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Correlation-corrected energy bands of YBa2Cu3O7: A mutually consistent treatment

Dietmar Wechsler and Janos Ladik
Chair for Theoretical Chemistry, Friedrich-Alexander-University, Erlangen-Nu¨rnberg, Egerlandstr. 3, D-91058 Erlangen, Germany

~Received 1 July 1996; revised manuscript received 8 November 1996!

The band structures and density of states~DOS! of important subunits~Cu-O planes and chains, both
including apical oxygens! in YBa2Cu3O7 were computed. As a first step we employed anab initio Hartree-
Fock ~HF! crystal-orbital method to both subunits in a mutually consistent way embedding them also in a
partially self-consistent Madelung potential of the 3D crystal. Afterwards the bands were corrected for corre-
lation by a Green’s-function method in second order of the Mo” ller-Plesset many-body perturbation theory. The
main purpose of these rather large-scale calculations was to obtain reliable unfilled energy bands to be used in
subsequent exciton bands calculations. This will make it possible to look more thoroughly at the proposed
excitonic ~polarization! mechanism of high-Tc superconductivity. A comparison with calculations based on a
local-density-functional~LDF! approximation showed good agreement to our approach in the valence-band
energy region above28 eV while the LDF results agree well with experimental photoelectron spectra. In
contrast to the LDF methods, we detected between28 and212 eV flat Cu3d energy bands, which correspond
to satellite structures observed by experiment.@S0163-1829~97!01613-5#
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I. INTRODUCTION

In 1986 Bednorz and Mu¨ller1 discovered superconductiv
ity in the ceramic material La22xBaxCuO4 above 30 K. This
initiated numerous experimental and theoretical investi
tions on various cuprates to explain the existence of Coo
pairs in these materials. The ordinary BCS approach2 based
on phonon-electron coupling seems not to be exclusiv
valid in regions of higher temperature. Many different mo
els have been proposed@e.g., based on narrow filled band~s!
polarization ~excitonic! ~Refs. 3–5! or spin-dependent6–8

mechanisms#, but up to now no theoretical description of th
complex situation could rule out the others.

Many similarities between the different cuprates ha
been detected, e.g., the common feature of containing C2
layers, which play an important role in high-Tc superconduc-
tivity. Among the different high-Tc cuprates we want to con
centrate on the electronic structure of the supercondu
YBa2Cu3O72x,

9 with a critical temperature ofTc592 K for
x50.

The orthorombic unit cell of YBa2Cu3O7 is shown in Fig.
1. According to Siegristet al.10 the lattice vectors of thex-y
plane~a53.856 Å,b53.870 Å! are nearly equal in contrar
to the one in thez direction ~c511.666 Å!. The rare-earth
element Y lies between two CuO2 layers. An apical oxygen
atom O~4! connects each plane with a Cu-O chain@Cu~1!,
O~1!#. We have focused our approach on these regions.

Many theoretical calculations using the local-densi
functional approximation were performed on th
material.11–16 In this way resulting filled bands~close to the
Fermi level!, DOS and Fermi surfaces are in quite go
agreement with the experimental observations.17–19 It seems
that this approach is applicable to ceramic materials for
producing important features of the complicated electro
structures.

On the other hand, these methods use approximat
@e.g., LAPW,~linear augmented plane wave!; LMTO ~linear-
ized muffin-tin-orbitals!# to save computer time. Therefor
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they were criticized with respect to their applicability to c
ramic materials.20 This was one reason to try the hard way
the band-structure calculation,21 namely the ab initio
Hartree-Fock~HF! method. The resulting bands were co
rected afterwards for correlation. Because of the large co
putational time and storage place we had to choose ra
small subunits to be able to perform these calculations
the energy bands, Fermi surface, and density of states~DOS!.
Further we wanted to answer the question of whether
two-dimensional~2D! treatment leads to similar characteri
tics, as the full three-dimensional~3D! band structures~cal-
culated by LDF methods!.

This means that we want to show the possibility to obt
significant information about the electronic structure
YBa2Cu3O7 using suitable subunits of the total system. W
take two units into account; each containing one copper
three oxygen atoms: Cu~2!, O~2!, O~3!, O~4! ~plane cell! and

FIG. 1. The elementary cell of YBa2Cu3O7 including two

planes and one –Cu–O–chain, connected by the apica
oxygen atom O~4!.
8544 © 1997 The American Physical Society
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FIG. 2. One cycle of the mutually consisten
treatment containing one chain and one pla
SCF calculation.
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Cu~1!, O~1!, 23O~4! ~chain cell!. In each substructure w
had to include the apical oxygen O~4! to obtain reasonable
results. The reason for this is that interatomic distan
@Cu~2!-O~2!: 1.946 Å, Cu~2!-O~4!: 2.382 Å; Cu~1!-O~1!:
1.928 Å, Cu~1!-O~4!: 1.785 Å# are comparable.

In the next section we shall introduce the method of m
tually consistent treatment, which ‘‘reconnects’’ the cells u
der consideration. Afterwards the HF results are correc
for correlation by a Green’s-function method using t
Mo” ller-Plesset many-body perturbation theory~MBPT! for
the self-energy. Finally we discuss our results in compari
to the LDF approaches.

The main purpose of our calculation was, however,
also obtain the unfilled bands~and the unfilled parts of the
valence band! in a reasonable approximation~the LDF
method is known to be unreliable in these regions!. Namely,
if one uses the filled narrow band~s! polarization model of
high-Tc superconductivity of Ginzburg3 in first order ~the
first-order term in the polarization propagator!, one obtains
the excitonic superconductor model.3–5 To be able to calcu-
late the excitonic bands and from them the effective inter
tion potential of this model one, of course, also needs
filled energy bands in an acceptable~correlation corrected!
approximation.

II. MUTUALLY CONSISTENT SCF CALCULATIONS

Our approach can be viewed as the further develo
method of Saalfrank and Ladik,22 where no mutual relations
between the plane and chain cell were taken into accoun
our model both subunits have to be understood as an elem
tary cell spanned by the lattice vectorsa andb. This results
in 2D band structures ofC2V symmetry. Naturally we mus
consider in both cases all atoms lying outside the regions~for
their charges certain reasonable values were taken! of the
explicit HF calculation. This means we have to embed
subunits in a 3D surrounding modeled by a Madelung pot
tial. Therefore the HF LCAO crystal orbital~CO! method21

had to be modified appropriately. The usual Fock matrixF0,
which describes the region of full calculation without exte
nal charges, was corrected by a Madelung matrixVM. This
leads to the following reformulation of the generalized
genvalue problem:

F~k!Cn~k!5en~k!S~k!Cn~k!, ~1!

with

F5F01VM. ~2!

This equation has to be solved for differentk ~quasimomen-
tum! values to obtain the energy eigenvaluesen~k! and
eigenvectorsCn~k! for each bandn.
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The Madelung matrix itself consists of two parts: The fi
one,VM ,fix, depends on fixed charges, which stem from tho
atoms, which are not contained in the subunit under con
eration. The second termVM ,SCF depends on the HF calcu
lation of the corresponding plane or chain layer. It conta
the four atomic charges computed in every SCF cycle w
the aid of Mulliken’s population analysis23 to get the same
values for the copper and oxygen atoms inside and out
the explicitly calculated zone. The actual form ofVM can be
taken from Ref. 24. Its evaluation is based on lattice summ
tions using Ewald’s method.25

To make this description more concrete the Madelu
matrices for the plane calculation (VPl

M) and for the chain
(VCh

M ) are written as functions of the corresponding charg

VPl
M5VPl

M ,fix~QY ,QBa,QCu~1! ,QO~1!!

1VPl
M ,SCF~QCu~2! ,QO~2! ,QO~3! ,QO~4!!, ~3!

VCh
M 5VCh

M ,fix~QY ,QBa,QCu~2! ,QO~2! ,QO~3!!

1VCh
M ,SCF~QCu~1! ,QO~1! ,QO~4!!. ~4!

After determining the fixed charges, one can establish a
tually consistent HF treatment of the plane and the cha
The only really fixed charges areQBa and QY . We have
taken for the Ba atoms always a positive charge of 2.00. T
choice is based on cluster calculations.26–28The decision for
identifyingQY with 2.80 was not so easy. Cluster calculati
results vary from 2.63 to 2.83.29 These values indicate tha
the formal charge of 3.00 is too large for Y. Test calculatio
with our method showed that charges on Y from 2.60 to 2
led to unreasonable band structures. Using charges betw
2.76 and 2.85 the results became realistic, stable, and ne
independent on the charge of Y within this interval. O
should point out that this choice of the Y charge was n
guided by LDA band structures of the ‘‘123’’ system, b
only on the basis of the criterion to obtain reasonable b
structuresper se.

The other atoms outside the explicitly calculated reg
were treated in a consistent way~illustrated in Fig. 2!: Start-
ing with the SCF calculation of the plane layer, an initi
guess forQCu~1! andQO~1! had to be made, e.g.,11.00 and
22.00, respectively. The converged result leads to char
for QCu~2!, QO~2!, QO~3! ~andQO~4!!. Now they can be used a
fixed charges for the computation of the chainlike substr
ture, which then produces new guessesQCu(1)8 andQO(1)8 to
be used for a further plane calculation, etc.

This mutually consistent treatment stops if the charges
cyclen agree with the input values of cycle~n21!. Because
of charge neutrality of the total system this criterion forc
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both HF computations in the last cycle to produce the nee
identity betweenQO~4! and QO(4)8 ~no more change in the
charge ofQO~4!!.

To program this method we modified the HF LCAO C
codeCRYSTAL 88 ~Ref. 30! to deal with charged unit cells
and Madelung corrections. For oxygen31 and copper32 basis
sets of double-z quality were taken into account. Furthe
more, the copper basis was improved with a set of 4p polar-
ization functions. In the HF calculation we have used a
off radius 11.6 Å for the integrals~this was provided by the
CRYSTAL 88 program with an integral threshold 1027 a.u.!.
This radius corresponds in the plane to fourth-neighbor
teractions. We have noticed, however, that the third- a
fourth-neighbor contributions were very small, their negle
tion did not change the band structure at all. Therefore in
subsequent correlation calculation we had used onl
second-neighbor interaction approximation. We solved
eigenvalue equation~1! for 25 vectorsk in the irreducible
part of the Brillouin zone~see Fig. 3!. As a convergency
criterion for one SCF calculation, an energy difference
1026 a.u. was used.

The mutually consistent treatment converges within a f
cycles~each cycle containing two complete HF calculation!.
As expected the converged charges are independent o
initial guess forQCu~1! andQO~1! ~naturally very wrong initial
values prevent the first SCF computation from converging
all!.

The corresponding band structures are given in Figs
~plane case! and 5~chain case!. Both plots show four impor-
tant characteristics: The two lowest unoccupied bands do
nated by Cu3s, Cu3d, O2s, and O2p atomic orbitals, a par-
tially occupied band mainly consisting of Cu3d, Cu4p, and
O2p contributions, an intermediate valence energy reg
~nine O2p-like bands, weakly hybridized with Cu3d orbit-
als! and four flat bands with predominantly Cu3d character.
The last ones may play an important role in an excito
mechanism of superconductivity.33

A more detailed analysis of the band structure and co
parisons to other approaches is carried out after we h
corrected our results for correlation~see below!. Although
the curvature of our bands at the HF level is similar to
LDF results, the obtained energy range is still too broad.

III. CORRELATION CORRECTED BAND STRUCTURES

Going beyond the HF level we wrote a program for co
relation corrections for 2D systems ofC2V symmetry. The

FIG. 3. First Brillouin zone of the 2D substructures. The irr
ducible part is surrounded byG–X–S–Y–G.
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method used is based on theoretical developments of Su34

and of Liegener, Ladik, and Vrac˘ko.35 The Dyson equation

G~v!5G0~v!1G0~v!S~v!G~v! ~5!

can be taken as our starting point.S is the self-energy, which
was considered in our calculation up to second order of
Mo” ller-Plesset MBPT.36 G~v! is the Green’s matrix for the
corrected system, whereasG0~v! belongs to the unperturbe
HF Hamiltonian. Using the relation

G0~v!5~v•12e!21. ~6!

~e is a diagonal matrix containing the HF band energies! and
applying the diagonal approximation37 one can derive the
scalar inverse Dyson equation38

v I5e I1S II
~2!~v I!. ~7!

vI denotes the quasiparticle band energy andeI the corre-
sponding HF energy value.I[( i ,k i) is a composite index

FIG. 4. HF band structure of one CuO2 planelike layer along
high symmetry lines of the irreducible Brillouin zone.

FIG. 5. HF band structure corresponding to thechain unit cal-
culated in a mutually consistent way with the plane region.
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referring to both a band and ak index. The self-energy term
S II
(2)(v I) up to second order is given by

S II
~2!~v I!5 (

K,L,M
VIKLM ~2VIKLM* 2VIKML* !dkk ,kl1km2ki

3 lim
h→0

F nKn̄Ln̄M
v I1eK2eL2eM1 ih

1
n̄KnLnM

v I1eK2eL2eM2 ihG . ~8!

The summation is restricted by the Kroneckerd and by oc-
cupation numbersnJ ~nJ51 for an occupied state andnJ50
in the unoccupied case,n̄J512nJ!. The two-electron inte-
gral VIKLM is defined through

VIKLM5^f I~1!fK~2!ur 12
21ufL~1!fM~2!& ~9!

containing HF crystal orbitalsfJ which correspond to the
HF energy eigenvalueseJ . Solving Eq.~7! iteratively39 we
obtain the correlation corrected energy valuesvI . The whole
procedure is very time consuming, especially the calcula
of the two-electron integralsVIKLM which includes the so-
called four-index transformation@everyfJ is a linear combi-
nation of many atomic orbital~AO! basis set functions#. The
computational effort was diminished with the help of t
following methods.

~1! Implementing a suitable loop structure theN8 algo-
rithm for calculating ( II

(2) was transformed into anN5

routine.39

~2! Taking into account translation and permutation sy
metry, the number of AO integrals could be reduced d
nitely.

~3! Symmetry characteristics ofk points in the irreducible
Brillouin zone were used to remove redundant two-elect
integralsVIKLM .

These improvements made it possible to correct our
energy values for correlation. It could be argued that t
time-consuming procedure should be done in every cycle
our method described in the previous section~see also Fig.
2!. Fortunately the mutually consistent treatment depe
only on fixed and calculated charge values which are alre
well described by the HF theory.40

A comparison of the correlation corrected band structu
~given in Figs. 6 and 7! to the HF results reveals the follow
ing characteristics: The width of the partially filled band
reduced from 7.2 to 4.5 eV in the plane~PL! case and from
6.7 to 4.2 eV in the chain calculation~CH!. As expected, also
the band gap decreases~PL: 10.8 eV→7.0 eV; CH: 14.2
eV→10.3 eV!. In both cases the intermediate valence reg
is shifted closer to the Fermi level~PL: @211.6 eV;23.2
eV#→@28.0 eV;20.2 eV#; CH: @212 eV;25.1 eV#→@28.2
eV; 21.4 eV#!. Remarkably, the highest fully occupie
chainlike band changes~in contrast to all other bands! its
curvature completely through correlation corrections.

The gaps above and below the intermediate valence
gion vanish nearly completely. Only in the chain case
mains a greater energy difference of 1.7 eV~previously 2.5
eV! to the lowest valence region~the four flat bands, which
are also shifted remarkably to lower binding energies!.
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IV. COMPARISON TO OTHER CALCULATIONS

We compare our results to LDF band structures and DO
which take into account the whole 3D system. The unoc
pied bands have to be excluded, because for those en
regions no LDF results could be found in the literature. T
may be due to the fact that the correctness of these met
for unoccupied bands is not generally accepted. All ot
features of our plots are compared to the band structure g
by Hiraoet al.11 Figure 1 in the cited reference shows a 2
cut of their 3D energy band results atkz50. It contains,
besides three~two plane-and one chain-derived! partially
filled bands, 33 occupied bands within an energy region o
eV below the Fermi level. Their calculation has used t
mixed DF pseudopotential-valence basis method and the
sults fit best to ours. The comparison to other LD
computations12–16shows also a rather good agreement but
a more qualitative level.

FIG. 6. Band structure of theplanesubunit after implementation
of correlation corrections. The energy range of the valence reg
and the band gap were reduced definitely in comparison to Fig

FIG. 7. Correlation corrected energy band structure of thechain
region, using the same Green’’s-function method as in the plane
case~the corresponding HF bands are given in Fig. 5!.
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In every case the valence region is strongly dominated
Cu3d and O2p derived bands, whereas the Y and Ba sta
~which cannot be reproduced by our method! do contribute
distinctively just below approximately213 eV and in the
unoccupied regions close to the partially filled bands.41 Natu-
rally these characteristics support the validity of our resu
within the valence energy regions.

To perform the comparison, the number of bands a
O~4! atoms has to be considered adequately. The 14 vale
bands~including the band crossing the Fermi level! of each
plane or chain layer calculation have to be compared w
the 36 bands of Fig. 1 in Ref. 11. The complete element
cell of YBa2Cu3O7 contains one chain and two plane cel
but only two O~4! atoms. Therefore we double the number
bands in Fig. 6 and add the chain-derived ones, which le
to 42 bands. Subtracting the six bands corresponding to
2p orbitals of the two doubly counted O~4! atoms we obtain
also 36 bands. With the help of this procedure a compari
becomes possible.

Inspecting the three partially filled bands we get qu
good agreement to the curvature and the points of Fe
level crossings. The two plane-derived bands of Hiraoet al.
having its maximum atS correspond to our partially filled
band in Fig. 6. One of their bands crosses the Fermi le
nearly exactly at the same points as in our case. The s
feature—even more precisely—can be detected by a loo
the partially filled chainlike band. In Fig. 7 this band show
nearly no dispersion alongS andY, whereas in the LDF cas
the influence of the plane bands leads to a lowering of ene
around theS point. Kim and Ihm16 insist on avoided crossing
betweenS andY, which cannot be reproduced by our a
proach. Interestingly the band structure in Ref. 16 for a
cut atkz5p/c corresponds much better~in respect to Fermi
level crossings, curvature and the lack of avoided cross!
to our results as the cut atkz50.

Returning to our figures and the results given by Hir
et al.,11 we detect in our case a greater energy shift for
band containing the Fermi level~plane case! aroundX. Fur-
thermore, our partially filled bands cover an energy ran
which is more than 1 eV broader than in the LDF case.11

The next comparison refers to the chain-derived occup
band lying very close to the Fermi level in Fig. 1 of Ref. 1
Our corresponding band shows the same shape but at m
larger distance toEF . Taking in Ref. 11 at pointS a look at
higher binding energies we come to planelike bands wh
lie nearly in the same energy region as in our correspond
plot ~Fig. 6!. Therefore we should transfer the intermedia
valence region of our chain-layer calculation with about 1
eV to lower binding energies to obtain the sequence of ba
proposed by LDF calculations. This necessary shift may
due to the effect of the unshared apical oxygens belongin
the planes and chains, respectively, in our model~which
compensates this effect possibly through the change of
charge transfer due to the use of the mutually consis
treatment!. Furthermore we should not forget that we ha
too many bands@due to the too many O~4! atoms#, which
influence this energy region containing hybridized Op
bands.

Continuing our comparison we come to very good agr
ment at the lower end of the intermediate valence reg
whereas in between qualitatively similar curvature charac
y
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istics aroundS andG can be detected. The last two bands
Fig. 1 of Ref. 11 correspond in nearly every respect to
fifth ~counted from below! of our plane calculation. The
same may be stated for the fifth chain-derived band in Fig
which is to be identified with the third band of the LDF plo
The energy ranges of our intermediate valence bands ar
good correspondence, too.

It is interesting to point out that the remaining lowes
lying four bands in each of our plots have no counterpar
any of the LDF calculations we have found in the literatu
Because having 36 bands~as discussed above! these ap-
proaches have all their Cu3d contributions already in the
intermediate valence region. In comparison, to experime42

we find good agreement to our flat Cu3d bands region. The
Cu3d satelite around29.4 eV detected with resonant photo
emission studies lies exactly in the energy region of the f
plane-derived bands. The corresponding ones of the c
calculation may be identified as lying slightly above anoth
Cu3d satelite around212 eV.

Let us turn our attention to the comparisons of the DO
The plots corresponding to our corrected band-structure
culations are given in Fig. 8~chain cell! and in Fig. 9~plane
cell!. Unfortunately in Ref. 11 no projected DOS is give
Therefore we use the results of theab initio pseudopotential
plane-wave calculation of Ref. 16 for the comparison. Fig
7 of this reference contains the projected DOS for all cop
and oxygen atoms in the energy regions under considera

Looking at our chainlike DOS~Fig. 8!, peaks~a!–~d! cor-
respond~after an energy shift of 1.0 to 1.4 eV! to the four
Cu~1! peaks and two O~4! ones between25 and22 eV in
Fig. 7~b! of Ref. 16. The higher-energy region differs mo
strongly. This is due to two facts: The agreement to the b
structures in Ref. 16 is not as good as to the calculated va
in Ref. 11 for this energy region. Furthermore the deman
energy shift of 1.4 eV~see above! cannot be expected to b
exactly the same everywhere within the intermediate vale
zone.

Coming to the plane-derived DOS~Fig. 9!, our strong
peak lying close toEF has no counterpart in Ref. 16. Th
reason may be found again in the different dispersions of
corresponding bands. At higher binding energies the co
spondence improves. Peaks~a!–~c! in Fig. 9 may be identi-
fied with the three highest values between24 eV and21 eV
in the Cu~2! DOS plot of the LDF calculation.16

The energy region closer to the lower end of the interm
diate valence region of the plane-derived DOS shows g
agreement, too. The more expressed peak structure in
case is due to the fact that we had to include the apical O~4!
atom, which leads to characteristic DOS contributions in t
energy region.

Finally we should mention that the peaks in our plots
the lower end of the negative energy scale are derived f
the flat Cu3d bands which could not be found in any pap
using LDF methods.

V. CONCLUSION

We developed a method to enable theoretical statem
about the electronic structure of YBa2Cu3O7. The compari-
son of our results with LDF computations showed in ma
respects good agreement for the Fermi level crossings,
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FIG. 8. The DOS of thechainlike region~cor-
responding to Fig. 7!, which covers a greater en
ergy range in comparison to the plane case.
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partially filled bands and in the intermediate valence zo
The LDF results, on the other hand, agree rather well w
photoelectron spectra in the case of ‘‘123.’’17–19Therefore,
we conclude that our correlation corrected band structu
give a rather good description of the filled bands. Furth
more, neither the chain nor the plane cell could be hand
without including the apical oxygen atoms. It is an importa
link influencing both subunits and should be taken into
count in the search for mechanisms of high-Tc superconduc-
tivity. Low-lying, flat, and Cu3d-dominated energy band
may play an important role for approaches based on e
.
h

s
r-
d
t
-

i-

tonic coupling.33 Therefore, it is interesting that we coul
compute those bands in contrast to LDF calculations an
agreement with experimental observations.42 It is also inter-
esting to note that these bands are more flat in the ‘‘12
case, than in the case of La22xBaxCuO4,

22 making the Cu3d
electrons belonging to these bands more localized and th
fore more strongly polarizable. Assuming a polarization~ex-
citonic! mechanism of high-Tc superconductivity in cuprate
this could explain the largerTc in ‘‘123’’ than in the ‘‘214’’
system.

Last, but not least, in contrast to the LDF computatio
ed

FIG. 9. The DOS referring to ourplanecell.

This plot corresponds to the correlation correct
bands given in Fig. 6.
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we were able to calculate also mutually consistent and
relation corrected CuO2 planelike and Cu-O chainlike un
filled bands. These will be used to subsequent exciton ba
calculations to look more thoroughly at the proposed exci
mechanism3–5 of high-Tc superconductivity, calculating th
effective potential,Tc , the superconducting gap and final
the coherence length.
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J.-M. André, L. Gouverneur, and G. Leroy, Int. J. Quant. Che
1, 427 ~1967!; 1, 451 ~1967!.

22P. Saalfrank and J. Ladik, Physica C204, 279 ~1993!.
23R. S. Mulliken, J. Chem. Phys.23, 1833~1955!.
24P. Saalfrank, J. Phys. Condens. Matter3, 2621~1991!.
25P. P. Ewald, Ann. Phys.64, 253 ~1921!.
26G. L. Goodman, D. E. Ellis, E. E. Alp, and L. Soderholm,

Chem. Phys.91, 2983~1989!.
27A. Datta, C. H. Srivastava, and S. N. Datta, J. Chem. Phys.97,

9996 ~1993!.
28J. Li, H.-L. Liu, and J. Ladik, Chem. Phys. Lett.230, 414~1994!.
29See Refs. 26 and 27.
30C. Pisani, R. Dovesi, and C. Roetti,Hartree-Fock Ab Initio Treat-

ment of Crystalline Systems, Lecture Notes in Chemistry Vol. 48
~Springer, Heidelberg, 1988!.

31T. H. Dunning and P. J. Hay, inModern Theoretical Chemistry,
edited by H. F. Schaeffer, III~Plenum, New York, 1977!.

32R. Gomperts and E. Clementi, Documentation and User’s Gu
to Quantum Chemistry ProgramKGNMOL, QCPE#538~1988!.

33J. Ladik and T. C. Collins, inNovel Superconductivity, edited by
S. A. Wolf and V. Z. Kresin~Plenum, New York, 1987!, p. 379.

34S. Suhai, Chem. Phys. Lett.96, 619 ~1983!; Phys. Rev. B27,
3506 ~1983!.

35C. -M. Liegener and J. Ladik, Phys. Rev. B35, 6403 ~1987!; J.
Chem. Phys.88, 6999~1988!; M. Vrac̆ko, C.-M. Liegener, and
J. Ladik, Chem. Phys.126, 255 ~1988!.

36C. Mo” ller and M. S. Plesset, Phys. Rev.46, 618 ~1934!.
37L. S. Cederbaum, J. Schirmer, W. Domke, and W. von Niesse

Phys. B10, L549 ~1977!; L. Hedin and S. Lundquist, Solid Stat
Phys.23, 1 ~1969!.

38L. S. Cederbaum and W. Domke, Adv. Chem. Phys.36, 205
~1977!.

39L. J. Palmer and J. Ladik, J. Comp. Chem.8, 814 ~1994!.
40A. M. Olès and W. Grzelka, Phys. Rev. B44, 9531~1991!.
41H. M. Meyer, III, D. M. Hill, T. J. Wagener, Y. Gao, J. H

Weaver, D. W. Capone, II, and K. C. Goretta, Phys. Rev. B38,
6500 ~1988!.

42See in W. E. Pickett, Rev. Mod. Phys.61, 433 ~1989!; R. L.
Kurtz, R. L. Stockbauer, D. Mueller, A. Shih, L. E. Toth, M
Osofsky, and S. A. Wolf, Phys. Rev. B35, 8818~1987!.


