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The magnetic coupling constant of selected cuprate superconductor parent compounds has been determined
by means of embedded cluster model and periodic calculations carried out at the same level of theory. The
agreement between both approaches validates the cluster model. This model is subsequently employed in
state-of-the-art configuration interaction calculations aimed to obtain accurate values of the magnetic coupling
constant and hopping integral for a series of superconducting cuprates. Likewise, a systematic study of the
performance of differerdb initio explicitly correlated wave function methods and of several density functional
approaches is presented. The accurate determination of the parameterst-0f Haeniltonian has several
consequences. First, it suggests that the appearance off highperconductivity in existing monolayered
cuprates occurs with/t in the 0.20-0.35 regime. Secontlf=0.20 is predicted to be the threshold for the
existence of superconductivity and, third, a simple and accurate relationship between the critical temperatures
at optimum doping and these parameters is found. However, this quantitative electronic structurél yersus
relationship is only found when bothandt are obtained at the most accurate level of theory.
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[. INTRODUCTION ger the appearance of the superconducting phase. Neverthe-
less, doping leads to a rather small change in the structure
The discovery of superconductivity at 42 K in the dopedand other related properties of the parent, undoped, com-
La,CuQ, ceramic compouridhas dramatically changed the pound, and hence superconductor parent compounds have
picture of this important and fascinating phenomenon firsbeen used to understand the nature of the superconducting
encountered in 1911 in some pure metalsd, later, in many phase. The failure of the phonon-mediated BCS pairing
alloys. In fact, the elegant theory of superconductivity develinechanism to account for the superconductivity of these ma-
oped by Bardeen, Cooper, and SchrieffBCS) does not terials prompted a parallel research effort from the theoreti-
apply to doped LgCu0Q,.* In addition, LaCuQ, was justthe cal side. Many theoretical studies have been reported that
first of a new family of superconductors generally termed asiimed to disclose the fundamental microscopic interactions
high-critical-temperature superconducting cuprateggoverning the pairing mechanism in high-superconduct-
(HTSC's), because the phase transition to superconductivitprs. Attempts to rationalize the electronic structure of
appears at critical temperaturds, much higher than those HTSC’s by means of the well-known local density approxi-
of metals and alloy4 For a few years the maximum value of mation(LDA) of density functional theoryDFT) were un-
T. has been increasing to reach 133 K for the Hg-baseguccessful because the LDA incorrectly describes these com-
cuprates such as doped HgBa,Cu;Og.° It must be no- pounds as metalS. To remedy this deficiency of the LDA,
ticed that this value oT . corresponds to measurements car-ad hoccorrections were developed; LDASIC (Refs. 16—
ried out at ambient pressur&, reaches a value of 164 K 18) attempts to correct the self-interaction repulsi@iC)
under 31 GP&." Unfortunately, no new cuprates with higher intrinsic to the LDA, whereas LDA U (Refs. 19—-21intro-
T. values have been yet synthesized and unraveling thduces explicitly the on-site Coulomb repulsion tethas an
mechanisms that govern high- superconductivity appears empirical fitting parameter. An alternative approach to the
to be necessary to design new families of HTSC’s with everelectronic structure of the HTSC’s is based on the use of
higher T, values*®®° Other superconducting materials with- model Hamiltonians that aim to reduce complexity of the
out the typical copper-oxide planes have also been describezkact nonrelativistic Hamiltonian and to incorporate the es-
in the past ten years. We mentidi,=33 K in electron- sential physics into a few parameters. All HTSC's are very
doped Cg?hjcﬁo,lo T.=30K in Ba_K,BiOs,* and T,  ionic compounds in which the Cu cations have essentlly
=39 K in the recently discovered MgB'> However, these character with one unpaired spin per Cu site mainly located
materials exhibit maximunil, values substantially lower in the Cu 3l,2_,2 orbital that lies mostly within the Cu-O
that those encountered in a large variety of HTSC's and(XY) plane. However, this orbital is also strongly mixed with
more importantly, some of them seem to behave according tthe O 2o, and 2, and hence it was soon realized that a
the BCS theory>!* one-band model based solely in the Cula 2 orbitals was
All known HTSC's exhibit a layered crystal structure with inadequate. Therefore, the initial attempts to relate electronic
well-defined Cu-O planes, strong magnetic interactions, andtructure and superconductivity by means of model Hamil-
a rich phase diagram that depends on doping and on th®nian approaches were based on the three-band Hubbard
temperature; a certain degree of doping is necessary to trignodel proposed by Emef§:2 Unfortunately, the number of
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parameters entering the three-band model seems to be taddition, there is no simple direct way to measure the hop-
large and a large amount of work was devoted to the redugeing integral, whose value is inferred by fitting a model to
tion to a one-band model. Zhang and Rfceroposed a experimental data. For the prototypical JCu0, parent
model Hamiltonian that simultaneously takes into accouncompound, varies between 128 and 134 meV depending on
the magnetic interactions and the presence of holes in thée experimental technique and a valuetef0.55 eV, is
antiferromagnetic Cu-O planes. This model Hamiltonian is agenerally accepted for doped J@uQ,,* thus leading to
simplification of the three-band Hubbard model Hamiltoniand/t~0.24. This ratio is not too far from the 0.35 value as-
of Emeny? that implicitly includes the Og)-Cu(d) hybrid-  sumed by Scalapino and Whiteput it is somehow lower
ization and recovers the initial effective one-band descriptiorhan the lower limit for the existence of hole-pairing sug-

proposed earlier by Anderséh.This model Hamiltonian is gested by Boninsegni and Manousakidhe lack of reliable
usually written as values for thet and J parameters limits the applicability of

the t-J model Hamiltonian and of its predictions which nec-
1 essarily show a strong dependence on the set of parameters
H=J2 (Sisj__ninj) adopted.
(i) 4 Recently, it has been shown thhis a local property that
can be predicted fronab initio calculations on embedded
—t E [ciTU(l— Ni—x)(1—nj_,)cj,+Hcl], (1) clusters that model the materials of inter®sioreover, the
(ij)o ab initio computation of] for a rather large series of super-
. conductor parent compounds has permitted one to establish
wherg the parametersand J co'rrespon.d o the effective that, as a general rule, the critical temperature increases with
hopp!ng integral an_d th_e magnetic couph_ng constant betwee5|_37 The existence of such a trend suggests a possible corre-
;Jenrrs)alrreesdpg;?\;{ggslr|1nt:1ri]§ag>(<jp]) rr;zzirsli-ges?;nbdosr f;p:rizfgf_n' lation between the critical temperature and the microscopic
rom,agnetic interéctions ’ parameters. Ne\_/ertheless, one must real_lze that a proper re-
The simple one-bantai.] model Hamiltonian is thought to lationship must !nclude the effept of doping the matene}l,.a
fecessary condition for the existence of superconductivity.

capture the essential physics of the phenomenon. MOd?ntroducing holes in the embedded clusters used to represent

Hamiltonian calculations for a set of parameters describing . . X : )
I . : ; . e materials of interest permits to simulate the doping and

realistic regime support this point of vieiglthough a recent . . L :
provides a way to estimate the hopping integral using the

study of LgCuQ, suggests that some additional terms not . .
; . ) S same methodology that proved to be highly reliable for mag-
included in thet-J Hamiltonian are also relevafft Extended netic coupling. This strategy was initially used to deraie

T o e e o lcpuonlo L) parameters for LU0, (Rel. 39 and has beer
P N y ' : Y : recently extended to obtain a complete set-dfparameters
that thet-J Hamiltonian largely contains the dominant inter-

actions governing the low-lying states of the doped and unlfor a broad class of superconducting cuprates that have the

doped compounds. For instance, it is rather well accepteaommon feature of exhibiting a crystal structure with well-

I . : Separated Cu-O planes. From this study a clear-cut relation-
that the magnetic interactions play a fundamental role in the: .

- X ; : . . Ship betweerT, andJ/t has been obtaineth.In the present
pairing mechanism and, hence, in the microscopic descrip-

. N 34 work we further investigate the correctness of the above
tion of superconductivity in these cuprat8s>*Recently, the : .

importance of magnetic interactions in determining the criti-Commented relat|onsh|p betwedp and the cglculated val-
cal temperature has been stressed by the model Hamiltonidl$> ofJ/t by explonng the adequacy (.)f the dlﬁergnt models
calculations of Boninsegni and ManousafiScalapino and and_ computational methods to predlct electronic-structure-
White 3 and by the accurate first-principles calculations ofder'v6d parameters of the HTSC's.

~ 37 ,
Munoz, IIIgs, and Moreird’ All these works suggest a direct |I. PERIODIC AND EMBEDDED CLUSTER MODELS
relatu:_Jnshlp between the magmt_u_de of the antlferromag_nenc FOR MONOLAYERED CUPRATES

coupling and the value of the critical temperature at optimal

doping. On the other hand, Scalapino and Witeave The main goals of this paper are to investigate the depen-

shown that ford/t~0.35 hole pairing lowers the total energy, dence of the effectivé andJ parameters of a representative
thus providing theoretical support for a pairing mechanismset of HTSC’s on the model and the computational method
of high-T, superconductivity based on theJ model used to extract these parameters and to explore the reliability
Hamiltonian®® Also, the numerical calculations of Bonin- of the relationship between these parameters and the experi-
segni and Manousakis for finite two-dimensional latticesmental T, values recently reporteéd. To this end the list of
show that]/t~0.27 is a lower limit for hole-pair formation. compounds studied in this work is the same previously stud-
It is worth mentioning that several authors already antici-ied in Ref. 41 and includes BS,LCuQ;, Nd,CuOy,
pated the possibility of predicting superconductivity in theCaCuO,Cl,, LaCuQ,, TIBa,CuQ;, SnLCuOF,,
t-J model for a realistic regime of the relevant parametérs. HgBa,CuQ,, and ThBa,CuQ;. This list of HTSC’s expands
The weak point of the model Hamiltonian-based calcula-a wide range of critical temperaturéat optimum doping
tions is that they are constrained to use values suggestedth values of T,=10 K for Bi,SL,CuQ; (Ref. 42; T,
either by experiment, intuition, or trial-and-error procedures.=24 K for Nd,CuQ, (Ref. 43; T.=28 K for CgCuO,Cl,
In fact, accurate experimental valuesJodire available for a (Ref. 44; T.,=42 K for La,CuQ, (Ref. 45; T,=45K for
small number of superconductor parent compounds only. ITIBa,CuQ; (Ref. 46; T,=46 K for S,L,CuO,F, (Ref. 4%;
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T.=94 K for HgBaCuQ, (Ref. 48; and, finally, T.=97 K @ 9 Y @ o
for TI,Ba,CuQ; (Ref. 49. 9

For each one of the HTSC compounds described above @ o @9 o o
periodic and embedded cluster models have been con- [* TP Qo
structed. In all cases the experimental strucf@&igSr,CuQ; 2 9 9,00 @ o
(Ref. 50, Nd,CuO, (Ref. 51, CaCuOCl, (Ref. 44, s 0'0 9
La,CuQ, (Ref. 52, TIBa,CuG; (Ref. 53, S,L,CuG,F, (Ref. ¢ J‘ D D o
47), HgBa,CuOQ, (Ref. 48, and ThLBa,CuQy (Ref. 50] has ? 50 ° %0 "
been used to build the different models, this is the only pa- 6 @ o
rameter external to theory used in the present study. For the ¢ o" J 00 °
periodic calculations two different unit cells have been used. @ o J °
These are the structural unit cell determined experimentally ° 0 %o
and the double of the conventional unit cell commonly used o 9 ,0 f) e © )
to represent the antiferromagnetic spin stAt@2An embed- o & o e o0 o
ded cluster model similar to those used in previous %
studie§’~*°9-%8has been used to represent each one of * 9, o g e
these HTCS compounds. The cluster model has three well- ¢ o & ¢ =
separated regions; the first two regions are treated quantum L ¢ ®* o

mechanically, whereas the third region is treated in a classi-
cal way. The first quantum region contains two Cu sites and
the surrounding O atoms in the basal plane: the electrons
(valence or all depending on the level of thearythis quan-
tum region are explicitly taken into account in the cluster
wave function or in the cluster electronic density. The choice
of a planar quantum region is justified from previous work
on LaCuQ,, which shows that apical oxygens have a neg-
ligible effect on the magnetic coupling constafitsThe
Cu,O; region of the cluster model is surrounded by total ion
potentials(TIP),®® representing the oxygen nearest-neighbor
cations and by an array of point charges. The TIP’s are
simple pseudopotentials with a net charge and no electrons; J

they constitute a bridge between the quantum-mechanical g 0

and the classical regions and include exclusion effects which

prevent an artificial polarization of the anion electronic den-

sity towards the next-neighbor positive point charesi-

nally, the array of point charges accounts for the Madelung

potential of these ionic systems. Figure 1 provides a repre-

sentative scheme for HgB@uQ,. The value of the point

charges is chosen according to a fully ionic picture of these

compounds. However, fractional charges chosen according to

the Evjen's methott are used for the ions in the cluster edge

to guarantee the convergence of the truncated Madelung

summation’? In principle, one may claim that the choice of

the point charges constitutes an external input to the theory.

However, model calculations with scaled point charges have

shown that the influence of the Madelung potential on the

magnetic coupling constant is relatively snf4lFor the hop-

ping parameter there is no previous experience, but there is

no reason to expect any different behavior. This is because

the main effect of the Madelung field is to shift the one-

electron levels in a given direction. The fundamental differ- £ 1. schematic representation of the embeddeddgalus-
ence between the distinct clusters lies in the geometricaby model used to represent HgaO,. The leftmost figure in-
structure and the composition of the material provided by thg|udes the atoms whose electrons are treated explicitly in the
embedding potential, but all clusters have the same numbegfantum-mechanical calculations, the figure in the center includes
of electrons, which for the undoped systems corresponds totfie atoms represented as total ion potentials, and the rightmost fig-

formal of —10e, although the overall model—cluster ure includes a subset of point charges used to include the Madelung
+embedding—is always neutral. potential effects.
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Ill. EFFECTIVE PARAMETERS whereN is the number of magnetic centers on the ceik
AND TOTAL ENERGY RELATIONSHIPS the number of nearest-neighbor magnetic centers of a given

The computation of the nearest-neighbor magnetic cou([?eﬁggy&%ggger’ ang, is thez component of total spin per

pling constant) is based on the existing mapping between
the eigenvalues and eigenstates of the Heisenberg Ham'\J
tonian

In thet-j Hamiltonian, the hopping integralis meaning-
ul only for the doped system. Thehjs defined as the en-
ergy to move an electrofor a holg from a Cu site to its
nearest-neighbor holéor electron. The fact that to obtain
H:Z JijSSj:JZ SS ) the hop_pin_g _integral one needs to _consider a doped system
I I makes it difficult to use any periodic approach because ex-
o o ceedingly large supercells will be required to simulate a
and those of the exact nonrelativistic Hamiltonian. In the,oqerate doping. The hopping integtatan be estimated
summation of Eq.2) it has been explicitly assumed that using a cluster model with two Cu centers and one Hole
t_here is only one relevqnt magnetic coupling and that is idenplus the usual two-state framewdtkFor a system with two
tical for all nearest-neighbor centers and tHat0 corre-  magnetic centers defined as left and right, the hopping inte-
sponds to an antiferromagnetic interactififotice that most a1 represents the electronic coupling between the diabatic
often Eq.(2) bears a negative sign and antiferromagneticsiates corresponding to those having the hole localized on
interactions correspond t<<0; the convention here is just one magnetic sitéi.e., right or lefy. This is nothing else than
the opposite to permit handling theJ and Heisenberg ihe off-diagonal element of the matrix representation of the
Hamiltonians simultaneouslyFor a system with two mag- Hamiltonian in the basis of these two configurations; this
netic centers with spins with total spin quantum numBer matrix element is twice the hopping integral. Alternatively,
=1/2, it is easy to show that the magnetic coupling constanyne can use a delocalized orbital basis. The “left” and
is simply the energy difference between the singlet and trip“right" correspond to a localized description where the
let spin states that can be constructed by coupling the doublgyen-shell orbital is either on one site or on the other site of

spin states of each sit&*® the cluster model. These two orbitals can be mixed in a posi-
tive (bonding and a negativgantibonding combination:
E(S)-E(T)=-J. (3)  this is a unitary transformation. Assuming that the diabatic

) o ) states are orthogonal,is given simply by half the energy
However, in the periodic approach the constraint to use gjfference between the two low-lying adiabatic electronic
single Slater determinant does not permit to obtain pure spiiates in the delocalized ba&dn the particular case that the
functions. Ir) this case one needs to rely on the ferromagnetigystem has at least a symmetry inversion center the two dif-
(F) and antiferromagneti¢AF) states, which can be repre- ferent combinations will have different irreducible represen-
sented by a single Slater determinant, and use the fact thaionsg andu and the corresponding electronic states will
the F and AF states are eigenfunctions of the Ising Hamily 1o have different symmetry. This fact can be exploited to
tonian computet using DF technique® In these cases one simply

has

H:% JiJSziSzJ:JE> S:iSsj - (4) E(g)—E(u)=—2t. @)

N fthe F and AF . but it i Since the need to consider a moderate doping precludes
one of the F an states are pure spin states, but it ifye ,se of a periodic approach, the comparison of results for

easy to show thal can be obtained from the energy of theseno agnetic coupling obtained with the cluster and with the
states. This strategy can also be used in the cluster modgﬂ riodic approach is strictly necessary to validate the cluster
approach and requires the use of a bquen Symmetry agoqel that is used to compute the hopping integral. Results
proach. This has been suggested earlier by Noodlemap sec v will convince the reader that the cluster model

et al.”*~"®in the framework of the self-consistent figl§CP - -
rovides an adequate representation of these systems.
Xa method and by Yamaguchi and co-work& for the P a P y

Hartree-Fock methods; for more details, see Refs. 65 and
78-81. For a cluster model with two magnetic centers with

total spin S=1/2, J is simply twice the energy difference  Cluster and periodic calculations have been carried out in

IV. COMPUTATIONAL FRAMEWORK

corresponding to the F and AF states: the framework of the linear combination of atomic orbitals
(LCAO) expansion of the one-electron basis functions. The
E(AF)—E(F)=-J/2. (5) basis sets described below have been used to obtain the en-

ergies necessary to computendt using Egs.(3), (5), (6),
For a periodic system one can make use of the fact that thgnd (7). For the cluster model we have used a number of
Ising Hamiltonian contains scalar operators only and, hencenethods which range from Hartree-Fock to accurate configu-
the magnetic interactions are additive. In this cageeasily  ration interaction and including several DFT approaches. The
obtained from different methods can be divided in two main families de-
pending on whether spin eigenfunctions or broken symmetry
E(AF)—E(F)=—-NzJS,|?, (6)  solutions are considered.
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A. Basis sets in previous works? which are 6-311%g for Cu and
The one-electron basis functions—molecular orbitals of-319" for the O atoms. The use of different basis sets per-
mits to check the consistency of the results obtained for the

Bloch functions—are obtained by a suitable variational pro J effecti ¢ d 10 def bars for th
cedure and subsequently used to construct the Slater deté’r- etiective parameters and to getine error bars for the com-

minants) used in the different computational methods Ole_puted guantities. Depending on the case and on the availabil-

X . . . . _ity Hay and Wadt® or Durand and Barthel® pseudopoten-
SC”b.ed below. The atomlc_orb_|tals, I.e., the localized bas'ﬁials have been used to describe the different cations that are
functions, are linear combinations of contracted Gaussia

. . nr’epresented as TIP’s.
type orbitals(GTO) centered on the cluster or unit cell at- Finally, the periodic broken symmetry calculations have

oms. For the HTSC cluster models two series of cluster Ca'been carried out for a limited number of compounds due to

culations have been carried out using appropriat§echnical limitations. Those are @uQ,, Nd,CuOj,
cqnflgurgtlon mterachon(Q) wave functlons, whereas a Ca,CuO,Cl,, and S§CuO,F,. The nonsuperconducting but
third series has been carried out using the broken symmetigycturally related SCuO,Cl, cuprate has been also con-
approach and either unrestricted Hartree-Fock or DF calcusidered for completeness. The absence of superconducting
lations within several exchange-correlation functionals. Intransition in this compound is mostly related to the difficul-
the first series of ClI cluster model calculations, all electrongies found in doping the parent compodhd rather than to

of the CyO; cluster are explicitly considered. These havean intrinsic limitation of its electronic structure to develop a
been described by means of the general atomic natural ohigh-T, superconducting phase. The comparison to cluster
bital (ANO) contraction scheme of Widmarét al®” espe- calculations will indeed show that completing periodic cal-
cially designed to provide a compact representation of theulations for the full list of compounds will not bring any
atomic orbitals and aimed to give an optimal description ofadditional conclusion. In the periodic calculations the Bloch
electronic correlation effects. For the Cu cluster atoms wdunctions are also combination of atom-centered Gaussian-
use the 5s,4p,3d] contraction of the (1§,12p,9d) primitive  type orbital basis sef8:? The Cu atomic basis contains,1

set, for O bridging the two Cu cations the ANO basis set is#4sp, and A contracted GTO’s obtained by means of a
the [4s,3p,1d] contraction of the (1€6p,3d), and the six 8/6411/41 contraction of the (8(2p,5d) primitive Gauss-
remaining surrounding oxygen atoms are described by &n set’’ The oxygen basis set includes &nd p con-
[3s,2p] contraction of the same primitive set. Primitive setstracted GTO’s obtained from a ($4p) primitive set and a

and corresponding general contraction coefficients have bedd411 contraction scheni&The cutoff threshold parameters
taken from Pierlooet al®® In this series of calculations the ITOL 1-5 of thecrysTAL cod€”® for Coulomb and exchange
total number of basis functions is 130; there are 124 elecintegral evaluations have been setto 7, 7, 7, 7, and 14 strict
trons distributed among 61 doubly occupied orbitals and twovalues, respectively. The integration in reciprocal space has
open-shell(active) orbitals. The 14 electrons from thes1 been carried out using lespace grid parameter of 8, yield-
oxygen orbitals and the 1fNe]-core electrons of each Cu ing 65 points in the irreducible first Brillouin zone for the
have not been included in the correlated calculations. Theresonsidered double cells. Here we remark that the antiferro-
fore, this series of Cl calculations explicitly includes 90 elec-magnetic phase, hereafter referred to as AF2, needs a double
trons and 119 orbitals. The second series of Cl calculationsell of the simple ferromagnetic cell which in all cases is the
has been carried out using appropriate pseudopotentials td/mmmspace group.

represent the core electrons of some of the cluster atoms.
Hereafter, this will be referred to as the RECP basis; thus the
relativistic effective core potential(RECP’S of Hay and
Wadf® were used to represent the?2s22p°® core electrons This first family of ab initio electronic structure methods
of the Cu atoms and the Durand-Barthelat pseudopotefftialscan only be applied to a finite model representation of the
to represent the & cores of the outermost cluster oxygen Material. The complete active space configuration interaction
atoms. The corresponding GTO basis sets for Cu is an urdlCASCI) method provides the simplest description. It starts

segmented 4s,3p,3d] contraction of the (5,5p,5d) primi-  from a spin-restricted Hartree-Fock calculation on the triplet
tive sef® a[2s,2p] contraction of the (8,6p) primitive  State to obtain a set of molecular orbitals that are used to

used in previous work&! was used for the cluster edge construct the different Slater determinants used in the CI

oxygen atoms, and an all-electrp#is,3p,1d] contraction of ~ €xpansion. Next,_ thg open-shell mol-ecular orbitaldich

the (9s,5p) primitive set used by Broughton and Badtis a'€9 an.du combinations of t.he atomid,2_,2 on each Cu
extended by a singlel function®® Therefore, this second Site) define the complete active spa@@AS) and two elec-
series of Cl calculations involves a total number of 122 basidrons are distributed in the two active orbitals in all possible
functions; there are 92 electrons which are distributed amon@ys- In this overwhelming simple case there are just two
45 doubly occupied orbitals and two open-shalttive or-  configurations with zero total component of the total spin,
bitals. In this series the 92 electrons and 122 orbitals have:=0- These are precisely the singlet and triplet states defin-
been included in the correlated calculations. Notice that witdnd J- Since the CASCI energy is invariant with respect to
these basis sets and explicitly correlated electrons the twaNitary transformations of the active orbitals, it is easy to
corresponding Cl expansions are perfectly comparable. Thehow that the transformation

cluster model broken symmetry calculations have been car-

ried out using the same standard all electron GTO basis used dieg=1M2(g+U), digh=1M2(g—u) (8

B. Methods involving spin eigenfunctions
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is unitary and defines orthogonal localized orbitals on eaclet al!°” and Cabrercet al1% have shown that the leading
site. Therefore the active space contains the Slater determiéffect of adding the extra determinants to the DDCI2 list
nants that can be constructed by having one electron in eadrises from the relaxation of the determinants connected to
Cu site (neutral form$ plus those that can be obtained by the ligand to magnetic-center charge-transféil) excita-
allowing simultaneously two electrons in each Cu gitmic  tions. These CT excitations are already present in the DDCI2
forms). This is precisely the equivalent of the Andersonlist, but their contribution remains rather small because the
mechanism for superexchange; the singlet may have an adave function lacks flexibility to account for the large orbital
ditional stabilization with respect to the triplet because therelaxation effects accompanying CT excitatidf&:*! The
ionic forms cannot contribute to the triplet. The CASCI waveinclusion of single excitations with respect to this CT exci-
function can be improved in several ways. The first one is tdations at the DDCI3 level lowers the CT excitations in en-
enable the molecular orbitals to be self-consistent for eitheergy and, hence, largely enhances the contribution of these
the singlet or triplet states; this gives rise to the completaleterminants to the wave function. As a result, the DDCI3
active space self-consistent field CASSCH wave calculated values of the magnetic coupling constant are in
function®® The CASSCF method provides the best attain-excellent agreement with available experimental dafdAan

able solution for the given active space, but lacks electroniexhaustive comparison of the performance of DDCI and
correlation effects external to the CAS that have been show@ASPT2 in predicting the magnetic coupling constant of a
to be important in determining bothandt.2°2®°This con-  wide family of systems has been reported recefifiyrhe
clusion is supported by a many studies in different com-number of determinants included in the DDCI3 list is
pounds including ionic perovskites, spin ladders, spin chains308 573 and 204 273 for the singlet and triplet using the
and HTSC's2%37-41:56-08g|ectronic correlations for excita- ANO basis. For the RECP basis the number of determinants
tions out of the CAS have been accounted for by theis 335974 and 222 427, respectively. Therefore, any differ-
CASPT2 (Refs. 102-10#tand DDCI (Refs. 105 and 106 ence between these two basis is more likely to be due to a
approaches. The CASPT2 method takes the CASSCF atfifferent description of the orbital shape rather than due to
zeroth-order wave function and estimates the remaining padifferent treatments of electron correlation.

of the (mainly) dynamical electron correlation effects by

second-order perturbation theory. On the other hand, the

DDCI scheme is based on the understanding that on a Cl C. Broken-symmetry-based methods

expansion many determinants equally contribute to the cor- The second families of methods are all based on the bro-
relation energy of the two electronic states involved in thexen symmetry approach. In the case of using a cluster model
energy difference. Therefore, it is possible to select only thgg represent the material, a single Slater determinant is used
determinants that contribute to the energy difference betweeg, gptain solutions foS,= 1 and forS,=0; none of them is

the states and include only those in the Cl expansion. Frorg rye spin eigenfunction. In part, this is because different
the list of determinants constructed by single and doubl&patia| orbitals are obtained for the spin-up and spin-down
replacements from the determinants in the reference spacgyinorpitals. Quantum chemistry refers to these methods as
usually a CAS that represents the Anderson model, a selegpin ynrestricted, whereas solid-state physics defines them as
tion is made based on arguments from quasidegeneraig,in pojarized. Thé,=1 solution is usually a good approxi-
sepond-order pert_urbatlon theory. ForO% system with tWo Unpation to the triplet state, but the solution wigg=0 is a
paired electrons, it has been prov®d®that in case of @ proken symmetry one with energy midway between the sin-
degenerate reference space only the determinitshat et and triplet state®2° The simplest of these methods is

fulfill the condition the unrestricted Hartree-Fo¢k/HF) which can be regarded
A A as an approximation to the CASCI or CASSCF metfitf.
(IH|K)}K]|H|J) UHF calculations can also be carried out for a periodic sys-
T Ex—E, 0, ) tem and here the ferro- and antiferromagnetic solutions are

those needed to obtain the magnetic coupling constant. In the
with [y and |J) two different determinants belonging to the present work we have carried out periodic UHF calculations
CAS and|K) ¢ CAS, contribute to the energy difference of for La,CuQ,, Nd,CuQ,, CgCuO,Cl,, and SyCuO,F,
the states involved. It can be easily shown that this conditiotHTSC’s and the related compound,SuO,Cl,. The peri-
selects determinants involving at most two orbitals outsidendic calculations have been performed by using the supercell
the CAS. The complete diagonalization of the resulting Clapproachdouble cells of the primitive crystallographic cell
matrix is usually referred to as DDCI2. For most real sys- To improve the UHF description requires to include elec-
tems the selection condition does not apply strictly and evetronic correlation effects and this can be accomplished in
if the DDCI2 method gives very reasonable results it systemdifferent ways. In solid-state physics, density functional
atically underestimates the magnitude of the magnetic coutheory is the commonly used approach although it has also
pling constant®*¢-%However, it has been shown recently been used in the study of molecular systefRef. 80 and
that adding some well-defined set of determinants to theeferences thereinHowever, one must keep in mind that the
wave function gives an important contribution to the energycommonly used local density approximation to DFT dramati-
difference between the states of intef®’ These extra cally fails to predict the antiferromagnetic ground state of
determinants involve at most three orbitals external to thestrongly correlated systems such as the HTSClskewise,
CAS; the resulting method is labeled DDCI3. Calzadothe improved version of DFT, termed the generalized gradi-

224521-6



EFFECTIVEt-J MODEL HAMILTONIAN PARAMETERS . .. PHYSICAL REVIEW B 65 224521

ent approximation(GGA), does not completely solve the TABLE I. Magnetic coupling for selected HTSC's, as obtained
LDA failure to describe magnetic systems. It has been sugfrom periodic and cluster model calculations. Also included is the
gested that a straightforward remedy of this deficiency is théelated compound SEuQ,Cl, for completeness. Positive values of

use of hybrid functionals. These methods have been sugkcorrespond to antiferromagnetic coupling.

gested by BecKé® and include a part of Fock exchange to

improve the prediction of thermochemical properties. Martin o J (meV)
and lllas have also shown that hybrid functionals largely im- ~ Compound Periodic model Cluster Model
prove the description of magnetic coupling in ionic solids Nd,CuO, 33.4 318

with localized sping? thus providing an alternative to GGA

. . : La,CuQ, 36.1 38.3
techniques. Following Martin and lllas, we have used several
. . ) . avE SKLCuO,F, 33.7 34.9
hybrid functionals starting with the semiempirical B3LYP
functional’* which contains~20% of Fock exchange. The CaCuoCly L7 82.5
’ , SrLCuO,Cl, 285 29.1

other hybrid approaches used in the present work follow the
strategy of Martin and Illag® These approaches mix Fock
and Dirac-Slater exchange functionals with the LDA corre-
lation functional. By tuning the parametérbetween 0 and
1, we can follow the progression from the pure LDA to pure
HF exchange always maintaining the LDA correlation part:

ship between the critical temperature at optimum doping and
the J/t ratio.

A. Comparison between cluster and periodic results

Exc=(1— 8)Eg™% SEFF+ELDR. (10 The representation of an extended system by means of a
cluster model does always pose the problem to know to
The choice of LDA for the remaining exchange and forwhich extent does the model resemble the infinite system for
the correlation contribution is that this permits to clearly dif- the considered properties. Obviously, this depends very
ferentiate the effect of Fock exchange without having to refemuch on the physical property one is interested in. In the
to external parameters and to particular forms of thecase of magnetic coupling it may be argued that the effective
gradient-corrected functionals. Moreover, the effect of themagnetic coupling parameter is a local two-body operator or
selected correlation functional on the calculated magnetithat collective effects largely influence it. A fairly large
coupling constant is rather small and the same occurs for themount of work has been devoted to answer this question by
DFT part of the exchange contributidhAmong the several comparing periodic to cluster calculatidh§’ or by using
possible mixtures we report here results for 35% and 50% o€luster models of increasing si?®.From these works it
Fock exchange, respectively, and denote these approachesseems quite clear thatis indeed a local properft). Never-
Fock-35 and Fock-50. Notice that the latter is close, but notheless, it is appropriate to further verify the validity of this
identical to the half-and-half functional proposed by hypothesis at least for some of the compounds considered in
Becke!!® the present work. Following the strategy of previous
The CASSCF and CASPT2 calculations have been camork®®—>® we compare the value of the magnetic coupling
ried out using thevoLcas 4.0 packagé!® and CASCI and constant obtained from cluster and periodic UHF calcula-
DDCI were carried out by means of thespi codé!®!”  tions carried out using the basis sets reported in Sec. IV A.
coupled either tavoLcAs (Ref. 118 or to the PSHF-CIPSI The results for the magnetic coupling constant of
packagé'® depending on whether the ANO basis or the Hay-La,CuQ,, Nd,CuQ,, and SyCuO,F,, CaCuO,Cl, and
Wadt ECP and basis was used. The broken symmetry UHBr,CuO,Cl, are reported in Table I. It is worth mentioning
and DFT calculations were performed by means of thehat for LaCuQ, the present value is in full agreement with
GAUSSIANIS suite of program&2 Finally, the periodic UHF  the previous work of Set al?! as expected from the close
calculations have been carried out using ttrRysTAL-98  similarity between both calculations. The analysis of results
computer codé® in Table | shows that the influence of the model—periodic or
cluster—on the UHF value of the magnetic coupling con-
stant is fairly small. The difference between thealue ob-
tained by the cluster and the periodic model does not exceed
In this section we comment the results obtained by the2.5 meV or 8< 10" ° hartree. This is an energy value which
different methods and models for the magnetic coupling conis almost within the numerical accuracy of the method and
stant and for the electron charge transfer integral. In order ttkely to be due to the use of a different GTO basis set rather
facilitate the reading and the comprehension of the larg¢han to a different description of the physical phenomenon
number of results included in the present paper the whole setue to the use of different material models. Therefore, it can
of results is discussed in well defined and separated partbe safely concluded that, as far &$s concerned, the em-
First, the comparison of cluster and periodic calculations perbedded cluster models used in this work provide an adequate
mits to validate the cluster model. Next, the state-of-the-artepresentation of the HTSC'’s under study. However, com-
DDCI method is used to preditandJ values for a larger set parison to available experiments reveals that the UHF calcu-
of HTSC's. In a third subsection we report the resultstfor lated values provide only a rough estimate of the measured
and J which are obtained by means of the DFT methodsvalue. Unfortunately, the experimentalis only known for
Finally, the fourth subsection is devoted to study the relationthree compounds of the list; those are,8d0,, La,CuQy,

V. RESULTS AND DISCUSSION
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TABLE Il. Magnetic coupling values for the series of HTSC’s, TABLE lll. Magnetic coupling values for the series of HTSC's,
as obtained from the CASCI method and two basis sets. Positivas obtained from the DDCI3 method and two basis sets. Positive
values ofJ correspond to antiferromagnetic coupling. values ofJ correspond to antiferromagnetic coupling. Available ex-
perimental data are included for comparison.

J (meV)
Compound ANO RECP J (meV)
Compound ANO RECP Expt.
Nd,CuO, 245 23.9

La,CuQ, 30.7 315 Nd,CuQ, 149.9131.7) 126.3 125-6°
SrL,CuO,F, 28.0 27.9 La,CuO, 149.3150.%) 144.8 135 6°

CaCuO,Cl, 25.6 26.4 SKLCuG;F, 159.q151.6) 139.9

TIBa,CuO; 29.5 30.7 CaCuO,Cl, 148.4 138.6

Tl,Ba,CuQy 28.5 30.1 TIBa,CuO; 166.9 155.7

HgBa,CuO, 27.6 25.4 Tl,Ba,CuQ, 186.3 182.3

Bi,SKLCuO; 21.6 19.4 HgBa,CuQ, 164.0144.7) 136.2

Bi,Sr,CuQ; 114.0 108.3

and SsCuO,Cl, for which different techniques predict 125 a/alues obtained using a more extended basis for Cu and for the
+6 meV'?? 1356 meV?® and 125-6 meV>* respec- bb”dg'”g oxygen.
tively. Clearly, UHF underestimates the magnitudel dfy a CReference 122.
factor of ~4. Since both models provide equally good rep- Reference 123.
resentations of the HTSC’s, the difference with respect to

experiment must be attributed to electron correlation effect e:atr']?iml 'sl ext?“ﬁ'itly ta;l:eln tlintno af:;cotunth'll;he rema:][lnc? fd'rf_b
not included in the Hartree-Fock wave function. This is in'c cHa! El€Ctronic correlation etiect can be accounted for by

. : . adding to the CASCI wave function the determinants that
gu3|’| agreement with previous studies, e.g., Refs. 37, 40, 59(Eontribute directly to the energy difference followed by a
, and 78. ) A ) .
diagonalization of the corresponding enlarged CI matrix,
whereas in the second case electronic correlation is estimated
by means of some exchange-correlation functional. How-
ever, in all cases the effect of introducing electronic correla-
The UHF calculations do not include dynamical correla-tion is a large improvement over the values reported in
tion effects and, in addition, correspond to wave functionsTables | and Il. Overall, DDCI2 and CASPT2 do not bring in
without a definite multiplicity. The CASCI approach pro- enough differential electronic correlation and the correspond-
vides an equivalent physical description but using spinng values are still too small, but 50%—-60% and 75%—-80%
eigenfunctions. Clearly, the CASCI values bfare also too of the more accurate DDCI3 results reported in Table IIl. We
small (Table 1l) because the external correlation effects aremust point out that for a large series of compounds including
still neglected. Nevertheless, results in Table Il permit us tseveral HTSC's the DDCI3 values obtained using RECP and
obtain an estimate of the influence of the basis set used tihe corresponding basis appear to be remarkably close to
describe the electronic structure of these clusters. This igvailable experimental daf&’® Results in Table Il show
important because the CASCI wave function is very compacthat except for three compounds—}&uQ,, SLCuOF,,
and differences can only be attributed to the atomic basis sethd HgBaCuQ,—the values obtained with either basis set
and not to a different level of electronic correlation. The twodo not differ in more than 5%. However, for the above-
different basis sets lead to the same physical description evenentioned compounds the deviation is much larger and
at the quantitative level; the largest difference between botheaches 15% for HgB&uO,. The reason for this difference
basis sets is 2 meV only. On the average choosing one dras been assigned to the fact that in these three compounds
another basis set has-a1% effect on the CASCI value of either there is no apical ligand to the Cu atorfas in
The resultingJ values are comparable to, albeit slightly Nd,CuQ,) or it is very far away(as in SsCuO,F, and
smaller than, their counterparts in Table [; these differencesigBa,CuQ,). Since the ANO basis attempts to provide
have a twofold origin. On the one hand, they correspond to aearly atomic orbitals and these are an average from neutral,
different basis set and on the other hand results in Table s$ingly positive and negative Cu species, it is well possible
have been obtained by means of a spin-unrestricted methdbat the resulting atomic virtual lack flexibility. In the three
which unavoidably includes an uncontrolled part of elec-deviating cases this basis set limitation leads to significant
tronic correlation due to the introduction of spin contamina-inaccuracies on the final result df This interpretation is
tion. supported by the fact that the experimental valueJdg
Extensive inclusion of external electronic effects by theknown precisely for NeCuQ, [J=125 meV(Ref. 122] and
different methods described in Secs. IV C and IV D largelyit is close to the DDCI3 value obtained with the RECP and
improves the CASCI and UHF values, respectively. How-the corresponding basisl€ 126 meV). The comparison to
ever, we must emphasize that the approach followed in eadsxperiment is also possible for 4@uQ,, although in this
case is different. In the CASCI wave function, a part of thecase the two calculated valugist9.3 and 144.8 for the ANO
electronic correlatiorfusually defined as nondynamical cor- and RECP bases, respectivelire close to the experimental

B. Electronic correlation effects on the magnetic
coupling constant
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TABLE IV. Magnetic coupling values for the series of HTSC's, as obtained from different broken sym-
metry approache&f. Sec. IV Q. Positive values of correspond to antiferromagnetic coupling.

J (meV)

Compound UHF Fock-50 Fock-35 B3LYP LDA
Nd,CuQ, 31.8 71.2 141.4 139.1 654.3
La,CuO, 38.3 74.3 134.7 209.8 820.0

SLCUOF, 34.9 77.0 123.3 184.5

CaCuO,Cl, 325 76.7 127.7 190.6 702.3

TIBa,CuG; 42.0 88.9 138.2 195.1 895.6

TI,Ba,CuG; 35.9 85.9 137.1 219.3 760.7
HgB&CuO, 35.4 70.3 103.8 188.4
Bi,Sr,CuGQ; 38.3 69.7 112.1 309.3

value of 135-6 meV123 An alternative verification of the Magnitude. Martin and llldS have shown that the use of
interpretation given above is provided by additional calcula-gradient correlc:ZtE_)ed functional does not improve the results.
tions with the ANO basis set using more extended sets sucfghevreatet al.”= analyzed the charge density obtained from
as[6s,5p,4d] for Cu and[5s,4p,2d] for the bridging oxy- different mgthods and related'the. failure of the LDA and
gen or even larger sets. The calculated DDCI3 results foPGA to their excessive delocalization of charge density near
these three discordant compounds become 131.7, 151.6, alff nuclei. This incorrect behavior is remedied, in part, by
follow the trend observed for the remaining compounds. It isthe widely used B3LYP methods largely overestimates the
worth pointing out that enlarging the basis set does not pradnag%tUde of the coupling constant. Following previous
tically affect the calculated CASCI values, thus indicatingWork’” we have studied the dependence of the DF values of
that the different description between the two basis relied With respect to the amount of Fock exchange included in
mostly in the virtual space. To further confirm this unex-the Eyc functional. The results in Table IV suggest that
pected basis set effect calculations have been also carried dtck-35 is a reasonable choice. However, the calculated val-
for La,CuO, with this ANO extended basis set. The resulting UeS deV|ate_conS|derany from the DDCI3 values W|t_h differ-
magnetic coupling constant is almost the same obtained witBNCces ranging from-25 to +12%. Clearly, the choice of
the more contracted set. These calculations show that the u§@Cck-35 appears to be rather empirical, the amount of Fock
of ANO basis sets in this context needs to be handled wittfXchange to be included depending either on the existence of
special care. Nevertheless, it is worth pointing out the difﬁ_expe_rlmental or of accurate_calculated vglues. This fact dis-
culty to compute this elusive property. Hence deviations of acredl_ts the use of DF tech_nlques, especially of the LDA, to
few meV are not surprising, although being able to reach ®redict the magnetic coupling constants of HTSC's.
more quantitative description is also rewarding.

Next we turn our attention to the results that are obtained -
by means of the broken symmetry approach carried out at C. Hopping integral
different levels of theory. In Table IV we report a complete  The first problem encountered when computing the hop-
list of values obtained by means of the UHF, Fock-50, Fockping integralt is the difficulty to evaluate the accuracy of a
35, and B3LYP methods. The first obvious point concerns theiven result. This is because this quantity cannot be directly
close similarity between the UHF and CASCI values. This isobtained from experiment. Therefore, the error bars must be
not surprising and follows from the fact that UHF natural acquired by comparing methods of increasing accuracy and
orbitals are a good approximation to those obtained from @&xploring the effect of the parameters entering into a given
CASCI (or CASSCH wave functiont?* From a more physi- method. The discussion about the magnetic coupling con-
cal point of view the orbitals involved in the nondynamical stants have made it clear that DDCI3 is the best available
correlation contribution to the magnetic coupling constantmethod and that the influence of the basis set does not ex-
are precisely theg and u combinations of the Cuf_2) ceed 5%. It is reasonable to assume that DDCI3 will perform
orbitals and consequently exhibit fractional occupation num-equally good on the prediction df Table V reports the
bers in either the CASCI or the unrestricted natural orbitalsDDCI3 values oft obtained by using the RECP and ANO
The discussion concerning the DDCI3 has already made ibasis sets. In general, the values predicted by the two basis
clear that the difference between Ukt CASCI) calculated sets are of the same order of magnitude. However, those
J values and experiment lies in the electronic correlation efobtained by the ANO basis set are consistently larger than
fects. Introducing electronic correlation by means of a denthose obtained by the RECP basis by 10%—15%. The impos-
sity functional approach largely improves the results but thesibility to compare to experiment does not permit us to find
calculated values are strongly dependent on the choice of thaut about the accuracy of these results, and the difference
exchange-correlation function&,.. The dependence is so between calculated values has to be taken as error bars aris-
big that the LDA values are wrong by almost one order ofing from the use of a finite basis set.
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TABLE V. Hopping integralt values for the series of HTSC’s, |ess sensitive to electronic correlation effects. From second-

as obtained from the DDCI3 method and two basis sets. order perturbation theory arguments on the effective one-
band Hubbard Hamiltonian it follows thdt4t%/U, where
t (meV) U in the on-site two-electron repulsion Hubbard parameter.
Compound ANO RECP Therefore, accepting thadoes not strongly vary from com-
NG,CuO; 508 504 pound to compound one understands the enormous effect of

electron correlation on the magnetic coupling constant. It is

La,CuQ 623 549 . . .

S éua; 617 562 directly related to the fact thai is a two-electron effective

c 2C CT 623 573 parameter and hence enormously sensitive to the level of
3CUC,Cl, electron correlation treatment.

TIBa,CuQy 631 568

legazguge gég :iz VI. RELATIONSHIP BETWEEN THE ELECTRONIC
958U, STRUCTURE AND CRITICAL TEMPERATURE

Bi,SLCuO; 524 497

Following recent worf! we consider possible relation-
ships between the critical temperaturg and the electronic

The calculated results of the hopping integral do alscstructure parameters of thel Hamiltonian. To this end we
present a significant dependence on the computation&lave explored the correlation betwe&p and thet and J
method. However, this is much less than the one observeparameters. In particulaf, has been represented against the
for the magnetic coupling constant. The results in the previJl/t ratio obtained at the different levels of theory discussed
ous subsection clearly show that accounting for dynamicain the present work. However, a clear relationship does only
correlation effects leads to values dfvhich are larger than appear when using thteandJ DDCI3 values and either with
the UHF or CASCI one almost by a factor of 5. In the case ofthe RECP or ANO basis sefFig. 2). However, for the
the hopping integral the situation is less dramatic. In factDDCI3 values the critical temperature of these oxides fol-
UHF already provides a reasonable estimate of the hoppingws a quasilinear dependence &ft. In addition, this rela-
integral: the UHF values are too large compared to thos@onship holds within the computational incertitude foand
predicted by the more accurate DDCI3 method, but by a 509 discussed above and the experimental errorTor Al-
only. On the other extreme, the LDA predicts values whichthough the linear trend in Fig. 2 should be taken merely as an
appear to be too small when compared by DDCI3 and als@bservation, it permits us to rationalize the variationTgf
by almost 50%. The different hybrid functionals provide re-along a representative series of superconducting oxides in
sults that are midway between UHF and LDA. In particular,terms of a simple-J Hamiltonian. We have to point out that
Fock-35 seems to perform remarkably welee Table V). in spite of the existence of this linear relationship different

The fact that the hopping integral is less sensitive than th@uthors have demonstrated that terms not included i-fhe
magnetic coupling constant with the level of electronic cor-Hamiltonian can be relevaft:}?®The effect of the additional
relation treatment has several important consequences. It igrms in extended-J models has been studied at length by
clear that thet-J Hamiltonian parameters derived from the Martins et al,?’~2° especially in the context of stripe forma-
LDA or GGA are unbalanced because the correspontiing tion. The linear plots in Fig. 2 strongly suggests that these
has the right order of magnitude, whereh& wrong by a  terms do not seem to exhibit a strong control on the critical
much larger factor. In a limiting situation one may argue thattemperature of the material. In addition, White and Scalapino
tis not dramatically changing from compound to compoundhave also reported stripe formation within the standadd
and that it is almost constant. This is justified from the factmodel*?” From a linear fit it turns out that
thatt is an effective one-electron property and consequently

T (K)=969.1/t—197.7, (11a

TABLE VI. Hopping integralt values for the series of HTSC's, max
as obtained from different broken symmetry approadfuésSec. Te ™ (K)=674.0/t—134.9, (11b

IV C). For the BySr,CuQ; compound the absence of aln inversion | .t 52— 0 922 andR2= 0.956 for the ANO and RECP basis
center of symmetry does not allow the DFT calculation; aff. Eq. - .
. sets, respec.tlvely. In these regressions we exc_luded the Hg
compound since it shows the largest deviation with respect to
t (meV) the whole set of results. As shown in Refs. 128 and 129, the

Compound UHF Fock-50 Fock-35 B3LYP LDA uncertainty in T¢'® for HgBaCuQ,, but also for
Sr,CuO,F,, ™ is larger than for the other compounds con-

Nd,CuQ, 763 486 565 448 481 sidered in this study.

La,CuQ, 790 567 609 526 416 The existence of this correlation permits to make a reli-
Sr,CuQ,F, 781 406 622 618 452  able and straightforward prediction about the critical tem-
CaCuO,Cl, 956 584 610 529 477  perature of any hypothetical new monolayered superconduct-
TIBa,CuQ; 801 336 479 445 416 ing cuprate fromab initio microscopic parameters. In this
TI,Ba,CuQ; 764 676 659 571 481 sense, the absence of a superconducting transition in
HgBa,CuO, 756 499 565 496 452 SrL,CuG,Cl, is related to the limitations in doping the pure

compound since the present embedded cluster calculations
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9. FIG. 2. Relation between the critical tempera-
ture at optimum dopingT ¢, and J/t derived
from ab initio embedded cluster model calcula-

Tc (K) 60 -

tions for a series of higf~, superconductors with
almost noninteracting Cu-O planes in their crystal
structure.@ stands for results obtained with the
RECP basis set, where@ denotes results ob-
tained by means of the ANO bagis
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It

predict that this cuprate could be a HTSC. The predictedvith respect to the level of electron correlation introduced in
values for this compound correspondle 120 meV andt  the calculation. It has been shown thas almost equally
=510 meV, giving rise tal/t=0.234, which corresponds to described by all methods introducing explicitly or implicitly
an approximatel . of 27 K. Moreover, this correlation pre- dynamical correlation effects including perhaps the LDA.
dicts that, independently of the basis sét~0.20 is a lower  This behavior is related to the one-electron character of this
limit for the existence of highF, superconductivity. A limit-  effective parameter. However, the final value of the magnetic
ing value of J/t was also predicted from the finite lattice coupling constant appears to be extremely sensitive to the
Green’s Function Monte Carlo calculations of Boninsegnilevel of theory. The close similarity between the DDCI3 val-
and Manousakig® This conclusion is fully supported by the ues and available experimental data for a limited number of
presentab initio calculations which indeed provide accurate compounds provides additional support to the present inter-
values and error bars for theandJ parameters of the differ- pretation.

ent monolayered HTSC's. The accuracy of the present set of The accurate determination of theand J parameters of
parameters permits to suggest ti4t~0.20 is a more real- the t-J Hamiltonian by means of state-of-the-ab initio

istic lower limit value. In addition, we show that the highest techniques has two important outcomes. First, it suggests
T s attained forJ/t=0.34 and indicates that tha/t  that the appearance of high-superconductivity in existing
=0.35 ratio often used in model calculations is probably toomonolayered cuprates occurs withift in the 0.20-0.35 in-
high1?” Notice that theJ andt parameters defining theJ terval. This regime is in consonance with the assumptions of
Hamiltonian are assumed to be independer, dhe amount Many authors that have intensively used tteHamiltonian

of doping in holes per CuQunit. Therefore, the above- to study the properties and phase diagram of the
reported correlation applies for different levels of doping HT_SC’S?’ZLZQ’?_'?"%S'%The lower value is predicted to be a
since To= T (p—Popimun); it ONly affects the parameters  Critical lower limit for the existence of superconductivity,

defining the straight line in Fig. 1, but maintaiig=0 at and it is not far from previous estimates using completely
J/t~0.20. different approache®. Second, a simple and accurate rela-

tionship between the critical temperatures and these param-
eters is found. However, it is very important to realize that
VII. CONCLUSIONS this quantitative electronic structure versiysrelationship is

The magnetic coupling constant of selected cuprate supePn!Y @pparent when boti and t are obtained at the most

conductor parent compounds has been determined by meafigcurate DDCI3 level of theory.

of embedded cluster model and periodic calculations carried 't iS hoped that the relationship betwep and J/t will
e useful to assist the synthesis of new cuprates with even

out at the unrestricted Hartree-Fock level of theory. The good’. » :
agreement between both approaches permits us to firmly e8igher values of the critical temperature. The presgnini-
tablish the validity of the embedded cluster model approach©® values fort and J strongly suggest that the physical
which in turn permits us to use sophisticated configuration-meCh""mSms responsible for higl-superconductivity in cu-

interaction-based methods to obtain accurate values of thidates are implicitly accounted for in tieJ model Hamil-

quantity that require extensive incorporation of electronictonian with an interplay of exchange- and screening-

correlation effects. In addition, the cluster model approactnediated interactions in the pairing mechanisms.

provides a simple way to incorporate doping and hence to

obtain_accurate values of the hoppi_ng integral. A sysfcematip ACKNOWLEDGMENTS
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