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A series of accuratab initio calculations on CyO, finite clusters, properly embedded in the Madelung
potential of the infinite lattice, have been performed in order to determine the local effective interactions in the
Cu0O, planes of La_,Sr,CuQ, compounds. The values of the first-neighbor interactions, magnetic coupling
(Iyn=125 meV, and hopping integralt(,y=— 555 me\j have been confirmed. Important additional effects
are evidenced, concerning essentially the second-neighbor hopping irtiggyal +110 meV, the displace-
ment of a singlet toward an adjacent colinear hdxigt’g: —80 meV, a non-negligible hole-hole repulsion
Vun— Vunn=0.8 eV, and a strong anisotropic effect of the presence of an adjacent hole on the values of the
first-neighbor interactions. The dependencelqf, and tyy on the position of neighbor hd® has been
rationalized from the two-band model and checked from a series of additmaitio calculations. An
extendedt-J model Hamiltonian has been proposed on the basis of these results. It is argued that the here-
proposed three-body effects may play a role in the charge/spin separation observed in these compounds, that is,
in the formation and dynamic of stripes.
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I. INTRODUCTION
Hz% Jan: (Sa- Sp—1/4)

The insulating cuprates, such as,CaQ,, which are the
undoped parent compounds of the high-superconductor
La,_,Sr,CuQ,, are known to present antiferromagnetic cou-The adequacy of such a simple Hamiltonian to incorporate
plings between nearest-neight®N) copper centered sites the physics of the problem is questionable. Hopping between
in the CuQ planes. Raman and neutron-diffraction experi-second-neighbor sites,, may be non-negligible. When one
ments evaluate this coupling to be aroufigh=130 meV derives thet-J Hamiltonian from the Hubbard Hamiltonian,
[128+6 meV1? 134+5 meV3~ respectively. Neverthe- three-site operators moving a singlet-coupled electron pair
less, the corresponding simple Heisenberg Hamiltonian dodeward the hole appear at second order of perturbation
not reproduce entirely the features of the Ramartheory, scaling as thayy operator, i.e., at/U. The trans-
spectrui~** and additional effects such as second-neighboferability of Jyy from the undoped to the doped material is
magnetic couplinglyyy and four-spin cyclic exchange have Not guarantegd, the presence of a .neighboring hole may af-
been invoked?~1> While an upper bond fo8yyn (| Innnd fect the coupling of two adjacent spins. The hole-hole repul-

<9 meV) has been given from Raman experiméhte sionV;; is likely to play a role, influencing the mean distance
amplitude of the four-spin operator in this kind of com- between the holes. Different extensions of thé model

pounds is a matter of discussion. Previous works have shovx}ﬁave been employed in numerical simulations, for instance,

’ 27-29 R
that this cyclic operator corresponds to a fourth-order term ift'-J (Refs. 23-2or t-J-V, but the values given to the
the perturbative expansion of the Hubbard model Hamil_parameters are rather arbitrary, varying widely from one au-

. ) 4 113 . thor to the other, the main objective being to exhibit quali-
toman, Sca"”9 aS,MNN/ U=, whgre NN |s.the neares.t- tative collective effects. Among them the experimental evi-
neighbor hopping integral and is the on-site Coulombic  jence of the occurrence of stripes have focused attention in
repulsion, withA =40 (Refs. 16 and 17or A=80,*"de-  ihe recent pasp
pending on the formal writing of the Hamiltonian. The goal of the present paper is to bring useful informa-

Regarding the hole-doped material, where the conductiofion regarding the local effective interactions in undoped and
takes place in the Cufplanes, the holes can be seen ashole-doped cuprates. To obtain them, the most accurate tools
centered on copper atoms with large tails on the four neighef ab initio quantum chemistry will be used. The method
boring oxygen atoms. They move from on site to an adjacentonsists in considering few-site clusters, properly embedded
one through the effect of a hopping operator of amplitudein the field of the periodic environment, and to calculate the
tnns for which there is no direct experimental evaluation, butlow part of the spectrum using the exact Hamiltonian, large
values around-0.5 eV are considered as reason&Bl®ne  basis sets, and extensive configuration interactioh ex-
of the most widely employed model Hamiltonians for the pansions. From this spectrum it is possible to fix the ampli-
interpretation of the properties of these materials, through &des of the effective interactions. The procedure has been
hole-pairing mechanism, is the so-calte@imodef*??which  successfully used to calculate the NN magnetic coupling in a
combines spin coupling and hole hopping: series of perovskites, among them LgCuQ, for which a

+tyn- (alay+aja,+s.c)8(na+ny,1). (1)
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value of Jyny=130 meV is obtained. Similar calculations of For an undoped cluster involving Cu atoms p sites, it is
the hopping integral in the hole-doped systets (-0.57  possible first to obtain from variational calculations a set of
eV) have been also reportéti>® These calculations con- molecular orbitals containing doubly occupied MQtre),
cerned symmetrical two-site clusters, for which the determiunoccupied MO’s(virtual MO'’s), andp MO’s with essen-
nation ofJy andtyy is straightforward from the two lowest tially single occupation, which define thab initio one-
eigenvalues. This is no longer the case when one consideedectron valence spacgg;} in Fig. 1. A unitary localizing
larger clusters to extract additional parameters, concerningansformation of thg@ symmetry-adapted orbitals will pro-
next-nearest-neighbdNNN) interactions, neighboring-hole vide equivalent localized orbitalg’,b’,c’, .. .} which can
dependence afyy andtyy, hole-hole repulsions, and four- be seen as in strict one-to-one correspondence with the im-
spin cyclic operators. Their achievement requires some addplicit valence orbitals of the model Hamiltonian. This local-
tional mathematical tools such as the Bloch definitfoof izing unitary transformatiot may be evident by symmetry
effective Hamiltonians and localization procedufésr in-  or defined by a localizing functional, for instance, the Boys
stance, the Boys methtl The methodology will be ex- criterion (see Sec. Il A, ab',c’, . =Uhep,eqs - )
plained in Sec. Il. Section Il will present the results concern-Fixing a double occupancy of there orbitals, and putting
ing the four-site square plaquette and three-site linear clusterlectrons in the valence localized orbitals, avoiding their
with different number of electronéholes. Calculations per- double occupation, localized neutral determinafs ..},
formed on undoped clusters provide the values of the NNare obtained which are in correspondence withrifeectron
NNN, and next NNN magnetic couplings. Also the ampli- basis of the model Hamiltonian. These localized neutral de-
tude of the four-spin cyclic exchange for this compound haserminants can be written as
been established. Hole-doped clusters give informations
about the hopping integra(®N, NNN, and next NNN, the @i 1oc=|core (a’b’c’ ...)|*S, 2
singlet-displacement operator and the dependence of the
first-neighbor interactionghopping integral and magnetic WhereS; is one of theC'* spin distributions on the various
exchangg on the number and relative position of the adja-active localized orbitals. These determinants define a model
cent holes. Section V presents a rationalization of the anisospace(of projector Ps, Ps=32|¢/ ,)(#{ ocl)) for the ab
ropy of the effect of holés) in the vicinity on the values of initio calculations. LelNg be the dimension of that spa&e
Jyn andtyy and reports additional exploratory calculations The information obtained by the most refinal initio cal-
to evaluate the dependence of the bicentric parameters on tlealations will be extracted according to the theory of the
hole positions. Finally, Sec. VI summarizes the results, proeffective Hamiltonian proposed by Bloéh. When one
posing a refined-J model, and discusses the possible effectknows theNg eigenstated’ ,, having thelargest projections
of the additional operators on the charge/spin distribution oron the model spac@vhich constitute the target space, stable
the lattice, with possible consequences for the stripping phesubspace oH¢,,.) and their eigenvaluek,,, the effective
nomena. Hamiltonian is such that its eigenvalues are the exact ones,
and its eigenvectors are the projections of the exact eigen-
vectors onto the model space:

p/2

Il. METHOD off
He" PP Y=EPsV.), m=1Ns. 3
A. Mapping of a model Hamiltonian on an ab initio effective | s m> ml S m> S ®
Hamiltonian The spectral definition ofi®'f is

For such materials the unpaired electrons are essentially
located on Cudx?—y? in-plane atomic orbitals, with non- He=> |PeW ) E (P, (4)
negligible delocalization tails on the adjacent oxygen atoms. m

Such Cu-centered orbitals will be label¢d,b,c, ...}. In h Py is the biorth | ¢ . ¢
the doped material the hole has much larger delocalizatiorlv ere [Ps¥y) is the biorthogonal transformation o

tails on O 2 orbitals, but as shown by Zhang and Rigg?  |Ps¥m). Actually the projectiongPs¥y,) of the (orthogo-
it remains possible to work within a one-band model Hamil-"&) states¥',, have no reaso(except for symmetry reasons
tonian, the precise nature of its valence orbitals being im!C P€ orthogonal; they define an overlap masix

plicit. For a finite cluster involvingy centers andh=<p un-
paired electrons, the model Hamiltonian acts in the subspace Smn=(Ps¥m|Ps¥y), (5)
spanned by the localized d_eterminaﬂbts containing a com-  gnd the biorthogonal vectors are defined by

mon frozencore andn active electrons. The double occu-

pancy 'of th'e active orbita!s of these localized dgterminants iS |Ps¥y=5"1PgW ). (6)
prohibited in both the Heisenberg and thé& Hamiltonians.

The ab initio calculations handle a large number of The values of the norms of the projections, i.e., the diagonal
atomic orbitals, symmetry-adapted molecular orbitalselements of matrix, give an indication on the quality of the
(MQ'’s), and expansions of the wave functions on millions ofdescription of these states by the truncated spac&he
determinants. Nevertheless, it is possible to construct fronmodel space and the exact eigenstates must be in strong cor-
these calculationab initio effective Hamiltonians which are respondence, i.e., one must choose both spaces so that the
in one-to-one correspondence with the model HamiltoniansvectorsV ,, have the largest projections on the model space.
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Then one may express this Hamiltonian on the basis ohegligible additional interactions are not present. Figure 1
the localized determinants; ..} written in terms of the summarizes the whole process. Changing the size of the
orbitals{a’,b’,c’, ...} and the matrix elements cluster, for instance going from a two-center/one-electron

problem to a three-center/two-electron one, one may check

, , , , the consistency of the procedure and the transferability of the
<¢i,|0c| HEH| ¢j,|oc> = % <¢| ,Ioc| PS\I’m> Em< PS\PI’LH| ¢J ,|0C> effective interactions_

)
can be identified to the matrix elemeritg;|H|¢;) of the B. Computational details
model Hamiltonian. Since the symmetry-adapted delocalized The widely used embedded cluster technique has been

determinants ¢, gioqt are Ijnear combinations of the local- ompioved to model the systetr:*2 Finite clusters of the
ized neutral determinantsp; |}, constituting two basis sets e CyO, (CusOyp and CyOy,, Fig. 2 have been se-

of the same model space, lected, where theg oxygen atoms are the first in-plane neigh-

bors of thep Cu atoms.(Previous calculations have shown

|¢i’deloc>:2 di W Dk 10c)s (8)  that the explicit involvement of the out-of-plane oxygen at-
' k ’ oms does not change the values of the in-plane

interactions’>®3 The first shell of atoms surrounding the
cluster have been replaced by formal charges with pseudo-
potentials, in order to mimic the Coulombic and exclusion
(o] |OC|PS\Pm):2 (o] |OC|¢]-" delod Cmj.» (9  effects. The rest of the lattice has been modeled by means of
J point charges, which values have been fixed according to
i o ' ; jen’ d'® and which correctly represent the Made-
wherec, ; is the coefficient of th¢é, 4ejo determinanton EVIEN's method, frectly represe
the |Ps¥,,) wave function. !ung potennal of_the crystdlt This is a simplified approa_ch
in comparison with more elaborate methods proposed in the
In principle the effective Hamiltonians may be non- literature?®®
Hermitian but the hermitization is straightforwaitl.The The ten most internal electrons of Cu atoms have been
comparison between thab initio effective Hamiltonian and represented by effective core pseudopotentials, the valence
the model Hamiltonian fixes the amplitudes of the integralselectrons being treated explicitly with tripleeta basis
appearing in the latter and allows one to verify whether nonsets*® A doublezeta basis set has been used for oxygen

it is not difficult to calculate the overlap:
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(a) Undoped cluster (b) Hole-doped cluster

Ol

FIG. 3. Localized active orbitals for the plaquetfe) for un-
doped systems, centered id,3_ 2, with important tails on the four
in-plane neighbor oxygen atomsb) for hole-doped systems a
strong 3—2p rehybridization takes places, theg Zharacter in-

FIG. 2. Representation of the clusters employed inabénitio  creases sustantially with respect to the undoped situation.
calculations. (a) the plaquette CiOy,; (b) the linear cluster
Cu30y0. The first-neighbors of the cluster atoms have been alsqeighbor (NNN) interactions, and also the four-spin cyclic
included. They have been modeled by means of the combination (éxchange. Third-neighbor interactio@NNN) has been es-

a pseudopotentia! and a pOInt Charge, to mimic both the eXClUS|Oﬂmated by means of the Calculatlons Carrled out |n a ||near
and the Coulombic effects. three-site clustef Cu;0;0, Fig. 2b)]. Comparing with the

. o _ ) ) results obtained from the plaquette and previously studied
atoms,” preliminary calculations on bicentric clusters have pinyclear clusters, it is possible to check the dependence of
shown that the inclusion of polarization functions on théthe NN interactions on the size of the fragment involved in
bridging oxygen atoms has not an important effect either ofne ap initio calculations.
the magnetic coupling or on the hopping integral. Three fillings of thevalence shelhave been considered in

For undoped clusters, the restricted-spin open-shelhrder to evaluate the dependence of these interactions on the
Hartree-Fock calculations variationaly define the singly ocole concentration. Undopedour center/four electron and
cupied magnetic orbitals. These orbitals define a minimajpree center/three electron problépne hole-doped (&¥3e
valence complete active spa@@AS). From this space itis  ang 3:/2¢), and two hole-doped @2e and X/le) situa-
possible to calculate the spectrum through a difference dediiong have been analyzed. From the systems with two holes
cated configuration interactioDDCI) procedur€” which i, the valence shell, it is possible to extract the amplitude of
implies all the simple and double excitations on the top ofthe nole-hole repulsions, an important magnitude for the
this CAS, except the double excitations from t@eto the sty of the hole pairing mechanism. It is worthwhile to
virtual orbitals, which do not contribute to the energy differ- notice that the here-referred hole dopings are not in corre-
ence at second-order of perturbation theBry. spondence with the total doping of the lattice, induced by the

An alternative solution consists in defining an enlargedreplacement of L&3 by Sr*2. A change in the occupation of
CAS including the on-bond (2 orbital of the bridging oxy-  the valence shell of these small clusters just inducks:al

gen atoms. These ligand-centered orbitals are the most pajgle doping, which provides information about thecal
ticipating on the intersite spin-exchange and electron transfet, o difications of the effective parameters.

processe&® Performing all the single excitations on the top
of this extended CAS, which corresponds to the two-band
Hubbard model space, one introduces dynamical polarization
effects, i.e., screening by the nonactive electrons, at lower In the plaquette, the four symmetry-adapted valence orbit-
computational cost than the preceding computationafls belong to theA,,, E,, and B4 representations in the
scheme. For such type of systems, the equivalence of th@sn group. The localizing unitary transformation is straight-
DDCI procedure on the top of the small CAS and the singleforward since
excitations on the top of the enlarged CAS, including the

A. Localization process

most relevant ligand orbitals, has been illustrated on the ajg=(atb+c+d)/2, (10
La,Cu0Q, system(using a CyO; cluste)***°and on oxalato- B
bridged Cull) complexeg®>° €un=(athb=c—d)/2, 1D
8y2)=(a—b—c+d)/2, (12
lll. AB INITIO CALCULATIONS ON THE PLAQUETTE
AND THE LINEAR CLUSTERS blg=(a—b+ c—d)/2. (13

As was mentioned above, two different clusters have beeRigure 3 pictures one of these four localized valence orbitals
used to extract the effective interactions. A four-site squaréor undoped and for the doped plaquettes, showing the strong
cluster (plaquettg¢ of formula CyO,, [Fig. 2@)] has been localization of the magnetic orbitals and tte- p hybridiza-
employed in order to determine the fir¢$NN) and second- tion occurring in the hole-doped systef§s>44:51
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TABLE I. Magnetic interactions in undoped and hole-doped
clusters(in meV).

JINNN JaNNN

Undoped clusters

124

Exp. 128460, 134£5¢

Doped clusters

156

94

10

8A value of Jyy=130 meV has been previously report@efs. 32
and 33, where polarization functions have been included in the
basis set of the bridge oxygen atom.

PRefs. 1 and 2.

‘Refs. 3-5.

Ref. 5.

In the linear cluster the localizing transformation of the

PHYSICAL REVIEW B 63 214520

X
2

| t t |

FIG. 4. Cyclic permutation of the four spins on the plaquette,
showing the action of th& operator.

cluster and it is in agreement with both the previously deter-
mined Jyy in the binuclear cluster, by usingp initio con-
figuration interaction techniqu&s®34° or the density-
functional theory’? and the estimations from Raman and
neutron-diffraction experiment§128+6 meVy!? 134+5
meV2~° respectively. This independence afyy with re-
spect to the size of the cluster is in accord with the previous
work of lllas et al,** performed at a level which only recov-
ers 70% of the experimental value &fy (see also Ref. 39
due to the neglect of the polarization effects of the ligand to
metal charge-transfét. MCT) forms in the CI calculations.

The coupling between second neighbdggy is also an-
tiferromagnetic, with a value ofyyny=6.5 meV in accor-
dance with the experimental upper limityyy<9 meV?>
The ratio of the NNN and NN interactions is
Junn/Inn=0.052, in good agreement with the value ac-
cepted by Lorenzanaetal’® in numerical simulations,
Junn/Inn=0.04. A negligible antiferromagnetic coupling
has been found between Cu atoms placed aRalBtance
(third neighbors, next NNN J,ynn=1 meV.

Finally, the calculations on the plaquette provide a non-
negligible value for the four-spin cyclic exchangelko& 14
meV. The four-body operator can be written as

HK=K<%> [(S-$)(ScS)+(S-S)(S- S~ (S-S

X(S-S) ] 14

This operator produces the cyclic permutation of the four
spins on the plaquetté~ig. 4) plus ordinary two-spin ex-
changes of all the pairs of spins of the plaquette including
those of the diagonals. Its value is somewhat smaller than
some estimations used in numerical simulatith's;® but
larger than the critical value,K(/Jyn).=0.05=0.04, esti-

three magnetic orbitals is no longer imposed by the symmemated by Sakai and HasegaWdor the appearance of a

try. Two of these orbitals¢y, ¢4) belong to theA irreduc-
ible representation and the other ong,) to the B;, sym-
metry. The rotationU, which transforms thg¢g,¢q, ¢y}
into the localized sefta’,b’,c’}, has been performed accord-

magnetization plateau at half the saturation value in$he

=1 antiferromagnetic spin ladders. In spite of the smallness
of the here-proposed value of the four-spin cyclic exchange,
it could affect the fitting of the experimental data, as it hap-

ing to the Boys criteriof> which maximizes the distance P€ns in the two-leg spin ladders in thegla;CuyO,; Sys-
between the centroids of the orbitals. An alternative localizal€M. Where the best fit to the experimental data of the

tion criterion, the minimization of the direct exchange inte-
gral K,., leads to the same rotation.

B. Magnetic interactions

—Q dispersion is obtained when a value of the cyclic ex-
change about 10% of the main Cu-O-Cu linear exchange is
included into the Hamiltoniar®

When a hole is introduced in the cluster, the NN magnetic
coupling is influenced by its presence, but in different direc-

Table | reports the results obtained from the plaquette antlons depending on the relative position of this h@lable ).

the linear clusters for the magnetic coupling, involving dif-
ferent fillings of the valence shell. For the undoped cluster
the first-neighbor magnetic couplidg,y is ~ 125 meV. The

Thus a hole in a colinear position to the two NN spins
creasesthe coupling between these two spiffsig. 5a)].
However the NN magnetic couplindjminishesf the hole is

calculated value is independent on the size of the considergulaced in a position perpendicular to the bdrg. 5(b)].
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LT LT

a b

FIG. 5. Relative position of two coupled electrons with respect FIG. 7. Relative position of an electron delocalized between two
to an adjacent holda) colinear position(b) perpendicular position. adjacent sites, with respect to an additional hé:perpendicular
situation;(b) colinear situation.
The same trend is observed in the plaquette when a second
hole is introducedJyy being 94 meV, to be compared with p o
Jun=104 meV in presence of one hole afigy=125 meV
for undoped systems.

, scaling asgd/AE%T, with opposite sign. Since the
third-order contribution is expected to be larger than the
fourth-order one, the resulting sign gfyy is positive.

A moderate amplitude of the hopping integral between

C. Hopping integrals third neighbors (,ynn. distance R) has been extracted

As in the case of magnetic interactions, the first-neighbofrom the calculations on the linear cluster. The extension of
hopping integral () is also independent on the size of the this coupling is controlled by through-bond interactions, but
cluster(Table 1), a value of—558 meV has been found in in contrast with the plaquette, the third order contribution
the one-hole-doped linear cluster,552 meV in the one- Will be negligible ¢,,~0) and only fourth-order processes
hole-doped plaquette anet555 meV in a previously re- can be written here, smaller in magnitude and with an oppo-
ported binuclear clusté?33This value is in accordance with Site sign with respect toyyy-

a generally accepted value of500 meV for these When an additional hole is introduced in the system, the
compound® (for instance,—570 meV by Wanget al.>* NN hopping integral is unchanged when the hole is placed in
—650 by Martin®* —400 meV by Hybertseet al ). a perpendicular position to the bofigy= —558 meV in the

An evaluation of second- and third-neighbor hopping in-two-hole-doped plaquette, Fig(af], but its absolute value is
tegrals results from our calculations. The NNN hopping in-augmented when the hole is placed in a colinear position to
tegraltyyny=+ 112 meV is unexpectedly large. The sign is the bond[tyy=—600 meV in the two-hole-doped linear
in agreement with the negative overlap of the active orbital§luster, Fig. Tb)]. The presence of the extra hole does not
placed at a/2R distance, but its magnitude is large due toinfluence significantly either the second-neighbdg
through-bond processes, which involve the oxygen atoms: T 130 meV to be compared withh 112 meV in absence of
On the basis of the perturbation theofyuasidegenerated this additional holgor the third-neighbortgynyn= —36 meV
perturbation theory, QDPJ*%% considering the neutral Vversus—47 me\) hopping integrals.
valence bond as the model space &hylbeing the trace of
the Hamiltonian in the basis of the single determinants, there _ )
are two contributions to thiyy hopping integral. One cor- D. Singlet displacement operator
responds to a third-order contributioh, scaling as Additional information coming from these calculations
—tpp(tpd)z/AE%T, where t,q is the hopping integral be- concerns the singlet-displacement operélable IlI). It is a
tween the O p and the Cu 8 orbitals, t,,, is the hopping three-site/two-electron operator, which moves the pair of
integral between the ORorbitals, andAEct is the O 2 electrons, coupled in a singlet, toward a hole placed in a
— Cu 3d charge-transfer excitation energlyig. 6). Since  neighbor position. Thus a singlet on sis&ndb, the sitec
tops tpa, @andAEcy are negative quantities, the third-order containing a hole, is displaced to the positidnandc, the
contribution results in a positive magnitude. There exists aiole being ina (Fig. 8).
alternative pathway corresponding to a fourth-order contri- It can be written as

3rd order
FRTI FIG. 6. Pathways showing the third-
tha ° order and fourth-order perturbative contri-
{:}“ 7 butions to the second-neighbor hopping in-
+ tegral, tynn- On the corner, a schematic
representation illustrating the hopping pro-
yi —— cesses between oxygen and the metal at-

oms ¢,q) and between two adjacent oxy-
gen atoms {,,), and precising the sign
convention.
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TABLE II. Hopping integrals. Dependence on the presence and TABLE lIl. Singlet-displacement operatgm meV). Effect of

the position of an additional holgn meV). the presence of a second hole in the neighborhood of the singlet.
tNN ENNN tANNN hg.—D hg'D
t +
o ° 1 Hole-doped clusters
1 Hole-doped clusters S
"""" S
5559 { 0
... ».
t + 4 4 ¥
2 -80
-558 47
?,. ‘+ - ,
' ' ' + v +
-552 +112 41
t + + t + +
2 Hole-doped clusters ——= ’—'—f 2 Hole-doped clusters
600 36
*.,. . ' R
; + +
¥ + i +
-558 +130 37

8Refs. 32 and 33.

E. Hole-hole repulsions
ol — g — — -
h3pl|ab—ab)(bc—bc|+[bc—bc) The absolute value of the hole-hole repulsion is not ac-
cessible, but the effective Hamiltonian gives the difference
between two situationgéTable 1V). From the plaquette, we

can extract the relative stability of two holes placed in NNN
where 6(n,+ny+ng,2) controls the fact that the three cen- positions with respect to two holes in NN:

ters bear only two electrons, i.e., that the singlet can only
move toward a hole. As for the preceding parameters, the Vaun— Vann=Vap— Vac=0.98eV. (17)

amplitudehaSbDC depends on the relative position of the hole.

When the singlet moves to a neighbor bond in the plaquette This is significantly larger than the values usually ac-
(i.e., the hole is placed in a perpendicular position to thecepted for simulation$’~2° One should stress the fact that
singlet bong, the value ish22°= —41 meV while it goes to this value takes into account the dynamical repolarization
hg%‘?z —80 meV when the hole is on the same axis as theeffects of all the atoms explicitly treated in the calculation,
singlet. The presence of a second hole in the plaquette doé€., the screening by the 12 in-plane oxygen atoms linked to

not affect the amplitude of the singlet displacemen§’f  the four Cu atoms of the plaquette. It misses the polarization

X (ab—ab|]8(ny+Np+ne,2), (15)

= —37 meV. of the rest of the environment. This effect can be evaluated
There exists also a small similar operator involving thetaking into account the polarization of a large surrounding
diagonal of the squareh@%d=9 meV), shell, with a value of the polarizability of the Oion, aq

=1.30 A%, This value has been obtained from a series of
bt (L T T _— finite-field ab initio calculations on an embedded Cu€us-
hspl|be—be)(bd—bd|+[bd—bd)(bc—be[]5(ny+nc ter and it is in agreement with experimental estimafeEhe
environment polarization energy corresponding to the situa-
+ nd,Z), (16) . ’ -
tion represented by; |, can be written as

moving the electrons as shown in Fig. 9. The value of this 1
operator in presence of a second hole is very close to the Eool( b 100) = —ZaoF 2(i"), (18)
preceding valueh$?=14 meV. PORTI0CT o eTuster 27 P
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where F(i') is the electric field created by the holes in mean electrostatic energy with the hole d&cr= 2/\5R

! 10c ON the position of atonp. Including the polarization =0.89R, i.e., the excitation energEc is increased by a

effects for the two situationéwo holes in NN and in NNN  small quantity,

positions results in a decrease of the hole-hole repulsion 0.04

difference toVyny— Vynn=0.80 eV which remains a rather , .

large value. Frhcl)h:”n tthI;\‘near cluster, it is possible to estimate AEcr=AEcr+ dEcr— dBo=AEcrt R’ (20

the energy gain obtained when placing two holes in nNNN

positions (distance R) instead of adjacent positioriglis-  Which should diminish slightly the absolute value of the hop-

tance R): Vyn— Vannn™= Vab— Vac=1.77 €V, with a final ~ ping integral. In contrast, for the situation of Figby, 6E,

value ofVyy— Vynnn= 1.47 eV once the environment polar- =3/4R and 6Ect=2/3R hence AEct=AEct—0.08R

ization effects have been taken into account. which should increase the absolute valug,ah agreement
These values ofiifferencesbetween hole-hole repulsions with our calculation.

may seem very large and most of the calculations introduc- This analysis is quite rudimentary, it neglects the possible

ing this repulsion in &J-V model usually take smaller val- €effects of the polarization of the orbitals on thg integrals

ues g<V<4J)?"~% when looking for the hole-pairing and rests on a crude evaluation of the electrostatic effects on

mechanism. The above calculated values are smaller than thiee denominatorgholes considered as centered on Cu sites,

corresponding electrostatic quantities calculated in a pointaeglecting their oxygen charactebut it seems to agree with

charge approximation:Vyy—Vynn=1.12 eV and Vy, the computed trends.

—V,nnun=1.90 eV. The delocalization of the holes on the

oxygen atoms should result in larger repulsions, especially 2. Magnetic coupling

for Vi since the two holes share an oxygen atom, and our The same kind of analysis may be attempted forXgg
values, which exhibit a significant screening, do not S€eMkoupling constant. In the two-band model, the spin exchange

unrealistic. between Cyand Cy results from an interaction through the
bridge oxygen atoms. In a first step an electron is transferred
IV. INTERPRETATION OF THE HOLE DEPENDENCE OF between the oxygen atom and one of the Cu atoms. In Fig.
THE ONE BOND Jyy AND tyy PARAMETERS 11 the open circle represents a bridge oxygen atom and

The two preceding sections indicate that the presence ocrlosed circles are the copper atoms as in Fig. 10. The top
pathway corresponds to an electron transfer between the oxy-

holes in the immediate vicinity of a bond may affect the
values of the spin coupling and of the hopping integral onde" and the Cyatom. On the bottom pathway, the oxygen

this bond, and that this effect is anisotropic, i.e., does no?lectron jumps in the opposite direction, toward the, Cu

only depend on the minimal distance of the hole to the atomftom' In absence of a hole in the neighborhood, both situa-

of the bond. Hence it seems important to rationalize thes jons have the same energ¥Ecr, =AEcr=AEcr.
effects if possible. In the next step, an electron is transferred from the Cu

atom (b in the top pathwaya in the bottom to the oxygen
atom. Notice that the resulting determinants are the ionic
forms|aal and|bb|, which energies); andU, correspond-

1. Hopping integral ing to the Coulombic repulsion of two electrons placed in the
same 3 orbital are equal in the undoped systeldy,=U,
=U. Following this perturbative development, the magnetic
coupling is a fourth-order quantity:

A. Rationalization from the two-band model

The rationalization of this anisotropy is possible in terms
of the two-band model. Thehopping integral results from a
second-order effedfFig. 10, t scaling as

t2 J —2td

pd NN pd
~ , 19 ML L 21
AEct 19 2 U(AEgp)? )

t

whereAEc+ is the 20 O to 3d Cu charge-transfer excitation . . . .
energy, that is, the energy difference between the charge Addlgg an exterrgaltho_:?e Vf\;'” ??rt] modify .the ileﬁt.roftat'c
transfer and the model space states. In presence of an adéle_ro-or erenergy, but witl afiect the energies of all interme-
. . . late states, so that the coupling becomes

tional hole, the energies of the model space determinants

and ¢, and of the intermediate charge-transfer stage will 4 4

be modified. The model space determinant energies are no JN_N: ~lpa i ~tpg i 22)
longer degenerate and one shall take their mean energy as the 2 AEZ;, Ui AEEZ,, U2
zero-order energy. Let consider now the effect on the bond

directed alongx of an adjacent hole placed either on the where the first term corresponds to the top pathway and the
direction, as occurs in the plaquette, or on thaxis, as in  second term to the bottom one. Notice that whN&q1;

the linear clustefFigs. 7a) and 7b), respectively. In the  =AEq1+ 8Ect; and AEc1,=AEc1+ 8Ec1, have no rea-
situation of Fig. Ta), the change of the zero-order meanson to be relatedJ,=U+ éU and U,=U— U whatever
electrostatic energy due to the holedg,=(y2+1)/2y2R  the outer charge distribution. The effective coupling is there-

=0.85R. In the corresponding charge-transfer state thdore

214520-8
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Ta b‘ hzl?): +a_ b? 1& b‘ h‘;b;' a bT
1d c+ 1d c¢ +d cT ¢d c+

FIG. 8. Schematic representation of the singlet-displacement op- FIG. 9. The singlet-displacement operator acting over the diag-

erator. The local singleab is displaced tobc, the hole moving  ©nal of the plaquette.

from c site toa site. ) 2
This effect scales agy,\/U’, where U'=U-2V,,

1 1 +Vae, Vjj being the electrostatic interaction between the
. chargeqwith respect to the basic undoped distribujiofhe
(AEgt+ 6Ecqy)? U+6U denominator will be smaller for the linear configuration than
for the perpendicular one sindg, is larger (14/2R instead
of 1/2R). This may explain the difference between the am-
plitudes ofhg%C found in the plaquette and in the linear clus-
ter (Table Ill). The more realistic two-band model introduces
To the first order in6U/U and SE-1/AEct develop- an alternative mechanism, since there exist two pathways to

JNN t4
2 pd

N 1 1
(AEct+ 8Ecrp)? U—dU

. (23

ments, one gets go from |ab| to |bc|, both involving electron-transfer pro-
4 cesses between the Cu and oxygen atdoisFig. 14, where
Inw_ T2g [ OEcmy OEc, 6U  6U sites | and Il correspond to oxygen atoms
2 U(AEc)? AEctr AEcr U U The bottom pathway corresponds to the process appearing

in the one-band model, which is not the case for the first one.
+0(2). (24 Explicitly, the excitation energies are

The effect of the additional halg will go through their 2
electrostatic interaction in the charge-transfer states. For the AE;=E4—Ep—Up=AEcr—Uqg+ R’ (25
perpendicular situation(Fig. 12 JE;1;=0.187R and

SEc1o=—0.105R. Hence, 6Ec1i+ 8Ec1,=0.082R and 4

Jun is diminished by the presence of the adjacent hole in the AB;=2E4—2E,+Up—2Up— g +Vi
perpendicular direction, as observed in the corresponaling

initio calculations AJyn/Inn= —17%). =2AEct—UgtV, ), (26)

Oppositely, in the linear situation the quantities are:
5ECT1: 1/6R and 5ECT2: - 1/3R, SO 5ECT1+ 5ECT2 3 1
=—1/6R is a negative quantity, hence the coupling constant ABz=Eq—Ep—Up+Uqy— R +Van= AECT_ﬁ +Vau

should be increased. This is actually observed since (27)
AJnyn/Inn=1+25%. The variation ofyy in the linear model
is of the right sign and its amplitude is larger than for the AE;=AEg;, (28

perpendicular orientation.

3. Singlet-displacement operator AE;=U4— R Vac: (29)

The same kind of rationalization applies to the two-
electron/three-center operatbg®. In the one-band model
as shown in Fig. 13, where only the Cu atoms have bee
included, the electron placed in sids transferred to sité,
followed by a second transfer towacd

It is likely that AE,>AE,, i.e., that the bottom pathway has
a larger contribution to the singlet displacement. The overall
Bffect is
4
abe_ tha [ 1 1 1 1
SD

. + . ,
TABLE IV. Hole-hole repulsionsin eV). Values in parentheses AE;\AEL AE; AE] AE)
take into account the polarizability of the outer environment

(30

i.e., of the same order of magnitude &g,. Regarding the

orientation effect it is clear that the denominators are larger
Vv = VNnN Vyny — VANNN
tN o+ t oy + N4
4 + 4 + || + 4 4 { 4 9 <+—> @969 > o—c—e
a b + a b
—— - ——
B AR,
4 + + 4 FIG. 10. Two-band model hole hopping mechanism, involving
1.77(1.47) . . ;
0.98(0.8) an intermediate charge-transfer state. Open circle corresponds to a
bridge oxygen atom, and the closed circles to the copper atoms.

214520-9



CARMEN J. CALZADO AND JEAN-PAUL MALRIEU PHYSICAL REVIEW B 63 214520

ABiy U, AE.,, 4 4 s, H - o 1 v
o ——© o —o—© o ——o—©

e WM Wyt a b c - a b e

o — [ s ] — o9
N ol -7 TN TN FIG. 13. One-band model representation of the singlet-
e e displacement operator.

b bt
R T = intermediate charge-transfer states. The correlation is quite

Us satisfactory and suggests the following law in eV:
FIG. 11. Two-band model spin-exchange mechanism, with two
pathways involving charge transfer states. Jun=0.131-0.053 6Ec11+ SEcTs). (31

for the perpendicular or.ientation than for the linear one, dueyp analogous fit of the hopping integral dependence on the

to the hole-hole repulsions, ;;, Va i, andV,e, and itis  yariation of the electrostatic energy in the intermediate

expected thalng%c will be larger for the linear orientation, as charge-transfer statéEc;— SE, has been attempted from

found in the numericahb initio calculations - 80 meV and  the values oftyy (Table V) calculated on binuclear com-

—40 meV, respectively plexes in presence of external h@ke The correlation is less

satisfactonfFig. 15b)]. The distortions of the active orbitals

in presence of these close holes should be non-negligible and

should affect the amplitudes of the hopping integral in a

rather complex manner. However, it seems simpler to search
In order to evaluate this influence, larger clusters wouldfor a linear law rather than to produce and handle a dictio-

have to be considered, which is beyond our computationahary of operator amplitudes considering exhaustively all pos-

possibilities (the preceding ClI expansions frequently reachsible occurrences. We therefore propose the following fit in

10’ determinants and a simpler procedure has to be used. IreV for the first-neighbor hopping integral:

the present set of calculations, binuclearGuclusters have

been chosen as before, adding one or two additional point

charges on Cu sites of the environment, which becom&®Cu tyn= —0.521+ 0.181 SEc1— SE). (32

centers, in order to grossly mimic the effect of the holes. For

first-neighbor holes, this is a rather crude approximation, and

B. Further exploration of the influence of the holgs) on Jyy
and tyy

its relevance has to be tested by comparison _With the previ- V. DISCUSSION AND CONCLUSIONS
ously reported four- and three-center calculations. Actually,
for a perpendicular position of the holéy=115 meV The numerical results obtained here above suggest that

(compared to 104 meV in the plaquettEor a colinear hole the usuak-J or t-J-V model Hamiltonians neglect important
Jyn=175 meV, compared to 156 meV in the linear cluster.physical effects, which should be incorporated into an ex-
Hence the anisotropy of the first-neighbor hole is qualitatended model Hamiltonian. The main deviations fromttde
tively reproduced. As an additional confirmation we haveHamiltonian are the following:

calculated the effect of two holes in the plaguette and we get (i) The inclusion of the second-neighbor hoppitgyy

the same valudyy=93 meV as for the two-hole-containing =+110 meV. The third-neighbor interactidpyyy= —40
plaquette. Table V gives the results fdgy concerning a meV could tentatively be omitted. Recent analysis of angle-
series of possibilities with one remote hole, two holes inresolved photoemission spectroscopy data has shown that
different positions, together with the variation of the electro-both tyyy and t,yyn are necessary for understanding the
static energy in the intermediate charge transfer states witdispersion and line shape of the spectral function inttie
respect to the nondoped case, expressed in eV. Figa 15 model?® Tohyamaet al?® have estimated the ratiguy/tyn
shows the correlation between the calculalgg value with  andt,,nn/tyny 10 be —0.12 and 0.08, respectively, by fitting
the variation of the electrostatic energi(-1,+ SEcrp inthe  the tight-binding Fermi surface to the experimental one in

AE_.+8E.y U+8u AE .+ 8E.py
Nty NN NVt
< + -
-+ - -+
N
b < ’: ’i A ™y FIG. 12. Two-band model
a Db a Db spin-exchange mechanism in pres-
t - N4 Vi t ence of a hole in a perpendicular
cot ™\ - e - e - co+ position
+ + + ’
%H %H {H
+ + +
AB¢p+ 8By U-8u AE;pt+ 8By,
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the overdoped sampfeon the assumption that in the over-
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FIG. 14. Two-band model rep-

resentation of the singlet-
S A displacement  operator. In  this
a I b IIc case, the mechanism involves
charge-transfer intermediate

states.

here are in good agreement with these ratiQiyn/tnn

doped region the Fermi surface of the tight-binding band is= —0.19 andt,ynn/tyn=0.08 but not with the ratid/tyy

the same as that of the'-t”-J model. The values proposed

TABLE V. Magnetic coupling and hopping integral in binuclear
clusters with holés) in adjacent positiofs) and intermediate state
energieqall in eV).

Undoped 1 Hole-doped
J | 0EcT1+ 0EcT2 t 0EcT — 0Ey

0.116 0.305 -0.450 0.152
0.135 -0.17 -0.558 -0.084
0.175 -0.61 -0.590 -0.305
0.093 0.61 -0.458 0.312
0.098 0.61 -0.482 0.305
0.116 0.57 -0.456 0.305
0.130 -0.14 -0.502 0.076
0.144 -0.685 -0.593 -0.335
0.193 -1.22 -0.691 -0.633
0.200 -0.84 -0.563 -0.404

=04 VS ‘J/tNN

a

proposed by these authors.]/’(,\mTohyam
=0.22).

(ii) The singlet displacement operatogy has to be taken
into account, at least for the colinear displacement, since
hsp=—80 meV.

(iii) The hole-hole repulsion appears to be far from neg-
ligible. Due to possible screening effects and electrostatic
mean cancellations by the Sr ions, it is certainly reasonable
to neglect the hole-hole repulsions beyond the third neigh-
bors. Even if the calculated valudgy—Vyyn=0.8 eV and
Vun— Vannn= 1.5 eV were somewhat exagerated, these in-
teractions certainly play an important role.

(iv) The magnetic coupling and hopping integral between
adjacent atoms depend in a stereospecific manner on the ex-
istence and position of hdl® in the immediate vicinity. A
simple correlation with the electrostatic energies of the inter-
mediate ligand to metal charge-transfer states has been pro-
posed resulting in simple formulas, which should be used in

0.25

0.2 -

0.15 |

J (eV)

0.1

0.05 1 1 I 1
-1 05 0

OE ., +OE . (eV)

t(eV)

-0.65 :
-0.6 -0.4
(b)

0.2 00 02 04 06
SE,,,—SE, (eV)

FIG. 15. Linear correlation between the calculated first-neighbor
interactions in binuclear clusters and the change of the electrostatic
energy in the intermediate charge-transfer stétesV): (a) on the
top, Jyn versus SEqti+ SEcto; (b) on the bottom,tyy versus
SEct— SE,.
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a realistic model Hamiltonian. From the exploratory calcula-charges and spins and on their dynamics. In a crude static
tions appearing in Table V, and for the sake of simplicity, itlook at this problem one may notice that stripping separation
seems sufficient to consider the first neighbors of the bond iof charges and sping) favors the mobility of holes in the
the calculation of the electrostatic energy changésr;  charged column, sincé and J values become especially
+ 8Ec1, and SEq1— SE, appearing in formulag31) and larger,(ii) leads to a stronger magnetic coupling in the bonds
(32), respectively. perpendicular to the stripgwith a trend to form singlets on
One may therefore propose the following extendetl these bonds The last two effects would result from the
model Hamiltonian: three-body corrections oh and J created by the adjacent
holes. Finally, (iii) the mobility of the stripes can be en-
hanced by the second-neighbor hopping integral and by the
singlet displacement operator.
The present work was concentrated on theQuz0, lat-
tice only. However the here-evidenced three-body or non-
nearest-neighbor two-body operators should be present in

NN
H=<%> t(3E) - (ajag+ata,+s.c.) 8(ny+ng,1)

NNN

—J(5E)- (S, Sy + ;} tunne (2l +ala,+s.c.)
pr

plaquette

similar materials, which may present a variety to&nd J
values. The discussed mechanisms leading to the these ef-
fects actually are not specific of the JGuO, lattice. Explor-

X 8(Np 0, 1) = Iy (Sp- S+ 2 K-[(Sp-Sg)

(pars) ing their amplitudes on other lattices would be a valuable

X (S-S +(Sp- S9) (S S — (Sp- S (Sy- S task. Thg other prospect \{vould.be tollntroduce our exte_nded
t-J Hamiltonian in numerical simulations of the collective

connected C ot it ft properties of the lattice. It should be stressed that the bottle-
+ <2> h&8 - (apa,aqar+a;a aqa, — apd,ardy neck of such calculations is the length of the wave-function
par

vector, which is unchanged with respect to the origital
Hamiltonian, the additional terms simply slowing slightly the
speed of the computations of the action of the Hamiltonian
on the vector, at each iteration.

— aja%apag+ s.C.)8(np+Nng+n;,2)

=<nNNN
+ % Vg 8(np,0)- 8(ng,0).
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