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The problem of calculation of bound state energies for the following systems: heavy
quarkonium and superatom (a spherical nucleus of some semiconductive material
that is selectively doped by donors; surrounded by the intrinsic matrix from material
with low band gap) is considered. Ab initio effective potential approach in combi-
nation with the QED and quantum mechanical perturbation theory method and po-
larization functional formalism is used in the calculation of the energy characteris-
tics of the systems considered. The zeroth approximation is generated by solution of
Schrodinger equation with spherically symmetric potential that includes the poten-
tial of ionized donors, the Hartree-Fock-Kohn-Sham functional. The perturbation
theory second- and higher-order corrections (particle-hole interaction, mass operator
iterations) are effectively taken into account. For superatomic system
(Al 35Gag 65 As nucleus, charge Z=20; GaAs matrix) we calculate the corresponding

sequence of energy levels. The energy splitting calculation for quarkonium with the

use of the different forms of potential is carried out.

In the recent years great interest is at-
tracted by the study of bound state energies
for the following systems: heavy quarko-
nium, superatom and 1D superlattice [1-6].
Superatom represents the spherical nucleus
of some semiconductive material, that is se-
lectively doped by donors and surrounded by
the intrinsic matrix of material with low
band gap. All these systems can be calcu-
lated on the basis of the same unified quan-
tum mechanical method. In this paper we
consider the corresponding method (energy
approach) in order to carry out the accurate
calculations of the energy characteristics for
the above cited systems. Earlier we have de-
veloped an accurate consistent method for
calculations of the atomic and molecular
system properties [7-10], in particular, the
quantum-electrodynamical (QED) method
and relativistic perturbation theory with ef-
fective potential of the zeroth order (energy
approach), ab initio quasi-particle density
functional formalism (Dirac-Kohn-Sham-
Ivanov schemes). The main purpose now is
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their application to the calculations of energy
characteristics of quarkonium and superatom
systems. The zeroth approximation is usually
generated by the effective ab initio model
functional, constructed on the basis of the
gauge-invariance principle. [7-10]. The ze-
roth-order basis is generated by the solution
of the Schrédinger equation with spherically
symmetric potential that includes the poten-
tial of ionized donors, the Hartree-Fock-
Kohn-Sham functional. The non-relativistic
Schrédinger equation has the standard form:

R/ M YR2m RIE-V(F) -1 +1)/r*T¥ =0(1)

where W is the radial part of the wave func-
tion, £ — the energy of the system, / —orbital
quantum number, r — the distance from cen-
ter of the nucleus, other designations are
standard. The effective potential 7 for the
superatom is supposed to be spherically
symmetric and has the following form:

Vir)=V0r-r)+V,@)+V, + V. (r) (2)



Uzhhorod University Scientific Herald. Series Plegsissue 8. Part 2. — 2000

where 7o is the nuclear radius, V; is the posi-
tive overfall of conduction band minima for
the nucleus and the matrix; 6(x)=0, x<0 and
=1 if x>0; V¥ is a potential of the ionized
donors; V,,Vy. are the Hartree and ex-
change-correlation potentials. The shape of
potential (2) is presented in Fig.1 The corre-
lation corrections of the high orders can be
taken into account within the Green func-
tions method and relativistic polarization
functional formalism [8-10].

E, 10 MeV

Fig.1. The potential of superatom (formula (2)).

We take into account all correlation cor-
rections of the perturbation theory second
order and also a contribution of the high or-
ders diagrams (particle-hole interaction,
mass operator iterations etc.). It is very im-
portant to note that the nuclear diameter in
the superatom is compared with the general
size of system and a singularity in the coor-
dinates center is absent in contradistinction
of the heavy atom. That is why the levels
with large angular moment become more
energetically profitable. We have carried out
the calculation of the superatom system
(Al 35GageAs  superatomic nucleus, nu-

clear charge 7=20 ;: GaAs matrix) and ob-
tained the corresponding sequence of energy
levels 1s22p%3d'°2s* (superatomic radius:
120 A). Note that it is in a good agreement
with the calculation results of Inoshita er al.
[1]. With difgferent parameters (radius 160
A and Z=20) the ground state of system is
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corresponding to a different configuration
1522p%34'°2 2. . The superatomic radius is
estimated as ~ 390 A. It is clear that the
properties of the superatom can be changed
according to the form of the potential (2).
Such quantum-mechanical problem is
known in the high-energy physics, in par-
ticular, the problem concerns the bound
states of quarkonium. We have also carried
out the energy splitting calculation for a
quarkonium system with the use of the dif-
ferent forms of potential. In the zeroth limit
for E(2s)-E(2p) we have 800 MeV at
m(Q)=45 GeV. If r—>o0, the 2s-2p and 2s-1s
splitting results in ~140 MeV. It is interest-
ing to turn attention to the behavior of the
value |WP(0) [, /| P(©0)[}=05-0,6 at
m(Q) =45 GeV (this value is obtained in the
case of the potential : V(r)~I1/rLn(Ar) being
used when r—0 and V~ar when r—>o0; 4=0.1
GeV and a=0.2 GeV). In Fig. 2 we present
the dependence of the value | ¥(0) |}, on the

position of the O-singularity for the potential
V.
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Fig. 2. The dependence of the value ’\P(OX? on the
o3
position of the ©-singularity for the potential V:

— data of [5]; ---- our data.

In conclusion, we pay attention to pos-
sible perspective of using superatoms in
technical applications. Creation of optical
logical devices on basis of superatoms for
optical computers is of great interest. We
consider the possibility of creation of a
counter for single electrons.
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3B’SI3AHI CTAHU B KBAPKOHII TA
CYIIEPATOMHUX CUCTEMAX:
POSHEIVIEHHS EHEPTETUYHMX PIBHIB

O.B.I'nywixos, A.B.JIobona, M.3yaa

LleHTp aTOMHOI, MOJIEKYIAPHO] Ta JIa3epHOI CIEKTPOCKOMI],
OnechbKuii ripoMeTeopoIoriyimil iHCTHTYT, a/c 108, Oneca-9, 65009

PoarnsdyTo mpoblieMy po3paxyHKy €Heprift 3p’#3aHmX CTaHiB CHCTEM: BaKKOIo
KBapKOHil0 Ta cyreparoMa (chepudHe AP0 HAMIBAPOBIIHMKOBOIO Martepiaiy,
JIETOBAHOrO [OHOpaMH Ta OTOYEHOro Oe3J0MIIIKOBOIO MAaTpHIEI0 3 Marepiamy 3
MEHILOK MpHHOK 3a0oponenoi 30HM). JlId pO3paxyHKY eHEpreTHIHHUX
BJIAaCTUBOCTEN  HOCIHI[UKYBAaHMX CHCTEM BHKODHCTAHO MeETOH e(EeKTHBHOIO
noTeHuiany 3 nepwux npuHuMmiB y koMbinauil 3 KEJI Ta XBaHTOBO-MeXaH{4HOIO
Teopiero 30ypeHs 1 ¢opmanisMom monspusauiiroro dyskuiosamy. Cdepuuno
cuMmeTpuuHMi roTeduian y pipraHRi llpenminrepa crianaeThed i3 moTeHIiamy
iomizoBaHMx HOoHopip Ta  ¢yHkuionany Xaprtpi-Poxa-Kona-lllema. [ma
cyneparomHoi cucteMu (Aapo AlgssGaggsAs; 3apan  Z=20; matpuus GaAs)
O/lepYKaHO BiANOBINHY MOCNIZOBHICTh €HEPreTHUHUX PiBHIB. BHKOHaHO po3paxXyHOK
@HepreTHIHOTO PO3LISIUIEHHA Ui KBAPKOHilO,
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