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Summary

A new computational methodology based on relativistic pseudopotentionals (RPPs) that is needed to treat molecules that contain heavy elements at accuracy comparable to what can be achieved for moleucules containing first- and second-row atoms has been developed.  We are in the process of implementing the RPP method into high-performance software that is portable and scalable on massively parallel computer systems, and are calculating structures, properties and spectra of heavy-metal complexes.

We have completed the development of a relativistic pseudopotentional (RPP), a new form of relativistic effective core potential (RECP) that requires only the smallest number of molecular electrons to be treated explicitly. 
We are also coding the modules needed to ' implement the RPP in molecular calculations.

We are studying the AmCl+ molecule, a system that highlights the need for incorporation of the RPP if both high accuracy and computational tractability are to be maintained. 

The RPP is a new form of RECP that is based on extending the usual two-space representation of atomic electrons (core and valence) to three spaces (core, I outer core and valence), thus requiring only the smallest number of molecular electrons to be treated explicitly. The use of very large core RPPs in conjunction with advanced computing platforms will permit the highly accurate ab initio treatment of systems possessing orders of magnitude more electrons than are tractable using current codes and platforms. For example, an RECP would reduce the number of  explicitly treated electrons in Am from 95 to 27. However, a RPP would reduce this number to 9.  For electronic structure calculations scaling as N5 -N 7 (which is  normal for these types of systems), where N  is the number of valence electrons, this leads . to a reduction of 250 -2000 in  computational cost. In other words, a  (' calculation that would require 2000 hours of computer time to complete with a RECP could be completed in approximately one hour with an RPP.
We are also generating new angular momentum projection operators to be associated with the RPPs. Unlike their RECP counterparts, these operators are not defined in the context of the Wigner-Eckart theorem, thus allowing for the symmetry breaking that takes place when outer core electrons polarize in response to interatomic environments. This results in operators containing additional angular degrees of freedom, as opposed to the two angular-component-based operators of the RECPs. 

Summary of Some Recent Results

1.
Derived a formalism by which core/valence correlation is included in the RPP procedure via a multi-configuration self-consistent field wavefunction. 

                   n

MCSCF = i=1 Cii
(1)

where n is the number of configurations, Ci is the coefficient of the ith configuration and i is the ith configuration function.  

Also, 

|MCSCF> = C0|0> + mrCrm|rm> + mnrsCrsmn|rsmn> + mnorstCrstmno|rstmno> +   

                       mnoprstuCrstumnop|rstumnop> + …




(2), 

where 

i = A[(mnoq)(rstz)].  
(3)

Here, the subscripts m through q denote valence orbitals and the subscripts r through z denote the virtual orbitals, and

ip Cpip  
(4),
where p denote valence basis functions, respectively.  
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1.  (continued)

Eq. (2) shows the contributions to the total MCSCF wavefunction from the root configuration and all single, double, triple, quadruple, etc. excitations.   

Eq. (3) shows the orbitals comprising each configuration.  In this equation, the valence orbitals are derived solely from valence basis functions and can be either singly or doubly occupied.   The virtual orbitals, which, by definition, are not occupied are derived solely from valence basis functions and, therefore, have no contributions from the outer core basis functions.  

The contribution from the outer core orbitals is brought into the calculation when that part of the relativistic pseudopotentional (RPP) operator that represents the outer core/valence interactions operates on the wavefunction of Eq. (2):
cURPP|MCSCF> = cURPP | [C0|0> + mrCrm|rm> + mnrsCrsmn|rsmn> + mnorstCrstmno|rstmno> +   

                                mnoprstuCrstumnop|rstumnop> + …]




                      (5),  

where cURPP is the RPP operator and c contains the set of coefficients corresponding to the outer core basis functions.  

From Eq. (4) it is clear that the coefficients corresponding to the valence basis functions are contained in i and, therefore, in MCSCF, also, while Eq. (5) shows how the set of outer core coefficients participate in the calculation even though no outer core basis functions appear in either the valence or the virtual spaces.  Consequently, both the set of coefficients corresponding to the basis functions and to the configuration functions may be variationally optimized.  However, although the outercore functions participate in the self-consistent optimization, they do not appear in the valence space.  Thus, these basis functions do not participate in the excitation process, only in the optimization one.  In other words, they relax in the field of valence excitations.  

It is noted that the outer core and valence orbitals comprise an orthonormal set.  Therefore, although only the valence orbitals participate in electronic excitation, the coefficients corresponding to all of the orbitals must be self-consistently optimized in the MCSCF procedure.  
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2.
Derived an angular momentum projection operator for use with RPP-based MCSCF-CI procedures.


Analogously to the Lee/Ermler/Pitzer/Christiansen RECP method, cURPP may be expressed as products of angular projection operators and radial functions:

cljUljRPP = (l ( l+1/2j=(l-1/2(  (jm=-j cljUljRPP ( r )(ljm ( ( ljm (
(1) 

This form is accurate for describing core-valence polarization phenomena, which can be studied at the Hartree-Fock level of theory.  

However, it is not sufficient for use in post-SCF procedures.  

RECPs are generally derived using the Wigner–Eckart theorem, i.e., atomic spherical symmetry is assumed to be maintained and the core angles are integrated out during the derivation.  

Projection operators are then used to allow for the breaking of atomic spherical symmetry in molecular calculations, yielding a form nearly identical to that of Eq. (1):

UljRPP = (l ( l+1/2j=(l-1/2(  (jm=-j UljRPP ( r )(ljm ( ( ljm (  
(2) 

Operating on the angular part of the valence orbitals with either the operator of Eq. (1) or of Eq. (2) yields integrals of the type

(( ljm )v (ljm)c  (( ljm )v (ljm)c  >     (3).  

It is appropriate to use this form of angular momentum projection operator with RECPs because the purpose of RECPs is to describe the atomic core orbitals, and these orbitals really do maintain atomic spherical symmetry.  However, RPPs are derived for the purpose of describing the outer core region, and, since these orbitals polarize, the atomic spherical symmetry is broken. 
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2.  (Continued)

To address this problem, the angular momentum projection operator associated with RPPs must developed without employing the Wigner-Eckart theorem in the process.  

This may be done as follows:  

The repulsion operator between a core and a valence electron may be expressed (using the Neumann expansion) as 

1/rcv = l lm=-l [ (l-|m|)!/(l+|m|)!]Y*lm(vv)[( rcl /rvl+1) Ylm(cc) + (rvl/rcl+1) Ylm(cc)]   (4)

If the Wigner-Eckart theorem is not used, then the outer angles remain in the derivation and the following types of integrals result:

(( ljm )v (ljm)c  (( ljm )’v (ljm)’c  (( ljm )v (ljm)c  >     (5), 

Where  ( ljm )’v  and (ljm)’c  arise from the Neumann expansion of the operator 1/rcv.

The integral of Eq. (5) involves more degrees of freedom than that of Eq. (3).  Consequently, it is able to describe complex polarization phenomena such as those described using post-Hartree-Fock treatments.

We are continuing the computer implementation and calculation of RPPs for the individual elements, initially Am and Cl.  We are utilizing a two-component basis set representation of small-core RECP-based atomic wavefunctions needed to  generate an RPP, as opposed to the numerical, all-electron wavefunctions used in the generation of RECPs.

We are also generating the angular momentum projection operators to be associated with the RPPs.

We are also continuing the coding of modules for molecular calculations utilizing the RPP, specifically for the outer core polarization effects and for correlated calculations in the context of two-component basis sets.

Codes authored by Ermler and collaborators for the calculation of RECPs, namely SCREPCV, ATOMIC, LPJ, JJT, and JJSCF, have served as models and resources for the development of the RPP method at PNNL during the initial period of the grant.  Notably, the use of two-component atomic spinors in the context of RECP generation is transformed over to a basis-set driven process, rather than the original one that was derived in terms of numerical spinors output from a Dirac-Fock code (ACRV).  This permits the outer-core basis function coefficients that define the atomic spinors (ATOMIC) to be segregated during the generation of the RPP for a specific element.  These coefficients are made available for variation in molecular calculations that incorporate RPPs, with their embedded small-core RECPs.  These are the functionals that are used in molecular applications planned for the Columbus and NWChem suites during the final year of the current project.  The subtleties associated with the simultaneous incorporation of small-core RECPs, nodeless valence pseudospinors, and atomic one- and two-electron integrals associated with outer core spinors have required the development of extensive new algorithms and circuitry in the SCREPCV and ATOMIC codes, in terms of both  storage and retrieval.

Electron Spaces

Am contains 95 electrons.  An RECP reduces this number to 27 – a 70 % reduction in the number of electrons requiring explicit treatment.

However, the valence space of Am contains 9 electrons.  For certain structural studies, the valence space of Am+2 can be described using one electron.

But the use of a 9- or 1-electron valence space for Am or Am+2 results in significant errors.

Nature contains a third type of electronic region – the “outer core”, comprised of electrons that while affected by chemical bonding do not participate directly in the process.

Theoretical Approach

RECP of Lee, Ermler, Pitzer and Christiansen 

Al1 elements from Li through Element 118 are in the literature.

(J. Chem. Phys. 106, 5133,19978 

Nodeless Valence (Pseudo)spinors of Ermler and Marino


(J. Chem. Info. Comp. Sci. 41, 77, 2001)

Relativistic Pseudopotentionals of Marino 

{J. Chem. Info. Comp. Sci. 41, 64, 2001) 

Parallel Spin-Orbit CI of Tilson, Ermler and Pjtzer
(Comp. Phys. Commun. 128, 128, 2000)

Am2+  (Z=95) Atomic Spinor Energies (a.u.)

_____________________________________________________

PseudoSpinor 
DF
  SC
  NV
  NV
  NV

Core electrons
 0
  68
  78
  86
  92

5d3/2

-5.51
-5.52
   -
   -
   -

5d5/2

-4.91
-4.91
   -
   -
   -

6s


-2.72
-2.74
-2.73
   -
   -

6p1/2

-1.90
-1.93
-1.90
   -
   -

6p3/2

-1.41
-1.42
-1.42
   -
   -

5f5/2

-0.84
-0.85
-0.84
-0.84
   -

5f7/2

-0.73
-0.73
-0.73
-0.73
-0.74
RECPs derived for Am (Z=95) in which SC RECPs based on core spaces of 68 electrons were used in atomic SCF calculations with large spinor basis sets to derive NVPS.  These spinors were, in turn, used to derive new RECPs for Am in which 78, 86, and the 92 electrons were defined as the core space.

De, re, e, exe for the ground state of AmCl+ as a function of different levels of calculation.

	Electronic State
	De (cm-1)
	re (Å)
	e (cm-1)
	exe (cm-1)
	RMS (cm-1)

	VFCI(MO) [COG]
	26102
	2.565
	320.5
	0.660
	19

	MCSCF
	26057
	2.565
	320.8
	0.673
	17

	dzp MRSDCI
	27367
	2.550
	326.3
	0.695
	16

	dzp MRSDCI

(Davidson-dvd3)
	27412
	2.553
	329.7
	0.722
	29

	
	
	
	
	
	


AmCl2+ Equilibrium Bond Lengths

Calc.

Am RECP

Re(A)

Calc.

    Am RECP
Re(A)

____________________________________________________________________________

SCFa

SC(78)

4.56

SCFa

     NV(86)
4.59

SOCIb

SC(78)

4.50

SCF+CVPPc
     NV(86)
4.52

SCFa

LC(86)

4.23

SOCI+CVPPd      NV(86)
4.49

____________________________________________________________________________

aSelf-consistent field calculation using spin-orbit averaged Am and Cl RECPs.

bSpin-orbit configuration interaction calculation.

cSelf-consistent field calculation including a relativistic CVPP.

dSpin-orbit configuration interaction calculation including a relativistic CVPP.
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