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Abstract. The static and dynamical polarizabilities of the
Hg-dimer are calculated by using a Hubbard Hamiltonian
to describe the electronic structure. The Hamiltonian is
diagonalized exactly within a subspace of second-quan­
tized electronic states from which only multiply ionized
atomic configurations have been excluded. With this ap­
proximation we can describe the most important elec­
tronic transitions including the effect of charge fluctu­
ations. We analyze the polarizability as a function of the
intraatomic Coulomb interaction which represents the
repulsion between electrons. We obtain that this inter­
action results in strong electronic correlations in the excit­
ed states and increases the first excitation energy of the
dimer by 0.8 eV in comparison to a calculation which
neglects correlations, resulting in a better agreement with
the experiment.

PACS: 33.10.-a; 31.50.+w

transition arises only due to spin-orbit coupling. It is
important to note, that these two absorption lines of Hg2
are close to the corresponding absorption lines of single
Hg atoms. Previous calculations [2, 3] would have yield­
ed an absorption line for Hg2 which is about 1 eV below
the corresponding atomic line and which is thus in strong
disagreement with experiment. It is the purpose of this
paper to improve previous calculations by using a better
treatment of the electron-electron interactions. As a first
step we neglect for simplicity spin-orbit interactions and
thus the singlet-triplet optical excitation. This permits also
a closer comparison with previous calculations. Within
our theory it is of course also possible to determine the
singlet-triplet optical excitation. Since the exchange inter­
action between valence electrons in atoms is of the order
of 1 eV, we expect that the singlet-triplet absorption line is
about 1 eV below the singlet-singlet line and of decreased
intensity, according to the strength of the spin-orbit inter­
action.

1. Introduction
2. Model

The electronic structure of the Hg-dimer is obtained by
using a Hubbard Hamiltonian for the valence electrons

H = L t«nia<l + L tijapCi~<lCjfJ(1
i,a,a i,i,a,p,a

i*j

(1)+u . L,
1,«./l.0,(1

(a,a)#:(p.a')

where i and j refer to atom position, ('J, and p to orbital
(s, Px' Py, pz) and (1, (1' to spin, C~(f' and cjfJa are the creation
and annihilation operators, nia(1 = Ci~aCil1a the electron
number operators, 8a are the atomic levels, tija/l the hop­
ping parameters and U the effective Coulomb interaction.
U is defined as the difference between the Coulomb inter­
action Uo between two electrons in the same atom and the
Coulomb interaction between one electron in atom 1
(coordinates: - dj2, 0, 0) and the other electron in atom 2
(coordinates: dj2, 0, 0), thus U = Vo - e2jd, where d is the
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We have calculated the dynamical polarizability (X(w) and
the electronic structure of the Hg-dimer as a first step to
discuss the size dependence of the optical properties of
Hg,.-clusters. We discuss the competition between electron
delocalization (due to hopping) and electronic correl­
ations (due to the Coulomb interaction between elec­
trons).

Experimentally, the optical spectrum of Hg2 consists
of two absorption lines [1] at 4.9 eV and at 6.1 eVe The
line at 6.1 eV is rather intense and corresponds to a
transition from the singlet ground state of Hg2 to a singlet
excited state. The other line corresponds to a transition to
a triplet excited state and is of low intensity, because this
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where X is obtained from the atomic polarizability. Note
that pz i~ ~ssentially the same as py and that azz = (Xy" thus
the average polarizability is

interatomic distance. All parameters are taken from [2J.
The diagonalization of this Hamiltonian yields the ground
state, excited states and their energies.

The ground state 0 0 of energy Eo is symmetric with
respect to the exchange of atoms. It consists mainly of the
neutral configuration, where ·all 4 electrons are in s-levels,
thus «1>0 ~ cts i cis! cisr cisJ 10(. .

The excited states <l»n, whIch can be reached by dIpole
transitions, can be classified in two categories according
to the orientation of the external electric field with respect
to the bond. First, when the electric field is parallel to the
bond, the excited states are antisymmetric wi~ respect
to the exchange of atoms. There are two Important
configurations, a neutral excited configuration (Hg*Hg)
formed by an antisymmetric linear combination of
(cis1ctpxJ. cist ct3! 10) + permutations} a!ld an io~c .con­
figuration (Hg+Hg-) formed by an antlsymmetnc bnear
combination of (ctS! ciPxJ cts l cts~ 10) + permutations).
This results in two excited states fl)n ~ a,,(ionic config.)
+ b (neutral config.) (n = 1,2) of low energy En. Note that

the probability of an ionic configuration in these excited
states is then given by P(ionic config.) ~ lan l2• Second,
when the electric field is perpendicular to the bond, the
excited states are antisymmetric with respect
to a rotation of 1800 around the bond axis.. Similarly
to the first case a neutral excited configuration
(c+ c+ Ic2+ r ci.IO)+perrnutations) and an ionic

Is1 lPy+ s s+ + + + t. )
configuration (cis t C2p ~ e2s l C2s~ 10) + permuta Ions are
important. As before, two excited states <Il~ of low energy
E' (n = 1,2) are obtained.

It The energies. Eo, En and E~ and states cJ)0, <l>n and <I>~
obtained from the diagonalization of the Hamiltonian are
now used to determine the dynamical polarizability
(Xu { (0):

2

lXl/(ro) = e
h
~ I(nlp,1 <1>0>12

(rono + ~ + if'/2 + COnO - ~ - if'/2)' (2)

where the sum is done over excited states In) and mnO

is the energy of the transition. Here I ref7rs to the x-3:xis
(In) = cJ)rr) or to the y or z-axis (In) = <l>n)' T~e dampl~g
factor in our calculation is r = 0.01 a.u. The dIpole matrIx
elements are obtained from a second quantized repre­
sentation of the dipole moment operator:

Px = ~2 (Ln2«a - Ln1«a)
",a ",tl

+ Xlt L (_l)i-l (Ci;xO'CiStl + Ci~O'CiPx6) (3)
tI.i

0.4

(6)
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0.1o

Finally, the absorption cross section is

a( (0) oc OJ 1m (XDV( (J).

3. Results

Fig. 1. Imaginary part of the dynamical polarizabili~y (related to
optical absorption) for different values.of ~~e effective Coulomb
interaction U. Solid line: average polan~ablhty <XQV • Lo~g-dashed
line: polarizability for an electric field one.n.ted perpendlcul~r1y to
the bond (1.,1' Short-dashed line: polarizablhty for an electnc field
oriented parallel to the bond (Xxx' Note that the lower panel actually
corresponds to Hg2

The experimental value of the Hg-dimer bond length
is d = 3.3 A [4]. The hopping parameters are: tss =
-0.017 a.u., tsp = -0.018 a.u., tppa = -0.028 a.u. and

tPP1t = -0.008 a.u. [2]. The average value of the atomic sp
excitation energy is ~ = ep - Gs = 0.213 a.u. [2]. The bare
intraatomic U0 = 0.306 a.u., from [2], results in an effec­
tive U = 0.147 a.u. for the dimer. Finally, XiI = 1..354 a.u.
is obtained from the experimental static polarizability.

The comparison in Fig. 1 of 1m [aao] for U = 0 (upper
panel neglecting charge fluctuations) and U = 0.147 a.u.
(lower panel, including correctly charge fluctuations) in­
dicates the importance of electron correlations in the"
optical properties of the Hg-dimer. Three strong ~bsorp­

tion peaks appear for U = O. The two peaks whIch are
lower in energy, nearly collapse in one for U = 0.141 and
the other peak practically vanishes in intensity.

The peak which is lowest in energy, comes from the
absorption of the dimer for an electric field parallel to the
bond and corresponds to the transition C1lo -+ ~l. This
peak increases in energy by 0.029 a.u. when U increases
from 0 to 0.147 a.u. This behaviour is explained by in..
creasing correlations. For U = 0 there are no corr~lations

and the weights of the ionic and neutral configurat~onsa.re
nearly the same (see Fig. 2). For U = 0.147 a.u. thiS exclt-

(5)

(4)

(lQV = «(Xxx + 2a.,,}/3.

and

V, = XII L (Ci;ytl Ci3<T + C~tlCiPy(l)'
tI,i
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wrongly obtain several distinct absorption peaks one of
which is almost 0.04 a.u. (1.1 eV) below the energ~ of the
atomic transition.

The static polarizability has also been calculated. It
compares quite well at U = U(Hg2 ) = 0.147 a.u. with the
~xperimental result [5], which does not give a significant
Increase for the static polarizability of the Hg-dimer in
~omparison to single atoms. In our calculation (Xav(Hg2 )

Increases only approximately 20/0 with respect to the
atomic value in good agreement with the experiment.
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The dynamical and static polarizabilities of the Hg2 have
been calculated using a Hubbard Hamiltonian including
charge fluctuations and the resulting strong electronic
c~rrelations. W.e obtain qualitatively good agreement
With the expenment. In contrast, a calculation which
neglects charge fluctuations and consequently important
electron correlations gives rather different results in
strong disagreement with the experiment. It is of interest
to extend these calculations to Hg3 , etc. and to other
clusters like Ben, Mgn, etc.

Regarding the singlet-triplet optical excitation, we
hav~ t.o add t? H the exchange interaction and the spin­
orbIt InteractIon. Due to the spin-orbit interaction one
obtains excited states which are a superposition of singlet
and triplet states. Then the dipole moment operator acts
between the ground state and the excited states modified
according to the spin-oribt coupling. Thus, we can obtain
within our formalism the singlet-triplet absorption.
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Fig. 2. Probability, P(ionic), ofan ionic configuration (Hg+ Hg-) for
the low lying excited states ~l and <)2 (see text) in function of the
effective Coulomb interaction U

ed state consists mainly of the neutral configuration. Thus
the hole in the s-level and the electron in the p-Ievel are
strongly correlated and nearly always on the same atom.

The peak which is highest in energy corresponds to the
transition <J)o -+ 4l2 " The energy of this peak increases
strongly by 0.12 a.u. when U increases from 0 to 0.147 a.u.
For U = 0 this excited state <b2 consists nearly equal of the
i?nic and the neutral configurations. For large U, it con­
SIsts almost only of the ionic configuration. Thus its
energy increases directly with U and its intensity decreases
strongly, because the ground state has only a very small
contribution of the ionic configuration for large U.

The peak in between corresponds to transitions
<lJo~ <I»~ or <1>0 ~ <1>2' which occur for an electric field
oriented perpendicularly to the bond. Essentially the same
behaviour is observed as for <1>1 and ()2. Note that <Il~ and
<1>2 are nearly degenerate for U = 0 and that <I>~ and <1>2
are nearly degenerate for larger U. It is possible that the
hopping integrals tpp1t and tpprr need to be corrected for
Hgn and this could result in a change of the splitting of the
singlet-singlet absorption line.

OUf results for the dynamical polarizability agree
qualitatively well with the experiments [1, 5, 6]. If a real­
istic value for U ~ 0.147 a.u. is used, then the main
absorption lines of Hgz are obtained near the energy of
the atomic s-p transition. In contrast, assuming independ­
ent electrons and neglecting correlations, which corres­
ponds to putting U = 0 in our calculation, one would


