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18.6: The Roothaan Matrix SCF Process

The matrix SCF equations introduced earlier
Z F, ,VCV,i =€ Z S,u,VCu,i
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must be solved both for the occupied and virtual orbitals’ energies €; and C), ; values. Only the occupied orbitals' C, ; coefficients
enter into the Fock operator

B = (xulh) + 3 | (sl xe) =955 bxuxsl gl
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but both the occupied and virtual orbitals are solutions of the SCF equations. Once atomic basis sets have been chosen for each
atom, the one- and two-electron integrals appearing in F), , must be evaluated. Doing so is a time consuming process, but there
are presently several highly efficient computer codes which allow such integrals to be computed for s, p, d, f, and even g, h, and i
basis functions. After executing one of these 'integral packages' for a basis with a total of N functions, one has available (usually
on the computer's hard disk) of the order of NTZ one-electron and NT4 two-electron integrals over these atomic basis orbitals (the
factors of % and % arise from permutational symmetries of the integrals). When treating extremely large atomic orbital basis sets
(e.g., 200 or more basis functions), modern computer programs calculate the requisite integrals but never store them on the disk.
Instead, their contributions to F}, , are accumulated 'on the fly' after which the integrals are discarded.

To begin the SCF process, one must input to the computer routine which computes F), ,, initial 'guesses’ for the C) ; values
corresponding to the occupied orbitals. These initial guesses are typically made in one of the following ways:

1. If one has available C, ; values for the system from an SCF calculation performed earlier at a nearby molecular geometry, one
can use these Cn,i values to begin the SCF process.
2. If one has C), ; values appropriate to fragments of the system (e.g., for C and O atoms if the CO molecule is under study or for
CHg and O if HyCO is being studied), one can use these.
3. If one has no other information available, one can carry out one iteration of the SCF process in which the two-electron
contributions to F), ,, are ignored ( i.e., take F), , = <Xu‘h‘ X)) and use the resultant solutions to > F), ,C,; =€; > S, ,C, ;
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as initial guesses for the C), ;. Using only the one-electron part of the Hamiltonian to determine initial values for the LCAO-MO
coefficients may seem like a rather severe step; it is, and the resultant C, ; values are usually far from the converged values
which the SCF process eventually produces. However, the initial C,, ; obtained in this manner have proper symmetries and
nodal patterns because the one-electron part of the Hamiltonian has the same symmetry as the full Hamiltonian.

Once initial guesses are made for the C), ; of the occupied orbitals, the full F}, , matrix is formed and new ¢; and C, ; values are
obtained by solving > F 2Cui =€ 3M»S uCyi. These new orbitals are then used to form a new
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F, , matrix from whichnew ¢; and C,,; are obtained. This iterative process is carried on until the ¢; and C, ; do not vary
(within specified tolerances) from iteration to iteration, at which time one says that the SCF process has converged and reached
self-consistency.

As presented, the Roothaan SCF process is carried out in a fully ab initio manner in that all one- and two-electron integrals are
computed in terms of the specified basis set; no experimental data or other input is employed. As described in Appendix F, it is
possible to introduce approximations to the coulomb and exchange integrals entering into the Fock matrix elements that permit
many of the requisite F}, , elements to be evaluated in terms of experimental data or in terms of a small set of 'fundamental’ orbital-
level coulomb interaction integrals that can be computed in an ab initio manner. This approach forms the basis of so-called 'semi-
empirical' methods. Appendix F provides the reader with a brief introduction to such approaches to the electronic structure problem
and deals in some detail with the well known Hiickel and CNDO- level approximations.
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