Lenping Lot

technical memorandum

DL/SCY/TM18T

CALCULATION OF PSEUDO-MOLECULAR ORBITALS FOR ELBECTRON-MOLBCZULE COLLISIONS

by

J. KENDRICK, Daresbury laboratory

DECEMBER, 1979

Hcience Research Council
Daresbury Laboratory

Daresbury, Warrington WA4 4AD

Daresbury Laboratory

DL/SC1/TM18T




© SCIENCE RESEARCH COUNCI, 1980

Enquiries about copyright and reproduction should be addressed to:—
The Librarian, Daresbury Laboratory, Daresbury, Warrington,
Wad 4AD.

IMBORTANT

The SRC does not accept any respensibility for loss or damage
arising from the vse of information contained in any of its reports
or in any communmnication about its tests or investigations.




Introduckion

For the caloulatlon of accurate electron-molecule collislon processes,
the molecular orbital basis must bs flexible enough to describe the neutral
molecule in its ground etate, the neutral molecule pertorbed by the elec-
tric field of the scattered electron and any relevant negative lon atates
in the energy regios of interest. This necessarily leeds to the use of
large basis sets, causing computational problems in the scattering caleula-
tioen. An approach adoptad for atoms, involven generating the pseudo-states
of the atoms and using these in a limited configuration inveraction wave-
function. In the terms of perturbation theory the peevdo-piates are the
first order corrections to the unperturbed wavefunction. In this technical
memorandum an alternative approach is gilven for molecules and a program

based on this method ie¢ described.

Theory
Iet up write the anperturbed target wavefunction ¥0 an & Slater de-

terminant of wolecolar orbltals i?g}' This restriction on the form of the
wavefunction is not esgential to the theory but aids its clarivy. If
a uniform field ¥, where ¥ is a tensor, ie applied to the molecule then

the resulting wavefunction ls:
P(E) = ¢0 & el (F) + AZy{2H(p) wmnnm

Thig may be simplified by consldering only a single component of the field
tensor and equating this with the perturbation parameter, A.

¥ o= w0 o4 apld) 4 229(2) e

The other perturbed quantities of interest are the hamiltonian ({H)

and the energy {£}.

B=ul - ap
E = EY ¢ xg(1) + A7E(2) 4 cwnn
where;
noyl . gly0
gy = EY
and ; is a component of the dipole moment operator.

Perturbation theory gives;y
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where ¥7 are axcited states of the unperturbed moleaculs.
K
The following currespondences can ke madey

=~ B{1) = 4y, a component of the dipole moment
28{2) = 4, a component of the polarisnbility

For molecules without a dipole moment the polarisability is the most im-
portant quantity governing the reaction of the molecule to an applied
field, and hae shown to be important in the description of low snergy elec—
tron scattering by atomstl} and woleculeal2}. the genaration of a

psendo~gtate, ¥, may be seen in the following equation
P
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wherse the sum over states expression for the flryst order perturbed wave-

function is replaced by a asingle term.

¥{i} may be represented by a single determinant of perturbed molecular
orbitals, {yiio Thiz is used by the finite-field wethod for the caloula-
tlon of polariesbilities. However, in the soavtering caleulation it g
convenlent to use a eingle ot of molacular orbitalas, in most caseg one

chooses {wt}.



The perturbed molecular orbitals can be written;

=90+ A i)+ ...,
Wi *i Wi

where y{l) = C 0
*1 Z ki d”1
k2l

Substituting this into ¥ gives a configuration interaction expansion in
terms of the unperturbed molecular orbitals. Thus within a normalisation
factor;
- a
¥ = ¢l 4+ Z [Ci.{ cai ‘l’i] + double replacements
ia

+ triple replacements

Y: means the occupled orbital ¢? in the determinant is ¥° replaced by
i
virtual y0.
a

Atomic pseudo-state calculations{?) have truncated this expanslon at
the single replacement level and have determined the coefficlents using a
varlation-perturbation method, which ie equivalént to a finite-field calcu-
lation using the same confiqurstions. Such calculations are not as relia-
ble as finite-field calculations using perturbed Hartree-Fock wavefunctions
due to the neglect of higher order replacements. So it is proposed that ra-
ther than calculate the single replacement conflguration interaction wave-
function by a finite-field method, a sultable wavefunction can be calcula-
ted by projecting the perturbed Hartree-Fock wavefunction onto the unper-

turbed Hartree-Fock wavefunction and its single replacement configurations.
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hpart from a normalisation facter, Ca-i = sai' where;

a
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An alternative derivation may be found by considering the maximisation of;

I = ¢¥| Cppt? +Z:ci \r: >
a
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subject to the constraint that
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Taking the derivative of F = I + N (where ) 1s a lagrangian multiplier)

with respect to Cai givesn)
+ =
Sai 21 Cai 1}
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The virtual orbitals are sble to mix amongst themselves without affect-
ing the target wavefunction. This freedom can be used to improve the con-
vergence of the single replacement expansion and Bo reduce the number of
configurations required to represent the polarised molecule. Consider the
orbital mixings induced by an applied field for dlatomic molecules. 'Tables
1 and 2 give a summary of these interactions for homonuclear and hetero-

nuclear diatomic molecules respectively.

Taking the model wavefunction in which a given occupied orbital is
polarised by a single orbital of each symmetry and no polarising virtual
orbital may be umed to polarise more than one occupled orbital, then a new

polariesing, virtual orbital {(a pseudo-orbital) can be written;
o
Vo= Cyy ¥
a bi 'y
b

where the sum over b is a sum over all virtual orbitals belonging to the
same symmetry as wg, and where orbital wi {8 the occupied orbital which Wg
polarises. ([Note that although a given occupled orbital may have many
polarising orbitales a polarising orbital may polarise only one occcupled
orbital). The set of virtual orbitals generated in this way are no longer
orthogonal. Orthogonality may be re-introduced by Schmidt orthogonalislng
the rest of the virtual orbitals to the pclarising orbitals followed by



symmety ¢ orthogonallsation of all the virtual orbitals. This orthogonal~
igaticn mixes the virtual orbitals amonget themselvee and it has been Found
nacessary to repeat the process of projection, contractiom and orthogonal-
ipatlon 5 to 7 times hafore the second order property {the polarisability}
becomes stable from lteraticn to iteration.

The model wawefunction deseribed above 1s only suitable for defining
the polarlsing, virtual orbitals. In practice such a wavefuncbion ig not
guliable for representing a polarlsed molecule. However, axperience indi~
cates that all single replacements from the pegupled orbiitals to the polar—
ised peendo orbitals provide » reamonable descripiion of the polarisesd
solecule. Pinally 1t should be nated that the polarigability predicted by
the wavaefunctlon congisting of all single raplacements 1s imvariant to a

unitary transformation In the wirtual space.

Program Descriptleon

The proyram is ¢ompatible with the AYMOLI package and tmkes the
perturbed and unpsirturbed molecular orbitals from ATMES dump £iled.
Similarly, the final molecular orbitals may be stored on ATMGLI files ready
for use in further calculations. After reading into core the perturbed and
unperturbed molecular orbital coefficients, the unperterbed molecnlar
orbitales are divided into syemetry classes, which pre then printed oub.
Then the overlap watrix,

Gij = <¢ii¢§> is caleulated, followed by
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The determinants belng evaluated weing the WAG library routine FOBAARF.

¥rom the configuration interactlon cosfficilents cai' the polarisa-
biliky is calculated for three bypes of wsvefunctlon;

Scheme B All single replacements

Scheme B gingle replacements of occupled orbitals bto all polariaing
wrbitals

Beheme © Single replacements of ovcupled orbltals to thelr corres-

ponding polariging orbitals only

Finally the virtoal orbitals sre rokated as denmcribed in the previous
gection, and the procesises are iterated. Generally speaking there 1s no
cunvergence as puch. However after 5-7 lterations 1t Ls normslly found that
the pelarisabililties for scheme B and C wavefunciions are guike stable and
iteration can stop. The solecular orblitslsa produced in this way are nokb
onigue snd different starting orbitals wlll produce different final
orbitals.

Data Description
Data format follows the conventionsg used by Lhe ATMOLY system, that

s free format input of alphanumeric characters, integer or real numbera.

Card 1 NAARBIS ROCO AR FIELE NEERET NITER IFPRINT

HBASIS - number of basis functlons

NOCC - pamber of doubly occoplied orblhals

NMAX - highest orhbiltals to be uped in the caloulatian
HMAY § MBASI®

FIBLD - fleld gtrength applied when generatinyg the perturbed
orbitala. If a field has been applied in 2 or 3
directions simultansously it is assumed that the field
strength le the same in all directions

WFIRST ~ The NFIRST o NOOC orbitals are to iw used to generate
gingle replacements
If NFIRST 12 not glven NFIRET=1

NITBR _ The number of fterations required
If NIUTER Lo not glven NITER=6



IPRINT =0 Then only the configuration Ilnteraction coefficients
are printed out for every other iteration
=1 Overlap matrix and vectors are printed out in
addition to above.
Hote that if IPRINT=1 is required then WITER and NEIRST
cannot be omitted as IPRINT=0 ig default.

Next follow NOCC-NFIRST+1 cards of the type;

JPOL FPOL{1) EPOL{2)
JPOL ~ the occupled orbital being polarised
KPOLA{I) - the KPOL(I)th virtual orbital pelarises occupied

orbital JPOL. MNote that the first virtual orbital is
KPOL(I)=1.
JPOL alone may be specified on this card, in which case no contri-
butions will come from this orbital to scheme A configuration in-
teraction wavefunctions but contributions will occur from schemes
B and Cs If theee cards are left blank the program attempts one
iteration and the configuration interaction wavefunction may be

used to help assign the polarising orbitals.

Rext follow three cards with the format;
EDX IBLKX ISECX

These cards specify the disposition of, respectively: the unperturbed
molecular orbitals, the perturbed molecular orbitals and the contracted
molecular orbitals on ATMOL3 data sets.

EDX - 1s the ATMOL3I data set name

IBLKX ~ is the starting block of the required dump file

ISECX - ip the pection containing the required molecular
orbitals.

Files {on userid QCK)

The following refers to files relevant to the program avallable on the

IBM 370/165 at Daresbury.

PROJECT. FORT FORTRAN acurce
LOAD (PROJECT) Load module
CNTL (PROJECT) Compilation, linkage and storage

of the program

EXAMPLE :

Vi EXEC FGG,LIBRARY='QCK.LOAD', MEMBER=PROJECT
//G.ED1 bD> DSH=QCK.JFADUMP,DISP=SHR
//G.ED2 b DSN=QCK.JFBDIMP,DISP=5HR
//G.BEYSIN DD *
38 7 38 0.004 5

5 4 56
6 . 110 1t 2 3
7 11911 2 3
ED1 1 1
ED2 101 1
ED1 1 2

Vi

s

This is an example taken from & 38 basis function, Slater orbital calcula-
tion for Ny

The symmetry of the orbitals is as follows;

Qccupied Virtual
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The degeneracy of the occupled “u orbital leads to the duplication of the
polarisers used for both components of the “u orbital. The degeneracy of
the contracted “u orbital can be malntained by applying the same strength
flelds in the x and y directions simultaneocusly.
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Orhital Mixings Induced by an Applied Field
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TABLE 2

Orbltal Mixings Induced by an hpplled Fleld
Heteronuclear Diatomic Molecule

The Applied Field Induces Mixing with Orbitals of the Followlng Sysebry
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