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E112: generalE112: general

238238U + U + 4848Ca Ca →→  283283E112 + 3nE112 + 3n
(FLNR, Dubna, Oganessian et al, 199, 2004(FLNR, Dubna, Oganessian et al, 199, 2004))

242242Pu + Pu + 4848Ca Ca →→  287287E114 + 3nE114 + 3n
287287E114 E114 →→  283283E112 + E112 + αα

(FLNR, Dmitriev et al.; E112 detected by (FLNR, Dmitriev et al.; E112 detected by 
thermochromatography on gold surface)thermochromatography on gold surface)

283283E112  (tE112  (t
1/21/2

=4s, =4s, αα-decay to -decay to 279279E110)E110)

closed-shell atomclosed-shell atom
. old hypothesis on rare-gas like behavior (Pitzer, 1975). old hypothesis on rare-gas like behavior (Pitzer, 1975)
. exptl & computational evidences for certain . exptl & computational evidences for certain 

similarities with Hg rather than with Rnsimilarities with Hg rather than with Rn
e.g. good adsorption on gold e.g. good adsorption on gold 

superheavy element from the “island of stability”



  

E112: generalE112: general

lowest excitation energylowest excitation energy
 Hg: 4.7 eV E112: 3.6 eV
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strong 7s contraction

large spin-orbit splittings
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 quasidegeneracy

difficulties for molecular
electronic structure calaculations

spin-orbit-free spin-orbit-free 
(scalar relativistic) treatment (scalar relativistic) treatment 
is not a good starting pointis not a good starting point

6d  strongly involved in bonding6d  strongly involved in bonding
spatial localization ~ 6s,6pspatial localization ~ 6s,6p

→→ at least 18-20 electrons at least 18-20 electrons 
should be correlatedshould be correlated  



  

systems studiedsystems studied

HgH HgH vsvs  E112HE112H
HgHg

22
  vsvs  E112E112

22

HgAu HgAu vsvs  E112AuE112Au

s-s interactionss-s interactions
σσ-like bond-like bond
importance of magnetic interactions is not evidentimportance of magnetic interactions is not evident



  

atomic semilocal RECPatomic semilocal RECP

extracted from extracted from valencevalence solutions of atomic  solutions of atomic 
relativistic problemrelativistic problem

GRECP: semilocal RECP +GRECP: semilocal RECP +

different semilocal RECPs for outer-core and other different semilocal RECPs for outer-core and other 
(valence etc) orbitals (valence etc) orbitals 

basic models:basic models:
shape-consistent semilocal RECP for small shape-consistent semilocal RECP for small 

atomic coresatomic cores
generalized RECP (GRECP)generalized RECP (GRECP)

inner coreinner core replaced by  RECP  replaced by  RECP 
outer-coreouter-core and  and valencevalence electrons  electrons 
(n-1)s (n-1)p (n-1)s (n-1)p (n-1)d ns(n-1)d ns  (20 for Hg, E112, 19 for Au)(20 for Hg, E112, 19 for Au)
are treated explicitlyare treated explicitly



  

basic models:basic models:
shape-consistent semilocal RECP for small shape-consistent semilocal RECP for small 

atomic coresatomic cores
generalized RECP (GRECP)generalized RECP (GRECP)

extracted from atomic extracted from atomic 
Dirac-Fock-Breit solutionsDirac-Fock-Breit solutions

Breit and finite-nuclei Breit and finite-nuclei 
effects incorporatedeffects incorporated

scalar & spin-dependent scalar & spin-dependent 
(SO) relativistic effects (SO) relativistic effects 
reside in effective 1-e reside in effective 1-e 
potentialspotentials

kinetic energy & e-e kinetic energy & e-e 
interactions as in non-rel interactions as in non-rel 
hamiltonian -> quasi-non-hamiltonian -> quasi-non-
relativistic methods usablerelativistic methods usable

readily split into readily split into 
spin-averaged part and spin-averaged part and 
effective SO interactionseffective SO interactions

spin-orbit-free analogspin-orbit-free analog
is well and simply definedis well and simply defined

““chemical accuracy” for chemical accuracy” for 
ground and low-lying ground and low-lying 
excited statesexcited states



  

  outer core + valence shell outer core + valence shell 
correlation treatmentcorrelation treatment

relativistic Fock-space coupled clusters - RCCSDrelativistic Fock-space coupled clusters - RCCSD
(+ estimates for higher amplitudes from spin-orbit CI, h.e.)(+ estimates for higher amplitudes from spin-orbit CI, h.e.)

spin-restricted closed-shell referencespin-restricted closed-shell reference
very simple (up to 1p) model spacesvery simple (up to 1p) model spaces
SD: poor treatment of 1p (target!) valence sectorsSD: poor treatment of 1p (target!) valence sectors
basis set limitationsbasis set limitations

coupled clusters with UHF reference - UCCSD(T)coupled clusters with UHF reference - UCCSD(T)
for spin-free problem only!for spin-free problem only! Gaussian 03

RCC (Eliav & Kaldor)
spin-orbit DFT (SO DFT) spin-orbit DFT (SO DFT) 

fully unrestricted optimization of two-component 1-el spinorsfully unrestricted optimization of two-component 1-el spinors
equal-footing treatment of scalar and SO termsequal-footing treatment of scalar and SO terms
in some cases single det recovers effects of “restricted in some cases single det recovers effects of “restricted 

configuration” mixingconfiguration” mixing NWChem 4.x



  

ground-state potential curves: HgH vs E112Hground-state potential curves: HgH vs E112H

correlationcorrelation

SOSO

SOSO

correlationcorrelation

SOSO SOSO

correlationcorrelation

correlationcorrelation

interference:interference:



  

ground-state potential curves: HgH vs E112Hground-state potential curves: HgH vs E112H

SO DFT vs scalar DFTSO DFT vs scalar DFT
(correlation incorporated,(correlation incorporated,

interference taken into account)interference taken into account)

accurate correlatedaccurate correlated
spin-orbit-freespin-orbit-free

data (UCCSD(T))data (UCCSD(T))

∆∆EE
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spin-orbit contribution spin-orbit contribution 
to E112-H interaction energyto E112-H interaction energy

more significant at small r:more significant at small r:
strong spin-orbit stabilizationstrong spin-orbit stabilization

difference between difference between 
FS RCCSDFS RCCSD and  and DFTDFT::
FS RCCSDFS RCCSD
strong basis set effectsstrong basis set effects
SO-free closed-shell SO-free closed-shell 
vacuumvacuum
roughly approximate roughly approximate 
treament of target sectortreament of target sector
no d-holes in model spaceno d-holes in model space

DFT:DFT:
one-det natureone-det nature
approximate approximate 
exchange-corr exchange-corr 
functionalfunctional



  

HgH vs E112H: bond energies & lengthsHgH vs E112H: bond energies & lengths

diss. energy, eVdiss. energy, eV
HgHHgH E112HE112H

spin-orbit-freespin-orbit-free

0.400.40 0.130.13UCCSD(T)UCCSD(T)

spin-orbit includedspin-orbit included

bond length, Abond length, A
HgHHgH E112HE112H

  1.751.75   1.801.80

-0.03-0.03FS CCSDFS CCSD

0.450.45 0.620.62UCCSD(T) + SOUCCSD(T) + SO   1.731.73   1.641.64

0.410.41 0.420.42FS RCCSD  + h.e.FS RCCSD  + h.e.   1.741.74   1.661.66

0.460.46exptlexptl   1.741.74

0.450.45 0.620.62SO DFT (becke98)SO DFT (becke98)   1.741.74   1.651.65

  1.741.74



  

ground-state potential curves: HgAu vs E112Auground-state potential curves: HgAu vs E112Au

correlationcorrelation

correlationcorrelation

SOSO

SOSO



  

HgAu vs E112Au: bond energies & lengthsHgAu vs E112Au: bond energies & lengths

diss. energy, eVdiss. energy, eV
HgAuHgAu     E112AuE112Au

spin-orbit-freespin-orbit-free

0.490.49 0.220.22UCCSD(T)UCCSD(T)

spin-orbit includedspin-orbit included

bond length, Abond length, A
HgAuHgAu     E112AuE112Au

  2.672.67   2.872.87

0.530.53 0.390.39UCCSD(T) + SOUCCSD(T) + SO   2.652.65   2.732.73

0.550.55 0.410.414-comp RDFT (GGA)4-comp RDFT (GGA)

0.500.50 0.270.274-comp RDFT (GGA)4-comp RDFT (GGA)   2.672.67   2.732.73

1.031.03 0.930.934-comp RDFT (LDA)4-comp RDFT (LDA)   2.592.59   2.652.65

4-component relativistic DFT (Sarpe-Tudoran et al., 2002-2004)4-component relativistic DFT (Sarpe-Tudoran et al., 2002-2004)

0.510.51 0.360.36SO DFT (Becke 98)SO DFT (Becke 98)   2.712.71   2.772.77



  

spin-orbit contributions to interaction energiesspin-orbit contributions to interaction energies



  

HgHg
22
 vs E112 vs E112

22
: bond energies & lengths: bond energies & lengths

diss. energy, eVdiss. energy, eV
HgHg

22
E112E112

22

spin-orbit-freespin-orbit-free

0.0410.041 0.0380.038CCSD(T)CCSD(T)

spin-orbit includedspin-orbit included

bond length, Abond length, A
HgHg

22
E112E112

22

  3.793.79   3.883.88

0.0430.043 0.0530.053CCSD(T) + SOCCSD(T) + SO   3.743.74   3.653.65

0.0450.045exptlexptl   3.663.66

0.0090.009 0.0390.0394-comp RDFT (b88p86)4-comp RDFT (b88p86)   3.633.63   3.453.45

0.0480.048 0.0800.0804-comp RDFT (pw91)4-comp RDFT (pw91)   3.553.55   3.393.39

4-component relativistic DFT (Anton et al., 2005) 4-component relativistic DFT (Anton et al., 2005) 
with two different GGA functionalswith two different GGA functionals



  

conclusionsconclusions

●   spin-orbit stabilization is essential for the description spin-orbit stabilization is essential for the description 
of E112-X “s-s-type” bonding of E112-X “s-s-type” bonding 

(SO contributions ~ 1/2 E112-Au binding energy (SO contributions ~ 1/2 E112-Au binding energy 
70-80% of E112-H binding energy)70-80% of E112-H binding energy)

●   E112H is more stable than HgH,E112H is more stable than HgH,
      E112E112

22
 is more stable than Hg is more stable than Hg

22
,,

      stability of E112Au is comparable to that of HgAu stability of E112Au is comparable to that of HgAu 
(E112Au bond energy ~ ¾ HgAu bond energy)(E112Au bond energy ~ ¾ HgAu bond energy)

●   certain similarity between E112 and Hg interactions certain similarity between E112 and Hg interactions 
with gold existswith gold exists

see poster “Spin-orbit DFT simulation of eka-Hg see poster “Spin-orbit DFT simulation of eka-Hg 
interactions with Au clusters”, E.Rykova interactions with Au clusters”, E.Rykova et al.et al.
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