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Is Eka-Mercury (Element 112) a Group 12 Metal ?**
Nicola Gaston, Ingo Opahle, Heinz W. Gdggeler, and Peter Schwerdtfeger*

The synthesis of superheavy elements is a challenge for
experimental physics that raises fundamental questions about
nuclear structure and stability.'! Considerable progress has
already been made with the synthesis of elements with atomic
numbers up to Z =118, and with the development of real
atom-at-a-time chemistry for elements with atomic numbers
up to Z =108 to explore their often anomalous behavior.
However, the detection of these elements relies on a good
understanding of their chemical and physical properties.

For the transactinide series, which begins with rutherfor-
dium (Z=104), experiments have been performed to cor-
rectly place the elements in the Periodic Table and to address
the question of whether the Periodic Table is even useful for
their categorization. Owing to the very small half-lives of
these elements (t,,=78 (5 Rf) to 14's (%Hs)), such experi-
ments involve nonstandard procedures and often rely on
theoretical predictions for unambiguous interpretation.®*)

The latest superheavy element for which atom-at-a-time
chemistry is planned is element 112,/ eka-mercury (¢,
~4 s for 2*1120%), The chemistry of element 112 is contro-
versial: earlier predictions ranged from mercury-like proper-
ties'*!7! to noble-gas-like behavior™!®!" resulting from the
strong relativistic contraction of the 7s shell. Hence, model
studies based on the assumed similarity of element 112 to
either the noble gas radon or to the transition metal mercury
have been conducted.™'>!*%! Predicted data for the ele-
ments 112 and 114 were used to correlate their sublimation
and adsorption behavior on metal surfaces.”*?"! Such pre-
dictions are extremely valuable for the design of sophisticated
experimental setups for the chemical investigation of the
transactinide elements on a single-atom scale.
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The relativistic contraction of the valence s shell is already
of fundamental importance for mercury. Relativistic effects
lead to a van der Waals interaction between the inert closed
6s shells in the mercury dimer, which is responsible for the
distinctive behavior of mercury in comparison to that of zinc
or cadmium. In the condensed state, mercury, with a
resistivity of p=5.8 uQcm at 77 K, is a much poorer metal
than zinc (o= 1.1 pQcm) or cadmium (o= 1.6 pQcm),”” and
adopts an uncommon rhombohedral structure.” Indeed, it is
possible to implicate relativistic effects in the very low melting
temperature of the bulk element. However, bulk mercury in
the solid state is very different from the condensed noble
gases. In the case of element 112, these effects are expected to
be further amplified.**” This likelihood leads to the question
of whether element 112 is, in fact, metallic, or whether it has
more in common with the solid noble gases.

To address the fundamental question of whether eka-
mercury is metallic in the solid state, we performed non-
relativistic (NR), scalar relativistic (SR), and four-component
relativistic (FR) band-structure calculations on element 112
(see Methods). Mercury solidifies in a rhombohedral struc-
ture that is derived from a distortion of the face-centered
cubic (fcc) structure through a change in the rhombohedral
angle from a =60 to 70°. However, zinc and cadmium both
adopt hexagonal close-packed (hcp) structures. Therefore, we
decided to optimize the structure of element 112 in both
lattices. In the rhombohedral case, we obtained optimized
lattice parameters of a =3.28 A and a =61 .5°, and a cohesive
energy of E.,=1.07eV from SR calculations. As the
optimized structure is close to an fcc lattice, the driving
force for the rhombohedral distortion with an angle of o =70°
in mercury does not seem to be present in element 112. The
SR optimization in the hep lattice reinforced this argument:
we obtained lattice parameters of a =3.34 and ¢ =5.36 A, and
a cohesive energy of E., =1.13 eV. A re-optimization of the
lattice at the FR level of theory resulted in only slight changes
in the lattice parameters (a=3.32 and ¢=35.40 A). Thus,
according to our calculations (which apply the local density
approximation (LDA)), element 112 prefers the hcp lattice.

Remarkably, the calculated c/a ratios of 1.61 (SR) and 1.63
(FR) are very close to the ideal value of 1.63, unlike the c/a
ratios of zinc and cadmium of 1.86 and 1.89, respectively.
Thus, element 112 differs substantially from its lighter homo-
logues on a structural level and, in this sense, more closely
resembles the solid noble gases.* However, the cohesive
energy of element 112 is slightly larger than that of mercury,
but is an order of magnitude larger than those of the solid
noble gases.”® This result is consistent with the behavior of
the dissociation energies of dimers of the Group 12 elements,
which was investigated previously."’ The nearest-neighbor
distance in solid element 112 is calculated as 3.30 A, substan-
tially larger than that of 3.00 A in rhombohedral mercury.?”
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From the NR calculations, we obtained hcp lattice
parameters of a=3.44 and ¢=6.06 A. Thus, the NR-opti-
mized lattice, with a c/a ratio of 1.76, is quite similar to the hcp
lattices of zinc and cadmium. As expected, neglecting
relativistic effects leads to a higher calculated cohesive
energy of E.,=1.66¢V, because the valence 7sshell is
more extended, allowing better mixing with the 7p shell.

The band structures corresponding to the hcp lattices
optimized by NR, SR, and FR calculations are presented in
Figure 1. The NR band structure (Figure 1a) is comparable to
the band structures of zinc and cadmium. Very flat 6d bands
occur well below the Fermi level, and the valence 7s band
crosses the Fermi level. The conduction 7p band also crosses
the Fermi level near the I" point. Thus, the system is metallic.

However, the SR band structure (Figure 1b) is very
different. The most obvious difference is the appearance of a
band gap of 0.88 eV, which makes element 112 an insulator.
The 6d bands overlap with the 7s bands. As the LDA applied
in our calculations tends to overestimate binding energies
and, therefore, to favor metallic structures, the insulating
structure found here is unlikely to be a result of our choice of
functional.

In addition, we calculated the band structure of the
optimized rhombohedral structure, and found a slightly
smaller band gap of 0.85 eV. This result is partly due to the
nearest-neighbor distance of 3.28 A, which is slightly shorter
than that of 3.30 A in the hcp structure. An NR band structure
calculated for the SR-optimized geometry is very similar to
the NR band structure shown in Figure 1 a, indicating that the
metallicity is only weakly dependent on the lattice structure
(primarily on the interatomic distances).

In the preceding discussion, spin—orbit coupling was
neglected. However, as the splitting of the 7plevels into
7p1» and 7p,, states is very large for superheavy elements,*"!
the lowering of the energy of the 7p;, conduction band is
expected to reduce the size of the band gap. Thus, the
possibility that element 112 is, in fact, metallic cannot be
excluded on the basis of the NR and SR calculations. FR
calculations are essential to determine whether element 112 is
metallic. As can be seen in the FR band structure (Figure 1c¢),
spin—orbit coupling does indeed lead to a markedly smaller
band gap of only 0.2 eV.

The SR and FR density of states (DOS) curves for the hcp
structure are shown in Figure 2. The influence of the spin-
orbit splitting is clearly visible: in the FR DOS curve
(Figure 2b), the 6d;, and 6ds, levels are strongly split by
approximately 3.2 eV, and the 7p,,, and 7ps;, levels above the
band gap are split by approximately 5eV. Owing to the
relativistic expansion of the 6dlevels and the relativistic
contraction of the 7s levels, the valence bands have predom-
inantly 6d character, and there is significant overlap between
the fully occupied 7s and 6d bands.

We conclude that element 112 is not a metal, but rather a
semiconductor (under normal conditions) with a band gap of
at least 0.2 eV (the result of our LDA calculations can be
considered as a lower bound). As the band gap is quite small,
element 112 resembles the Group 12 metals more closely than
it does the noble gases.
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Figure 1. a) Nonrelativistic (NR), b) scalar relativistic (SR), and c) four-
component relativistic (FR) band structures for the optimized hcp
lattice of element 112. The p bands are represented as dotted blue
lines. In (a), the d bands are represented as solid red lines, and the
s bands as dashed green lines. In (b) and (c), there is considerable
mixing between the s and d bands; the mixed bands are represented
as solid red lines. The Fermi energy (E;) is set to zero.

Methods

The SR and NR geometry optimizations and band-structure calcu-
lations were made using a small-core energy-consistent Stuttgart
pseudopotential®! to model the [Xe]4f5d'°5f"* core.’!! Exponents
smaller than 0.1 were removed from the original optimized diffuse
valence basis sets, as these lead to linear dependencies and to
nonconvergence of the self-consistent field (SCF) procedure. The
remaining diffuse functions were re-optimized from a (8s7p5d) basis
set and contracted to [7s6p4d]. The cohesive energy is counterpoise-
corrected and was determined by calculating the atomic energy in the
presence of basis functions placed at the positions of neighboring
atoms in the solid. This correction converged with the inclusion of the
first 18 neighbors. 133 k points were sampled in the irreducible part of
the Brillouin zone.
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Figure 2. a) Scalar relativistic (SR), b) four-component relativistic (FR)
and density of states (DOS) curves for the optimized hcp lattice of
element 112. The total DOS is represented as a solid black line. The
contribution of the s bands is represented as a dotted green line, that
of the p bands as a dashed blue line, and that of the d bands as a dot-
dashed red line. The Fermi energy is set to zero.

The LDAP? was used because of its general suitability for metals
and, in particular, the rhombohedral structure of solid mercury. We
also tested various other LDA and generalized gradient approxima-
tion (GGA) functionals implemented in the CRYSTALO3 code.P!
None produced band gaps smaller than those reported herein (e.g., a
band gap of 1.4 eV was determined from SR calculations using the
GGA functional PW91B*%) This observation supports our inter-
pretation of the value determined from the LDA calculations as a
lower bound.

Additionally, we performed Kohn-Sham-Dirac FR geometry
optimizations and band-structure calculations to check the influence
of spin-orbit coupling using the relativistic version® of the full-
potential local orbital method®™ (RFPLO). Bloch sums of atom-like
local orbitals were used as a basis set. The local orbitals were chosen
as solutions to a single-particle Dirac equation in the spherically
averaged crystal potential. An additional confining r* potential with
an orbital-dependent variational parameter, which was optimized
such that the total energy was minimized, was applied to the valence
states.

51, 6d, 7s and 7p states were used as the basis set. The spin—orbit-
split 5f states form dispersionless bands located 63 and 69 eV below
the Fermi energy. The inclusion of 5f states in the valence basis set
influenced the calculated total energy only marginally (ca. 1 uHar-
tree/atom), which justifies their neglect in the geometry optimizations
with the CRYSTALO3 code. The inclusion of 6f polarization states
also led to negligible changes in the band structure.

The atom-centered potentials and densities were expanded as
spherical harmonic functions with a cutoff of /,,, = 12. The number of
k points selected in the irreducible part of the Brillouin zone was 133.
The LDA parameterization of Perdew and Wang®! was used for the
exchange-correlation potential.
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The band gap determined by SR calculations using the RFPLO
program (ca. 0.7 eV) was somewhat smaller than that determined
from calculations using the CRYSTALO3 code (ca. 0.9 eV). This
discrepancy is not due to differences in the parameterization of the
LDA functional. The band gap calculated using the CRYSTALO3
code remained unchanged when the functional PW92 was used. This
result indicates that the difference of 0.2 eV must be due to the
different codes. A possible source for the discrepancy could be the
different definitions of the SR approximation or the different basis
sets used in the two codes.
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