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Research accomplishments: 
 
We have worked on the following research directions. In particular: 
 

i)    QMC calculations of molecular systems. The emphasis has been on several important 
and related research questions: calculations of properties beyond energies such as 
dipole moments; calculations of excited states; accuracy of pseudopotentials; impact 
of many-body effects and interactions beyond repulsive terms, bonding and electronic 
densityon accuracy of fermion nodal surfaces; and number of related topics that have 
to do with technical points of such calculations. One the main topics was the 
calculations of energies and dipole moments for I-II diatomic molecules LiSr and 
KRb. This has been motivated due to their relevance to optical lattice experiments 
with further perspectives on studies of phase transitions as well their potential for as 
quantum computing application. Results have been computed by quantum Monte 
Carlo and compared with restricted CI calculations. We found in both cases that 
correlation effects smooth-out and decrease the amplitudes of the dipole moments 
when compared with the reference/mean-field Hartree-Fock calculation. The 
optimization of the trial functions for quantum Monte Carlo proved quite challenging, 
especially for the LiSr case which shows significant changes in the electronic 
structure as a function of the bond length. This is due to the complicated bond 
structure with the doublet ground state and one electron occupying an antibonding 
orbital. This results in the sign change of the dipole moment close to the equilibrium 
bond length, and restructuring of the low-lying excitations, which affect the 
construction of the accurate trial functions. These calculations relied on a number of 
studies that enabled better to understand the intricacies of many-body effects in 
molecular and other many-particle fermionic systems. This included variety of tests 
such a) we increased the size of basis set to the saturated limit, b) we employed 
newly derived and tabulated pseudopotentials for Sr, K, and Rb, c) we recalculated 
Configuration Interaction wavefunctions with the largest feasible active spaces which 
included single, double and triple excitations d) we recalculated the fixed-node 
energies within these updates, e) we investigated the accuracy of calculations of 
excited states. These calculations showed importance of checking all necessary 



components that enter such calculations as it has been investigated directly or 
indirectly in several papers done in our groups as well as with collaborations as can 
be found in  references [2,6,7,8,11-18].  

ii)    We studied behavior of ultracold atomic Fermi gases. In particular, we carried out high 
accuracy quantum Monte Carlo calculations for spin unpolarized unitary limit 
systems using the Bardeen-Cooper-Schrieffer (BCS) pairing wavefunctions and 
extrapolations of the interaction potential to zero range (ie, the true unitary limit). We 
have found lower energies than previously published values from fixed-node 
diffusion Monte Carlo calculations. For example, our Bertsch parameter for 66 
particles is xi=E_tot/E_free = 0.395(2) as compared to values 0.40(3) - 0.44(3) 
published previously by other groups. We have calculated essentially an exact energy 
for the benchmark/testing 4-particle system by using highly accurate variational wave 
functions, fixed-node and released-node diffusion Monte Carlo methods. In addition, 
we explored the nodal release for 14-particle system but found essentially no 
improvement when using the best wave functions. We could identify a clear energy 
drop though when using suboptimal wave functions with distorted nodes. We have 
concluded that the BCS wave functions are very accurate for the unitary gas systems. 
Results were published in Ref. [1,4,5].   

iii)  We have carried out preliminary studies of treating electronic spins as quantum 
dynamical variables in QMC. This is important in several contexts: for systems with 
spintronics application potential (eg, quantum computing) and also for systems with 
significant contributions of spin-orbit interactions such as heavy elements. With 
collaborators  from Italy we have made progress in carrying out variational 
calculations for few-electron systems based on previosuly introduced QMC 
methodology for Rashba spin-orbit interaction in 2D electron gas and variational 
Monte Carlo studies of atoms. The results were published in papers, Refs [9,10].  
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