce the order to obtain accurate values.
insulating character of GEuO, and SgCuQ; and other ionic The interchain interactiod, is less dependent on the

transition metal compounds. Nevertheless, in many applicacomputational scheme applied. Since there is no direct
tions model parameters have been derived from LDA calcutrough-bond connection between the two coppers involved in
lations(see for example Refs. 13, 28, and 93)-@binterpret  this interaction, the tendency of LDA to overestimate delo-
experimental data. Therefore, it is interesting to see to whagalization effects is less pronounced. All methods give val-
extent LDA and other spin-polarized methods are capable afies that are relatively close to DDCI3, however the lack of a
properly predicting the magnetic coupling and hopping pa-sSystematic way to order the different spin-polarized schemes
rameters of the compounds under study. Table IV compare§ increasing accuracy makes it difficult to analyze the dif-
cluster model results fod; and J, obtained with UHF, ferences between them. This is in contrast to the spin-
LDA, a gradient corrected functionalfPW), and two hy- restricted schemes discussed in the previous sections, for
brid functionals(B-F:LYP and B3LYP. Table V lists the Which a clear-cut analysis can be made of the mechanisms
same data fot; andt, . It is worth pointing out again the included at each step.
excellent agreement between cluster and periodic UHF val- We now turn our attention to the calculation of the hop-
ues of the magnetic coupling constants. Hence, any defPing parameters within the spin-polarized approach. In con-
trast to the behavior found for the magnetic coupling param-
TABLE V. In-chain and interchain effective hopping parameterséeter, all five methods give hopping parameters of the same
t, andt, (in meV) for CaCuQ; and SpCuO; obtained within the  order of magnitude not too different from the previously dis-
cluster model approach with different spin unrestricted methods. cussed DDCI3 results. In fact, the LDA estimate pfs only
25% smaller than the DDCI3 value, whereas a difference of
UHF B-FLYP B3LYP mPW LDA almost 400% is found fod;. Therefore, an important point
involves a comparison with the results of the LDA periodic

CaCuo, ttl 27(?% S:?i ;;'15 gii 3218 calculations of Rosneet al!® In this work the hopping pa-
+ ' ' ' ' ' rameters are calculated from a fit of the LDA band structure
Sr,Cu0, t, 795 639 548 488 496 and hence provide us with a way to validate the cluster
t, 168 15.7 14.0 126 13.0 model approach for the calculation of the hopping param-

eters similar to the reasoning extensively used for dlse
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The values of; reported by Rosnest al. (520 and 550 meV
for CaCu0; and SpCuO;, respectively are in good agree- Sr
ment with those in Table V, 491 and 496 meV, which are

also obtained from LDA calculations but within the cluster

model approach. The interchain hopping parameters are also
comparable in the cluster model and periodic approaches,
although the small value ¢f makes the relative error larger. N

0(2)
D. Electronic structure

The periodic UHF calculations mentioned at the begin-
ning of Sec. Il A not only give support to the cluster model
approach but also supply important information about the
electronic structure of the two compounds. In the first place,
we observe that the Mulliken charges are close to the formal
ionic values;+1.8 for Cu,+1.9 for Ca and Sr, and- 1.9 for
O. Furthermore, the population of tlieband, 9.13, is very
close to the formal value of a &liion in vacuum. Without
imposing external restrictions, th&{—y?) symmetry of the
singly occupied orbital emerges naturally from the optimi-
zation of the crystal wave function. The spin density plots
clearly illustrate the superexchange mechanism, giving rise
to the large antiferromagnetic interactions in the spin chains.

Beside the obvious spin density centered on the Cu ion with
dy2_y2 symmetry, we observe that the electrons on the M

Density of States

bridging oxygen polarize towards the Cu ion withy=
+1/2 and vice versa for thg electrons. On the other hand
no such mechanism is possible for the interchain interaction.
Neither the Cu nor the oxygen ions show a significant spin
polarization along thé axis. Furthermore, these calculations
indicate that the spin density on the Gand Sy ions is less
than 0.008 and can be considered to play a negligible role in
the interchain interaction in agreement with the observations
of the cluster calculations.

Although the UHF approach gives a good qualitative pic- I\M J
ture of many properties of solid state compounds, it notori- 716 3
ously fails to give a quantitative description of the band gap. Energy (eV)

For both SfCuC; and CaCuG, the UHF band gap is as . FIG. 2. B3LYP total and partial densities of states of antiferro-

Iargg_ as 16_eV. Hence, $erious doubts ar[se about the apppﬁagnetic C3CuO;. O(1) refers to the in-chain oxygens andato
cability of this method to interpret the density of states and tqy,o apex oxygens.

study the character of the band gap. This well-known failure

of UHF is due to the neglect of the dynamical electron cor-pounds are metallic, which results in a magnetic coupling
relation effects. Since these effects are not easily incorpoparameter that is unphysically large, while UHF predicts too
rated in a periodic wave function based approach—only relarge a band gap and giveslaalue that is only 15% of the
cently a method has been developed to obtain periodi€inal theoretical estimate. The hybrid functionals again rep-
correlated wave functions for ground state propettiesve  resent intermediate cases: BFLYP gives a band gap that is
opt for calculations based on the density functional theorysomewnhat too large and with B3LYP it comes out somewhat
applying the B-F:LYP and B3LYP exchange-correlationtoo small. Unfortunately, none of the existing functionals
functionals as explained in Sec. Il. The first functional al-seems to be able to simultaneously describe the magnitude of
ready largely reduces the band gap6 eV, but the B3LYP  the magnetic coupling and of the band gap.

functional gives a band gap that is in reasonable agreement Figure 2 display the density of statgDOS's) for

with the experimental estimates, namely 1.53 eV forSr,CuQ; calculated with B3LYP and Fig. 3 zooms in on the
CaCu0; and 1.82 eV for SCuG;. This decrease of the region around the top of the valence band and the bottom of
band gap is accompanied by a modest increase of the covéire conduction band for G&uO;. The DOS's of both com-
lent character of the Cu-O bonds. The Mulliken charges repounds are qualitatively very similar. As was also observed
sulting from the B3LYP calculation are 1.5 for Cu, 1.8 for in the LDA band structuré® the band edges show the char-
Sr, and—1.7 for O. Note that the trend in the band gap isacteristic van Hove singularities. These singularities play an
directly related to the trend observed in Sec. IlIC for theimportant role in the explanation of many phenomena related
magnetic coupling parameters. LDA predicts that the comto superconductivity, but are less interesting for 1D materials
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TABLE VI. Test on the consistency of the parameters derived
Ca,Cu0, from the embedded cluster calculatiofsee text The effective
on-site repulsiony derived fromU =4tf/.]1 is given in eV.

CASCI DDCI2 DDCI3 UHF LDA

CaCu0; (t;/t,)2 926 340 261 882 507
J. 13, 1157 172 321 50 402
U 471 9.8 73 546 087

Density of States

SLCUO;  (ty/t,)2 1430 630 476 2239 1456
- M J.1/13, 2486 351 559 104 1001
Energy (eV) U 46.9 9.4 7.1 579 0.85

FIG. 3. Enlargement of the B3LYP total and partial densities of
states of antiferromagnetic §2uG; at the top of the valence band ries external to the method used to derive them. Internal tests
and the bottom of the conduction band. Full lines represent the totaf,ch as the dependency on the basis set, orNtbectron
density of states, dotted lines the Cu density, dashed lines the iRyaye function, or on the cluster size, indicate that the calcu-
chain oxygens(Ol), and dashed-dotted lines the apex oxygensigted values fort and J are basically converged for these
(©2). variables. The first external test has already been discussed,
ngmely a comparison of the cluster model approach and the

riodic calculations. Both fod andt this comparison is
very satisfactory. In this section, the parameters are tested

ainst two other theories. In the first place, we calculate the
| temperature with the mean-field expression given by

because they appear at the band edge where the number
free carriers is smafl’ In contrast to LDA, the top of the

valence band is well separated from the unoccupied level
but does not appear as an isolated band separated from t

broad complex betweer9 and —3 eV, which is mainly Schul2* and second we show that our parameters are con-

composed of Cud and O 3) levels With. negligible contri- . sistent with simple relations that emerge naturally from the
butions from the Ca or Srions. From Fig. 3, a clear analysi§_j 5 del

of the character of the band gap can be made. The top of the Following the procedure previously adopted by other

valence band is composed of the Zevels of both the in- ;1h451387 e replace the interchain interaction in the ex-

chain and the apex oxygens with a significant contributio ression of Schulz by 0.8( +J.)=05J . since J. can
from the occupied Cu@ levels. The bottom of the conduc- rbafely be considered )t/o t.)eiclosf()e to.zeé()’ Table Df The

tion band, on the other hand, can be considered to a hig - : ; )
extent as a pure CuBband, i.¢.. the upper Hubbard band. ubstitution of the DDCI3 parameters in the resulting expres
Hence, we do not observe any indication of the existence
a so-called covalent correlated insulator as suggested tyf
Maiti et al,?® and an interpretation in terms of a CT insulator
seems more appropriate.

Finally, we comment on the appearance of unoccupie
levels at negative energies, which do not have any physic
meaning but are caused by artifacts of the computationa[

scheme. From molecular calculations it is well known that .
. . . : ments results in values of 0.4 for CaCuO; and 0.03w
DFT syster_natlcally underesﬂmates the h|ghest.occup|ed_ MQor Sr,CuQ;, also in good agreement with the experimZntaI
lecular orbital-lowest unoccupied molecular orbital gap SINC] 1 1ues of 0’09 and 0.06
. . B .

both occupied and unoccupied levels are optimized in the The second test not only involves the magnetic coupling

potential due to the same number of electr(_)ns. +136% of arameters but also the hopping parameters and adopts a
Hartree-l_:ock exchange in the B3LYP functional prevents th trategy previously applied to check the coherence of param-
unoccupied levels from collapsing into the valence band, 8Bters calculated for’-NaV,0q. 3 The perturbation expan-

occurs for LDA, but obviously the amount of Hartree-Fock sion int/U of the extended Hubbard model leads to a simple

exchange should be somewhat larger to shift all energies tgnd widely applied expression to relatandJ that readsJ
positive energies. Again, the lack of an independent criterion

to determine the optimum amount of Hartree-Fock exchange_4t /U. This rzelatlon dlrec_tly implies that_ the raii /J, IS
. , . équal to €, /t, ). Table VI lists the two ratios for a selection

makes this strategy an uninteresting one, as already dis .

cussed for the magnetic coupling parameters of computaponal s_chemes, hamely CASCI, DDCI2, DD.(.:I3’

' and the spin-polarized methods UHF and LDA. In addition,
the table also gives an estimate of the on-site repulsion pa-
rameterU derived from the relatiot) = 4t3/J; . Note, how-

In view of the aim of providing reliable quantitative esti- ever, that this estimate is by no means meant to give either
mates for the magnetic coupling and the hopping parametetsn accurate or aab initio value of the magnitude df, but
in the spin chain compounds, it is an interesting exercise tanly serves to discard sets of parameters that give rise to

test these parameters against predictions arising from theabsurd results. All methods with the exception of UHF give

own to overestimate the Wktemperature, the DDCI3 es-

imates of the magnetic coupling parameters can be consid-
red to be consistent with the very low experimentabNe
mperature. Moreover, the substitution of the parameters in
e expression given by Schulz to estimate the magnetic mo-

E. Parameter consistency
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ratios that are reasonably similar to each other, although thiee expected since there is no ligand connecting the copper
DDCI3 set of parameters are clearly the most consistent ondens in different chains. The slightly larger value &f for
with a deviation of the ratios of 19% for gauO; and 15% CaCuG; is in line with the larger interchain distance in this
for Sr,CuO,;. CASCI and LDA give similar deviations of compound and the somewhat highereNemperature.
20%—-40%, and DDCI2 performs a little worse because of A first remarkable conclusion from the study of the per-
the relatively large underestimation df in comparison to formance of the unrestricted methods is that while LDA
J, . However, if we focus on théough estimate ofU, itis  badly fails to reproduce the magnetic coupling parameters, it
immediately clear that both CASCI and LDA give rise to does not perform bad at all for the effective hopping param-
values that are unrealistic; CASCI largely overestimafes eters. In comparison to DDCI3, LDA predicts that are
while LDA gives too small a value. The inclusion of electron about 25% smaller, whereas it resultsJia that differ by an
correlation effects going from CASCI to DDCI2 largely re- order of magnitude. In the second place, we stress that al-
ducesU and the inclusion of the determinants that instantathough the hybrid functionals may open a way to reach a
neously relax the CT configurations by means of DDCI3qualitative description of all parameters at a lower cost than
gives a further reduction dfl, bringing it within a range of the DDCI3 method, the lack of a systematic, well-grounded
reasonable values. criterion to define the optimal amount of HF exchange in the
In short, we conclude that the set of parameters calculateexchange functional makes this approach less interesting: all
within the DDCI3 computational scheme gives a consistenthe more because this optimum amount is found to change
set of parameters, both for the &ldemperature and for the from material to material and from property to property, e.g.,
ratios between in-chain and interchain parameters and thide magnetic coupling parameter and the size of the band
estimate ofU. gap.
The consistency check of the parameters derived from the
IV. SUMMARY cluster calculations shows that the DDCI3 method performs
o _ ) extraordinarily well. In the first place, the DDCI3 parameters
We have performedb initio cluster calculations to inves- poth fulfill the relation €,/t,)2=J,/J, and give a reason-
tigate'the magnetic interactions and effective hopping paramspe value forU from the relationu :4@”1_ In the second
eters in the spin-chain compounds,Ca0; and SgCuOs. I j3ce substitution of these parameters in the expressions de-
addition we have studied the electronic structure and charagj,gq by Schulz results in good approximations of theeNe
ter of the band gap of these compounds by means of Hartrégsmperature and the magnetic moment. None of the other
Fock and_/or density functional p_er|od_|c calculations. Themethods fulfills all tests at the same time.
str_ong point of the clgster calc.ulatlons is that e[ectr_on COITe- The periodic calculations indicate that LCaiO; and
lation effects can be included in the wave function in a con-g. 0, are highly ionic, although the inclusion of electron
trolled systematic way, in this way improving the approxi- .o rrelation introduces noticeable covalent contributions in
mation to the exacN-electron wave function step by Step. e honds. The analysis of the band gap shows that the top of
The weak point of this approach is the representation of g,¢ \alence band is composed of P Bvels with important
periodic materlal with a sma]l cluster cqntammg _onIy few contributions from(occupied Cu 3d levels. The bottom of
atoms, which cquld_be questioned as bem_g s_uff|C|ent. '_.'Othe conduction band, on the other hand, can be considered as
ever, the combination of cluster and periodic calculatlons(,in (almos) pure Cu3l band. Therefore, the nature of the

applie_d in the present wqu allows for a rigorous test of the ap is best described as a charge transfer gap, and our cal-
material model adopted in the cluster model approach. BY,,ations do not find any evidence for the existence of an

comparing the results of the two approaches at identical lev- .
els of theory, we have shown that the cluster model approacwoIOer Hubbard band overlapping the { Band.

is a valid one to derivab initio estimates of the parameters
of an extended-J model that includes in-chain and inter-
chain processes. The authors wish to thank Ria Broer for relevant com-
The magnitude of the magnetic coupling along the Cu-ments on the comparison with NOCI calculations anditbe
O-Cu bonds that form the spin chains is found to-b240 de P. R. Moreira and Carmen J. Calzado for valuable help
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citations observed in the midinfrared spectrum of these compean Community. Financial support was provided by the
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