Low-energy electron spectrum in copper oxides in the multiband p—d model
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An exact diagonalization of the Hamiltonian in the-d model of a CuQ@ cluster was used to

obtain dependences on the model parameters of the lowest-energy two-hole terms: the

energy difference between the Drbitals of planar and apical oxygen
A(apex)=e(2p) — [ 2p(apex)], the crystal field parameteYy=e3,2_;2—&,2_,2, and the ratio

of the distances between the copper atom and the apical and planar oxygen atoms
d(apex)d(pl). In the limit of larged(apex)d(pl) andA4, our model is equivalent to the three-
bandp—d model and, in this case, large singlet-triplet splitting=1 eV is also observed.

As the parameters decrease, a singlet-triplet crossover is observed. Two mechanisms are identified
for stabilization of the triplet tern‘”lBlg(O) as the ground state. It is shown that for realistic

values of the parameters, reduction of tied model to the three-band model is limited by the low
energies of the current excitations because of the presence of the lower éﬁiigmhd

1Alg cluster states. Intercluster hopping causes strong mixing of singlet and triplet states far from
theI point. The results of the calculations are compared with data obtained by angle-

resolved photoelectron emission in,GuGO,Cl,. © 1998 American Institute of Physics.
[S1063-78348)00202-7

The electronic structure of undoped and weakly-dopedameters of the model. All these factors indicate the impor-
copper oxides does not lend itself &b initio band calcula- tance ofds,2_,2 orbitals for the electronic structure.
tions because of the difficulties involved in allowing for the Note also thatab initio calculations of the electronic
strong electron correlations. The three-bgmdd model?  structure of CuQand CuQ clusters using the self-consistent
is the simplest model for the energy structure of copper oxfield method with configurational interaction showed that a
ides which takes account of strong correlation effects at theéeduction in the distance from the apical oxygen leads to
Cu cation and the ionic nature of the chemical bond of thestabilization of the’B, 4 triplet as the ground two-hole state
insulating ground state of undoped oxides having a semicorfather than théA, ; singlet® The small energy spacing be-
ductor gap as a result of charge transport. It is currentlyfween these states produces changes in the low-energy part
assumed that holes induced pytype doping or intrinsic of the Fermi quasiparticle spectruthlt was shown in Ref.
nonstoichiometry are located on the oxygen and a “hole ont5 that strong m!xing of singlet and triplet states takes place
copper+ hole on oxygen” pair is in the Zhang—Rice singlet far from thel” point. . .
state? It is also assumed that the first excited state of a pair €re We examine two problems. First, we make a multi-
of holes is 2—3 eV higher and is unrelated to the low-energy’@nd analysis of the validity oflghe three-bameld model. It
dynamics of the current carriers. This is one reason for th as shown n S|m|lar studié’ _that_between the Zhang—
appearance of numerous theoretical studies concerned wi ice singlet and its corresponding tnpﬁﬂlg there are vari-

two- 1 1 :
reducing thep—d model to the single-band Hubbard model ous two-hole stateéBlg, Aig, “Big, and o_ther_s. Unhlfe

46 . A the authors of Refs. 11 and 12, we examine in detail the
or thet—J model’™° Nevertheless, there is theoretical and

: : . . dependence of these multielectron terms on the model pa-
experimental evidence to indicate the importance of othef P b

. rameters, which can reveal mechanisms for their possible
states, absent from the three-bgndd model. For instance, P

) . - stabilization as ground levels and can identify the range of
polarized x-ray absorption spectroscd¥AS)" and electron

8 g validity of the three-band model. To this end, we studied the
energy-1oss spectrosCOpfEELS)” show quite measurable .0 nq state of two holes in a Cy@luster using the exact

filling of ds,2_,2 orbitals in all the oxides studied. In order to diagonalization method, we calculated the eigenvalues and
give a three-band model in accordance with the observedigenvectors as functions of the crystal field parameter
states, its basis must also include thg: 2 copper state™ Ag=e(dg2_r2) —£(dye_y2), the energy difference between
and the D[ 2p(apex) state of planafapica) oxygen, which  the 2p orbitals of planar and apical oxygen
transform by a similar irreducible,, representation. A A(apex)=&(2p)—&(2p(apex), and the ratio of the dis-
study of the two-hole spectrum of a Cg@luster using per- tances between the copper atom and the apical and planar
turbation theory'? for model parameters determined from oxygen atoms d(apex)H(pl). In the limit of large
CuO x-ray photoemission spectroscof¥PS) reveals that d(apex)H(pl) andA4 values, our model is equivalent to the
the two—holee‘B1g level for La,CuQ, is 0.7 eV higher than three-bandp—d model, and large singlet-triplet splitting
the singletlAlgJ level. This value changes to zero or evenAeg,=1 eV is also observed, which agrees qualitatively with
becomes negative as a result of small variations in the paRef. 3. By varying the values of the parameters, we observe
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a reduction in the singlet-triplet splitting. For realistic param-(1) describes interatomip—d hopping, CoulombV,4 and
eters we find—0.5<Ae,<0.5. In practice, this implies that exchangel,q interactions. The last term in E@l) corre-
there is no good energy separation between the ground arsphonds to g—p hop.
first excited current states. This factor imposes some con- We shall consider the set ofi,2_,2(A=1) and
straints on the reduction of the multiband model to thed,,._,2(\=2) states of copper ang,,p, states of oxygen
single-band Hubbard model or theJ model. as being the most important to describe the low-energy
Second, we consider the influence of singlet-triplet mix-spectrum of quasiparticles in the Cu@yer. We shall then
ing of states by intercluster hopping on the electron disperyse the following notation and relations between the
sion law near the top of the valence band. An interclusteimodel parameters:6= & (o) — &(dy2_,2), dez,
hop is taken into account in perturbation theory by a 2 .
method* wherein the zeroth approximation is the exact di- ' 9a2—r2o(apex)— \/;Tpd[d(pl)/d(apex) >
agonalization of the clusters. The results of the calculationd/x2-y2.o{o(apex) ™~ V2 2.0l o(apex) = Vpd:
showed good agreement with data obtained by angledx2-y2 ofo(apex)~Jd,,2 2,0l o(apex)=Jpd: and Up.py, = tpp-
resolved photoelectron spectroscoyRPES for the anti-  The indexo] o(apeX] refers to symmetrized combinations of
ferromagnetic dielectric $CuUO,Cl, (Ref. 16. In addition, 2p and 2p(apex) oxygen orbitals which forrx bonds with
singlet-triplet mixing by hopping indicates that a spin- 3d orbitals of copper. The electrically neutral compound
exciton mechanism of superconductivity is possible. La3*,SP*(CuQ,) "8 corresponds ta,=1+x holes per
formula unit. Thus, fox=0 we have one hole per cluster
and forx#0, two-hole states make some contribution.
Exact diagonalization of the final clusters is a powerful
method of studying systems with strong electron correlations
We consider the Hamiltonian of thepZlectrons at oxy- and it is desirable to take a fairly large cluster to calculate the
gen and the 8 electrons at copper in the hole representatiorthermodynamic averages per site and the correlation
functions!’ We shall confine ourselves to the smallest pos-

yz,(r: Tpd !

1. EXACT DIAGONALIZATION OF A CuO 4 CLUSTER

H=Hq+Hp+HpatHpp, @ sible CuQ, CuQ,, and CuQ clusters since their exact diago-
where nalization is required only to construct a local basis which is
then used for approximate calculations of the electron Green
Hy=2, Hgy(r), functions of an infinite Cu@lattice. Diagonalization of the

r CuG; cluster is performed separately in different sectors of
1 Hilbert space with the hole numbens=0,1,2. The vacuum
Ha(r) =2 | (egn—m)d ot Eudnﬁ’knr}" sectorn=0 corresponds to thed3® configuration of copper
Ao and the D° configuration of oxygen. In the one-hole sector,
, the eigenvectors are the molecular orbitals of oxygen hybrid-
+ 2 (VanfinG —3gd;7,dr1,d,5,.drae), ized with the 3l states of copper. All the basis states in the
oo’ two-hole sector are different combinations of configurations
of the two holes over oxygen and copper states. In our case,
Hp:Z Hp(i), with one orbital per oxygen site and two orbitals per copper
' site, we have 28 triplet states: siB,,, one®A,,, ten®E,,
_ ) - four ®A;4, two By, three®A,,, two 3Ey, and 36 singlet
Hp(l):% (€pa™ #)PiacPiact 5 UpNiaoNiao states: ten'E,, eleven®Ay, seven’B,,, one'Byy, two
B,y , three'Ay,, and two'E, per cluster. In the following
2 Von?n® — 30" b bt D calculations only the three parameters indicated above were
+ / (VpnitNiz = JpPizePitePizg Pizs) varied and the others were set as follows=3.5 eV,
Tpa=1.4 €V, V4=9eV, V,=7eV, J;=1eV, J,=0.6 eV,
Vpe=0.5 eV, and],4=0.2 eV.
Figures 1a—1c give the lowest energies of the competing

de:<_2> Hpa(i,r),
I,r
singlet*A4(i) and triplet®B,4(i) statesi=0 for the ground

Hog(i,H)= 2> (TaaPitgline + VagnGn% state of this symmetry and=1 for the excited stajeas a
P aroo’ haFlagTn NI function of the parameter(apex)d(pl), A4, andA(apeX.
3.4t d + The fraction of states equivalent to the Zhang—Rice singlet is
ardrnodroPiggr Pine): as high as 80% ifA;4(0) and does not depend on the values
of the above parameters. Thus, it is quite logical to identify
Hpp= <% g,g (tasPinePigs+h.C). this singlet as a Zhang—Rice singfethe remaining 20% are

assigned tolAlg symmetrized states of th@L(z,yz)2 and
Here the first two terms describe the intra-atomic energies d2p)? configurations. The contributions of the atomic orbit-
a copper(oxygen site with Hubbard repulsiotl4(Up), in-  als to the other three statéAlg(l) and3Blg(i) vary sub-
terorbital intra-atomic Coulomb repulsiafny(V,), and Hund  stantially with the values of the parameters, so they cannot
exchange interactiody(J,). The indices\ anda correspond  be identified with any specific molecular orbital having the
to different orbitals in the crystal field. The third term in Eq. same symmetry.
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orbitals, in the second case, it is associated with the depen-
dence of the corresponding hopping integral on the distance
from the apical oxygen. As in Ref. 18, a decrease in the
energy of the P(apex) orbitals effectively increases their
contribution to the ground two-hole state.

The3B,4(0) and'A;4(0) states belong to different irre-
ducible representations and nothing prevents their crossover,
but the absence of effective repulsion of th@lg(O)—and
1Alg(l) levels and the possible crossover of these levels
appear to be a characteristic feature of our representation of
the D, group. This feature is evidently closely related to the
isolation of the Zhang—Rice singlet and its inability to hy-
bridize with any states other than those of tUQz(yz)z- and
(2p)? symmetrized configurations in the absence of interac-
tions other tharH 4.

) A (:_Iecregse in thg parametAr_d (Fig. 10 leads to an
4 7? 2.0.5_2 : y fﬂ U/ 4 3 alp_premellbI(T m(;:rease in the fractlonfofhthe Hu?-:,l st(%t;a and
. ultimately leads to convergence of the ground,
d(apez)/d (pl) 4 (apez),eV 4458V Zhang—Rice singlet and the excitéBlg(O) state, pagrticu—

FIG. 1. Energies of théB,4(i) and*A,(i) terms as a function of the ratio larly in the range of r_e.al Yaluasd$ 1eV. This is the second
of the distance between the copper atom and the apical and planar oxygéRechanism for stabilization of th@lg state as the ground
g((a?\ﬁlgz)nﬂ(plt)hg%zo-S ;\éit;gapez:fkoz :n\gr(a).at:j enaer%; Idiﬁirfncsn state. Since this mechanism involves increased Hund inter-
A(apeXFs(2p)7s[Zp(apex))(d(apex)E(pl)]:1.2, Ad:g.s oW (g’f’ action with an increasing contribution of titgz_2ds,2_r2
and the crystal field parameter A= e(dgp ) —e(dyey2) con_f|gurat|on, it is more eff|C|ent as the energy of thg 2
[d(apex)t(pl)=1.2, A(apex)=0.7 eV] (0). orbitals of planar oxygen increases and the energy of the
ds,2_,2 orbitals decrease. In this method of stabilizing the
3Blg state, it is observed that the fraction gi(&apex) states
decreases whereas the fraction of the Hund configuration

i 0, = imi-
Zhang—Rice singlet is the ground state of our cluster, whicrf)e observe_d, remains sm(adlr'qu.nd 10% fod 4=0). A simi
agrees well with Ref. 12, where the excited sta‘ta§g(1) ar conclusion as to the stabilizing role of the Hund exchange

and®B,(0) only extend by approximately 0.2 eV above it Nteraction was reached i initio calculations? It is inter-
for d(agex)ﬂ(pl)>1.3. Ford(apex)H(pl) < 1.05 the triplet esting to note that a substantial decrease in the energy of the
1Alg(l) state with decreasing paramety is associated

3819(0) becomes the ground two-hole state with the contri- * . ; . : 5
buton made to it by the symmetrized configurationWith @ negligible increase in the fraction of theyfz_2)
dye_,22p(apex) increased from 10%(apex)ti(pl)=2] to conﬁgure}non(fr.om 5% to 15% forAy4=0) with the major
40% [d(apex)H(pl)=1]. The contribution of the Hund Contribution being made by tfy,2_22p symmetrized con-
state associated with the symmetrized configuratior{'gyr.atlon’ remaining unchanged at 70%. In the “dangerous
dye_ 203,22 increases negligiblyto 10%. vicinity qf the groun.d ;tate, we a!so observe ﬂ&lg(l)

As the energy of the @(apex) orbitals of apical oxygen state which shows similar tendencies to converge as the pa-
decreases, a crossover of the excited states and the Zhan _metersj(apgx)ﬂ(pl), Aq, and the energy of therapex)
Rice singlet is observecFig. 1b. In the calculations the rbitals of apical oxygen decrease. However, because of the
crossover point with the 3319 level occurs at cluster symmetry, this level and tHBlg(O) level repel and

A(apex)=1.2 eV, which differs slightly from the 1.7 eV ob- do not come c_:loser than 1 eV to tﬁé‘lg(o) level of the
tained in Ref. 11 and is attributable to differences in theZh"’m(-]’_RICe singlet.
calculation methods. As well as the tendency to crossover, it
is observed that the fraction of tliR,2>_22p(apex) symme- 2. DISCUSSION OF THE RESULTS OF THE EXACT

) , . Nt ; DIAGONALIZATION
trized configuration in “A;4(1) increases from 5%
[A(apex)=0] to 50%][ A(apex)=2] and the fraction of the These results of the exact diagonalization of a cluster
dy2_22p(apex)-symmetrized configuration ﬁBlg(O) in-  can be used to construct a local multielectron basis of states,
creases from 3% to 90%. It is important to note that this isbetween which hops in an infinite lattice lead to band forma-
only the first of the mechanisms for stabilization of thetion. To discuss the reducibility of thp—d model to the
3Blg(O) state as the ground state and, as we can see, tlsingle-band Hubbard model, we compare the more realistic
dy2_y22p(apex) symmetrized configuration makes a majorlocal basis shown in Fig. 2a with the local basis of the Hub-
contribution. An increase in this contribution is observedbard model(Fig. 2b), which consists of four states: the
both for this dependence and for that plotted in Fig. 1a. Invacuum statg¢0), two single-particle statdsir)zaHO} and
both cases, we are dealing with the same stabilization mecha—)=a|0), and the two-particle stat2)=aa|0). It
nism. However, whereas in the first case this stabilization i€an be seen from a comparison of Figs. 2a and 2b that in the
associated with a decrease in the energy of tpéapex) energy rangE<Ae; andE<Ag,, whereAe; andAe, are

ol

2.6}

T

3 1.5
7.8 B,g, (2)

4,,(0)

The dependence of the level energy afapex)d(pl),
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FIG. 2. Local bases of the multibarm-d model (a) and the single-band
Hubbard modelb). For the multibandp—d model only the lowest excited
terms in the single-particle and two-particle sectors of Hilbert space are
shown.
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FIG. 3. Quasiparticle spectrum in BuO,Cl,. The circles gives the ARPES

data® the dashed and solid curves give the results of calculations for the
t—J andt—t’—J models® The rectangles give the results of calculations
using the multibangp—d model?®

the energies of the local excitatiofexcitons in the single-
particle and two-particle sectors of Hilbert space, the differ-

ence between the bases of fred model and the Hubbard  for which an exact diagonalization of the initial Hamiltonian
model can be neglected and, in this sense, it is possible {0) has been performed. The results of the calculations are

make a low-energy reduction of the—d model to the
single-band Hubbard model. The single-particle exciton en-
ergyAe, is determined by the excitations in the crystal field

presented below.

dy2_y2—d3,2_ 2 with the energyAq; for typical parameters 3. DISPERSION OF ELECTRONS NEAR THE TOP OF THE
in copper oxidesAe;=1eV. The energy of a two-particle VALENCE BAND

excitonAe,, associated with a hole-current carrier, depends
very much on the choice of model. For instance, in the three
bandp—d model we findAe,=2-4 eV and the excited trip-
let state can be neglected here. However, it can be seen fro
Figs. 1a and 1b that this situation changes in the more reaE|
istic multiband p-d model where
Ae,=E[*B14(0)]—E[*A14(0)] may be fairly small or even
negative. For smalle,, the range of possible reduction to
the single-band modé&t <A e, becomes quite small, and for
Ae,=<0 no such range exists. Since the parameters on whic
A&, dependgthe crystal field and the interatomic spaging
differ for different copper oxides and depend on the level o
doping, it is possible to have a situation where singlet-triple
crossover takes place as the composition varies. This cros
over was obtained inab initio calculations® for
La,_,Sr,CuQ, with x~0.1; for the superconducting phase in
this system the lower two-hole term is a triplet. In another
model copper oxide $CuO,Cl,, an octahedron of nearest
neighbors incorporates two chlorine ions along thaxis;
this increases the ionicity of the Cu—CI bond compared with
Cu-0 and reduces the fraction of covalent mixing of chlo-
rine p states in th&, 4 molecular orbital which, according to

Ref. 19, is less than 1% away from the top of the valencem=En+1,, 7 En
possible Fermi

band. It has been noted that the occupancy of thp §&htes

The following generalization of the strong coupling

Ho=7; (En,—Np)X{?,
Y

Hi=> > AMLRexxST

(fa) yy'Tr’

model“ is proposed to allow for the strong electron correla-
tions within the unit cell in the band calculations: the lattice
divided into nonintersecting celli€lusters, the intracell

art of the Hamiltonian is exactly diagonalized, and the
eigenvectorgp)=|n,y) and termsE,, , are found for a clus-

ter with n particles, where the index numbers all the other
quantum numbers. The next stage involves constructing the

Hubbard operators for this ceft XPP'=|n,y)(n’,y'], in
whose representation the intercell component of the Hamil-
ftonian may be written exactly as a generalized multilevel

ubbard model. As a result, the initial Hamiltonidh) is
@/_ritten exactly in the formrH=Hy+H,,

@

The spectrum of single-particle hole excitatidthg con-

excitations between

sists of a set of dispersion-free levelSresonances’)
where the indexm is the number of

terms + 1,y,)

may vary widely, without influencing the low singlet-triplet —|n,v2). Intercluster hops described Iy, are taken into

splitting energyAe,. In our opinion, the smallness dfs,
shows up when the dispersion law in,GuO,Cl, measured

account in perturbation theory using the simplest “Hubbard
I” approximation?! In the double-sublattice structure of the

experimentally by the ARPES methtds compared with CuQ, layer the dispersion equation has the form

that calculated using the-J model?® Near the top of the
valence band and in the energy rarif€0.1 eV, the agree-

det{ 5nm5AB(w_ Qm) - FmAQ\qg(k)}: 0.

3

ment is fairly good but the differences increase for state$lere A andB are the sublattice indices,(k) is the Fourier
intercell

To calculate the dispersion law, we consider an infiniteF = (X[ ' 72" 171 4 (x™?72"72) i the filling factor,
CuG, lattice with a unit cell in the form of an infinite cluster, which depends on the temperature and hole concentration.

deeper in the valence bartBig. 3.
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The cell can be divided by various methods. The sim-For typical values of the parameters a renormalized hop is

plest case of a CuQcell was used to calculate the hole Tpdmo_l eV. The first term in Eq5) describes a quasipar-
spectrum in the paramagnéfic and antiferromagnetic ticle (hole) hop with the excitation of a Zhang—Rice singlet
phases? However, the more symmetric clusters, GU&  while the second and third terms describe a hole hop with
CuG;, are more convenient because they correctly reflect theinglet-triplet mixing. The mixing vanishes at tfie point.
local symmetry of copper, but they cannot cover the entireDetails of calculations of the band structure in the antiferro-
lattice with nonintersecting clusters. Each in-plane oxygermmagnetic phase are given in Ref. 23, and we used this pro-
ion belongs directly to two clusters and nonorthogonality ofcedure to calculate the hole dispersion law for undoped
the Hubbard operators arises in neighboring cells. To solvgr,CuO,Cl, (Fig. 3). A comparison between our calculations
this problem for the three-barm-d model, it was suggested and the ARPES data shows far better agreement than that
in Refs. 24 and 25 that Wannier functions should be conopptained for calculations using the-J model?® Since the
structed for each cell and then used to determineXtt@-  t—J model can only be obtained with a local basis, as in Fig.
erators. After this procedure, the results of both approachegh, where there are no triplet states and singlet-triplet mixing
are almost the same. We shall subsequently use a simplgjr from theT" point, we conclude that allowance for the
division into O—Cu-O clusters. triplet states of two holes and its mixing with the Zhang-Rice
The results of the exact diagonalization of the GUD  singlet are important to describe the hole spectrum in the
CuQ,Cl; clusters described above indicate that the singletnarrow energy range 0.1-0.5 eV below the top of the va-
triplet splittingAe, is small (Ae,<0.5 eV), and this willbe  |ence band, i.e., where high-temperature superconductivity is

used subsequently. clearly an important effect.
For the local basis shown in Fig. 2a, the top of the va-

lence band is determined by three Fermi modes
4. INTERACTION OF HOLES WITH SPIN EXCITONS

X*=]1,—0)(2,0, X*=|1,—0)2,1,0, . . . . .
s =1L K20 s =1Lmo)(2.10 Singlet-triplet mixing described by the last two terms in

X2=|1,— o)(2,1,20], (4) Eq. (5) may .result in an additional mechgnism of supercon-
7 ducting pairing. These terms resemble interband transitions
where|1,0) is the lowest molecular orbital in the single-hole which may well be a source of pairirfg These components
sector, [2,00 is the Zhang-Rice singlet, an{2,1M), of Hpq may also be explicitly written as Fermion-boson in-
M=0,+1 are two-hole triplets. We shall adopt theigav teraction using Hubbard operator algebra, whereby we have
notatiorf® in which the initial and final states are replaced by X|210(1-0l _ y[2.1.02.0 201~ o] ©)
a single root vectoXP9— X*. The excitation energie@) in ! ! ! '
the zeroth approximation are given by This implies that the addition of a hole to the initial state
|1,— o) with the formation of a final triplet stat¢ghe process
Q0=E(2,0-E(1,~0), 0,=E(21,0-E(1,~0), |1,— 0)—|2,1,0)) is equivalent to the generation of a hole in
Q,=E(2,1,20)—E(1,~ o). the proce?ss|l,.— a)—12,0) With_ the final state being a
Zhang—Rice singlet, and the simultaneous generation of a
We use a double-sublattice Fourier transformation to despin exciton|2,0)—2,1,0). It has been shown that the spin
scribe the antiferromagnetic phase. Assuming ¥faandYy  splitting energyA e, is small. Other exciton excitations from
denote the Fourier transforms of the Hubbard operator inhe singlet to higher two-hole terms are possible from the
sublattices 1 and 2, the Hamiltonian of an intercluster hogoint of view of Hubbard operator algebra but are less effec-

allowing for the Fermi mode§3) has the form tive because of the higher energy.
At the same time, the second term in E§). determines
de:Tpd% y(k)X:G“ongJr 2ia’(Sin(an)X;UalY|fg the exchange of spin excitons wiy=0 without hole spin

flipping, which may lead to pairing, and the third term de-
scribes the emission and absorption of a spin exciton with

. +agy a1 . . +ayy g
+sin(kya) X, °Y\;) + 2iavV2(sin(k@) X, . *Y\ g S,=1, i.e., with spin flipping. This may give rise to pairing

+sin(kya)xlf“°Yzz) +he.. (5) as in paramagnon exchange, _anc_i may also cause pair destruc-
o Ko tion as a result of hole spin flipping.
where the following notation is introduced Note that this pairing mechanism may occur only in sys-
tems doped with holes with nonzero filling of two-hole
y(k)=cogk,a) +cogka), states.

A multiband p—d model allowing for theds,2_,2 orbit-

Tpa=~Tpa(Uvo+Ugu)vve/2, als of copper as well ad,2_,2 orbitals was considered in

-y

W= (1+onu)f2, v2=1—u? Ref. 18, where.it was shown that an increa}se in the popula-
tion of thea, 4 single-electron molecular orbitals reduces the
S=ep,—eq, V2= 5%+ ngd, population of theb, 4 states and therefore lowels. From
our point of view(Figs. 1a and 1h a substantial increase in
ug=(1+6q/vo)l2, vi=1-uj, the fraction ofa,y single-electron orbitals is clear evidence
that singlet-triplet crossover may take place in these com-
80=0-Vpq, v5=085+8Th. pounds. The need to allow for thil,>_ 2 states to obtain an
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