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Abstract

The current status of relativistic electronic structure theory for superheavy elements is reviewed. Recent
developments in relativistic quantum theory have made it possible to obtain accurate electronic properties
for the trans-actinide elements with the aim to predict their chemical and physical behaviour. The role of
quantum electrodynamic effects beyond the no-virtual-pair approximation, which is usually neglected in
relativistic molecular calculations, is discussed. Changes in periodic trends due to relativistic effects are
outlined for the superheavy elements with nuclear charge Z = 111-120. We also analyse the role of the
negative energy states for the electronic stability of superheavy elements beyond the critical nuclear charge
(Z¢rir = 170), where the 1s state enters the negative energy continuum at —2mec?.
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1. Introduction

It is now well established that relativistic effects in the electronic structure of heavy elements
are important to the extent that they can significantly alter their chemical and physical behaviour
[1-5]. Simple extrapolations from the lighter to the heavier elements to deduce the physical or
chemical behaviour of the heaviest elements in the periodic table [6] is therefore not always pos-
sible. Prime examples are the unusual chemistry and physics of gold [1,7], including the stability
of high oxidation states in gold compounds [8,9] and its implications to homogeneous gold catal-
ysis [10,11], or the yellow colour of bulk gold [12]; mercury being a liquid at room temperature
[13]; the high superconducting transition temperature of Hg (4.15 K) in comparison to Zn (0.855
K) or Cd (0.52 K) [14]; or the fact that a lead-acid battery owes much of its voltage to relativity
[15]. As relativistic effects scale approximately like ~ (Za)?, even larger relativistic effects are
expected for the transactinide elements (also called super-heavy elements, i.e. elements with nu-
clear charge Z > 104) [16,17]. As early as 1975 Kenneth S. Pitzer pointed out that 112Cn, 114Fl
and the element with nuclear charge 118 are expected to be volatile and chemically inert as they
are of closed-shell character; in the case of Cn as a result of the strong relativistic 7s contraction
(giving Cn an atomic radius smaller than Cd), Fl because of the strong spin—orbit splitting of the
7 p shell resulting in a closed 7 P12 ) shell, and element 118 as it belongs to the series of rare gas

elements (but with a rather diffuse 7 p§ 1 shell) [18].

The heaviest nuclei on Earth were formed in the so-called r-process of stellar nucleosynthe-
sis before our planetary system was formed,” i.e. though rapid neutron capture and subsequent
B-decay processes, producing isotopes up to thorium, uranium and plutonium [20] or even be-
yond [21]. Beside the many uncertainties in modelling stellar nucleosynthesis [22-24], the fact
that the transactinide elements are not naturally found on Earth and have to be synthesised by
nuclear fusion instead, implies that isotopes of the transactinide elements are rather short-lived
compared to the age of our solar system [25]. Despite the recent success in the synthesis of
superheavy nuclei up to nuclear charge 118 (with the synthesis of elements 119 and 120 in
progress), by cold or hot nuclear fusion processes with cross sections as low as 1 pb [26], we are
still many neutrons short from the predicted shell-closure within the island of nuclear stability,
which, depending on the nuclear structure model used, is predicted to occur at nuclear charges
(proton numbers) Z = 114, 120, or 126 and neutron number N = 184 [27-29]. For comparison,
the heaviest 114 isotope synthesised has a neutron number of 175 with an estimated half-life of
2.6 seconds [30].

If the nuclear decay half-life is in the second range or above, chemical experiments become
feasible to study the properties of such exotic elements and to gain insight into their chemical
and physical behaviour compared to the lighter congeners in the Periodic Table [31]. Such one-
atom-at-a-time experiments have been carried out so far with transactinide isotopes up to nuclear
charge Z = 108 (Hs) [17], and more recently with Cn (Z =112) and F1 (Z =114) [32-35]. The
design of such difficult experiments relies on predetermined knowledge of the electronic struc-
ture and chemical behaviour of these superheavy elements, even more so as strong relativistic
effects often do not allow the deduction of properties directly from the chemical knowledge of
their lighter congeners within the Periodic Table. For this, one requires accurate relativistic elec-
tronic structure calculations. We mention here that Sewtz and co-workers investigated the atomic

1 We will abbreviate unnamed elements by their nuclear charge in the following.
2 Recent research indicates that neutron star collisions are the primary locations of r-process nucleosynthesis [19].
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level structure of fermium (Z = 100) using a sample of 2.7 x 10'0 atoms of the »55Fm isotope
with a half-life of only 20.1 h. Multi-configuration Dirac—Fock calculations gave strong sup-
port for electronic transitions from the 5 f27s? (3Hg) ground state to the 5 f'>7s7p (°Ig) and
5f12757p (°Gs) excited states [36]. Unfortunately, the originally anticipated project to study the
electronic spectra of even heavier elements such as No (Z = 102) at the GSI in Darmstadt did not
continue. More recently, the first ionisation potential of the heaviest actinide element lawrencium
103Lr has been determined experimentally by surface ionisation to be 4.96f818§ eV [37]. There
is, however, the possibility for future single-atom trapped spectroscopy of superheavy elements
if the nuclear decay half-life is long enough to carry out such experiments [38].

Great progress in the treatment of heavy elements by relativistic quantum theoretical methods
using the Dirac—Coulomb-Breit equation, including electron correlation and quantum electrody-
namic effects beyond the no-virtual-pair approximation (NVPA) [39] if required [40], has been
made in the past 30 years [41,42]. Suitable boundary conditions [43,44] (e.g. kinetic balance
[45]) and the use of prolapse-free basis sets for solving the Dirac equation have made it pos-
sible to obtain variationally stable solutions for both atoms and molecules [46]. However, the
treatment of molecular two-electron integrals in the Dirac—Hartree—Fock procedure including
the large and small Dirac components is computationally still a formidable task. More computer
efficient approximations (without loosing too much accuracy) can be obtained by transformation
of the Dirac equation into a two-component (or even relativistic scalar) form [47,48], for exam-
ple by using the exact two-component Hamiltonian (X2C) [49], or a two-component effective
core potential approach (ECP) [50,51]. In the past, these methods have been successfully applied
to the treatment of heavy and superheavy element compounds [52]. The major bottle-neck in
such calculations no longer lies in the relativistic treatment of the atomic or molecular electronic
structure, but in capturing most of the electron correlation at the relativistic level of theory.

In the past decade it has become clear that quantum electrodynamic (QED) effects cannot
be neglected for the accurate treatment of superheavy elements. While the vacuum polarisation,
electron self-energy and the frequency dependent part of the Breit equation are known to be im-
portant for the core-like s- and p; electrons in strong Coulomb fields [53-55], for superheavy
elements they become quite sizeable even for valence orbitals [4,56-62]. The exact treatment of
QED effects order by order using Feynman diagrams in bound state QED together with electron
correlation for many-electron systems is still a formidable and challenging task [63—65], and
recent progress in constructing accurate model Hamiltonians opens the way for treating QED
effects efficiently and accurately for molecules [4,62,66—68]. In this article we review the current
status of relativistic electronic structure theory for superheavy elements and its implications to
superheavy element research.

2. Relativistic electronic structure theory

The Dirac—Coulomb—Breit Hamiltonian for a multi-electron atomic system with finite nuclear
charge correct to order ¢~ 2 is

Hy=A+ Zhi+zgij Ay (1)
i

i<j
with the one-electron Hamiltonian (in atomic units)
(Vext() +¢2) I ¢G; pi )

Co; pi (Vext() = ) I @

hi = ¢ pi + ¢*Bi + Ve () s = (
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and the two-electron part

- 1
_ ,Coulomb Breit __ —1 —1]= = =22 =2 N2 2

8ij = 8ij +gl’j —r,'j _Erij I:ala] +rij (alrl])(a]rlj)] (3)
The matrices @ and g are the Dirac matrices in the standard representation,’ the & are the Pauli
matrices, I, denotes the n x n unit matrix, and the projection operator A makes sure that only
positive energy states are occupied (no-virtual pair approximation, NVPA) [69], which also cir-
cumvents the Brown—Ravenhall continuum dissolution [39,70,71]. We note that the projection
operator A4 depends on the actual potential used, and numerical examples for Hartree—Fock
orbital energies using different projections together with a detailed discussion can be found in
Ref. [49]. The vector potential A can be introduced if required by minimal substitution of the mo-
mentum p. The two-electron part contains the classical Breit interaction in the Coulomb gauge
of two relativistic electrons interacting through their electromagnetic fields [41]. In the Feynman
gauge the dominant correction is just the Gaunt-term,

1 -1_ —1= =

gij= glcjou omb + gi(;aunt — rij _ rij @id, (4)
The external Coulomb potential arising from a positively charged finite nucleus (with charge
+Z)is,

Vext(i) = —Z f dipy(F)IF =7 (5)

For a point nucleus we simply have oy () = §(F). In numerical atomic program packages a
spherical 2-parameter Fermi charge distribution for the protons inside the nucleus is usually
applied [72],

-1
PN ) = po [ 1+ 0] ©)

where Ry is the half-density nuclear radius and « is the diffuseness parameter related to the skin
thickness 7 of the nucleus by # = (4 In 3)a. There is no analytical solution for Eq. (5) using Eq. (6).
Therefore, in molecular calculations it is more convenient to choose charge distributions leading
to functions which can easily be handled in standard integral packages, such as the Gaussian
charge distribution [73],

P () = poe ™" )
This yields a simple form for the Coulomb potential,
Vexi(i) = = Zr; erf (ric) ®)

where gé = 3/(2(R2)) 5 3R0_2/2. Hence, &g is very large and erf(r;§g) = 1 for r; >> Rp and
the finite extension of the nucleus only affects the wave function very close to the nucleus. For
an overview of different nuclear models see Andrea [74] or Méartensson-Pendrill and Gustavsson
[75], and for a comparison between different nuclear structure calculations see Visscher and
Dyall [76]. Using a finite nuclear charge distribution is important for obtaining accurate values
for deep core ionisations in heavy elements [54,77], and to obtain physical solutions from the

3 The substitution B — (B — 1) shifts the spectrum by —mec?

non-relativistic ones, which we adopt here.

to make relativistic electronic energies comparable to
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Dirac equation beyond a critical nuclear charge (we note, however, that different nuclear charge
models lead to very similar results in electronic structure calculations [76]). It is well known that
the one-electron Dirac equation does not have physical solutions for nuclear charges greater than
the inverse of the fine-structure constant* (in atomic units ¢ = 1 Ja = 137.035999173(35)),

—1/2

2
Ej=c|1+ Z/c 9)
n— k| + k2 — (Z]c)?

where k is the (relativistic) angular quantum number defined as k = £(j + 1/2) for j =1 F1/2.
While partial screening of the nucleus in multi-electron systems may lead to physical solutions
slightly above Z.j; = 137.036, it is the finite extension of the nucleus, removing the singularity
of the Coulomb potential at the origin, which leads to physical solutions far beyond Z;; (for a
recent detailed discussion on the self-adjointness of the Dirac operator in that region see Gitman
et al. [78]). However, the lowest energy level for a hydrogen atom enters the negative energy
continuum at a critical charge of Z; & 170-172, which will be discussed in the last section.

Fock-space coupled-cluster calculations performed by the Kaldor group in Israel have led to
very accurate predictions of atomic spectra for heavy element atoms, and for spectroscopic con-
stants of a few diatomic compounds [58,79-87]. However, for larger molecules containing heavy
elements it is more convenient to avoid computer-time intensive four-component wave function
calculations by eliminating the small Dirac component (which goes to zero in the nonrelativistic
limit), or by transforming the Dirac operator to a two component form (either directly by a unitary
transformation of the Dirac operator or in its matrix representation) [49,88]. The most widely all-
electron two-component methods applied are the exact two-component relativistic Hamiltonian
approach (X2C) [89], the closely related normalised elimination of the small component (NESC)
[42,90,91], the Douglas—Kroll-Hess Hamiltonian (DKH) [92,93], and the zero-order relativistic
approximation (ZORA) and its extensions [94,95] used in various molecular program packages.
‘We only mention the X2C method here implemented in the program package DIRAC, as it is one
of the most accurate approximations in use [96].

The idea behind a two-component approach is to obtain a relativistic Hamiltonian %4 acting
on a two-component (“large”) wave function only having a spectrum as close as possible to the
four-component Dirac—Coulomb-Breit solution. This can be formally achieved by block-diago-
nalisation to decouple the larger from the smaller Dirac component [49],

e _ (e his\,, _(h++ O
Hpp=U"HpU =U (hSL hSS>U_< 0 n (10)

If we relate the upper (large) ¢, and lower (small) ¢s components of the Dirac four-spinor for
particle-like solutions by

oL = Xos (11)

we can find a closed form expression of the exact decoupling transformation in terms the opera-
tor X [97],

_ it 1 X7
U=(1+X"X) (—X 1) (12)

4 We distinguish between the Dirac matrix & and the fine structure constant «, which unfortunately carry the same
symbol, by the additional vector sign for the Dirac matrix.
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While in operator form the analytical expression for X becomes energy-dependent, in matrix
form at the Dirac—Fock level this operator can be expressed in terms of the coefficients of
the one-electron basis set expansion of the upper and lower components. This computationally
very efficient X2C procedure is perhaps the most elegant way to transform to a two-component
form. For more details and how to efficiently treat the two-electron relativistic corrections to the
Coulomb operator within a mean-field approach see Ref. [98].

Going one further level down in the approximation without losing much accuracy in relativis-
tic molecular calculations (compared to the electron correlation error), we may approximate the
field originating from the chemically inactive core-electrons by an effective core potential (ECP
or pseudopotential) [50,51]. As ECP methods do not treat explicitly the core-levels, it makes no
sense to include the negative energy continuum in such calculations [50]. Hence, this approxima-
tion is best introduced within a two-component or scalar relativistic approach. The most widely
used atomic valence-only two-component model Hamiltonian is in a semi-local form,

1 1
HU=Z<—EV3+VEcp<r,->> +y — (13)

ri:
i<j Y

where the two-component Vgcp depends on the total angular momentum j and is given by
Vo @ K _k.2\p. 14
Vice(ri) ===+ > Ajr;” exp(—ajr? ) Py (14)
! ko 1j

where Q is the effective core charge (Q = Z — N,, where N, is the number of core electrons),
k an expansion parameter (usually k =2 or 3 is sufficient), and P;; the projection operator onto
the Hilbert subspace with total angular momentum j =174 1/2,

j
Pi= Y |ljm){ljm;|. (15)

mj=—j

A;‘j and alkj are parameters adjusted by a least-squares fit to the valence spectrum of an atom ob-
tained from all-electron multi-configuration Dirac—Fock-Breit calculations, including quantum
electrodynamic effects if required [51], and often a simple Gaussian expansion is chosen with
nf‘j = 0. In this way relativistic ECPs for the superheavy elements from Rg to element 120 have
been adjusted [67,68] leading to results in a good agreement with more accurate four-component
calculations [99].

The question then arises: what effect the negative energy states have on the electron corre-
lation, especially in strong Coulomb fields at high nuclear charge when the lowest bound states
come close to the negative energy continuum. Such effects are not captured in two-component
approaches. Watanabe et al. has recently investigated the correlation energy in both a configu-
ration interaction (CI) and Hylleraas procedure for He-like atoms up to nuclear charge Z =116
[40]. The results are shown in Fig. 1. They clearly show what is already well known: For the total
electron energy, relativistic effects soon start to dominate over electron correlation (for He-like
ions at Z > 8), and finite nuclear size contributions become more important than electron correla-
tion at Z > 41. The figure also shows that correlating negative energy states has a sizeable effect
on the electron correlation. This interesting fact remains relatively unexplored for atomic spectra
and molecules in general. However, as the results also show, vacuum polarisation and self-energy
contributions cannot be neglected in comparison to electron correlation even for smaller nuclear
charges. This will be discussed in detail in the next section.
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Fig. 1. Energy contributions (logarithmic scale) to 1s2 He-like systems up to nuclear charge Z = 116. Total nonrela-
tivistic Hartree—Fock energy ENRHF, relativistic effect using a point charge nucleus AR E = Epyr — ENRHF, finite
nucleus correction A Egng using a 2-parameter Fermi charge distribution and atomic masses from Watanabe et al. [40],

vacuum polarisation contribution A Eyp, electron self-energy contribution A Egg, electron correlation using the NVPA

AENVPA and including the negative energy states A EQl (the latter two results from Watanabe et al. [40]). Note the

sign definitions for the different contributions. For clarity we show the correlation contributions separately inside the
figure.

3. Bound-state quantum electrodynamics

The Dirac equation has certain limitations due to the presence of the negative energy con-
tinuum, which are not seen in nonrelativistic theory and clearly point toward the necessity of a
quantum field theoretical treatment. Prime examples are the Klein paradox [100,101], the fact
that deviating from a Coulomb potential can lead to a completely continuous spectrum of the
Dirac operator [102], or the possibility of the 1s state diving into the negative energy continuum
[101,103]. The appearance of these negative energy states and the consequence that vacuum fluc-
tuation can cause electron—positron pair creation forces us to cope with an indefinite number of
particles described by quantum electrodynamics (QED). QED surely is one of the most success-
ful theories in physics. To give an example of this success story the electron g-factor is given
by,

g=20+a)=2|1+) G (%) (16)
n=1

where the non-zero anomalous magnetic moment a, comes purely from QED and can be evalu-
ated order-by-order in this sum through corresponding Feynman diagrams. The latest value for
the anomalous magnetic moment is @, = 0.00115965218178(77) summing over 12 672 Feyn-
man diagrams (up to 10th order) [104-106]. This gives an improved fine-structure constant of
a1 of 137.035999173(35).

The situation changes drastically if an electron is bound to a (strong) Coulomb field [53]. Al-
though Dirac—Coulomb-Breit theory is able to explain the fine-structure in atoms to a relatively
high accuracy (up to order o?), Lamb shift separating the degenerate energy levels of equal
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Fig. 2. From the left to the right: lowest order Breit interaction, vacuum polarisation, and electron self-energy with
the usual labelling of Feynman diagrams (here we include the elementary charge e for clarity). Double lines indicate
bound-state QED, i.e. a charged particle in the Coulomb field of a nucleus. Dy and Sp are the Dyson (photon) and
Feynman (electron/positron) propagators respectively.

j-value in hydrogenic atoms, measured by Lamb and Retherford [107] and soon after realised
to be due to QED effects, namely electron self-energy [108] and vacuum polarisation [109] (see
Fig. 2), grows ~ Z* and has to be considered in inner-shell transitions of heavy elements as can
be seen in Fig. 1. The Lamb shift in hydrogenic atoms” is given by [110,111],

1 (Za)*
ARQED o, 1 (Z2) [

O FYP(Za) + FSE(Za)] + FHO(Z) (17)
Y ar nd !

nlj nlj nlj
where Fy;j(Za) are expansions in Zo (and o) for the vacuum polarisation (VP), electron
self-energy (SE) and all other (e.g. higher-order) contributions (HO). These relatively slowly
varying F-functions have been tabulated by Johnson and Soff for the hydrogen-like atoms
up to nuclear charge Z = 100 [110]. For s-states and small Z-values we have approximately
FV?(Za) ~ —4/15 and FSE(Za) ~ (4/3)In(Za) 2 + C,. Of course, these F-functions differ
for different multi-electron systems as the nucleus is partially screened by the other electrons.
Furthermore, such a simple one-particle picture is useful but has its limitations as we shall see.
Bound state QED is formulated in the Furry picture working with the exact propagators but
treating the nucleus classically assuming an infinite mass. Beside the standard S-matrix theory
[53], using the Gell-Mann Low theorem for evaluating the QED energy shift, with all its known
problems in terms or renormalisation and treating quasi-degenerate states, there are currently
two further approaches to many-body QED: the two-time Green’s functions developed by the
Shabaev group [112], and the covariant-evolution-operator method developed by the Lindgren
group [113]. Nuclear recoil effects beyond the Furry picture can also been considered as done
for example by Shabaev [114]. Even though bound-state QED can lead to precise electronic
data for few-electron atomic systems, in a good agreement with experimental data — for example
for U°0F [115] — it is fair to say that such accuracies are currently very difficult to achieve for
many-electron systems such as for neutral high-Z atoms. Here, electron correlation and QED
effects should be treated at the same level [64,116]. The data in Table | for the gold ionisation
potential and electron affinity illustrate the current problem [117]. Even if QED contributions are
included, which is required to reach experimental accuracy, deviations to experimental data are
still too large demonstrating that the bottle-neck in such elaborate calculations is in the accurate
treatment of electron correlation. Moreover, one may have to include even the negative energy
states in the active correlation space as the results by Watanabe et al. suggest [40], see also Liu
and Lindgren [65]. For a recent discussion on the accuracy of valence-shell calculations for heavy
and superheavy elements see the paper by Fritzsche [118].

5 We use atomic units where o1 =¢.
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Table 1

Ionisation potential ZS] /2(Au) — 1S()(Aqu) and electron affinity 150 (Au™) — 251 /2(Au) of gold (in eV). HFNR:
nonrelativistic Hartree—-Fock; HF-DCB: Hartree—Fock Dirac—Coulomb-Breit; FSCC-NR: nonrelativisitc Fock-space
coupled cluster [117]; FSCC-DCB: Fock-space coupled cluster Dirac—Coulomb-Breit [117]; QED: QED contribution
including lowest-order self-energy, vacuum polarisation and frequency contribution to the Breit term all treated perturba-
tively at the HF-DC level of theory (see Ref. [55] for details); total: total theory; exp.: experimental data from Refs. [119,
120]; A (theory-exp.): difference between theory and experiment.

Property HF-NR HF-DCB FSCC-NR FSCC-DCB QED Total  exp. A (theory-exp.)
P 59159  7.6769 7.057 9.197 —0.0216  9.175  9.22554(2)  —0.050
EA 0.0990  0.6638 1.283 2.295 —0.0093 2.286 2.30861(3) —0.023

The three major QED contributions (of lowest order) are the frequency dependent Breit inter-
action, the electron self-energy and the vacuum polarisation with the corresponding Feynman
diagrams shown in Fig. 2. The classical (or instantaneous) Breit interaction arises from the
electrodynamic interaction of two relativistic electrons and is usually not termed a QED effect.
However, the Breit interaction can be derived more rigorously from QED including the frequency
of the exchange photon between the two electrons. In the Coulomb gauge, the frequency depen-
dent (also called transverse or retarted) Breit interaction between electron 1 and 2 becomes [70],

> o

Pt () = o exp(ic™ ! opa|rin) — 1

-2

2 explic™ wialri) — @ V1) (@ Va) (18)

2
C a)lzr]z

where w13 is the frequency of the exchange photon (in the one-particle picture in terms of the
difference between orbital energies of electron 1 and 2). In the low frequency limit (w = 0) we
obtain the classical Breit term. The QED part of the Breit interaction is therefore defined as

A QED Brel[( )= QED Brelt( ) — g}132reit (w=0) (19)

To our knowledge, the frequency-dependent two-particle operator A gBre“(w) has only been con-
sidered in atomic program codes such as GRASP [121].

For the evaluation of the QED energy shift in relativistic QED calculations it is convenient to
expand the bound state propagator Sr in terms of (Z«) into free states (here in the usual notation
used in QED),

sr=(p—k-me—y'@)) " =(D-y’@n) =D~ i (v@vip)" o)
k=0

with D~! being the conventional free electron propagator. In this case we get the Feynman
diagrams as shown in Fig. 3, with the dominant term for the vacuum polarisation coming from
the Uehling potential [109],

2702 [ r 1
vt =22 [ar o [ax (14 535)
0 1

2 _
« X 5 1 (e—2|r—r/|xoz_1 _e—2|r+r’|xa_1) 1)
X

where py is the (spherical) nuclear density normalised to 1. The Uehling potential is a short-
range attractive potential that decreases exponentially for distances larger than the Compton
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Za)

Fig. 3. From the left to the right: vacuum polarisation of order o(Z«) (Uehling) and oz(Zoz)3 (Wichmann—Kroll), and
electron self-energy of order «(Zw). Note that according to Furry’s theorem diagrams with a loop containing odd number
of vertices vanish [124].

Table 2

Vacuum polarisation and self-energy contributions for the 151/, level in the hydrogen-like atom with Z =
110 (in eV) in comparison to calculations by Johnson and Soff [110], Mohr’s parametrisation of Eq. (17),
and using the implementation by Thierfelder and Schwerdtfeger [55].

Property Johnson—Soff Uehling, Mohr Uehling, Thierfelder
VP —281.832 —281.421 —281.421
SE 818.737 806.116 754.146

wavelength (~ 2.4 x 10712 m). Higher order terms in (Z«) such as the Wichmann—Kroll terms
(see for example Fig. 3) [122] or the Killén—Sabry terms [123] can be evaluated as well.

It is often assumed that the Uehling potential has no analytical solutions and has to be eval-
uated numerically, but Frolov and Wardlaw recently showed a solution for point charge nucleus
[125], which could be useful for future implementations into relativistic molecular program pack-
ages. They also derived useful formulae for the Wichmann—Kroll term and the Uehling-type
two-electron term. Of course, such expansions are only valid if Za << 1, except for diagrams
which contain extra factors in «. Nevertheless, these expansions are often used even beyond
Z =a~!. To give an example, we compare Johnson and Soff’s values [110] for the vacuum
polarisation and electron self-energy for the 151/, state of the hydrogen-like atom with nuclear
charge Z = 110 in Table 2.

From our discussion so far it is clear that effective QED model Hamiltonians are required
for the future accurate treatment of multi-electron atoms and molecules, which are applicable
to high nuclear charges [66]. This is specially the case for the electron self-energy, which is
more difficult to treat than the vacuum polarisation, i.e. the Uehling and Wichmann—Kroll po-
tentials can be easily included in atomic Dirac—Coulomb-Breit calculations. A simple fix would
be to reparametrise Eq. (17) for multi-electron systems using data from accurate bound-state
QED calculations, but this would be a monumental task and perhaps not very sensible as these
F-functions become state dependent. A simple replacement of the bare nuclear charge by the
screened nuclear charge already gives qualitatively correct results,

4
1 | Za (1 — fs
AErngD ~ [ ( > fscr)] Fnlj(ZOl) 22)
am n
with fir being a screening constant (which is zero for hydrogen-like atoms) that can be deter-
mined from a scaled effective nuclear charge. A similar scheme has been suggested by Dzuba
[126]. Pyykko suggested a simple local Gaussian model potential for the electron self-energy

[66],

VSE — B(Z)e PO (23)
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where B(Z) and B(Z) are polynomials in the nuclear charge Z. Dyall analysed the possibility for
using a spectral representation of a hypothetical self-energy operator using hydrogen wave func-
tions, but the diagonal representation fails to produce reasonable results, and a rather large matrix
presentation is required to achieve convergence [127]. Recently, Shabaev fixed this problem by
introducing an extra semi-local operator [62],

m
VEE = Ciie i Py + 3 k) Hull (24)
k,l=1

where Cj; and y;; are adjustable parameters and Pj; is a projection operator onto the Hilbert
subspace with quantum numbers (/7). Shabaev used y;; = AEI, where A¢ is the Compton wave-
length, and the constants C;; were chosen to reproduce the self-energy shift for the lowest energy
level at the given (Ij) of the corresponding hydrogen-like atom [62]. Routines for such calcula-

tions were published recently [128].
The problem of evaluating the self-energy QED term can in principle be divided into two
parts, one relating to low-frequency virtual photons and one relating to high-frequency virtual
photons [129,130]. Flambaum and Ginges arrived at the following effective Hamiltonian [130],

HSE(r) = Vigw () + Voo (r) + V3© () (25)
The contribution from the magnetic form factor is given by

—2tra~!
S
Vione(r) = —zy V| Vet () | | dt ———= W 3 -1 (26)

where Vex((r) is the electric potential of the nucleus. The first and last terms are contributions
from the electric form factor split into a high and a low-frequency part. The low-frequency term
is given by

72troz

V2 —1

1— ! 1 1 41 ! ! 3 ! 27
| zz){"g(’ ~vatoe(7+3) -5+ 7] 7

where the function A(Z) is obtained by fitting the total self-energy values to precise data of Mohr
for one-electron systems. The (long-range) low-frequency contribution is estimated by

) = AD Vw0 / di

SE(ry = —B(2)Z*ae %" (28)

where B(Z) = 0.074 + 0.35Z« is a coefficient adjusted to reproduce the radiative shifts for
the high Coulomb p-levels [130]. Thierfelder and Schwerdtfeger modified the function A(Z)
to be dependent on the principal quantum number n adjusting it to accurate calculations of for
hydrogen-like atoms for ns electrons [55]. Table 3 compares results for the different approxima-
tions mentioned for the s-levels of superheavy element gold.

The Uehling potential is of short range as already mentioned. We expect the same for the
electron self-energy, but this has never been demonstrated for multi-electron systems. Fig. 4
shows the radial behaviour of the vacuum-polarisation and self-energy expectation values for the
ns-orbitals of element 118 according to the formula,
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Table 3
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VP and SE contributions for the ns levels of neutral Au (in atomic units). VP contains the Uehling and Wichmann—Kroll
terms. The different approximations to the SE term are as follows: TS — Thierfelder and Schwerdtfeger equations (26),
(27), (28) [55], PZ — Pyykko—Zhao equation (23) [66], B — Blundell screening using hydrogen values [131], M — Mohr
screening equation (22), D — Dyall diagonal spectral representation [127].

Orbital AEVP AESE AERE AEGE AEYE AESE
s —1.529(+0) 7.063(+0) 8.031(+0) 2.120(+1) 7.050(+0) 7.260(+0)
2s —2.167(—1) 1.070(+0) 1.123(+0) 1.077(40) 1.054(+0) 1.234(+0)
3s —4.923(-2) 2.473(—1) 2.543(—1) 2.482(—1) 2.331(—1) 3.619(—1)
4s —1.226(—2) 6.208(—2) 6.330(—2) 6.211(—-2) 5.356(—2) 1.349(—1)
Ss —2.284(-3) 1.163(-2) 1.179(=2) 1.159(-2) 8.981(—3) 5.039(-2)
6s —1.718(—4) 8.777(—4) 8.877(—4) 9.476(—4) 7.084(—4) 1.082(—2)
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Fig. 4. Radially integrated contributions to the vacuum polarisation and electron self-energy for the ns-orbitals of element
118 on a logarithmic scale according to Eq. (29). The shell regions have been determined from the turning points of the
valence densities of a particular shell.
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Fig. 5. Relativistic (solid lines) and nonrelativistic (dashed lines) radial orbital densities (4nr2p(r)) for element Cn (5 f,
6d, 7s orbitals) and element 120 (7s, 7p and 8s).
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in analogy of what has been used for discussing relativistic perturbation operators [ 132]. It clearly
shows that QED operators are indeed short-range with most of the contributions coming from the
K-shell region. The plots also nicely demonstrate that the QED contributions strongly diminish
with increasing principal quantum number 7. This is in accordance with the n~3 behaviour of
the electron self-energy shown in Eq. (22).

4. Relativistic and quantum electrodynamic effects in superheavy elements and periodic
trends

Fig. 5 shows relativistic and nonrelativistic radial orbital plots for superheavy elements Cn and
120. We see what is already well known: a) a strong relativistic contraction and stabilisation of
the 7s and 8s orbitals (for the neutral elements (r)% / (}")17\2{e = 0.6983 for Rg, 0.6857 for Cn, and

(r)gv/(r)gf =0.7618 for element 120), such that the 7s shell is located close to the 6ds/; shell,
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and the 8s shell close to the 7 p3 /2 shell; b) a large spin—orbit splitting of the 64 orbitals (by 5.38
eV between 6d3,2 and 6ds,> for Cn at the DHF level); c) large spin—orbit splitting between the
7p1/2 and 7 p3/, orbitals (for element 117 the 2P3 2/ 2p, /2 energy difference is ~7.5 eV [133],
which is of a similar magnitude compared to a typical bond dissociation energy); d) a relativistic
7p1/2 and 81> contraction and stabilisation. This clearly has consequences for the chemical and
physical behaviour of the superheavy elements. We only discuss a few of these here as several
competent review articles on this subject can be found in the literature, see for example Refs. [17,
134-137].

Because of the strong relativistic 7s shell contraction/stabilisation, this shell remains filled for
the ground states of all elements in the periodic table from radium (Z = 88) onwards towards
higher nuclear charges [134]. As a consequence, Rg (Z = 111) has a ground state configuration
of 64°7s2 (2D5 ,2) in contrast to the nonrelativistic configuration which is 6d 10751 (25, 2) [79].
The close location of the 7s and 6d5, orbitals in Rg and Cn makes these elements true transition
elements. This stabilises the higher oxidation states +III and +V in the Rontgenium halides,
e.g. RgF, — RgF, +F, +4.73 eV (2.13 €V) using relativistic (nonrelativistic) coupled cluster
theory [138]. A comparison of bond distances along the group 11 hydrides shows comparable
values between RgH (1.522 A) and the lightest group 11 hydride CuH (1.463 A) due to the
relativistic 7s contraction in Rg [99,139-141].

Pitzer speculated that both Cn (Z = 112) and FI (Z = 114) could be gases in elemental form or
at least very volatile liquids [18]. Remember that mercury is a liquid metal at room temperature
because of relativistic effects, and simulating the melting accurately is a notoriously difficult
problem because of the many-body effects involved [13]. For example, the dimer Cnjy, has the
highest dissociation energy (0.079 eV) [142] of all group 12 dimers (Zn; 0.028 eV, Cd; 0.040 eV,
Hg, 0.049 eV) [143]. This does not translate so easily into the cohesive energies for the bulk
phases as it follows exactly the reverse trend, i.e. from zinc to mercury we have (in eV) Zn 1.35,
Cd 1.16, and Hg 0.67. This is clearly a manifestation of strong many-body effects (beyond a
simple 2-body interaction), which is known to be very important for mercury, and in fact for
metallic systems in general [143—145]. Solid-state calculations for Cn put the cohesive energy of
1.13 eV above the value of Hg [146]. As the 7s orbital lies energetically and spatially within the
6d range, the higher oxidation state +IV becomes thermodynamically stable even more than in
the case of Hg [147-149].

As copernicium is a rather inert closed-shell group 12 element with a half-life of ~3.8 s for
the experimentally detected 283Cn isotope, the possible chemistry for such an element at the one-
atom-at-a-time timescale is rather limited. Recent experiments on Cn adsorption on gold gave
an estimate for the adsorption enthalpy of —521'30 kJ/mol [150,151]. From this they estimate a

boiling point of 357‘36% K, hence the error bars still allow Cn to be a gas at room temperature.

However, one has to be careful with such estimates as already mentioned. Furthermore, the data
in Fig. 6 show that the current theoretical (density functional) value for the cohesive energy of
Cn does not correlate well with the adsorption enthalpy on a gold surface, which requires further
investigation. For a detailed discussion on Cn, FI and 118 adsorption on surfaces see Pershina et
al. [152—154] and Géggeler and Tiirler [35].

Element 113 and Fl occupy the spin—orbit stabilised 7p; > states with the spin—orbit desta-
bilised 7p3,> being several electron volts higher in energy [82,85]. Including the very strong
relativistic 7s contractions this makes the higher oxidation states +III for element 113 and +IV
for Fl rather inaccessible. Indeed, calculations showed rather large relativistic destabilisations for
the higher oxidation states [160,161], e.g. we have (113)F3 — (113)F+F;+0.33 eV (4+5.32¢eV)
[160] and FIF4 — FIF; +F; —0.16 eV (+6.06 eV) [161] using relativistic (nonrelativistic) level
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Fig. 6. Correlation between experimental adsorption enthalpies on gold surfaces of homologues of elements Cn through
118 and their respective sublimation enthalpies compared with recent data for Cn, Fl and 120 coming from one-
atom-at-a-time experiments [150,155], experimental estimates [6], and computational (DFT) predictions [146,156,157].
Experimental data for Bi, Hg, Kr, Pb, Po, Rn, T1, and Xe are taken from Ref. [ 158], and data for At taken from Ref. [159].

of theory. The other halides and the hydrides are all thermodynamically unstable in the high oxi-
dation states [162]. As Fl has a closed shell 757 P12 1 configuration it may be as much chemically
inert as Cn. First experiments (two events) on Fl adsorption on gold surfaces suggest a lower
limit for the adsorption enthalpy of ~ 0.5 eV [163]. As Fig. 6 shows, this value correlates bet-
ter with the calculated cohesive energy of Fl compared to the case of Cn. Again, all solid-state
calculations were done by relativistic density functional theory as it is currently very difficult to
describe electron correlation for (near) metallic systems. Another interesting feature of the rela-
tivistic 7 p]2 1 stabilisation is that element 113 has the highest electron affinity (0.68 eV [82]) of
all group 13 elements in the periodic table, similar to an s-block element such as Li.

The chemistry of elements 115 to 118 will depend on the loosely bound 7 p3 electrons with
probably little participation of the 7 P12 1 closed shell. For example, (117)F3 has been investigated

recently by Lee and co-workers who found a perfect D3;, symmetry for this molecule,® while the
AtF3 shows a second-order Jahn—Teller distortion into the C5, symmetry [164]. Element 118 is
notable as it is the first rare gas element with a non-zero electronegativity of 0.064 eV due to the
relativistic 8s stabilisation [58,83]. QED effects lower this value by 0.006 eV (9% of the total
value) [58]. Otherwise 118 is expected to behave just like the other rare gases. First estimates
for the adsorption energy of 118 on gold shows that it fits roughly into the series of the rare gas
elements [153,165]. However, the dissociation energy of the 118 dimer is predicted to be by a
factor of four higher than for Rny, and therefore has the highest dissociation energy within the
rare-gas group [166,167]. All attempts to synthesise elements beyond nuclear charge 118 have
been unsuccessful so far, and the question of the nuclear stability of elements beyond nuclear
charge 118 remains open [168]. However, Eichler and co-workers already studied the possible
adsorption of element 120 on a gold surface by using relativistic density functional theory (see
Fig. 6) [169]. Beyond nuclear charge 126 there is so far no prediction of another island of nu-
clear stability. While element 119 and 120 clearly fit into the group 1 or 2 element series of the
periodic table, and element 121 fills the next 8 py/> shell (2P1 ,2) [170], the filling of the shells

6 1133% is a closed-shell system and in a complete ionic model we would not predict a Jahn-Teller distortion.
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from element 122 onwards [171] becomes more complicated as many electronic states involving
configurations from occupying 5¢g, 6 f, 7d, 8 p3/2, 9s, 9p1,2 levels become rather close in energy
requiring more sophisticated electron correlation procedures within a relativistic treatment in-
cluding QED effects. Thus, for the heavier elements the periodic table of placing elements into
certain groups somewhat loses its importance despite several attempts to complete the periodic
table to high nuclear charges [4,134,172,173]. This is understandable from the simple fact that
the energy spectrum becomes more dense moving to higher principal quantum numbers and an-
gular momentum states, just as this is the case for the simple hydrogen atom.

QED effects will most likely not alter the chemistry of superheavy elements [4,174,175] even
up to very high nuclear charges (see discussion in the next chapter), but will be important for
future high-resolution spectroscopy experiments on transactinides. As mentioned before, the last
experiment using electronic spectroscopy was carried out by Sewtz et al. on 2°Fm [36]. For a
recent detailed discussion on QED effects in superheavy elements see the paper by Indelicato et
al. [59]. Moreover, QED effects are orders of magnitude higher in the core region close to the
nucleus where the classical Coulomb potential comes close to —2m,c?. This is clearly seen in
Fig. 4. Indeed, QED effects can be in the 1 keV region for the K-shell ionisation in the superheavy
elements Cn to 118, and cannot be neglected anymore [54]. As an example we mention that
2712Rg undergoes a-decay into 28Mt with a measured signal of (155.0 +0.8) keV energy in the
Ge detector [176]. In order to distinguish between a possible nuclear transition and a K-inversion
event, QED effects had to be included in the relativistic atomic structure calculations [55].

5. The end of the periodic table?

Fig. 7 shows that at a certain critical charge, Zj, the (n/j) levels of a one-electron Dirac
atom dive into the negative energy continuum (set here at —2mc?) [177]. In the original paper
by Greiner and co-workers, where the dissolution of the 151> shell into the negative energy con-
tinuum was discussed, the critical charge was estimated to be Z; = 173 £ 1 for hydrogen-like
atoms [178], but later determined to be at Z.j = 164 [179]. We note that Greiner predicts an
electronic closed-shell structure for the element with Z = 172 ([Cn]5g6 f7pd8sp9sp1,2), close
to this critical charge [ 180]. Indelicato recently determined Zj; = 173.17 for the 15y /2 shell, only
slightly influenced by QED effects [175]. We predict (including QED effects) Z = 170.02 for
the 1s1/> shell for hydrogen-like atoms, and Zj = 172.16 for the 151/, shell in Ar-like atoms.
We note that Z; is not too dependent on the nuclear model chosen, but sensitive to the half-
density nuclear radius Ry of the Fermi nucleus (see Eq. (6)). In our case we used a modified
volume-mass equivalence formula [181,182],

Ro=roA'? +b (30)

with atomic mass number A = N + Z, ro = 0.836 fm and b = 0.570 fm (1 fm = 1019 m) [110]
and an atomic mass obtained through the semi-empirical relation derived from the nuclear liquid-
drop model [183],
-1
Z =24 <4+ ﬁAw) (31)
Aq
(ac =0.72 and a, = 23) which for small A-value becomes Z = A/2 and therefore Z = N.
QED corrections to the 1s level for Z ~ 172 are rather small compared to —2mec? as VP

and SE contributions almost cancel out in such supercritical fields [184]. In Fig. 8 we clearly see
the small component of the 1s orbital quickly becomes large in the superheavy element region
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and the terms “small” and “large” for the two components are no longer valid. Moreover, in the
supercritical region with Z ~ Z;; the influence of the small component in relativistic procedures
cannot be neglected.

There are two related but distinct issues arising from the above discussion: the first is the
technical challenge of obtaining reliable results in the supercritical regime; the second is the
proper interpretation of what it means for an atomic nucleus to be in a supercritical state. As has
already been mentioned, the fact that relativistic quantum mechanics suffers from problematic
negative energy states — most famously demonstrated by the Klein paradox — has been known
almost since its birth. This and other failings lead to the development of quantum field theory. In
any case, it becomes necessary to consider pair creation in order to preserve unitarity.

In the simple case of an electronless ion [177], the vacant 1s shell can be filled by the sponta-
neous production of an electron—positron pair: the electron is bound while the positron goes free.
A similar process near the surface of black holes results in Hawking radiation [185]. For a given
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barely super-critical nucleus, this can occur twice, then the “vacuum”’ is stabilised by Pauli pres-
sure. Alternatively, if there is a free electron present, it could occupy the shell, releasing a photon
of energy E > 2m,c?. In either case, in the language of Zel’dovich and Popov a supercritical
atom is formed [103]. Higher nuclear charges will result in the diving of higher electron orbitals,
in turn resulting in further pair production [186,187]. Whatever the physical and practical bar-
riers to creating such nuclei, their supercriticality presents no fundamental problem. But, these
processes require a proper QED treatment beyond standard relativistic mean-field theory.

The breakdown of the single-particle picture means that a description using conventional
bound state QED with Dirac—Hartree—-Fock wave functions as zero-order solutions might not
be applicable anymore. At Z > Z4 one faces serious convergence difficulties in the Dirac
self-consistent field procedure. As already mentioned, the screening of the nucleus by the other
electrons in a multi-electron system will increase Z;, which will extend the region of applicabil-
ity. However, as the 1s density becomes concentrated close to the nucleus — nicely demonstrated
in Fig. 8 — K-capture becomes increasingly likely. We might speculate that inverse beta decay
therefore represents the most difficult hurdle to the creation of super-heavy elements beside other
nuclear decay channels.

The discussion here may seem to be of rather academic value as it seems unlikely that such
heavy nuclei will ever be synthesised, and there is no immediate way to test QED in such su-
percritical fields. However, in collisions of two heavy ions such high charges can be reached
for a very short time. For a more detailed discussion see Greiner and co-workers [101,187,188].
We may not expect another “distinct” island of nuclear stability at high nuclear charge as the
spectrum of the proton and neutron states become more dense with increasing number of protons
and neutrons (just like the case for the electron shells), providing low-energy routes for nuclear
decay.

7 1tis important to note that this charged vacuum is a result of considering the nucleus as an external potential.
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6. Conclusions

Considerable progress has been made over the past two decades to correctly account for rel-
ativistic and electron-correlation effects in heavy element containing compounds, despite the
fact that there are many problems in the correct relativistic treatment of many-electron systems
[189-192]. Efficient algorithms are now available to treat atoms and molecules at the four-
component Dirac level of theory including approximations to the Breit interaction, and at the
two-component level without losing much in accuracy compared to the four-component ap-
proach. However, when it comes to spectroscopic accuracy, the interplay between relativistic,
quantum electrodynamic and electron correlation effects become important. Some newer devel-
opments in this area are encouraging, but it is fair to say that progress is still needed [62,64,116].
The problem of the 1s state entering the negative energy continuum at high nuclear charges re-
quires a more rigorous QED treatment going beyond standard many-body perturbation theory.
The end of the periodic table is, however, more likely determined by the nuclear instability of
highly charged nuclei and low cross section in the fusion process than by its electronic structure.
More accurate nuclear structure calculations are required as this area remains rather unexplored
for nuclear charges beyond Z = 120. K-capture could be a limiting factor as the 1s density re-
sides close to the finite nucleus, which also remains to be explored [193-196].

Acknowledgements

PS acknowledges support by the Alexander von Humboldt Foundation (Bonn, Germany)
through a Humboldt Research Award. LFP acknowledges the support from “The development
of the Neutral Beam Heating and Current Drive system” Work Package WP13-DAS-03-HCD-
NB-T02-01/CU/BS.

References

[1] P. Pyykko, Relativistic effects in structural chemistry, Chem. Rev. 88 (3) (1988) 563-594, http://dx.doi.org/
10.1021/cr00085a006.

[2] S.-g. Wang, W. Liu, W.H.E. Schwarz, On relativity, bonding, and valence electron distribution, J. Phys. Chem. A
106 (5) (2002) 795-803, http://dx.doi.org/10.1021/jp015507q.

[3] M. Ilias, V. Kello, M. Urban, Relativistic effects in atomic and molecular properties, Acta Phys. Slovaca 60 (3)
(2010) 259-391.

[4] P. Pyykko, The physics behind chemistry and the periodic table, Chem. Rev. 112 (1) (2012) 371-384, http://
dx.doi.org/10.1021/cr200042e.

[5] P. Pyykko, Relativistic effects in chemistry: more common than you thought, Annu. Rev. Phys. Chem. 63 (2012)
45-64.

[6] D. Bonchev, V. Kamenska, Predicting the properties of the 113—120 transactinide elements, J. Phys. Chem. 85 (9)
(1981) 1177-1186, http://dx.doi.org/10.1021/j150609a021.

[7] P. Schwerdtfeger, Relativistic effects in properties of gold, Heteroatom Chem. 13 (6) (2002) 578-584, http://
dx.doi.org/10.1002/hc.10093.

[8] P. Schwerdtfeger, Relativistic effects in gold chemistry. 2. The stability of complex halides of gold(Ill), J. Am.
Chem. Soc. 111 (18) (1989) 7261-7262, http://dx.doi.org/10.1021/ja00200a056.

[9] P. Schwerdtfeger, PD.W. Boyd, S. Brienne, A K. Burrell, Relativistic effects in gold chemistry. 4. Gold(II) and
gold(V) compounds, Inorg. Chem. 31 (16) (1992) 3411-3422, http://dx.doi.org/10.1021/ic00042a016.

[10] D.J. Gorin, ED. Toste, Relativistic effects in homogeneous gold catalysis, Nature 446 (2007) 395-403, http://
dx.doi.org/10.1038/nature05592.
[11] M. Lein, M. Rudolph, S.K. Hashmi, P. Schwerdtfeger, Homogeneous gold catalysis: mechanism and relativis-

tic effects of the addition of water to propyne, Organometallics 29 (10) (2010) 2206-2210, http://dx.doi.org/
10.1021/0m900710v.


http://dx.doi.org/10.1021/cr00085a006
http://dx.doi.org/10.1021/jp015507q
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib557262616E2D32303130s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib557262616E2D32303130s1
http://dx.doi.org/10.1021/cr200042e
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib7079796B6B6F2D3230313272656C617469766973746963s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib7079796B6B6F2D3230313272656C617469766973746963s1
http://dx.doi.org/10.1021/j150609a021
http://dx.doi.org/10.1002/hc.10093
http://dx.doi.org/10.1021/ja00200a056
http://dx.doi.org/10.1021/ic00042a016
http://dx.doi.org/10.1038/nature05592
http://dx.doi.org/10.1021/om900710v
http://dx.doi.org/10.1021/cr00085a006
http://dx.doi.org/10.1021/cr200042e
http://dx.doi.org/10.1002/hc.10093
http://dx.doi.org/10.1038/nature05592
http://dx.doi.org/10.1021/om900710v

570 P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577

[12] P. Pyykko, Theoretical chemistry of gold, Angew. Chem., Int. Ed. Engl. 43 (34) (2004) 4412-4456, http://dx.
doi.org/10.1002/anie.200300624.

[13] E. Calvo, E. Pahl, M. Wormit, P. Schwerdtfeger, Evidence for low-temperature melting of mercury owing to rela-
tivity, Angew. Chem., Int. Ed. Engl. 52 (29) (2013) 75837585, http://dx.doi.org/10.1002/anie.201302742.

[14] B.T. Matthias, T.H. Geballe, V.B. Compton, Superconductivity, Rev. Mod. Phys. 35 (1963) 1-22, http://dx.doi.org/
10.1103/RevModPhys.35.1.

[15] R. Ahuja, A. Blomgqvist, P. Larsson, P. Pyykko, P. Zaleski-Ejgierd, Relativity and the lead-acid battery, Phys. Rev.
Lett. 106 (2011) 018301, http://dx.doi.org/10.1103/PhysRevLett.106.018301.

[16] V. Pershina, J. Anton, T. Bastug, Relativistic effects on atomic and molecular properties of the heaviest elements,
Eur. Phys. J. D 45 (1) (2007) 87-90, http://dx.doi.org/10.1140/epjd/e2007-00145-2.

[17] A. Tiirler, V. Pershina, Advances in the production and chemistry of the heaviest elements, Chem. Rev. 113 (2)
(2013) 1237-1312, http://dx.doi.org/10.1021/cr3002438.

[18] K.S. Pitzer, Are elements 112, 114, and 118 relatively inert gases?, J. Chem. Phys. 63 (2) (1975) 1032-1033,
http://dx.doi.org/10.1063/1.431398.

[19] E. Berger, W. Fong, R. Chornock, An r-process kilonova associated with the short-hard GRB 130603B, Astrophys.
J. Lett. 774 (2) (2013) L23, http://stacks.iop.org/2041-8205/774/i=2/a=1.23.

[20] G. Wallerstein, 1. Iben, P. Parker, A.M. Boesgaard, G.M. Hale, A.E. Champagne, C.A. Barnes, F. Kip-
peler, V.V. Smith, R.D. Hoffman, FEX. Timmes, C. Sneden, R.N. Boyd, B.S. Meyer, D.L. Lambert, Synthe-
sis of the elements in stars: forty years of progress, Rev. Mod. Phys. 69 (1997) 995-1084, http://dx.doi.org/
10.1103/RevModPhys.69.995.

[21] D.N. Schramm, W.A. Fowler, Synthesis of superheavy elements in the r-process, Nature 231 (1971) 103-106,
http://dx.doi.org/10.1038/231103a0.

[22] J.J. Cowan, F.-K. Thielemann, J.W. Truran, The r-process and nucleochronology, Phys. Rep. 208 (4-5) (1991)
267-394, http://dx.doi.org/10.1016/0370-1573(91)90070-3.

[23] M. Arnould, S. Goriely, K. Takahashi, The r-process of stellar nucleosynthesis: astrophysics and nu-
clear physics achievements and mysteries, Phys. Rep. 450 (4-6) (2007) 97-213, http://dx.doi.org/10.1016/
j-physrep.2007.06.002.

[24] E-K. Thielemann, A. Arcones, R. Kippeli, M. Liebendorfer, T. Rauscher, C. Winteler, C. Frohlich, I. Dillmann,
T. Fischer, G. Martinez-Pinedo, K. Langanke, K. Farouqi, K.-L. Kratz, I. Panov, I. Korneev, What are the as-
trophysical sites for the r-process and the production of heavy elements?, in: Particle and Nuclear Astrophysics
International Workshop on Nuclear Physics, 32nd Course, Prog. Part. Nucl. Phys. 66 (2) (2011) 346-353, http://dx.
doi.org/10.1016/j.ppnp.2011.01.032.

[25] I. Petermann, K. Langanke, G. Martinez-Pinedo, I. Panov, P.-G. Reinhard, F.-K. Thielemann, Have superheavy el-
ements been produced in nature?, Eur. Phys. J. A 48 (9) (2012) 122, http://dx.doi.org/10.1140/epja/i2012-12122-6.

[26] Y. Oganessian, Synthesis of the heaviest elements in 48 Ca-induced reactions, Radiochim. Acta 99 (7-8) (2011)
429-439.

[27] M. Bender, W. Nazarewicz, P.-G. Reinhard, Shell stabilization of super- and hyperheavy nuclei without magic
gaps, Phys. Lett. B 515 (1-2) (2001) 4248, http://dx.doi.org/10.1016/S0370-2693(01)00863-2.

[28] S. Cwiok, P-H. Heenen, W. Nazarewicz, Shape coexistence and triaxiality in the superheavy nuclei, Nature
433 (7027) (2005) 705-709.

[29] A. Sobiczewski, K. Pomorski, Description of structure and properties of superheavy nuclei, Prog. Part. Nucl. Phys.
58 (1) (2007) 292-349, http://dx.doi.org/10.1016/j.ppnp.2006.05.001.

[30] Y.T. Oganessian, V.K. Utyonkov, Y.V. Lobanov, F.S. Abdullin, A.N. Polyakov, I.V. Shirokovsky, Y.S. Tsyganov,
G.G. Gulbekian, S.L. Bogomolov, B.N. Gikal, A.N. Mezentsev, S. Iliev, V.G. Subbotin, A.M. Sukhov, A.A.
Voinov, G.V. Buklanov, K. Subotic, V.I. Zagrebaev, M.G. Itkis, J.B. Patin, K.J. Moody, J.F. Wild, M.A. Stoyer,
N.J. Stoyer, D.A. Shaughnessy, J.M. Kenneally, R.W. Lougheed, Measurements of cross sections for the fusion-
evaporation reactions 244py*8Ca, xn)292* 114 and 25 Cm(*3Ca, xn)293* 116, Phys. Rev. C 69 (2004) 054607,
http://dx.doi.org/10.1103/PhysRevC.69.054607.

[31] D.C. Hoffman, D.M. Lee, Chemistry of the heaviest elements — one atom at a time, J. Chem. Educ. 76 (3) (1999)
331, http://dx.doi.org/10.1021/ed076p331.

[32] R. Eichler, N.V. Aksenov, A.V. Belozerov, G.A. Bozhikov, V.I. Chepigin, S.N. Dmitriev, R. Dressler, H.-W.
Giggeler, A.V. Gorshkov, M.G. Itkis, F. Haenssler, A. Laube, V.Y. Lebedev, O.N. Malyshev, Y.T. Oganessian,
O.V. Petrushkin, D. Piguet, A.G. Popeko, P. Rasmussen, S.V. Shishkin, A.A. Serov, A.V. Shutov, A.L. Svirikhin,
E.E. Tereshatov, G.K. Vostokin, M. Wegrzecki, A.V. Yeremin, Thermochemical and physical properties of element
112, Angew. Chem., Int. Ed. Engl. 47 (17) (2008) 3262-3266, http://dx.doi.org/10.1002/anie.200705019.

[33] A. Tiirler, Chemical experiments with superheavy elements, CHIMIA Int. J. Chem. 64 (5) (2010) 293-298,
http://dx.doi.org/10.2533/chimia.2010.293.


http://dx.doi.org/10.1002/anie.200300624
http://dx.doi.org/10.1002/anie.201302742
http://dx.doi.org/10.1103/RevModPhys.35.1
http://dx.doi.org/10.1103/PhysRevLett.106.018301
http://dx.doi.org/10.1140/epjd/e2007-00145-2
http://dx.doi.org/10.1021/cr3002438
http://dx.doi.org/10.1063/1.431398
http://stacks.iop.org/2041-8205/774/i=2/a=L23
http://dx.doi.org/10.1103/RevModPhys.69.995
http://dx.doi.org/10.1038/231103a0
http://dx.doi.org/10.1016/0370-1573(91)90070-3
http://dx.doi.org/10.1016/j.physrep.2007.06.002
http://dx.doi.org/10.1016/j.ppnp.2011.01.032
http://dx.doi.org/10.1140/epja/i2012-12122-6
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4F67616E65737369616E2D32303131s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4F67616E65737369616E2D32303131s1
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4E617A6172657769637A2D32303035s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4E617A6172657769637A2D32303035s1
http://dx.doi.org/10.1016/j.ppnp.2006.05.001
http://dx.doi.org/10.1103/PhysRevC.69.054607
http://dx.doi.org/10.1021/ed076p331
http://dx.doi.org/10.1002/anie.200705019
http://dx.doi.org/10.2533/chimia.2010.293
http://dx.doi.org/10.1002/anie.200300624
http://dx.doi.org/10.1103/RevModPhys.35.1
http://dx.doi.org/10.1103/RevModPhys.69.995
http://dx.doi.org/10.1016/j.physrep.2007.06.002
http://dx.doi.org/10.1016/j.ppnp.2011.01.032

P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577 571

[34] H.W. Giggeler, Recent achievements in chemical studies of heaviest elements, J. Phys. Conf. Ser. 312 (2011)
092007, IOP Publishing.

[35] H.W. Géggeler, A. Tiirler, Gas-phase chemistry of superheavy elements, in: M. Schédel, D. Shaughnessy (Eds.),
The Chemistry of Superheavy Elements, Springer, Berlin, Heidelberg, 2014, pp. 415-483.

[36] M. Sewtz, H. Backe, A. Dretzke, G. Kube, W. Lauth, P. Schwamb, K. Eberhardt, C. Griining, P. Thorle, N.
Trautmann, P. Kunz, J. Lassen, G. Passler, C.Z. Dong, S. Fritzsche, R.G. Haire, First observation of atomic
levels for the element fermium (Z = 100), Phys. Rev. Lett. 90 (2003) 163002, http://dx.doi.org/10.1103/
PhysRevLett.90.163002.

[37] T.K. Sato, M. Asai, A. Borschevsky, T. Stora, N. Sato, Y. Kaneya, K. Tsukada, C.E. Diillmann, K. Eberhardt,
E. Eliav, S. Ichikawa, U. Kaldor, J.V. Kratz, S. Miyashita, Y. Nagame, K. Ooe, A. Osa, D. Renisch, J. Runke,
M. Schidel, P. Thorle-Pospiech, A. Toyoshima, N. Trautmann, Measurement of the first ionization potential of
lawrencium (element 103), Nature (2015), in press.

[38] M. Block, D. Ackermann, K. Blaum, C. Droese, M. Dworschak, S. Eliseev, T. Fleckenstein, E. Haettner, F. Her-
furth, F.P. HeBBberger, S. Hofmann, J. Ketelaer, J. Ketter, H.-J. Kluge, G. Marx, M. Mazzocco, Y.N. Novikov, W.R.
PlaB, A. Popeko, S. Rahaman, D. Rodriguez, C. Scheidenberger, L. Schweikhard, P.G. Thirolf, G.K. Vorobyeyv,
Direct mass measurements above uranium bridge the gap to the island of stability, Nature 463 (2010) 785-788,
http://dx.doi.org/10.1038/nature08774.

[39] G. Hardekopf, J. Sucher, Relativistic wave equations in momentum space, Phys. Rev. A 30 (1984) 703-711,
http://dx.doi.org/10.1103/PhysRevA.30.703.

[40] Y. Watanabe, H. Nakano, H. Tatewaki, Effect of removing the no-virtual-pair approximation on the corre-
lation energy of the He isoelectronic sequence, J. Chem. Phys. 126 (17) (2007) 174105, http://dx.doi.org/
10.1063/1.2733647.

[41] K.G. Dyall, K. Faegri Jr., Introduction to Relativistic Quantum Chemistry, Oxford University Press, 2007.

[42] M. Reiher, A. Wolf, Relativistic Quantum Chemistry: The Fundamental Theory of Molecular Science, 2nd edition,
John Wiley & Sons, 2014.

[43] J. Talman, Minimax principle for the Dirac equation, Phys. Rev. Lett. 57 (1986) 1091-1094, http://dx.doi.org/
10.1103/PhysRevLett.57.1091.

[44] L. LaJohn, J. Talman, Minimax variational solution of the Dirac equation in molecular geometries, Chem. Phys.
Lett. 189 (45) (1992) 383-389, http://dx.doi.org/10.1016/0009-2614(92)85219-Z.

[45] R.E. Stanton, S. Havriliak, Kinetic balance: a partial solution to the problem of variational safety in Dirac calcula-
tions, J. Chem. Phys. 81 (4) (1984) 1910-1918, http://dx.doi.org/10.1063/1.447865.

[46] L.P. Grant, Relativistic Quantum Theory of Atoms and Molecules: Theory and Computation, Springer, 2007.

[47] W. Kutzelnigg, W. Liu, Quasirelativistic theory I. Theory in terms of a quasi-relativistic operator, Mol. Phys.
104 (13-14) (2006) 2225-2240, http://dx.doi.org/10.1080/00268970600662481.

[48] W. Liu, Perspective: relativistic hamiltonians, Int. J. Quant. Chem. 114 (15) (2014) 983-986, http://dx.doi.org/
10.1002/qua.24600.

[49] T. Saue, Relativistic hamiltonians for chemistry: a primer, ChemPhysChem 12 (17) (2011) 3077-3094,
http://dx.doi.org/10.1002/cphc.201100682.

[50] P. Schwerdtfeger, The pseudopotential approximation in electronic structure theory, ChemPhysChem 12 (17)
(2011) 3143-3155, http://dx.doi.org/10.1002/cphc.201100387.

[51] M. Dolg, X. Cao, Relativistic pseudopotentials: their development and scope of applications, Chem. Rev. 112 (1)
(2012) 403480, http://dx.doi.org/10.1021/cr2001383, pMID: 21913696.

[52] J.P. Desclaux, Relativistc Dirac—Fock expectation values for atoms with Z = 1 to Z = 120, At. Data Nucl. Data
Tables 12 (1973) 311-406.

[53] PJ. Mohr, G. Plunien, G. Soff, QED corrections in heavy atoms, Phys. Rep. 293 (56) (1998) 227-369,
http://dx.doi.org/10.1016/S0370-1573(97)00046-X.

[54] N. Gaston, P. Schwerdtfeger, W. Nazarewicz, Ionization potentials of internal conversion electrons for the
superheavy elements 112, 114, 116, and 118, Phys. Rev. A 66 (2002) 062505, http://dx.doi.org/10.1103/
PhysRevA.66.062505.

[55] C. Thierfelder, P. Schwerdtfeger, F. HeBBberger, S. Hofmann, Dirac—Hartree—Fock studies of X-ray transitions in
meitnerium, Eur. Phys. J. A 36 (2) (2008) 227-231, http://dx.doi.org/10.1140/epja/i2008-10584-7.

[56] P. Pyykko, M. Tokman, L.N. Labzowsky, Estimated valence-level Lamb shifts for group 1 and group 11 metal
atoms, Phys. Rev. A 57 (1998) R689-R692, http://dx.doi.org/10.1103/PhysRevA.57.R689.

[57] L. Labzowsky, I. Goidenko, M. Tokman, P. Pyykko, Calculated self-energy contributions for an ns va-
lence electron using the multiple-commutator method, Phys. Rev. A 59 (1999) 2707-2711, http://dx.doi.org/
10.1103/PhysRevA.59.2707.


http://refhub.elsevier.com/S0375-9474(15)00036-6/bib67616767656C65722D32303131s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib67616767656C65722D32303131s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib47616767656C65722D32303134s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib47616767656C65722D32303134s1
http://dx.doi.org/10.1103/PhysRevLett.90.163002
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib5361746F2D32303135s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib5361746F2D32303135s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib5361746F2D32303135s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib5361746F2D32303135s1
http://dx.doi.org/10.1038/nature08774
http://dx.doi.org/10.1103/PhysRevA.30.703
http://dx.doi.org/10.1063/1.2733647
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib6479616C6C2D6661656772692D32303037s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib7265696865722D32303039s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib7265696865722D32303039s1
http://dx.doi.org/10.1103/PhysRevLett.57.1091
http://dx.doi.org/10.1016/0009-2614(92)85219-Z
http://dx.doi.org/10.1063/1.447865
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4772616E742D32303037s1
http://dx.doi.org/10.1080/00268970600662481
http://dx.doi.org/10.1002/qua.24600
http://dx.doi.org/10.1002/cphc.201100682
http://dx.doi.org/10.1002/cphc.201100387
http://dx.doi.org/10.1021/cr2001383
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib446573636C6175782D31393733s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib446573636C6175782D31393733s1
http://dx.doi.org/10.1016/S0370-1573(97)00046-X
http://dx.doi.org/10.1103/PhysRevA.66.062505
http://dx.doi.org/10.1140/epja/i2008-10584-7
http://dx.doi.org/10.1103/PhysRevA.57.R689
http://dx.doi.org/10.1103/PhysRevA.59.2707
http://dx.doi.org/10.1103/PhysRevLett.90.163002
http://dx.doi.org/10.1063/1.2733647
http://dx.doi.org/10.1103/PhysRevLett.57.1091
http://dx.doi.org/10.1002/qua.24600
http://dx.doi.org/10.1103/PhysRevA.66.062505
http://dx.doi.org/10.1103/PhysRevA.59.2707

572 P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577

[58] 1. Goidenko, L. Labzowsky, E. Eliav, U. Kaldor, P. Pyykko, QED corrections to the binding energy of the eka-radon
(Z = 118) negative ion, Phys. Rev. A 67 (2003) 020102, http://dx.doi.org/10.1103/PhysRevA.67.020102.

[59] P. Indelicato, J.P. Santos, S. Boucard, J.-P. Desclaux, QED and relativistic corrections in superheavy elements, Eur.
Phys. J. D 45 (1) (2007) 155170, http://dx.doi.org/10.1140/epjd/e2007-00229-y.

[60] C. Thierfelder, P. Schwerdtfeger, Quantum electrodynamic corrections for the valence shell in heavy many-electron
atoms, Phys. Rev. A 82 (2010) 062503, http://dx.doi.org/10.1103/PhysRevA.82.062503.

[61] J. Lowe, C. Chantler, I. Grant, Self-energy screening approximations in multi-electron atoms, Radiat. Phys. Chem.
85 (2013) 118-123, http://dx.doi.org/10.1016/j.radphyschem.2013.01.004.

[62] V.M. Shabaev, L.I. Tupitsyn, V.A. Yerokhin, Model operator approach to the Lamb shift calculations in relativistic
many-electron atoms, Phys. Rev. A 88 (2013) 012513, http://dx.doi.org/10.1103/PhysRevA.88.012513.

[63] I. Lindgren, Relativistic many-body and QED calculations on atomic systems, Int. J. Quant. Chem. 57 (4) (1996)
683-695, http://dx.doi.org/10.1002/(SICI)1097-461X(1996)57:4<683:: AID-QUA15>3.0.CO;2-1.

[64] 1. Lindgren, Relativistic Many-Body Theory: A New Field-Theoretical Approach, vol. 63, Springer, Berlin, 2011.

[65] W. Liu, I. Lindgren, Going beyond “no-pair relativistic quantum chemistry”, J. Chem. Phys. 139 (1) (2013) 014108,
http://dx.doi.org/10.1063/1.4811795.

[66] P. Pyykko, L.-B. Zhao, Search for effective local model potentials for simulation of quantum electrody-
namic effects in relativistic calculations, J. Phys. B, At. Mol. Phys. 36 (8) (2003) 1469, http://stacks.iop.org/
0953-4075/36/i=8/a=302.

[67] T. Hangele, M. Dolg, M. Hanrath, X. Cao, P. Schwerdtfeger, Accurate relativistic energy-consistent pseudopoten-
tials for the superheavy elements 111 to 118 including quantum electrodynamic effects, J. Chem. Phys. 136 (21)
(2012) 214105, http://dx.doi.org/10.1063/1.4723805.

[68] T. Hangele, M. Dolg, P. Schwerdtfeger, Relativistic energy-consistent pseudopotentials for superheavy elements
119 and 120 including quantum electrodynamic effects, J. Chem. Phys. 138 (17) (2013) 174113, http://dx.doi.org/
10.1063/1.4803148.

[69] M.H. Mittleman, Theory of relativistic effects on atoms: configuration-space hamiltonian, Phys. Rev. A 24 (1981)
1167-1175, http://dx.doi.org/10.1103/PhysRevA.24.1167.

[70] G.E. Brown, D.G. Ravenhall, On the interaction of two electrons, Proc. R. Soc. Lond. A (1951) 552-559.

[71] J. Sucher, Foundations of the relativistic theory of many-electron atoms, Phys. Rev. A 22 (1980) 348-362,
http://dx.doi.org/10.1103/PhysRevA.22.348.

[72] R. Hofstadter, H.R. Fechter, J.A. McIntyre, High-energy electron scattering and nuclear structure determinations,
Phys. Rev. 92 (1953) 978-987, http://dx.doi.org/10.1103/PhysRev.92.978.

[73] I. Sick, Model-independent nuclear charge densities from elastic electron scattering, Nucl. Phys. A 218 (3) (1974)
509-541, http://dx.doi.org/10.1016/0375-9474(74)90039-6.

[74] D. Andrea, Nuclear charge density distributions in quantum chemistry, in: P. Schwerdtfeger (Ed.), Relativistic
Electronic Structure Theory, in: Theor. Comput. Chem., vol. 11, Elsevier, 2002, pp. 203-258.

[75] M.G.H. Gustavsson, A.-M. Martensson-Pendrill, The atomic nucleus, in: S. Wilson (Ed.), Handbook of Molecular
Physics and Quantum Chemistry, vol. 1, Wiley, 2003, pp. 477-484.

[76] L. Visscher, K. Dyall, Dirac—Fock atomic electronic structure calculations using different nuclear charge distribu-
tions, At. Data Nucl. Data Tables 67 (2) (1997) 207-224, http://dx.doi.org/10.1006/adnd.1997.0751.

[77] T.A. Carlson, C.W. Nestor Jr., EB. Malik, T.C. Tucker, Calculation of K, L, M and N binding energies and
K X-rays for elements from Z = 96-120, Nucl. Phys. A 135 (1) (1969) 57-64, http://dx.doi.org/10.1016/
0375-9474(69)90147-X.

[78] D.M. Gitman, A.D. Levin, I.V. Tyutin, B.L. Voronov, Electronic structure of super heavy atoms revisited, Phys.
Scr. 87 (3) (2013) 038104.

[79] E. Eliav, U. Kaldor, P. Schwerdtfeger, B.A. Hess, Y. Ishikawa, Ground state electron configuration of element 111,
Phys. Rev. Lett. 73 (1994) 3203-3206, http://dx.doi.org/10.1103/PhysRevLett.73.3203.

[80] E. Eliav, U. Kaldor, Y. Ishikawa, Transition energies of mercury and ekamercury (element 112) by the relativistic
coupled-cluster method, Phys. Rev. A 52 (1995) 2765-2769, http://dx.doi.org/10.1103/PhysRevA.52.2765.

[81] E. Eliav, U. Kaldor, Y. Ishikawa, Ground state electron configuration of rutherfordium: role of dynamic correlation,
Phys. Rev. Lett. 74 (1995) 1079-1082, http://dx.doi.org/10.1103/PhysRevLett.74.1079.

[82] E. Eliav, U. Kaldor, Y. Ishikawa, M. Seth, P. Pyykko, Calculated energy levels of thallium and eka-thallium (ele-
ment 113), Phys. Rev. A 53 (1996) 39263933, http://dx.doi.org/10.1103/PhysRevA.53.3926.

[83] E. Eliav, U. Kaldor, Y. Ishikawa, P. Pyykko, Element 118: the first rare gas with an electron affinity, Phys. Rev.
Lett. 77 (1996) 5350-5352, http://dx.doi.org/10.1103/PhysRevLett.77.5350.

[84] U. Kaldor, E. Eliav, High-accuracy calculations for heavy and super-heavy elements, in: Adv. Quantum Chem.,
vol. 31, Academic Press, 1998, pp. 313-336.


http://dx.doi.org/10.1103/PhysRevA.67.020102
http://dx.doi.org/10.1140/epjd/e2007-00229-y
http://dx.doi.org/10.1103/PhysRevA.82.062503
http://dx.doi.org/10.1016/j.radphyschem.2013.01.004
http://dx.doi.org/10.1103/PhysRevA.88.012513
http://dx.doi.org/10.1002/(SICI)1097-461X(1996)57:4<683::AID-QUA15>3.0.CO;2-1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib6C696E646772656E426F6F6B2D32303131s1
http://dx.doi.org/10.1063/1.4811795
http://stacks.iop.org/0953-4075/36/i=8/a=302
http://stacks.iop.org/0953-4075/36/i=8/a=302
http://dx.doi.org/10.1063/1.4723805
http://dx.doi.org/10.1063/1.4803148
http://dx.doi.org/10.1103/PhysRevA.24.1167
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib62726F776E2D31393531s1
http://dx.doi.org/10.1103/PhysRevA.22.348
http://dx.doi.org/10.1103/PhysRev.92.978
http://dx.doi.org/10.1016/0375-9474(74)90039-6
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib416E647265612D32303032s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib416E647265612D32303032s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4D617274656E73736F6E2D50656E6472696C6C2D32303033s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4D617274656E73736F6E2D50656E6472696C6C2D32303033s1
http://dx.doi.org/10.1006/adnd.1997.0751
http://dx.doi.org/10.1016/0375-9474(69)90147-X
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4769746D616E2D32303133s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4769746D616E2D32303133s1
http://dx.doi.org/10.1103/PhysRevLett.73.3203
http://dx.doi.org/10.1103/PhysRevA.52.2765
http://dx.doi.org/10.1103/PhysRevLett.74.1079
http://dx.doi.org/10.1103/PhysRevA.53.3926
http://dx.doi.org/10.1103/PhysRevLett.77.5350
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4B616C646F722D31393938s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4B616C646F722D31393938s1
http://dx.doi.org/10.1063/1.4803148
http://dx.doi.org/10.1016/0375-9474(69)90147-X

P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577 573

[85] A. Landau, E. Eliav, Y. Ishikawa, U. Kaldor, Electronic structure of eka-lead (element 114) compared with lead,
J. Chem. Phys. 114 (7) (2001) 2977-2980, http://dx.doi.org/10.1063/1.1342763.

[86] A. Landau, E. Eliav, U. Kaldor, Intermediate hamiltonian Fock-space coupled-cluster method, in: J. Sabin, E.
Béandas (Eds.), New Perspectives in Quantum Systems in Chemistry and Physics, Part 1, in: Adv. Quantum Chem.,
vol. 39, Academic Press, 2001, pp. 171-188, http://dx.doi.org/10.1016/S0065-3276(05)39011-3.

[87] L. Visscher, E. Eliav, U. Kaldor, Formulation and implementation of the relativistic Fock-space coupled cluster
method for molecules, J. Chem. Phys. 115 (21) (2001) 9720-9726, http://dx.doi.org/10.1063/1.1415746.

[88] D. Peng, M. Reiher, Exact decoupling of the relativistic Fock operator, Theor. Chem. Acc. 131 (1) (2012) 1081,
http://dx.doi.org/10.1007/s00214-011-1081-y.

[89] M. Iliag, T. Saue, An infinite-order two-component relativistic hamiltonian by a simple one-step transformation, J.
Chem. Phys. 126 (6) (2007) 064102, http://dx.doi.org/10.1063/1.2436882.

[90] K.G. Dyall, Interfacing relativistic and nonrelativistic methods. I. Normalized elimination of the small component
in the modified Dirac equation, J. Chem. Phys. 106 (23) (1997) 9618-9626, http://dx.doi.org/10.1063/1.473860.

[91] D. Cremer, W. Zou, M. Filatov, Dirac-exact relativistic methods: the normalised elimination of the small compo-
nent method, WIREs Comput. Mol. Sci. 4 (5) (2014) 436-467, http://dx.doi.org/10.1002/wems.1181.

[92] A. Wolf, M. Reiher, B.A. Hess, The generalized Douglas—Kroll transformation, J. Chem. Phys. 117 (20) (2002)
9215-9226, http://dx.doi.org/10.1063/1.1515314.

[93] M. Reiher, Relativistic Douglas—Kroll-Hess theory, WIREs Comput. Mol. Sci. 2 (1) (2012) 139-149, http://
dx.doi.org/10.1002/wcms.67.

[94] E. van Lenthe, E.J. Baerends, J.G. Snijders, Relativistic total energy using regular approximations, J. Chem. Phys.
101 (11) (1994) 9783-9792, http://dx.doi.org/10.1063/1.467943.

[95] E. van Lenthe, J.G. Snijders, E.J. Baerends, The zero-order regular approximation for relativistic effects: the effect
of spin—orbit coupling in closed shell molecules, J. Chem. Phys. 105 (15) (1996) 6505-6516, http://dx.doi.org/
10.1063/1.472460.

[96] DIRAC, a relativistic ab initio electronic structure program, release DIRAC13 (2013), written by L. Visscher,
H.J.Aa. Jensen, R. Bast, T. Saue, with contributions from V. Bakken, K.G. Dyall, S. Dubillard, U. Ekstrom, E.
Eliav, T. Enevoldsen, E. FaBhauer, T. Fleig, O. Fossgaard, A.S.P. Gomes, T. Helgaker, J.K. Lerdahl, Y.S. Lee, J.
Henriksson, M. Ilia§, Ch.R. Jacob, S. Knecht, S. Komorovsky, O. Kullie, C.V. Larsen, H.S. Nataraj, P. Norman,
G. Olejniczak, J. Olsen, Y.C. Park, J.K. Pedersen, M. Pernpointner, K. Ruud, P. Salek, B. Schimmelpfennig, J.
Sikkema, A. J. Thorvaldsen, J. Thyssen, J. van Stralen, S. Villaume, O. Visser, T. Winther, S. Yamamoto, see
http://www.diracprogram.org, 2013.

[97] J.-L. Heully, I. Lindgren, E. Lindroth, S. Lundqvist, A.-M. Martensson-Pendrill, Diagonalisation of the Dirac
hamiltonian as a basis for a relativistic many-body procedure, J. Phys. B, At. Mol. Phys. 19 (18) (1986) 2799-2815,
http://stacks.iop.org/0022-3700/19/i=18/a=011.

[98] J. Sikkema, L. Visscher, T. Saue, M. Ilia§, The molecular mean-field approach for correlated relativistic calcula-
tions, J. Chem. Phys. 131 (12) (2009) 124116, http://dx.doi.org/10.1063/1.3239505.

[99] T. Hangele, M. Dolg, Accuracy of relativistic energy-consistent pseudopotentials for superheavy elements
111-118: molecular calibration calculations, J. Chem. Phys. 138 (4) (2013) 044104, http://dx.doi.org/10.1063/
1.4776757.

[100] O. Klein, Die Reflexion von Elektronen an einem Potentialsprung nach der relativistischen Dynamik von Dirac,
Z. Phys. 53 (3-4) (1929) 157-165, http://dx.doi.org/10.1007/BF01339716.

[101] W. Greiner, B. Miiller, J. Rafelski, Quantum Electrodynamics of Strong Fields, Springer-Verlag, Berlin, 1985.

[102] M.S. Plesset, The Dirac electron in simple fields, Phys. Rev. 41 (1932) 278-290, http://dx.doi.org/10.1103/
PhysRev.41.278.

[103] Y.B. Zel’dovich, V.S. Popov, Electronic structure of superheavy atoms, Sov. Phys. Usp. 14 (6) (1972) 673.

[104] G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, B. Odom, New determination of the fine structure con-
stant from the electron g value and QED, Phys. Rev. Lett. 97 (2006) 030802, http://dx.doi.org/10.1103/
PhysRevLett.97.030802.

[105] D. Hanneke, S. Fogwell, G. Gabrielse, New measurement of the electron magnetic moment and the fine structure
constant, Phys. Rev. Lett. 100 (2008) 120801, http://dx.doi.org/10.1103/PhysRevLett.100.120801.

[106] T. Aoyama, M. Hayakawa, T. Kinoshita, M. Nio, Tenth-order QED contribution to the electron g — 2 and
an improved value of the fine structure constant, Phys. Rev. Lett. 109 (2012) 111807, http://dx.doi.org/
10.1103/PhysRevLett.109.111807.

[107] W.E. Lamb, R.C. Retherford, Fine structure of the hydrogen atom by a microwave method, Phys. Rev. 72 (1947)
241-243.

[108] H.A. Bethe, The electromagnetic shift of energy levels, Phys. Rev. 72 (1947) 339-341.


http://dx.doi.org/10.1063/1.1342763
http://dx.doi.org/10.1016/S0065-3276(05)39011-3
http://dx.doi.org/10.1063/1.1415746
http://dx.doi.org/10.1007/s00214-011-1081-y
http://dx.doi.org/10.1063/1.2436882
http://dx.doi.org/10.1063/1.473860
http://dx.doi.org/10.1002/wcms.1181
http://dx.doi.org/10.1063/1.1515314
http://dx.doi.org/10.1002/wcms.67
http://dx.doi.org/10.1063/1.467943
http://dx.doi.org/10.1063/1.472460
http://www.diracprogram.org
http://stacks.iop.org/0022-3700/19/i=18/a=011
http://dx.doi.org/10.1063/1.3239505
http://dx.doi.org/10.1063/1.4776757
http://dx.doi.org/10.1007/BF01339716
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib677265696E65722D3139383578s1
http://dx.doi.org/10.1103/PhysRev.41.278
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib5A656C646F766963682D31393732s1
http://dx.doi.org/10.1103/PhysRevLett.97.030802
http://dx.doi.org/10.1103/PhysRevLett.100.120801
http://dx.doi.org/10.1103/PhysRevLett.109.111807
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4C616D622D31393437s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4C616D622D31393437s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib42657468652D31393437s1
http://dx.doi.org/10.1002/wcms.67
http://dx.doi.org/10.1063/1.472460
http://dx.doi.org/10.1063/1.4776757
http://dx.doi.org/10.1103/PhysRev.41.278
http://dx.doi.org/10.1103/PhysRevLett.97.030802
http://dx.doi.org/10.1103/PhysRevLett.109.111807

574 P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577

[109] E.A. Uehling, Polarization effects in the positron theory, Phys. Rev. 48 (1935) 55-63, http://dx.doi.org/
10.1103/PhysRev.48.55.

[110] W. Johnson, G. Soff, The Lamb shift in hydrogen-like atoms, 1 < Z < 110, At. Data Nucl. Data Tables 33 (3)
(1985) 405-446, http://dx.doi.org/10.1016/0092-640X(85)90010-5.

[111] PJ. Mohr, Y.-K. Kim, Self-energy of excited states in a strong Coulomb field, Phys. Rev. A 45 (1992) 2727-2735,
http://dx.doi.org/10.1103/PhysRevA.45.2727.

[112] V. Shabaev, Two-time Green’s function method in quantum electrodynamics of high-Z few-electron atoms, Phys.
Rep. 356 (3) (2002) 119-128, http://dx.doi.org/10.1016/S0370-1573(01)00024-2.

[113] I Lindgren, S. Salomonson, B. Asén, The covariant-evolution-operator method in bound-state QED, Phys. Rep.
389 (4) (2004) 161-261, http://dx.doi.org/10.1016/j.physrep.2003.09.004.

[114] V.M. Shabaev, Mass corrections in a strong nuclear field, Theor. Math. Phys. 63 (1985) 588-596,
http://dx.doi.org/10.1007/BF01017505.

[115] V. Yerokhin, V. Shabaev, Accurate calculation of self-energy screening diagrams for high Z helium-like atoms,
Phys. Lett. A 207 (5) (1995) 274-280, http://dx.doi.org/10.1016/0375-9601(95)00692-V.

[116] I. Lindgren, Development of many-body perturbation theory: how to combine with quantum electrodynamics, Int.
J. Quant. Chem. 114 (18) (2014) 1176-1182, http://dx.doi.org/10.1002/qua.24629.

[117] E. Eliav, U. Kaldor, Y. Ishikawa, Open-shell relativistic coupled-cluster method with Dirac—Fock—Breit wave
functions: energies of the gold atom and its cation, Phys. Rev. A 49 (1994) 1724-1729, http://dx.doi.org/
10.1103/PhysRevA.49.1724.

[118] S. Fritzsche, On the accuracy of valence-shell computations for heavy and superheavy elements, Eur. Phys. J. D
33 (1) (2005) 15-21, http://dx.doi.org/10.1140/epjd/e2005-00013-1.

[119] C.E. Moore, Atomic energy levels, Tech. Rep., Natl. Bur. Stand. Ref. Data Ser., Nat. Bur. Stand. (US) Circ., No.
NSRDS-NBS 35, U.S. GPO, Washington, DC, 1971.

[120] T. Andersen, H.K. Haugen, H. Hotop, Binding energies in atomic negative ions: III, J. Phys. Chem. Ref. Data
28 (6) (1999) 1511-1533, http://dx.doi.org/10.1063/1.556047.

[121] K. Dyall, I. Grant, C. Johnson, F. Parpia, E. Plummer, GRASP: a general-purpose relativistic atomic structure
program, Comput. Phys. Commun. 55 (3) (1989) 425-456, http://dx.doi.org/10.1016/0010-4655(89)90136-7.

[122] E.H. Wichmann, N.M. Kroll, Vacuum polarization in a strong Coulomb field, Phys. Rev. 101 (1956) 843-859,
http://dx.doi.org/10.1103/PhysRev.101.843.

[123] G. Kaillén, A. Sabry, Fourth-order vacuum polarization, Dan. Mat. Fys. Medd. 29 (CERN-55-17) (1955) 1-20.

[124] W.H. Furry, A symmetry theorem in the positron theory, Phys. Rev. 51 (1937) 125-129, http://dx.doi.org/
10.1103/PhysRev.51.125.

[125] A. Frolov, D. Wardlaw, Analytical formula for the Uehling potential, Eur. Phys. J. D 85 (10) (2012) 348,
http://dx.doi.org/10.1140/epjb/e2012-30408-4.

[126] V.A. Dzuba, V.V. Flambaum, O. Sushkov, Summation of the perturbation theory high order contributions to
the correlation correction for the energy levels of the caesium atom, Phys. Lett. A 140 (9) (1989) 493-497,
http://dx.doi.org/10.1016/0375-9601(89)90129-1.

[127] K.G. Dyall, Communication: spectral representation of the Lamb shift for atomic and molecular calculations,
J. Chem. Phys. 139 (2) (2013) 021103, http://dx.doi.org/10.1063/1.4813483.

[128] V.M. Shabaev, LI. Tupitsyn, V.A. Yerokhin, QEDMOD: Fortran program for calculating the model Lamb-shift
operator, Comput. Phys. Commun. (2014), http://dx.doi.org/10.1016/j.cpc.2014.12.002.

[129] V.B. Berestetskii, E.M. Lifshitz, L.P. Pitaevskil, Quantum Electrodynamics, vol. 4, Butterworth—-Heinemann, 1982.

[130] V.V. Flambaum, J.S.M. Ginges, Radiative potential and calculations of QED radiative corrections to energy lev-
els and electromagnetic amplitudes in many-electron atoms, Phys. Rev. A 72 (2005) 052115, http://dx.doi.org/
10.1103/PhysRevA.72.052115.

[131] S.A. Blundell, Calculations of the screened self-energy and vacuum polarization in Li-like, Na-like, and Cu-like
ions, Phys. Rev. A 47 (1993) 1790-1803, http://dx.doi.org/10.1103/PhysRevA.47.1790.

[132] W.H.E. Schwarz, E.M. van Wezenbeek, E.J. Baerends, J.G. Snijders, The origin of relativistic effects of atomic
orbitals, J. Phys. B, At. Mol. Phys. 22 (10) (1989) 1515-1530, http://stacks.iop.org/0953-4075/22/i=10/a=008.

[133] A.V. Mitin, C. van Wiillen, Two-component relativistic density-functional calculations of the dimers of the halo-
gens from bromine through element 117 using effective core potential and all-electron methods, J. Chem. Phys.
124 (6) (2006) 064305, http://dx.doi.org/10.1063/1.2165175.

[134] B. Fricke, Superheavy elements a prediction of their chemical and physical properties, in: Recent Impact of Physics
on Inorganic Chemistry, in: Struct. Bond., vol. 21, Springer, Berlin, Heidelberg, 1975, pp. 89-144.

[135] P. Schwerdtfeger, M. Seth, Relativistic effects of the superheavy elements, in: P.v.R. Schleyer, P.R. Schreiner, N.L.
Allinger, T. Clark, J. Gasteiger, P.A. Kollman, H.F. Schaefer III (Eds.), Encyclopedia of Computational Chemistry,
vol. 4, John Wiley & Sons, Ltd, 1998, pp. 2480-2499.


http://dx.doi.org/10.1103/PhysRev.48.55
http://dx.doi.org/10.1016/0092-640X(85)90010-5
http://dx.doi.org/10.1103/PhysRevA.45.2727
http://dx.doi.org/10.1016/S0370-1573(01)00024-2
http://dx.doi.org/10.1016/j.physrep.2003.09.004
http://dx.doi.org/10.1007/BF01017505
http://dx.doi.org/10.1016/0375-9601(95)00692-V
http://dx.doi.org/10.1002/qua.24629
http://dx.doi.org/10.1103/PhysRevA.49.1724
http://dx.doi.org/10.1140/epjd/e2005-00013-1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4D6F6F72652D31393731s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib4D6F6F72652D31393731s1
http://dx.doi.org/10.1063/1.556047
http://dx.doi.org/10.1016/0010-4655(89)90136-7
http://dx.doi.org/10.1103/PhysRev.101.843
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib6B616C6C656E2D73616272792D31393535s1
http://dx.doi.org/10.1103/PhysRev.51.125
http://dx.doi.org/10.1140/epjb/e2012-30408-4
http://dx.doi.org/10.1016/0375-9601(89)90129-1
http://dx.doi.org/10.1063/1.4813483
http://dx.doi.org/10.1016/j.cpc.2014.12.002
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib6265726573746574736B69692D31393832s1
http://dx.doi.org/10.1103/PhysRevA.72.052115
http://dx.doi.org/10.1103/PhysRevA.47.1790
http://stacks.iop.org/0953-4075/22/i=10/a=008
http://dx.doi.org/10.1063/1.2165175
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib467269636B652D31393735s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib467269636B652D31393735s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib536574682D31393938s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib536574682D31393938s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib536574682D31393938s1
http://dx.doi.org/10.1103/PhysRev.48.55
http://dx.doi.org/10.1103/PhysRevA.49.1724
http://dx.doi.org/10.1103/PhysRev.51.125
http://dx.doi.org/10.1103/PhysRevA.72.052115

P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577 575

[136] M. Schidel, Chemistry of superheavy elements, Angew. Chem., Int. Ed. Engl. 45 (3) (2006) 368-401,
http://dx.doi.org/10.1002/anie.200461072.

[137] V. Pershina, Relativistic electronic structure studies on the heaviest elements, Radiochim. Acta 99 (7-8) (2011)
459-476.

[138] M. Seth, F. Cooke, P. Schwerdtfeger, J.-L. Heully, M. Pelissier, The chemistry of the superheavy elements. II.
The stability of high oxidation states in group 11 elements: relativistic coupled cluster calculations for the di-,
tetra- and hexafluoro metallates of Cu, Ag, Au, and element 111, J. Chem. Phys. 109 (10) (1998) 3935-3943,
http://dx.doi.org/10.1063/1.476993.

[139] M. Seth, P. Schwerdtfeger, M. Dolg, K. Faegri, B.A. Hess, U. Kaldor, Large relativistic effects in molecular prop-
erties of the hydride of superheavy element 111, Chem. Phys. Lett. 250 (5-6) (1996) 461-465, http://dx.doi.org/
10.1016/0009-2614(96)00039-5.

[140] M. Seth, P. Schwerdtfeger, A comparison of relativistic and electron correlation effects for (111)F, (111)H and
(111)Li, Chem. Phys. Lett. 318 (4-5) (2000) 314318, http://dx.doi.org/10.1016/S0009-2614(00)00034-8.

[141] C. Thierfelder, P. Schwerdtfeger, A. Koers, A. Borschevsky, B. Fricke, Scalar relativistic and spin—orbit ef-
fects in closed-shell superheavy-element monohydrides, Phys. Rev. A 80 (2009) 022501, http://dx.doi.org/
10.1103/PhysRevA.80.022501.

[142] T. Hangele, M. Dolg, Coupled-cluster and { DFT} studies of the copernicium dimer including QED effects, Chem.
Phys. Lett. (2014), http://dx.doi.org/10.1016/j.cplett.2014.10.048.

[143] E. Pahl, D. Figgen, A. Borschevsky, K. Peterson, P. Schwerdtfeger, Accurate potential energy curves for
the group 12 dimers Zny, Cdy, and Hgp, Theor. Chem. Acc. 129 (3-5) (2011) 651-656, http://dx.doi.org/
10.1007/s00214-011-0912-1.

[144] B. Paulus, K. Rosciszewski, N. Gaston, P. Schwerdtfeger, H. Stoll, Convergence of the ab initio many-
body expansion for the cohesive energy of solid mercury, Phys. Rev. B 70 (2004) 165106, http://dx.doi.org/
10.1103/PhysRevB.70.165106.

[145] A. Hermann, R.P. Krawczyk, M. Lein, P. Schwerdtfeger, I.P. Hamilton, J.J.P. Stewart, Convergence of the many-
body expansion of interaction potentials: from van der Waals to covalent and metallic systems, Phys. Rev. A 76
(2007) 013202, http://dx.doi.org/10.1103/PhysRevA.76.013202.

[146] N. Gaston, I. Opahle, H.W. Giggeler, P. Schwerdtfeger, Is eka-mercury (element 112) a group 12 metal?, Angew.
Chem., Int. Ed. Engl. 46 (10) (2007) 1663-1666, http://dx.doi.org/10.1002/anie.200604262.

[147] M. Seth, P. Schwerdtfeger, M. Dolg, The chemistry of the superheavy elements. I. Pseudopotentials for 111 and
112 and relativistic coupled cluster calculations for (112)H+, (112)F,, and (112)F4, J. Chem. Phys. 106 (9) (1997)
3623-3632, http://dx.doi.org/10.1063/1.473437.

[148] X. Wang, L. Andrews, S. Riedel, M. Kaupp, Mercury is a transition metal: the first experimental evidence for
HgFy4, Angew. Chem., Int. Ed. Engl. 46 (44) (2007) 8371-8375, http://dx.doi.org/10.1002/anie.200703710.

[149] M. Kaupp, H.G. von Schnering, Gaseous mercury(IV) fluoride, HgF,: an ab initio study, Angew. Chem., Int. Ed.
Engl. 32 (6) (1993) 861-863, http://dx.doi.org/10.1002/anie. 19930861 1.

[150] R. Eichler, N.V. Aksenov, A.V. Belozerov, G.A. Bozhikov, V.I. Chepigin, S.N. Dmitriev, R. Dressler, H.-W.
Giggeler, A.V. Gorshkov, M.G. Itkis, F. Haenssler, A. Laube, V.Y. Lebedev, O.N. Malyshev, Y.T. Oganessian,
O.V. Petrushkin, D. Piguet, A.G. Popeko, P. Rasmussen, S.V. Shishkin, A.A. Serov, A.V. Shutov, A.l. Svirikhin,
E.E. Tereshatov, G.K. Vostokin, M. Wegrzecki, A.V. Yeremin, Thermochemical and physical properties of element
112, Angew. Chem., Int. Ed. Engl. 47 (17) (2008) 3262-3266, http://dx.doi.org/10.1002/anie.200705019.

[151] R. Eichler, Superheavy element chemistry, in: W. Greiner (Ed.), Nuclear Physics: Present and Future, in: FIAS
Interdisciplinary Science Series, Springer International Publishing, 2015, pp. 33—43.

[152] V. Pershina, A. Borschevsky, E. Eliav, U. Kaldor, Prediction of the adsorption behaviour of elements 112 and
114 on inert surfaces from ab initio Dirac—Coulomb atomic calculations, J. Chem. Phys. 128 (2) (2008) 024707,
http://dx.doi.org/10.1063/1.2814242.

[153] V. Pershina, A. Borschevsky, E. Eliav, U. Kaldor, Adsorption of inert gases including element 118 on noble metal
and inert surfaces from ab initio Dirac—Coulomb atomic calculations, J. Chem. Phys. 129 (14) (2008) 144106,
http://dx.doi.org/10.1063/1.2988318.

[154] V. Pershina, J. Anton, T. Jacob, Theoretical predictions of adsorption behaviour of elements 112 and 114 and their
homologs Hg and Pb, J. Chem. Phys. 131 (8) (2009) 084713, http://dx.doi.org/10.1063/1.3212449.

[155] R. Eichler, N.V. Aksenov, Y.V. Albin, A.V. Belozerov, G.A. Bozhikov, V.I. Chepigin, S.N. Dmitriev, R. Dressler,
H.W. Gaeggeler, V.A. Gorshkov, R.A. Henderson, A.M. Johnsen, J.M. Kenneally, V.Y. Lebedev, O.N. Malysheyv,
K.J. Moody, Y.T. Oganessian, O.V. Petrushkin, D. Piguet, A.G. Popeko, P. Rasmussen, A. Serov, D.A. Shaugh-
nessy, S.V. Shishkin, A.V. Shutov, M.A. Stoyer, N.J. Stoyer, A.I. Svirikhin, E.E. Tereshatov, G.K. Vostokin, M.
Wegrzecki, P.A. Wilk, D. Wittwer, A.V. Yeremin, Indication for a volatile element 114, Radiochim. Acta 98 (3)
(2010) 133-139, http://dx.doi.org/10.1524/ract.2010.1705.


http://dx.doi.org/10.1002/anie.200461072
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib7065727368696E612D32303131s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib7065727368696E612D32303131s1
http://dx.doi.org/10.1063/1.476993
http://dx.doi.org/10.1016/0009-2614(96)00039-5
http://dx.doi.org/10.1016/S0009-2614(00)00034-8
http://dx.doi.org/10.1103/PhysRevA.80.022501
http://dx.doi.org/10.1016/j.cplett.2014.10.048
http://dx.doi.org/10.1007/s00214-011-0912-1
http://dx.doi.org/10.1103/PhysRevB.70.165106
http://dx.doi.org/10.1103/PhysRevA.76.013202
http://dx.doi.org/10.1002/anie.200604262
http://dx.doi.org/10.1063/1.473437
http://dx.doi.org/10.1002/anie.200703710
http://dx.doi.org/10.1002/anie.199308611
http://dx.doi.org/10.1002/anie.200705019
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib456963686C65722D32303135s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib456963686C65722D32303135s1
http://dx.doi.org/10.1063/1.2814242
http://dx.doi.org/10.1063/1.2988318
http://dx.doi.org/10.1063/1.3212449
http://dx.doi.org/10.1524/ract.2010.1705
http://dx.doi.org/10.1016/0009-2614(96)00039-5
http://dx.doi.org/10.1103/PhysRevA.80.022501
http://dx.doi.org/10.1007/s00214-011-0912-1
http://dx.doi.org/10.1103/PhysRevB.70.165106

576 P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577

[156] A. Hermann, J. Furthmueller, H-W. Gaeggeler, P. Schwerdtfeger, Spin—orbit effects in structural and electronic
properties for the solid state of the group-14 elements from carbon to superheavy element 114, Phys. Rev. B 82
(2010) 155116, http://dx.doi.org/10.1103/PhysRevB.82.155116.

[157] V. Pershina, A. Borschevsky, J. Anton, Theoretical predictions of properties of group-2 elements including ele-
ment 120 and their adsorption on noble metal surfaces, J. Chem. Phys. 136 (13) (2012) 134317, http://dx.doi.org/
10.1063/1.3699232.

[158] R. Eichler, Empirical relation between the adsorption properties of elements on gold surfaces and their volatility,
Radiochim. Acta 93 (4) (2005) 245-248, http://dx.doi.org/10.1524/ract.93.4.245.64069.

[159] A. Serov, N. Aksenov, G. Bozhikov, R. Eichler, R. Dressler, V. Lebedev, O. Petrushkin, D. Piguet, S. Shishkin,
E. Tereshatov, A. Tiirler, A. Voegele, D. Wittwer, H.-W. Géggeler, Adsorption interaction of astatine species with
quartz and gold surfaces, Radiochim. Acta 99 (9) (2011) 593-599, http://dx.doi.org/10.1524/ract.2011.1850.

[160] M. Seth, P. Schwerdtfeger, K. Fegri, The chemistry of superheavy elements. III. Theoretical studies on element
113 compounds, J. Chem. Phys. 111 (14) (1999) 6422-6433, http://dx.doi.org/10.1063/1.480168.

[161] P. Schwerdtfeger, M. Seth, Relativistic quantum chemistry of the superheavy elements. Closed-shell element 114
as a case study, J. Nucl. Radiochem. Sci. 3 (2002) 133-136.

[162] B. Vest, K. Klinkhammer, C. Thierfelder, M. Lein, P. Schwerdtfeger, Kinetic and thermodynamic stability of
the group 13 trihydrides, Inorg. Chem. 48 (16) (2009) 7953-7961, http://dx.doi.org/10.1021/ic900997p, pMID:
19601590.

[163] A. Yakushev, J.M. Gates, A. Tiirler, M. Schidel, C.E. Diillmann, D. Ackermann, L.-L. Andersson, M. Block, W.
Briichle, J. Dvorak, K. Eberhardt, H.G. Essel, J. Even, U. Forsberg, A. Gorshkov, R. Graeger, K.E. Gregorich, W.
Hartmann, R.-D. Herzberg, F.P. Hefberger, D. Hild, A. Hiibner, E. Jiger, J. Khuyagbaatar, B. Kindler, J.V. Kratz,
J. Krier, N. Kurz, B. Lommel, L.J. Niewisch, H. Nitsche, J.P. Omtvedt, E. Parr, Z. Qin, D. Rudolph, J. Runke,
B. Schausten, E. Schimpf, A. Semchenkov, J. Steiner, P. Thorle-Pospiech, J. Uusitalo, M. Wegrzecki, N. Wiehl,
Superheavy element flerovium (element 114) is a volatile metal, Inorg. Chem. 53 (3) (2014) 1624-1629, http://dx.
doi.org/10.1021/ic4026766, pMID: 24456007.

[164] H. Kim, Y.J. Choi, Y.S. Lee, Spin—orbit and electron correlation effects on the structure of EF3 (E = I, At, and
element 117), J. Phys. Chem. B 112 (50) (2008) 16021-16029, http://dx.doi.org/10.1021/jp8056306.

[165] R. Eichler, M. Schidel, Adsorption of Radon on metal surfaces: a model study for chemical investigations of
elements 112 and 114, J. Phys. Chem. B 106 (21) (2002) 5413-5420, http://dx.doi.org/10.1021/jp015553q.

[166] V. Pershina, A. Borschevsky, J. Anton, T. Jacob, Theoretical predictions of trends in spectroscopic properties of
homonuclear dimers and volatility of the 7p elements, J. Chem. Phys. 132 (19) (2010) 194314, http://dx.doi.org/
10.1063/1.3425996.

[167] O. Kullie, T. Saue, Range-separated density functional theory: a 4-component relativistic study of the rare gas
dimers He,, Nej, Arp, Krp, Xes, Rny and Uuos, in: Recent Advances and Applications of Relativistic Quantum
Chemistry, Chem. Phys. 395 (2012) 54-62, http://dx.doi.org/10.1016/j.chemphys.2011.06.024.

[168] J. Gates, C. Diillmann, M. Schidel, A. Yakushev, A. Tiirler, K. Eberhardt, J. Kratz, D. Ackermann, L.-L. Ander-
sson, M. Block, W. Briichle, J. Dvorak, H. Essel, P. Ellison, J. Even, U. Forsberg, J. Gellanki, A. Gorshkov, R.
Graeger, K. Gregorich, W. Hartmann, R.-D. Herzberg, F. HeBBberger, D. Hild, A. Hiibner, E. Jiger, J. Khuyag-
baatar, B. Kindler, J. Krier, N. Kurz, S. Lahiri, D. Liebe, B. Lommel, M. Maiti, H. Nitsche, J. Omtvedt, E. Parr,
D. Rudolph, J. Runke, H. Schaffner, B. Schausten, E. Schimpf, A. Semchenkov, J. Steiner, P. Thorle-Pospiech,
J. Uusitalo, M. Wegrzecki, N. Wiehl, First superheavy element experiments at the GSI recoil separator TASCA:
the production and decay of element 114 in the 244Pu(48Ca, 3—4n) reaction, Phys. Rev. C 83 (2011) 054618,
http://dx.doi.org/10.1103/PhysRevC.83.054618.

[169] Y. Demidov, A. Zaitsevskii, R. Eichler, First principles based modeling of the adsorption of atoms of element 120
on a gold surface, Phys. Chem. Chem. Phys. 16 (2014) 2268-2270, http://dx.doi.org/10.1039/C3CP54485K.

[170] E. Eliav, S. Shmulyian, U. Kaldor, Y. Ishikawa, Transition energies of lanthanum, actinium, and eka-actinium
(element 121), J. Chem. Phys. 109 (10) (1998) 3954-3958, http://dx.doi.org/10.1063/1.476995.

[171] E. Eliav, A. Landau, Y. Ishikawa, U. Kaldor, Electronic structure of eka-thorium (element 122) compared with
thorium, J. Phys. Chem. B 35 (7) (2002) 1693-1700, http://stacks.iop.org/0953-4075/35/i=7/a=307.

[172] B. Fricke, W. Greiner, J.T. Waber, The continuation of the periodic table up to Z = 172. The chemistry of the
superheavy elements, Theor. Chim. Acta 21 (1971) 235-260.

[173] P. Pyykko, A suggested periodic table up to Z < 172 based on Dirac—Fock calculations on atoms and ions, Phys.
Chem. Chem. Phys. 13 (2011) 161-168, http://dx.doi.org/10.1039/COCP0O1575J.

[174] 1. Goidenko, I. Tupitsyn, G. Plunien, QED corrections and chemical properties of eka-Hg, Eur. Phys. J. D 45 (1)
(2007) 171-177, http://dx.doi.org/10.1140/epjd/e2007-00143-4.

[175] P.Indelicato, J. Biero, P. Jonsson, Are MCDF calculations 101% correct in the super-heavy elements range?, Theor.
Chem. Acc. 129 (3-5) (2011) 495-505, http://dx.doi.org/10.1007/s00214-010-0887-3.


http://dx.doi.org/10.1103/PhysRevB.82.155116
http://dx.doi.org/10.1063/1.3699232
http://dx.doi.org/10.1524/ract.93.4.245.64069
http://dx.doi.org/10.1524/ract.2011.1850
http://dx.doi.org/10.1063/1.480168
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib536368776572647466656765722D414349452D32303032s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib536368776572647466656765722D414349452D32303032s1
http://dx.doi.org/10.1021/ic900997p
http://dx.doi.org/10.1021/ic4026766
http://dx.doi.org/10.1021/jp8056306
http://dx.doi.org/10.1021/jp015553q
http://dx.doi.org/10.1063/1.3425996
http://dx.doi.org/10.1016/j.chemphys.2011.06.024
http://dx.doi.org/10.1103/PhysRevC.83.054618
http://dx.doi.org/10.1039/C3CP54485K
http://dx.doi.org/10.1063/1.476995
http://stacks.iop.org/0953-4075/35/i=7/a=307
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib467269636B652D31393731s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib467269636B652D31393731s1
http://dx.doi.org/10.1039/C0CP01575J
http://dx.doi.org/10.1140/epjd/e2007-00143-4
http://dx.doi.org/10.1007/s00214-010-0887-3
http://dx.doi.org/10.1063/1.3699232
http://dx.doi.org/10.1021/ic4026766
http://dx.doi.org/10.1063/1.3425996

P. Schwerdtfeger et al. / Nuclear Physics A 944 (2015) 551-577 577

[176] S. Hofmann, F.P. HefSberger, D. Ackermann, G. Miinzenberg, S. Antalic, P. Cagarda, B. Kindler, J. Kojouharova,
M. Leino, B. Lommel, R. Mann, A.G. Popeko, S. Reshitko, S. Saro, J. Uusitalo, A.V. Yeremin, New results on
elements 111 and 112, Eur. Phys. J. A 14 (2) (2002) 147-157, http://dx.doi.org/10.1140/epja/i2001-10119-x.

[177] J. Reinhardt, W. Greiner, Quantum electrodynamics of strong fields, Rep. Prog. Phys. 40 (3) (1977) 219, http://
stacks.iop.org/0034-4885/40/i=3/a=001.

[178] S. Graf, B. Miiller, E. Stein, J. Reinhardt, G. Soff, W. Greiner, QED in strong Coulomb fields: charged vacuum,
atomic clock, and correlated, narrow e e~ -lines, in: H. Fried, B. Miiller (Eds.), Vacuum Structure in Intense
Fields, in: NATO ASI Ser., vol. 255, Springer US, 1991, pp. 119-151.

[179] W. Greiner, Correlations in the Vacuum, in: Adv. Quantum Chem., vol. 30, Academic Press, 1998, pp. 195-208.

[180] W. Greiner, V.I. Zagrebaev, The extension of the periodic system: superheavy — superneutronic, Russ. Chem. Rev.
78 (12) (2009) 1089-1109.

[181] H.A. Bethe, A continuum theory of the compound nucleus, Phys. Rev. 57 (1940) 1125-1144.

[182] R.D. Present, A note on nuclear radii, Phys. Rev. 60 (1941) 28-31.

[183] G.R. Choppin, J.-O. Liljenzin, J. Rydberg, Radiochemistry and Nuclear Chemistry, Butterworth—-Heinemann,
2002.

[184] G. Soff, P. Schliiter, B. Miiller, W. Greiner, Self-energy of electrons in critical fields, Phys. Rev. Lett. 48 (1982)
1465-1468, http://dx.doi.org/10.1103/PhysRevLett.48.1465.

[185] D. Page, Particle emission rates from a black hole: massless particles from an uncharged, nonrotating hole, Phys.
Rev. D 13 (2) (1976) 198, http://journals.aps.org/prd/pdf/10.1103/PhysRevD.13.198.

[186] B. Miiller, J. Rafelski, W. Greiner, Auto-ionization of positrons in heavy ion collisions, Z. Phys. 257 (3) (1972)
183-211, http://dx.doi.org/10.1007/BF01401203.

[187] B. Miiller, J. Rafelski, W. Greiner, Electron wave functions in over-critical electrostatic potentials, Nuovo Cimento
A Ser. 11 18 (3) (1973) 551-573, http://dx.doi.org/10.1007/BF02722798.

[188] B. Miiller, H. Peitz, J. Rafelski, W. Greiner, Solution of the Dirac equation for strong external fields, Phys. Rev.
Lett. 28 (1972) 1235-1238, http://dx.doi.org/10.1103/PhysRevLett.28.1235.

[189] B. Miiller, J. Rafelski, W. Greiner, Electron shells in over-critical external fields, Z. Phys. 257 (1) (1972) 62-77,
http://dx.doi.org/10.1007/BF01398198.

[190] P. Chaix, D. Iracane, From quantum electrodynamics to mean-field theory. I. The Bogoliubov—Dirac—Fock formal-
ism, J. Phys. B, At. Mol. Phys. 22 (23) (1989) 3791, http://stacks.iop.org/0953-4075/22/i=23/a=004.

[191] P. Chaix, D. Iracane, P.L. Lions, From quantum electrodynamics to mean-field theory. II. Variational stability of the
vacuum of quantum electrodynamics in the mean-field approximation, J. Phys. B, At. Mol. Phys. 22 (23) (1989)
3815, http://stacks.iop.org/0953-4075/22/i=23/a=005.

[192] W. Kutzelnigg, Solved and unsolved problems in relativistic quantum chemistry, in: Recent Advances and
Applications of Relativistic Quantum Chemistry, Chem. Phys. 395 (2012) 16-34, http://dx.doi.org/10.1016/
j.chemphys.2011.06.001.

[193] T.C. Tucker, L.D. Roberts, C.W. Nestor, T.A. Carlson, F.B. Malik, Calculation of the electron binding energies and
X-ray energies for the superheavy elements 114, 126, and 140 using relativistic self-consistent-field atomic wave
functions, Phys. Rev. 174 (1968) 118-124, http://dx.doi.org/10.1103/PhysRev.174.118.

[194] E. Schonfeld, Calculation of fractional electron capture probabilities, Appl. Radiat. Isot. 49 (9-11) (1998)
1353-1357, http://dx.doi.org/10.1016/S0969-8043(97)10073-2.

[195] E.W. Giacobbe, Relativistic effects in limiting the atomic number of superheavy elements, Electron. J. Theor. Phys.
1(2004) 1-9.

[196] H. Backe, F.P. HeBberger, M. Sewtz, A. Tiirler, Production and properties of the heaviest elements, Eur. Phys. J. D
45 (1) (2007) 3—15, http://dx.doi.org/10.1140/epjd/e2007-00253-y.


http://dx.doi.org/10.1140/epja/i2001-10119-x
http://stacks.iop.org/0034-4885/40/i=3/a=001
http://stacks.iop.org/0034-4885/40/i=3/a=001
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib477265696E65722D31393931s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib477265696E65722D31393931s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib477265696E65722D31393931s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib477265696E65722D31393938s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib677265696E65722D32303039s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib677265696E65722D32303039s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib42657468652D31393430s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib50726573656E742D31393431s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib63686F7070696E2D32303032s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib63686F7070696E2D32303032s1
http://dx.doi.org/10.1103/PhysRevLett.48.1465
http://journals.aps.org/prd/pdf/10.1103/PhysRevD.13.198
http://dx.doi.org/10.1007/BF01401203
http://dx.doi.org/10.1007/BF02722798
http://dx.doi.org/10.1103/PhysRevLett.28.1235
http://dx.doi.org/10.1007/BF01398198
http://stacks.iop.org/0953-4075/22/i=23/a=004
http://stacks.iop.org/0953-4075/22/i=23/a=005
http://dx.doi.org/10.1016/j.chemphys.2011.06.001
http://dx.doi.org/10.1103/PhysRev.174.118
http://dx.doi.org/10.1016/S0969-8043(97)10073-2
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib476961636F6262652D32303034s1
http://refhub.elsevier.com/S0375-9474(15)00036-6/bib476961636F6262652D32303034s1
http://dx.doi.org/10.1140/epjd/e2007-00253-y
http://dx.doi.org/10.1016/j.chemphys.2011.06.001

	Relativistic and quantum electrodynamic effects in superheavy elements
	1 Introduction
	2 Relativistic electronic structure theory
	3 Bound-state quantum electrodynamics
	4 Relativistic and quantum electrodynamic effects in superheavy elements and periodic trends
	5 The end of the periodic table?
	6 Conclusions
	Acknowledgements
	References


