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PROGRAM SUMMARY

Title ofprogram: SYMMET No.ofcardsin combinedprogramandtestdeck: 1254

Cataloguenumber:AAPD Cardpunchingcode: EBCDIC

Programobtainablefrom: CPC ProgramLibrary, Queen’s Keywords:electronicstructure,molecule,symmetry-
Universityof Belfast,N. Ireland(seeapplicationform in this adaptedfunction,point group,irreduciblerepresentation
issue)

Natureofphysicalproblem
Computer:ICL 4-72;Installation: UniversityRegionalCom- Thegrouptheoryis usedfor the classificationof energy
putingCentre,Prague statesof moleculesandthetransformationof theeigenvalue

problemto a quasidiagonalform.
Computeron which it is operable:IBM 360/370 (FORTRAN
H compiler) Methodofsolution

Symmetry-adaptedlinearcombinationsof thebasisfunc-
Operatingsystem:MULTIJOB tionsandotherinformationareobtainedby meansof the

symmetrizingoperator.
Programminglanguageused:FORTRAN (IBM version)

Restrictionson thecomplexityof theproblem
High speedstoragerequired: 2208words All themostimportantpointgroupsareincluded.Thereis

no restrictionon the numberof the basisfunctions.
No.ofbitsinaword: 32

Typicalrunning time
Overlaystructure:none Therunningtime is usuallynegligible in comparisonwith

other stepsof theelectronicstructurecalculation.Thetest
No. of magnetictapesrequired: none run took 30 sonanICL 4-72.

Otherperipheralsused: line printer

LONG WRiTE-UP

1. Somerelevant group theoretical results where

Thegeneralizedmatrix eigenvalueproblem H,
4~=f~HØ~dr, (2)

Hc ESc, (1) S,~—fø& dr (3)
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136 L. Skála/Generationof symmetry-adaptedfunctions

and ~ are the LCAO basisfunctionsis oneof the only one from theseblocks.Havingthe eigenvalues
mostfrequentlysolvedproblemsin quantumchem- andeigenvectorsof the quasidiagonaleigenvalue
istry. problem(8) theoriginal eigenvectorscanbe obtained

It is known [1] that for a moleculewhich hasa by thebacktransformation
point symmetryit is possibleto introducea new 9
symmetry-adaptedbasisin which theHamiltonianH C s~Cquasi.

and also theoverlapmatrix Shavea quasidiagonal During this transformation,the originally identical
form. Symmetry-adaptedlinearcombinationsof the eigenvectorscorrespondingto t = 1, ..., n become
basisfunctionscanbe foundby applying thesymme- linearly independentso thatall necessaryeigenvectors
trizing operatorto thebasisfunctions~, ~i = 1, ..., N are correctlyobtained.Assumingtheeigenvectors

d Cquasi to be normalized,theeigenvectorscare also
= —f- ~ D’(R);~R~- (4) normalized.

IGI REG

Here,G is a point group with elementsR, S, .., D~(R)
is the matrix representativeof R andis of dimension 2. Descriptionof theprogram
d1, I G I isthe order of groupG andØ~1) is a symmetry-
adaptedfunctionbelongingto row t of the irreducible The codeconsistsof two subroutinesSYMMET
representationI’s. The subscripts is fixed during the andASSGRPand four BLOCK DATA.
calculation. The subroutineSYMMET is calledby themain

We re-writeformula (4) in a moreconvenientform programwritten by the user.It calls the subroutine
ASSGRP.The subroutineSYMMET verifies first

= ~ Q~cb~, (5) whetherthemoleculehas thesymmetryspecifiedby
I’ the user.After that thematrix Q andothernecessary

which statesthat the symmetryadaptedfunctions information is calculated.
are linear combinationsof theoriginal functionsØ,~. The following typesof realbasisfunctionscanbe
The coefficients of the linear combinationare used:s, Px’ Py~Pr, ~ ~ ~ dx2_y2 andd3~2r2.

arrangedin thematrix Q columnby column. The form of the radialpart of thesefunctionscanbe
The Hamiltonianandoverlapmatrix havein this arbitrary.Transformationpropertiesof these9 func-

basisa quasidiagonalform tions for ailtogether72 different symmetryoperations
are storedin BLOCK DATA. These72 symmetry

rr~THn~ = ° I ‘6~ operationsenableto work with the followingpointt~ ~Iquasi ‘ ‘ ~‘ groups: C~,C2,Clh,C2v,D2, C2h,C4, S4, C3, D3,
0 C3,,, C6, C3h, D4, C4~,D2d, D6, C6~,D3h, T, 0 and

o Td. In caseswhenthe moleculehassymmetryC~,it is
~QTSQ)quasi = (7) possibleto performthe directproductof anarbitrary

from the above mentioned groups with the group C1.

andtheoriginal eigenvalueproblembecomes It enablesone to takeinto accountfurthergroups
including°h~All informationaboutthegroups,i.e.

~IQTHQ)quasiCquasi = ~ . (8) namesof the groupsandtheir irreduciblerepresenta-
tions,the list of their operationsandtheelementsof

Two functions~j) belongto differentblocks if they thematrix representativesarestoredin BLOCK DATA.
correspondto different irreduciblerepresentationsi If theuserdoesnot give anyfrom theabovemen-
or to differentrowst of the samerepresentation.For tionedgroupsexplicitly, theprogramusesall these
an irreduciblerepresentationof ordern, the blocks groups(multipliedby Ci if themoleculehasthissym-
correspondingto t = 1, ..., n arethe sameassuming metry)andselectsfrom themthegroup giving the
the sameorderof functionsq~to which the symme- lowestorder of theblocksof the quasidiagonalHamil-
trizing operatoris successivelyapplied.Therefore,in tonianmatrix. If thereis morethan one suchgroup,it
this caseit is sufficientto calculateanddiagonalize takesthatoneleadingto the greatestnumberof
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blocks.If thereis yet morethan onesuchgroup found by SYMMET. If GROUP* 0, thevalueof
the last of them is taken. SEARCHhasno meaning.

INTEGER*4 GROUP— If GROUP=0,no symmetry
is given by the user. If SEARCH= F, return to the

3. COMMON variables calling program. Other values have the following
meaning: 1 = C1, 2 = C2, 3 = Clh,4 = C2,,, 5 = D2,

Thecommonblockscontainthefollowing infor- 6 = C2h, 7 = C4, 8 = 54,9 = C3, 10 = D3, 11 = C3,,,
mation: 12 = C6, 13 = C3h, 14 = D4, 15 = C4,,, 16 = D2d,

COMMON SYM1 17 =D6, 18 = C6,,, 19 ~ 20 = T, 21 = 0,
22 = Td. All group operations are considered with

1) Characters or elements of the matrices Di(R)ts respectto theorigin of the coordinatesystems.The
for s = 1 (arrays PCI, ..., P0).Forisomorphicgroups, coordinatesystemfor D6h andits subgroupsC3, D3,
they are given for one group only. C3,,,C6, C3h,D6, C6,,an~lD3h (or for their direct

2) The list of group operations (arrays OCI, product with C1) mustbeorientedin sucha waythat
OTD). one corner of the hexagon (triangle)is directedin the

3) Namesof irreducible representations (arrays direction of y-axis. In theoppositecase,thesubrou-
RCI, ..., RTD). tine SYMMETdoes not find the symmetry; in case of
To avoid complex arithmetic, complexconjugated SEARCH= T and GROUP= 0 a subgroupinsteadof
one-dimensional irreducible representations are taken the correct group will be probablyfound.
as one two-dimensional reducible representation
(groups C4, S4,C3, C6, C3h and T~. LOGICAL* 1 MULTCI — If MULTCI = T, the subrou-

If a symmetry operation is applied to a given basis tine SYMMETverifiesfirst whetherthemoleculehas
function ~ alinearcombinationof thebasisfunc- thesymmetryC1. If this isthe case,the direct product
tionsis obtained.In orderto describeit completely, of the given group with C1 is considered.If SEARCH=

onemust give: T andGROUP= 0, its value has no meaning as the
1) The numberof functionsin the linearcombina- programtestswhetherthemoleculehas thesymmetry

tion (COMMON SYM2, arraysNE, ..., NSGV3). C1 in anycase.
2) The typeof the functionsin the linearcombina- INTEGER*4 NSET— The totalnumberof basissets.

tion (COMMON SYM3, arrays IE, ...~ ISGV3). The basisset mustconsistof s or p~, Py~Pz or dr,,,
3) The coefficients of the linear combination

(COMMON SYM4, arraysCE, ..., CSGV3). dxz,~ dx2y2 , d3z2_r2 functions,respectively.
FourBLOCK DATA areusedto storethis informa- INTEGER*4 SET(NSET)— Thevaluesof SET(I)can
tion in thecommonblocks, be arbitraryexceptthat theymust be different for

Thelast commonblock SYM5 consistsof working differentbasissets.The samebasissetsare those
arrays.Foragivengroup,the information storedin whichhavethesameangular(s,p or d) and radial
SYM1, ..., SYM4 is transferredto SYM5 by meansof part.Theycanbelocatedon differentatoms.For
the subroutine ASSGRP. example, for the basis sets ls(H1), ls(H2), ls(O),

2s(O),2p(O) of the H2O molecule,one can put
ls(H1) = ls(H2) = 1, ls(O) = 2, 2s(O)= 3, 2p(O) = 4.

4. Descriptionof formalparameters REAL*8 XSET(NSET),YSET(NSET),ZSET(NSET)
—. XSET(I), YSET(I) and ZSET(I) are the Cartesian

All input data are transferred to the subroutine coordinates of the Ith basis set.Arbitrary units can
SYMMET by meansof its formalparameters.They be used,however,the basissetsmustbe in symmetric
havethefollowing meaning.

positionswith anaccuracybetterthan0.0001units.
LOGICAL* 1 SEARCH — If SEARCH= T and The square of this value isl given in the DATA state-
GROUP= 0, the symmetry giving thegreatestreduc- mentin the subroutineSYMMET (variableZERO2)
tion of theorderof the eigenvalueproblemwifi be andcanbechanged.
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INTEGER*4NAO — The total numberof atomic Thereis onemachine-dependentconstantin the
orbitals.The atomic orbitalsarenumberedfrom 1 to program.TheconstantMACHEP shouldbe the
NAO. smallestpositive realnumberfor which

1 + MACHEP> 1 on the computer(DATA state-
INTEGER*4AOL(NSET),AOU(NSET)— Theatomic mentin the subroutineSYMMET). It is usedin the
orbitalsof theIth basissethavethe numbersAOL(I),

testof a lineardependenceof symmetry-adapted
AOU(I). linearcombinations.Its valueis notcritical.

INTEGER*4TYPAO(NAO) — TYPAO(I) is the type
of theIth atomicorbital. Thetype is codedin the 5. Outputanderrordiagnostic
followingway: 1=s,2=p~,3=p~,4=p~,5~
6 = ~ 7 = ~ 8 = dx2y2, 9 = d3z2r2 . p- ord- If PRINT = T, the following outputis printed:
functionsin a givensetmustbearrangedin theorder 1) The information whetherthe givensymmetry
2, 3,4or 5, 6, 7,8,9, respectively. (andC~if MULTCI = T) wasfound or not.

2) Thelist of theblockswith their ordersand the
LOGICAL*l PRINT— If PRINT= F, no information

namesof the correspondingirreduciblerepresenta-
is printed during the calculation. tions.

INTEGER*4NDIM — The dimensionusedin the 3) In the casewhenSEARCH= T andGROUP= 0
declarationof thematrix Q in thecalling program.It the information ad 1) and2) for all groupsstarting
canbe differentfrom NAO. from GROUP= 1 to GROUP= 22. The groupgiving

thegreatestreductionof theorder of the eigenvalue
Theresultsare in the following formal parameters:

problemis then taken.
LOGICAL*1 SYM — If SYM = F, themoleculehas If PRINT= T, theerror diagnosticis printedin the
notthe given symmetry(for 1 ‘~ GROUP~ 22) or no following cases:
symmetrywas found(for SEARCH= I and GROUP= 1) The moleculehasnota givensymmetry.
0) or symmetryadaptedfunctionswerenot success- 2) MULTCI = I andthe symmetryC~wasnot
fully generatedor no reductionof the orderof the found(warning).
eigenvalueproblemwasobtained. 3) The numberof symmetry-adaptedfunctionsis

differentfrom NAO.
REAL*4 NAME — Thenameof the symmetry

4) No reductionof the order of theeigenvalue(FORMAT(A4)). problemwasobtained.

INTEGER*4 NBLOCK — Thenumberof blocksof
thequasidiagonaleigenvalueproblem. 6. Test run

INTEGER*4LOW(20),UPP(20)— LOW(I) and The testrun correspondsto two identicalatoms
UPP(I)give theposition of theIth block, with s, p, d-basis.The coordinatesof the atomsare

REAL*4 REPR(2,20)— The Ith block corresponds (0, 0, —1) and(0,0, 1). All necessarydataaregiven
to the irreduciblerepresentation(REPR(J,I), J = 1,2) in theDATA statementin themain program.
(FORMAT(2A4)).

LOGICAL*1 COPY(20)— If COPY(I) = T, the Ith Acknowledgements
block correspondsto the secondor third row of a The authoris gratefulto Drs.0. Bilek, B. Hejda,
two- or three-dimensionalrepresentationsothat this J.Málek (Prague)andH.G. Fritsche(Jena)for the
blockneednotbediagonalized. valuablediscussionsandtestingtheprogram.

REAL*8 Q(NDIM, NDIM) — The coefficientsof the
symmetry-adaptedlinearcombinationsof thebasis

Referencefunctionsstoredcolumn by column.

GROUP— If inputGROUP= 0 andoutputSYM = T Eli C.J. Bradley and A.D. Cracknell, The mathematical

the inputGROUPis replacedby GROUPfoundby theory of symmetryin solids(ClarendonPress,Oxford,
1972).theprogram.In othercases,it remainsunchanged.
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TEST RUN OUTPUT

SYMMETRYCI SYMMETRYC4 SYMMETRYC6 SYMMETRY02E

WAS FOUND MULTIPLIED BY Cl MULTIPLIED BY CI MULTIPLIED BY CI

BLOCK REPRESENTATIONORDER WAS FOUND WAS FOUND WAS FOUND

AS 9 BLOCK REPRESENTATION ORDER BLOCK RFPRESEIITATION ORDER BLOCK REPRESF’ITAIION ORDER
2 AU 9

I A G 3 1 A 6 3 1 Al 6 3
SYMMETRY CD 2 B 6 2 2 El 6 2 Bl

3 E 6 4 3 E2 6 4 3 02 6 1
MULTIPLIED BY CI 4 A U 3 4 A U 3 4 E U

5 8 U 2 5 El U 2 5 0 6 2
WASFOUND 6 0 U 4 6 F? II 4 6 Al U 1

7 A2 U I
BLOCK REPRESENTATIONORDER SYMMETRYS4 SYMMETRY03W 8 B? U 3

9 E U 2
I A 6 5 MULTIPLIED BY CI MULTIPLIED BY CI 10 F U 2

2 B 6 43 A U 5 WAS FOUND WAS FOUND SYMMETRY56
4 R U 4

BLOCK REPRESENTATIONORDER BLOCK REPRESENTATIONORDER MULTIPLIED NY CI

SYMMETRYCIA
A 6 3 1 A’ 6 3 WAS FOUND

MULTIPLIED BY CI 2 B 6 2 2 K’ 2
3 E 5 4 3 F’’ 6 4 BLOCK REPRESENTATIONORDERWAS FOUND 4 A U 2 4 A’’ U 3
5 B U 3 5 E’ U 4 1 Al 6 3

BLOCK REPRESENTATIONORDER 6 E U 4 6 E’’ U 2 2 U 0 1

3 E2 6 1A’ I SYMMETRYC3 SYMMETRY54 4 El 6 2
2 A’’ S 4 5 El S 23 A’ U 4 MULTIPLIED BY CI MULTIPLIED BY CI 6 A2 U 3

4 A’’ U 5 7 E2 U I
WAS FOUND WAS FOUND S (2 U I

SYMMETRYC2Y 9 El U 2
BLOCK REPRESENTATIONORDER BLOCK REPRESENTATIONORDER 10 El U 2

MULTIPLIED BY CI
I A 6 3 1 Al 6 3 SYMMETRYCAY

WAS FOUND 2 E 0 6 2 SI 0 1
3 A U 3 3 B~ 6 1 MULTIPLIED RY CI

BLOCK REPRESENTATIONORDER 6 I U 6 4 K 2
6 2 WAS FOUND

I Al 6 SYMMETRYD3 6 A2 U 3
2 B2 6 2 7 Bl U I BLOCK REPRESENTATIONORDER
3 A2 6 1 MULTIPLIED BY CI 8 U U I
6 RI 6 2 9 E U 2 1 Al 6 3

Al U 4 WAS FOUND 10 F U 2 2 E2 6 1

6 RD U 2 3 E2 6 1
7 A2 U 1 BLOCK REPRESENTATIONORDER SYMMETRYCWY 4 El 6 2
B RI U 2 5 El 6 2

Al 6 3 MULTIPLIED BY CI 6 Al U 3
SYMMETRY02 2 E 5 3 7 E2 U I

3 C 5 3 WAS FOUND 8 E2 U I
MULTIPLIED BY CI 6 AD U 3 9 El U 2

E U 3 BLOCK REPRESENTATIONORDER 10 El U 2WAS FOUND
6 F U 3

Al 6 3 SYMMETRYD3N
BLOCK REPRESENTATIONORDER SYMMETRYC3Y 2 51 6 1

3 B2 0 1 MULTIPLIED BY CI
A 0 4 MULTIPLIED BY CI 4 E 6 2

2 B3 0 2 5 F 1 2 WASFOUND
3 BY 5 1 WAS FOUND 6 Al U 3
4 ND 6 2 7 Ri U 1 BLOCK REPRESENTATIONORDER

A U 1 BLOCK REPRESENTATIONORDER 8 B2 U i
6 B3 U 2 9 E U 2 1 Al’ G 3
1 BI U 4 1 Al ~ 3 10 0 U 2 2 K’ S I
S U U 2 2 E 1 3 3 (~ 5 1

SYMMETRYC2N 4 Al U 3 s 5 2

MULTIPLIED RD CI ~ ~‘‘ U 3

WAS FOUND 8 F’ U 2
0 F’’ U 1

BLOCK REPREOE1I1ATION ORDER 10 E’ ‘ U

AG o SYMMETRYT
2 56 6 6 WAS NOT POUND
3 AU U 5
4 86 U 4

SYMMETRY0

WAS NOT FOURS

SYMMETRYTO

WAR NOT FOUND
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SYMMETRY 030

MULTIPLIED BY Cl

WAS POUND

AS A RESULT OF SEARCAING FOR TNE GROUP

GIVING THE GREATEST REDUCTIONOF YME ORDER OP THE EIGENVALUE PROBLEM

BLOCK REPRESENTATIONORDER

I Al’ 8 3
2 E’ S I
3 K’ S I
4 C’’ 6 2
5 1’’ 0 2
6 62’’ U 3
1 F’ U 2
8 E’ U 2
9 F’’ U I

10 C’’ U I

SYM T

NAME DSH

GROUP 19

NBLOCK ID

REPR LOW UPP COPY

Al’ 0 1 3 F
E’ 6 4 4 F
C’ S 5 5 1
E’’ 0 6 7 F
E’’ 0 0 0 1
62’’ U 10 12 F
E’ U 13 14 F
E’ U 15 16 T
E’’ U 17 17 F
E’’ U 15 18 T

0.7071 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000—0.7071 0.0000 0.0000 0.0000 0,0000 0.0000 0.0000—0.7071 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0,0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.1071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
O,000E 0_GOOD 0.0000 0.0000—0.7071 0,0050 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000—3.7071
0,0000 0.0000 0.0000 0.0000 0,0000 0.0000 0,0000 0.0000—0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000—0.7071 0.0000 0.0000
0.0000 0.0000 0.0000 0,0000 0.0000 0.0000 8.7071 0,0000 0.0000 0.0000 0.0000 0_GOOD 0.0000 0.7071 0.0000 0.0006 0.0000 0.0006
0.0000 O.OEOO 0.0000 0.7071 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 07011 0.0000
0.0000 0.0000 0.7071 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000—0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 00000—O.?O?1 0,0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0,0000—0.7071 0,0000 0.0000 0,0000 0.0000 0.0000 0.0000 070?i 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000—0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0060 0.0000
0.0000 0.0000 0.0000 0.0000—0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 6.0000 0.7071
0.0000 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000—0.7011 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 07071 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000—0.7071 0.0000 0.0000 0.0000 0.0000
0,0000 0.0000 0.0000 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0800 0.0000 0.0000 0.0000—07071 0.0000
0.0000 0.0000 0,7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000—0.1071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


