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CORRELATED STATESFOR ATOMS AND ATOMIC CLUSTERS:A COMBINED EXACT DIAGONALIZATION� AB INITIO APPROACH�E.M. Görli
h, R. Zahorbe«ski, and J. SpaªekMarian Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Re
eived July 10, 2002)We have proposed a novel method (EDABI) of approa
h to nanos
opi

orrelated systems that 
ombines an exa
t diagonalization method with anab initio readjustment of the single-parti
le orbitals. With the help of thismethod we study 
orrelated ele
troni
 states of atoms and small 
lusters.In the 
ase of atomi
 systems with Z < 10 we 
an perform the analysisof the ground- and ex
ited- states systemati
ally improving the a

ura
yof the 
al
ulation. For the two- and three- dimensional 
lusters 
ontainingup to N = 4 atoms the ele
troni
 and latti
e properties are analyzed asa fun
tion of interatomi
 distan
e. Three- and four- site intera
tions arein
luded for simple s-like orbitals. With an in
reasing interatomi
 distan
ethe Hubbard gap appears already for the 
luster systems.PACS numbers: 71.10.Fd, 71.27.+a,11.10.EfWe present results for light atoms and H4 
lusters within the re
entlyproposed by us method 
ombining an exa
t diagonalization of Hamiltonianof intera
ting parti
les in the Fo
k spa
e with an ab initio optimization of thesingle-parti
le orbitals in the ground state (EDABI). The results illustratethe feasibility of the method when applied to the 
orrelated states of smallquantum dots and 
lusters.An exa
t solution of intera
ting (
orrelated) ele
troni
 systems in
or-porating an ab initio pro
edure in a 
onsistent manner, is important evenfor model systems. This is be
ause we obtain the properties of a system of
orrelated ele
trons as a fun
tion of latti
e parameter, not only as a fun
-tion of intera
tion parameters, as is usually the 
ase. In this respe
t, our� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(645)
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h, R. Zahorbe«ski, J. Spaªekgroup has devised re
ently [1�3℄ a novel method of approa
h involving bothan exa
t treatment of the interparti
le intera
tion expressed in the Fo
kspa
e by the Hamiltonian diagonalization in the o

upation-number repre-sentation, 
ombined with a readjustment of single-parti
le wave fun
tions
ontained in the mi
ros
opi
 parameters. It should be underlined that thewave-fun
tion optimization takes pla
e only after the intera
tion has been in-
luded in the ground-state-energy expression. In the situation when this op-timization of the ground-state-energy is 
arried out variationally, our methodrepresents a variant of the full multi
on�guration-intera
tion method withself-
onsistently adjusted orbitals (MCI-SCF method [4℄). The only approx-imation in our method is the �nite size (and thus, its in
ompleteness) of thesingle-parti
le basis de�ning the �eld operator (and thus the redu
ed Fo
kspa
e). TABLE IOptimized Bohr-orbit size of 1s, 2s, and 2p orbits (in units of a0), the overlap Sbetween renormalized 1s and 2s states, and the ground state energy for the lightestatoms and ions. a1s a2s a2p S EG (Ry)H 1 2 2 0 �1H� 0.9696 1.6485 1.017 �0:1 �1:0487He 0.4274 0.5731 0.4068 �0:272 �5:79404He� 1.831 1.1416 0.4354 �0:781 �5:10058Li 0.3725 1.066 0.2521 0:15 �14:8334Be+ 0.2708 0.683 0.1829 0:109 �28:5286In the present 
ontribution we test the e�e
tiveness of our method by �rst
al
ulating the ground and �rst ex
ited (not displayed here) states 
hara
ter-isti
s of simple atoms and ions (H�, He, Li, He� and Be+) and small 
lusterof N � 4 H atoms in various 
on�gurations. The role of ele
troni
 
orrela-tions is 
ru
ial, as we will dis
uss in detail next. In Table I we provide thevariationally optimized radii of the 1s (a1s), 2s (a2s), and 2p (a2p) orbitals ofwave fun
tions 
omposing the orthogonal (mole
ular) single-parti
le basis.We see that the Bohr-orbit sizes an di�er substantially from that of hydrogen(it is measured in units of 1s Bohr radius a0 ' 0:53Å). The 
orrespondingground-state energy in ea
h 
ase is not far away from the 
orrespondingexa
t values (the quantitative test will be dis
ussed separately).In Table II we provide the prin
ipal 
hara
teristi
s representing the mix-ing of the single-ele
tron states in the situation when the intera
tion be-tween them is in
luded. The 
olumns represent respe
tively: the hoppingt between orthogonalized (Wannier) 1s and 2s states, as well as the inter-a
tion parameters in the orthogonalized basis: the (Hubbard) intera
tion
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 Clusters. . . 647amplitudes between 1s (U1), 2s (U2), 2p0 (U3) and 2p�1 (Up) states, the in-tera
tions 1s�2s, 1s�2p, and 2s�2p (K12, K13, and K23, respe
tively). Thoseparameters represent a sizable fra
tion of the ground-state energy and de-termine the admixture of higher ex
ited states to the ground state (e.g. theadmixture of 1s�2s, 1s�2p, et
. 
on�gurations to the 1s2 atomi
 state). Itshould be emphasized that those parameters are needed when setting thequantum ele
trodynami
s of the atom. TABLE IIMi
ros
opi
 parameters (in Ry) of the sele
ted atoms and ions all quantities are
al
ulated for the orthogonalized atomi
 states.t U1 U2 U3 Up K12 K13 K23H� 0:057 1.333 0.369 0.77 0.728 0.519 0.878 0.457He 1:186 3.278 1.086 1.924 1.821 1.527 2.192 1.289He� �1:1414 1.232 0.764 1.798 1.701 0.929 1.421 1.041Li �0:654 3.267 0.533 3.105 2.938 0.749 3.021 0.743Be+ �0:929 4.509 0.869 4.279 4.049 1.191 4.168 1.175We now turn to the small planar and 3D 
lusters of 3 or 4 hydrogen atomstaking into a

ount only a single 1s state per atom. In the 
ase of mole
ularphysi
s of this type the ele
tron 
orrelations e�e
ts arise be
ause the in-traatomi
 (intrasite) intera
tions 
an be
ome larger than single-parti
le (theparti
le-hopping) energy, parti
ularly at a larger interatomi
 distan
es, thelast being regarded as an experimentally 
ontrollable parameter. In Fig. 1we display the ground state energy per atom of 
lusters with N atoms andfor several arrangements. One sees that the H2 mole
ule is the most stablestate and hen
e the N = 3 and 4 
lusters 
an be stabilized only on e.g.surfa
e, i.e. when the additional trapping potential is present. It is alsointuitively understandable why the planar 
on�guration of N = 4 atoms isthe next stable one. Namely, it is 
loser to two H2-mole
ules 
on�gurationthan the spatial (tetrahedron) H4 arrangement.In obtaining Fig. 1 two fa
tors are important [5℄. First, the Slater 1sorbitals were taken and orthogonalized to de�ne the �eld operators and, moreimportantly, the Hamiltonian representation in the Fo
k spa
e, subsequentlybrought to the diagonal form with the help of modi�ed Lan
zos pro
edure.Se
ond, 3- and 4-site intera
tion terms in the atomi
 representation wereestimated by demanding that they vanish in the orthogonalized (Wannier)and optimized representation.Probably the most interesting feature of the present 
luster 
al
ulationsis the stru
ture of the levels displayed here in Fig. 2 for N = 4 planar 
ase.Namely, with the in
reasing distan
e R the energy manifolds split up intowell de�ned groups 
orresponding to the Hubbard subbbands. The middle
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Interatomic distance, R/a0Fig. 1. Ground state energy per atom as a fun
tion of interatomi
 distan
e (inunits of 1s Bohr radius), for several 
lusters of N atoms. The 
hara
teristi
s: thedistan
e R at minimum energy, the inverse size (�) of the optimized 1s orbit, andthe value of EG at minimum, are listed expli
itly in ea
h 
ase.subband, representing the states with a double atom o

upan
y (energy ex-
ess � U=4 per atom for the �rst higher subband). A
tually, this subbandis split into two be
ause there is a slight di�eren
e depending on the 
on�g-uration of the remaining two ele
trons. The highest state in energy for this
luster is that with two double o

upan
ies. However, this state 
ontains asmany empty sites (we have N = 4 with 4 ele
trons), so the third subbandis not so well de�ned as the se
ond. We therefore see that the prin
ipal fea-ture of many-body stru
ture � the Hubbard subbands � appears alreadyin mole
ular systems. This result is possible to a
hieve in a 
lean form onlywhen we study a systemati
 evolution of the system as a fun
tion of thelatti
e parameter.In 
on
lusion, it is of fundamental importan
e to extend the presentresults to larger N to see systemati
ally the development of extended (solid-state) state from mole
ular (
luster) states. Also, an implementation of themethod in Gaussian basis would make it possible to perform the analysis forvarious systems su
h as fullerene, transition-metal 
lusters and other 
ases.Furthermore, one should 
ompare the present results with those obtainedfrom 
ommer
ially available 
odes.
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Interatomic distance, R/a0Fig. 2. Energy levels of N = 4 square 
luster vs R. Note the splitting into theHubbard subbands with the in
reasing R.The work was supported by the Polish State Committee for S
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