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‘We propose the formation mechanism of the body-centred regular tetrahedral structure of the He:5+ cluster. The

total energy curve for this structure has been calculated by using a modified arrangement channel quantum mechanics

method. The result shows that a minimal energy of —13.9106 a.u. occurs at a separation of 1.14ag between the nucleus

at the centre and nuclei at the apexes. Therefore we obtain the binding energy of 0.5202 a.u. for this structure. This

means that the HegL cluster may be stable with a high binding energy in a body-centred regular tetrahedral structure.
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1. Introduction

In the past ten years, the formation and stabil-
ity of helium cluster ions have been extensively stud-
ied. The structures of the helium cluster ion have
been theoretically studied by Gianturco and de Lara-
Castells.[!] They considered that the stable structures
for this cluster may be formed in the forms shown in
Fig.1. We see that the geometries of He; may be a lin-
ear core of HeZ or a core of Hej with additional atoms
approaching the ends or the centre of these cores. The
core carries a positive charge and the additional atoms
are mainly bounded by weak polarization forces. Be-
cause the polarization forces are very weak, the bind-
ing energies of the clusters formed in the above way

are very small. We propose in this paper that the more
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strong binding structure for He may be in a body-
centred regular tetrahedral structure formed from the
interaction of Het at the centre with four atoms at the
apexes, as shown in Fig.2. In order to investigate the
stability of this structure, the binding energy of the
structure is calculated by using a modified arrange-
ment channel quantum mechanics method.[?3] This
method is based on the arrangement channel quan-
tum mechanics (ACQM) method provided by Levin et
al.¥ Gou et all?! have modified the ACQM method
by giving the new channel-coupling matrix which in-
cludes the Coulomb interaction ignored by Levin et
al and by choosing the channel physically not mathe-
matically. This modified ACQM (MACQM) method
has been used to calculate the structures and energies
of H,, (n=3,5,7,9,13)2°=8] successfully.
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Fig.1. The possible stable structures for He;r.
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2.The formation mechanism

We think that the cluster Heg' can be formed in
a body-centred regular tetrahedral structure by the
interaction of Het at the centre E with four neigh-
bouring helium atoms at the apexes A, B, C and D, as
shown in Fig.2(a). The detailed formation mechanism
is shown in Fig 2. There are five nuclei symbolized by
A, B, C, D and FE, and nine electrons symbolized by
e1, es, €5, e7, eg T, with positive spin | and by es,
e4, €6, €g, with negative spin |. At the beginning, we
suppose that the first helium atom is situated at the
apex A with electrons e; 1 and ey |, the second he-
lium atom is situated at apex B with electrons e3 1
and e4 |, the third helium atom is situated at apex C
with electrons es 1 and eg |, the fourth helium atom
is situated at apex D with electrons e; 1 and eg |,
and the helium ion He% is situated at the centre E

with electron eg 1. The electrons e; 1 (i=1,3,5,7,9)

are localized around the nuclei A, B, C, D and FE re-
spectively. At a certain moment, the electron es of the
helium atom He (ej, e2) at apex A may interact with
the helium ion He™t (eg) at the centre E and form the
bond AE [He't(e1) + ea+HeT (eg)] by the resonance
of e between He' (e;) at A and Het (e9) at E. In
the meantime, all the electrons around the nuclei B,
C and D are localized. In this way, the four bonds
can be formed sequentially and instantaneously with
equal opportunities, as shown in Fig.2. The resonance
of these four bonds around the centre E makes He™ at
the centre and the four He atoms at the apexes bond
together to form the body-centred regular tetrahedral
structure of the HeT cluster. Therefore, the cluster
He;' can be formed in the body-centred regular tetra-
hedral structure by the interaction of He™ with four
neighbouring He atoms according to the following four

channels

(c¢)Formation of BE bond.

(d)Formation of CE bond.

(e)Formation of DE bond.

Fig.2. Formation of the instantaneous single electron bonds in the body-centred

regular tetrahedral structure of the Heg' cluster.

He(ey,e2) + He(es, e4) + He(es, eg) + He(er, es) + He+(69) —

AE[He" (e1) 4+ ey + He™ (e9)] + He(es, e4) + He(es, eg) + He(er, eg)
BE[He" (e3) + e4 + He™ (eg)] + He(ey, e2) + He(es, eg) + He(er, es) L Het
CE[He" (e5) + e + He™ (e9)] + He(eq, e2) + He(es, e4) + He(er, eg) o
DE[He" (e7) 4+ es + Het (eg)] + He(eq, e2) + He(es, e4) + He(es, eg)
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3. The method for calculation of
total energy

According to the MACQM method,!? the four
channels shown in Fig.2 are selected for the calculation
of the total energy of the system. The wavefunction
for the bond AF in the first channel is formulated from
the linear combination of the wavefunction A(1,2) for
the helium atom at A multiplying the wavefunction

E(9) for the helium ion at E and the wavefunction

A(1) for the helium ion at A multiplying the wave-
function E(2,9) for the helium atom at E. The total
wavefunction for the whole system with the first chan-
nel is

N1[A(1,2)E(9) + A(1)E(2,9)]B(3,4)C(5,6)D(7,8).

In the same way, we may write down the other
channel wavefunctions. The four channel wavefunc-

tions are

By = Ni[A(1,2)B(9) + A(1)E(2,9)|B(3, 4)C(5,6)D(7,8)
Uy = N3 [A(3,4)E(9) + B(3)E(4,9)]A(1,2)C(5,6)D(7,8) 1)
Wy = N3[A(5,6)E(9) + C(5)E(6,9)]A(1,2)B(3,4)D(7,8) [’
Uy = N4[A(7,8)E(9) + D(T)E(8,9)]A(1,2)B(3,4)C(5,6)

where N; (i=1,2,3,4) are normalization factors, A(1), v =g - g, (3)

B(3), C(5), D(7) and E(9) are the ground-state wave-
functions of hydrogen-like helium ions, and A(1,2),
B(3,4), C(5,6), D(7,8) and E(#,9) (i=2,4,6,8) are
the ground-state wavefunctions of the helium atoms.

They have the forms of

3
A(1,2) = Zexpl-p(ra, + 7.,

A1) = (“—B>1/2exp<—u'ul>,

s

where pu=1.6875 is the effective nuclear charge for
electrons of He determined by variation method, and
1'=2.0 is the nuclear charge for the He't electron. The
expressions in the brackets of Eq.(1) denote the wave-
functions of He; .

Under the Born—Oppenheimer approximation,

the Hamiltonian of the system is

R 12 E 9 ,
H=-_>Vvi-> >
24 A i1 i
°o 9 1 B E
DD D DI = (2)
i=1j>i Y u=Av#u w

The Hamiltonian H) and the interaction potential
V@ for the first channel are

9
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We can write down H () and V() for other chan-
nels in the same way.
Then we can write down the total wavefunction

for the whole system of the four channels as
4
v =" Cip, (4)
i=1

where C; is the expanding coefficient, and the Hamil-

tonian of the system can be expressed as

A

H=HYD1+v® (;=1,234). (5)

So the Schrodinger equation for the whole system
HU=Ev (6)

becomes

4
S - A9 - V010, = 0. (7)

i=1
Using the procedures of the MACQM method as
in Ref.[2] to solve Eq.(7), the energy curve for the He:"

cluster can be obtained.
4.Results

The result of the present calculation of the total
energy curve is shown in Fig.3, where R is the distance
from the central nucleus to the peripheral nuclei. The

curve has a minimal energy of —13.9106 a.u. when R
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is 1.14 ag, where ag is the radius of the first Bohr
orbit. This minimal energy is lower than the mini-
mal total energies (the lowest is —13.8310 a.u.) of
the three structures shown in Fig.1. calculated by Gi-
anturco and de Lara-Castells.!!/ When R approaches
oo, the He; cluster discussed dissociates into the non-
interacting system (He™+ He + He + He + He), and
the present curve has a total energy of —13.3904 a.u.
when R approaches co. Hence the binding energy of
the structure of the He;' discussed is 0.5202 a.u. This
energy is much greater than the dissociation energies
of the He} studied in Ref.[1].

the Heg' cluster may exist in a stable state with a

So we conclude that

stronger binding energy in the body-centred regular

tetrahedral structure.

-13.0
-13.2¢
Total energy of the noninteracting system
Het +He+He+He+H
5 134 (He? +HetHetHe o)l 13,3004
&
E Binding energy (dissociation energy)
-13.6 l0.5202 /4.
-13.8¢+ He:
-13.9106
-14.0 L L 1 L
05 1.5 2.5 35 45
R/ag

Fig.3. Variation of the total energy curve of He5+ with
the distance R from the central nucleus to the periph-
eral nuclei.
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