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The formalism for a relativistic open-shell CCED method is presented and implemented in a
computer programReLccs The code can be used for calculations with 2- or 4-component
relativistic reference wave functions and allows a full inclusion of the spin—orbit coupling. The code
is interfaced to the1OLFDIR program system. We illustrate its use with initio calculations of the

fine structure splittings of Cl, FO, ClO,JQ and G . The triples correction is found to make a large
contribution to the Cl atom splitting, which is within 23 ¢ih of the experimental value. The
molecular results are within 4 ¢ of the experimental values where these are available. The value
for FO is predicted to be-195+4 cm %, in good agreement with experiment. 996 American
Institute of Physicg.S0021-960806)01243-3

I. INTRODUCTION standard methods and computer codes after a transformation

Th : bital sinal d doubl led clust to the molecular spinor basis. In cases where the spin—orbit
€ spin—or |_4a singies and doubles coupied Clus e[:oupling effects are large it is desirable to include the spin—
(CCSD equation§™ can be used in relativistic electronic

. orbit coupling terms as well. This can either be done by
structure met_hods that use 2- or 4-cor_nponent SPINOTS ‘8%4ding a spin—orbit coupling operator to the spin-free Hamil-
1-particle basis functions. The starting point of such method§Onian or by using an implicitly coupled Hamiltonian like
is the Dirac—CoulombBreit) Hamiltonian, which is either the un’transformed Dirac—CoulomEBreit) equation or the
used directly or transformed to a more convenient apprOXifwo—component zeroth order regular approximati@®RA)
mate Hamiltonian. We will not go into the details of the equatior? ™ In both cases one will find that additional

different methods, but assume that a set of basis spinors Hasses of two-electron integrals have to be considered, since

founq that can be identified as belonging to either the elec'Ehe spin-integration can no longer be factored out. In general
tronlike positive energy part of the spectrum, or to the

: . . ) . the 2- or 4-component spinogsare now written as a sum of
positronlike negative energy part. We will work in the no- P pinors

. A . . . . spin—orbitalse in which the coefficients will assume com-
pair approximation, i.e., neglecting positron—electron pair

. ; Lo lex values,
creation, so that the second quantized Hamiltonian assumgs
the same form as in nonrelativistic thedry,

>

a,

wp<r,n>:§ Eﬁ ch eu(r,m)

HNP=3 ZG0ER+: 3 VRSERS. (1)
P.Q P,Q,R,S
@B
In this HamiltonianZg=(Q|h|P) and VEE=(RSPQ) =S S P Do (). @)
represent the one-electron and antisymmetrized two-electron v 7 7

integrals, respectively. ThER and EFg operators are the
replacement operators as defined by Pafdusthis formu- Based on this relation between spinors and spin—orbitals
lation the nonrelativistic theory and various realizations ofg]| equations may be written in terms of spin—orbitals. In the
the no-pair approximation only differ in the definition of the spin—orbit (SO) configuration interaction(Cl) type of
scalar quantitieZ andV. approacht?~%for instance, the spin—orbit interaction is ne-
In the nonrelativistic spin—orbital Hamiltonian the one- glected at the Hartree—Fock and ClI levels, and an effective
electron functions can be written as a product of a spatial angpin—orbit operator is included afterwards to describe the
a spin part which means that the spin-integration can be pegoupling between CI wave functions of different symmetries.
formed separately. This is also true for the so-called spin-free  We assume that the spin—orbit interaction is already
relativistic approximation§-® Those approximations have taken into account at the Hartree—Fock level. The spinors are
the advantage that one may treat electron correlation usingue eigenfunctions of a spin-dependent Fock-operator and
the reference is written as a single spinor-determinant. The
dPresent address: Chemistry Department, Odense University, Campusvlé}St constraint makes the method different from relativistic
55, DK-5230 Odense M, Denmark. multireference approaches like the state-universal Fock space
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CC method of llyabaev and Kaldd?,which has been ap-

plied to closed and open shell atofis.

In a previous papéf we have shown that for closed-
shell molecules that possess at least one twofold element of
symmetry, one can use a Kramers-restricted method to make

Visscher, Lee, and Dyall: Relativistic unrestricted CC method

optimal use of the existing symmetry relations between the

amplitudes and integrals. In this paper we present the more
unrestricted

general, but computationally less efficient,

scheme that allows us to treat single-reference open-shell

systems as well.

Il. THEORY
A. The CCSD equations

The starting point is the well known spin—orbital form of
the CCSD equations. We follow the formulation of Jayati-
laka and Leé? slightly rewritten to express all equations in
terms of the antisymmetrized integrals. This formulation is
already given in our previous pap@but for completeness
we will give the equations here as well. Occupied spinors are
labeled byl, J, K, L while unoccupied spinors are labeled

by A, B, C, D. In the following formulae the; andt,
cluster amplitudes are represented by a capitdlhe CCSD
energy equation is written in the form,

ECCSD_Z FATA+ E VIJ B' (3)
A<B

The amplitudes are determined by the equations,

Fi'=22 FETRTI+ 2 HET =2 HITR

+ > HETRCHTRTD) + 2 VIETY
K,C K,C

AK CD
CD TIK

+ >

K,C<D

3 AT 3 VTR -pu| 3 et

(2 VieTkE=0, “)

AB
Viy +Pags

—Zv °TS

KL _AB AB _CD
+ 2 Al TKL+CZD Beomis

+Pyy PAB( ch HIETS - ch VlAcKTS:TE) =0, ©)

where the permutation operatBp is used

and the intermediates are defined as

F= zQ+E VEK, (7
=T+ TS = T5TP, ®)
E A (9)

=F+ E Ve s (10)
HE=FE+ 3, VEST?, ap
Ge=He— 2, FETk+ 2 VeoTe, (12
GK=H! +E FCTC+E VLTS, (13)
A=V P Z VKLTS +2 VKL 7GR, (14)
Bé%=Vé%—PAB(; VesTk |, (15

+E VKLTA- E VAKTD

+Ev ( TAP- TDTA) (16)

B. Perturbational triples corrections

The error made in truncating the coupled-cluster expan-
sion of the wave function to single and double excitations of
the reference can be reduced significantly by introducing a
perturbative estimate of the connected triple excitations. The
most popular of such schemes, CA$L’° has shown to
give reliable results even in cases where the single-reference
approach starts to break dowh?? This method includes
terms up to fifth order in perturbation theory. It has @h
dependency on the number of orbitals, which is one order
less than the full CCSDT model. Recently, Deegan and
Knowles® published a new method, CCSD-T, that differs
from CCSOT) by an additional fifth order perturbation term.
This method gives slightly better results for the test cases
that they presented. We have implemented both formalisms
and, since the extension is trivial, also the older CGSD
formalisn? that includes only fourth order terms. We write
the relevant equations, following Deegan and Knowles as

Wsc— Yase
AEM=— Wi ——m———, (@
I<JE<K A<§<C ABC lAch ( 7)
whereW is defined as
W= P 5Pasc E vABTEC+2 VAFTRS (18)

with Ppqg the three-index permutation operator
Pporf(P,Q,R)=f(P,Q,R)+f(Q,R,P)+f(R,P,Q).
(19

Y is defined differently for the three triples corrections. In
the simplest formulation, CCSBT, Y is equal to zero. In
the CCSOT) formalismY is defined as

YR =PkPasc( VY TR+ TIYFR). (20

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996



Visscher, Lee, and Dyall: Relativistic unrestricted CC method 8771

In the CCSD-T formalisnY is defined as is defined which leaves the Fock matrix truly diagonal in the
occupied and virtual subspacéhis also has implications
ABC__ AB+C A—+B+Cy ABC . . B . . .

Yisk =PukPasc(Tiy Tk+ 5 PuTiTiT ek - (2D regarding the orbital invariance of the perturbation energies,
see Ref. 29 for a detailed discussio®ther recent studies

€2C is defined as the difference of spinor energies \ _ . rece
have investigated the effect of differegt choices® and the

€Nk =€t €3+ ex—ea—€g—ec. (22)  use of semicanonical orbitdlson the CCSIDT) energies
from a numerical perspective. In agreement with previous
C. Restricted open shell zeroth order Hamiltonian studies of restricted open-shell perturbation theories, Neo-

grady and Urbaf’ found perturbational triples corrections to

The choice of canonical or noncanonical spinors is im- ) . X
. . : be better when using diagonal Fock matrix elemétfsfor
material for the form of the CCSD equations given above o : .
the ep quantities rather than orbital energies from the re-

since we include possible nonzero off-diagonal Fock matrlXstricted Hartree—Fock calculation. Both recent studies found

elements in the formallsm. The particular choice of 5plnors[hat the use of semicanonical orbitals had little effect on the
may, of course, still influence the results. For closed shells

. T . . erturbational triples corrections. Therefore, in the present
the obvious choice is to use canonical Hartree—Fock splnorg b P

. . ) Study we choose the, quantities to be the diagonal ele-
In this case the spinors are related by time-reversal or Kram- Y P g g

ers symmetry. This gives symmetry relations in the densit ments of the Fock matrixis. and the spinors to be the
y Y. g y Y Yramers-restricted open-shell Dirac—Hartree—Fock spinors.

matrices and 2-electron integrals that may be utilized in the A more rigorous approach to the open-shell problem

Hartree—Fock self-consistent field procedure and the trans- :
) . . ; would be to extend the open-shell Kramers-restricted formal-
formation of the integrals to a molecular spinor basis. For.
ism to the CCSD level. In such an approach one forces the

open shell systems one may choose to use a Kramers-_ . : .
amplitudes to display the same symmetry relations as are

restricted formalism in which both components of a Kramers resent in the integrals, similar to what Jayatilaka anc*?.ee

pair are resricted to have the same fractional OCCuPatlorﬁave done for nonrelativistic restricted open-shell coupled

This formalism is closely related to the ROHF scheme used L o
. o S Cluster theory. This will also lead to a more efficient formal-
in nonrelativistic or scalar relativistic HF schemes. The ad- . . .
iIsm because the number of independent amplitudes and inte-

vantgge is that the same relations in the .densny and Foc ﬂ'rals can be reduced. Since the CTBDstep in the present
matrices and 2-electron integrals hold as in the closed she] . . .
case implementation takes only a fraction of the time of a com-

For the evaluation of the triples correction we need toplete 4-component relativistic calculation, and the accuracy

define the zeroth order Hamiltonian used in the perturbatior? f the present method is satisfactory, we have not yet ex-

. . : plored this possibility in detail.
theory. In our formalism this is the diagonal operator The CCSD code s interfaced to thoLFDIR (Ref. 33

program system, where the spinors are obtained using differ-

S0_ =P
H _; €pEp. (23 ent Fock operators for closed and open shells
respectively**3° At convergence the Fock matrices are given
The perturbation is consequently defined as by
~ ~ ~ closed open
Hi=> UPER+} VEERS. 24
2, UGBS+ 2 VRSERS 29 e S VS v (259
The exact definition oH® andH* is now dependent on
. . . . L . closed open
the choice of spinorgcanonical spinors eliminate the matrix FU_ZUs S VUK S oY 25D
U) and the value ok . This is of importance for the open TOET D & TIK a & TV (25b)
shell case where the Fock matrix will be nondiagonal and
different choices of Hartree—Fock schemes are possible. - closed Ex open Ey
It is important to note that ultimately the choice ldf, Fo=2Zp+ EK: VDK+f§V: Vbv, (250
H?, and theep quantities defines the perturbation theory that
is used to construct the-T, (T), and —T corrections for FI:FE:F$:0- (250)

connected triple excitations. There has been considerable
work over the last few years on single reference restricted LabelsL, M, andK refer to closed shell spinor§l, T,
open-shell perturbation theoriés.g., see Refs. 25-28, and andV refer to open shell spinors, aid, E, andF refer to
references therejnand without going in too much detail, it virtual spinors. The open shell spinors have a fractional oc-
has been shown that the characteristic most important fatupationf (0<f<1) anda is a coupling constanm(n
developing a rapidly convergent open-shell perturbation—1)/n(m—1) with m the number of open shell spinors and
theory is that the orbital or spinor energigsbe different for n the number of open shell electrons. This formalism be-
the occupied and unoccupied open-shell spin—orbitals ocomes Kramers-restricted if we apply the constraint that the
spinors. For example, in the most successful nonrelativistitwo components of a Kramers pair always belong to the
restricted open-shell perturbation theories these differ by asame spacéclosed, open or virtual

exchange integral. Most of these theories also have in com- In this scheme the spinors are uniquely defined, provided
mon that a set of so-called semicanonical molecular orbitalthat there are no degeneracies among spinors with the same

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996



8772 Visscher, Lee, and Dyall: Relativistic unrestricted CC method

symmetry character. Different choices of the open and closeg,® y,=7. For the same reason we omit the redundant la-
shell subspaces do, however, influence the form of thdelsy andy, in the matriced/ andT. The third term in the
spinors and hence of the zeroth order Hamiltonian. In thaipdate ofT, [Eq. (4)] is written as

sample calculation section we consider different ways of cal-

culating of the spin—orbit splitting of the CIO molecule and  Ta(y)= >, H3()T(y). (27

of the chlorine atom to assess the sensitivity of the method to ¢

a particular SCF scheme and hence to a different choice ofhe fourth term in the update &, [Eq. (5)] is written as
spinors.

T2 ¥, 7, 7)= 2 %: ALY ) TN Y64 Y)-
Yi

Il. POINT GROUP SYMMETRY (29)

. . : For the 4-index arrays different symmetry-orderings are pos-
In the formulas given above we did not yet consider use.. ; o .

. . . sible. For the update in Eq28) it is most convenient to
of point group symmetry. This can be done using double

: : combine both the andj and thek and| indices into the

group theory via the so-called group-chain metfddhe SN ;
: X . . compound indicesj andkl. For other terms other orderings
group-chain method considers only the highest Abelian sub- . . .
of the arrays are preferable. For instance in the evaluation of
groups of the full symmetry group at the CCAD level, : .
S ) . the last term in thé; update[Eq. (4)] we write
while it takes full point group symmetry into account up to
the molecular integral transformation step. The advantage of
a _ kl ac

this method is that the formulas remain simple, while it still i (v) %I ;C Vie(¥: Yek» V) 7ia (Ve 7, %) (29
takes some account of speed-ups due to higher point group

symmetry by creating real-valued integrals instead of thd" this casey; andy, are equal toy. _
generally complex-valued integrals. In general we can distinguish four different types of or-

We have spinors that are symmetry functions of thedering in the 4-index arrays, symbolically written @s1) or
highest Abelian double point group of the molecule. Thesd Ypar:¥s): (1:3) O (¥p, Yars), (2:2)1 OF (7pq, ¥rs) and(2:2),
spinors are labeled by the irreducible representaiioep) y O (Yprs¥qs)- A block 4, is hereby further subdivided ei-
of the point group with an indep running over functions tNer @S Gpq.¥:) O as (vp,¥q,). For the two-index com-
within this irrep. This labeling makes it possible to discardPouUnd indices one can often use triangular indfoegp= q)
matrix elements that are zero due to symmetry. 1-electroR€Cause of the permutation symmeXyors= — Xqprsthat
matrix elements are only nonzero when both spinors are if1oSt of the intermediate arrays possess.
the same Abelian irrepy. 2-electron matrix elements are
nonzero when the direct product of the four irreps involved!V. IMPLEMENTATION

s the totally symmetrig irrep._Since the double groups haye The algorithm sketched above has been implemented in
complex valued irreps it is of importance whether a spinor 'She FORTRAN codeRELCCSD Prerequisites are a list of inte-

used as a bra- or ket-function when calculating this dlrecbrals over molecular 4-spinors and the multiplication table of
product. . . . the Abelian double group of the system.

Consider fof exa'mp,lye_ the pomt”gro@4. Th"c’,, double Integrals are symmetry-packed and sorted into the six
group“has fO,L,'r .fermlon |rrep,'5E1, El',, Ez. and E and types({ooalloo), (volloo), {vvlloo), (vollvo), (vvllvo) and
f(?ur” bo/sor: imeps a, b, ‘e, and, g Ihe*lntelgral (vvllvv) with o=occupied,v =virtual) before the iterative
{ ,I,El Eal El E,) belongs fo irrep (E;@"Ep)" @ ('Ey process is started. This is at present done using a built-in
®"Ep)=b"®@b=b®b=a.Itis therefore in general NONZEro. ;o1ta06 1o thewoLFOIR integral transformation codes which
If, we p,(::-rrT),ute indices 2 and 3 we havsa the, IntfgralgivesaKramers—unique list of integrals. Thevllvv) array
{ E,,l Ell,,E2 E2,>’* W,r,"Ch,, be’I,ongs to_irep ‘€,8'Ey) is in general too large to fit in central memory. Theupdate
®("E,@"E;)="e"®"e="ex e=b. This integral is always . inyolves this class of integral is therefore written to
Zero. ork with fixed-size batches of integrals. The same is done

V‘3’$ can now rewrite our equations in symm.etry—(eduge(iﬁ the CCSD step with the contributions from the second-
form.>" For brevity we will not repeat all equations in this

_ , largest class, thevvllvo) integrals. The final minimal
form l.JUt give some representative examples. The energy G”ﬁﬁemory requirements of the CCSD step are of the order of
pression becomes six times theT, amplitude vector and of four times this vec-

. tor plus the length of thévullvo) array in the CCSDT)
ECCSP=2, 3 FuNTi(y) step.
v As standard order, according to which the integrals are
i . ab . stored on disk, we have chosé2),. Terms that are more
+Ey ;} ;b ”%b Vao( %71V Ti (6.7 7). efficiently evaluated in other orderings are treated using an
in-core sort before and after the actual matrix-multiplication.
(26) Since these sorts are of ordetat most, they are of vanish-
In the second term we only need to sum oyerand y,,  ing importance in the cpu-performance of the program when
since y; and vy, are fixed by the constraintg® y;=y and  the system treated becomes larger.

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996



Visscher, Lee, and Dyall: Relativistic unrestricted CC method 8773

TABLE I. Total energieghartreesand fine structure splitting=SS, cm) of the ?IT ground state of CIO. The
CIO bond length used is 2.96&2 (Ref. 46.

2 sets of spinorg¢scheme a 1 set of spinor§scheme b

Method E (4, E (*T,,) FSS E (4, E (31, FSS
Reference  —535.683 377 —535.684 403 —225.2 —535.682425 —535.683454 —225.9
CCSD —536.115396 —536.116 775 —302.6 —536.115305 —536.116688 —303.5
CCSD+T —536.136 619 —536.138061 —316.4 —536.138095 —536.136644 —3185
CCsOT) —536.134477 —536.135902 —312.6 —536.134516 —536.135939 —-312.4
CCSD-T —536.134 337 —536.135770 —314.5 -536.134401 —-536.135838 —315.3
Expt? -318 —-318

®Reference 46.

The crucial steps in the algorithm are the evaluations ohecessary to obtain quantitative predictions of spin—orbit
formulas(9)—(16) and (18), (20), and(21). We have imple- splittings for light atoms. The basis sets employed were
mented these using the BLAS routines XGEMM, XGEMV, based on the aug-cc-pVTZ sets from Dunning and
XAXPY, and XDOT with X=S, D, C, or G for single/double co-workers®~4° extended and recontracted to account for
precision and real/complex arithmetic. In theRTRAN code  the relativistic change in the orbitels*? The relativistic
we use no explicit real or complex arithmetic but pass pointctontraction coefficients for the oxygen basis set were not
ers to arrays that may contain either real or complex datayyblished previously and are obtained using a modified
Only when the routines XGEMM, etc. are called the distinc-yersjorf® of GRASP** To describe the relativistic contrac-
tion between complex/real single/double precision is madgjgn of the 245, Spinor of oxygen one extra tigip-function

and the appropriate BLAS routine is called. At the higheryit exponent 196.388 225 0 was added before recontracting
level we only need to calculate the correct sizes of the arraypynning’s basis.

in terms of 8-byte real words. This present implementation
makes it possible to run the same source code on 32 and &4 CIO

bit machines and use complex or real arithmetic depending The ClO radical is an example of a molecule with a

on the appropriate double point group. spin—orbit split ground state. Since the spin—orbit splitting in

Some machine-specific code was written to increase theyqrine is considerably larger than in oxygen it is of impor-
performance on CRAY-J932 and C90 computers. This veré[i

: . X ance where the open shell electron is mainly located. The
sion of the code uses dynamical allocation of memory an

q /O by keeping int s i h ccuracy with which this location is determined will depend
;?blzces Yy Keeping Integrais in core memory When posg, 1,y well the method used describes the electron affinities

of the constituent atoms, and since these are poorly described
at the SCF level of theory, we expect electron correlation to
V. SAMPLE CALCULATIONS be important for the calculation of the fine-structure-splitting

We present some calculations based on the Diracdn CIO.
Coulomb—Gaunt Hamiltonian to illustrate the use of the for- ~ To study the influence of the choice of SCF procedure
malism derived above. This Hamiltonian includes all termswe use two schemes to generate the spinors. In scheme a we
to ordera? which contribute to the spin—orbit splitting, i.e., use different sets of spinors for the two components of the
in terms of the Breit—Pauli Hamiltonian, the spin-own-orbit “I ground state. We generate spinors for thi, state by
and spin-other-orbit terms are included as well as all thencluding thery,, spinors in the closed shell space and giv-
spin—spin terms. The inclusion of these terms has been fouridg the 73, spinors a fractional occupation of 1/2. In the

TABLE Il. Total energies(hartree and fine structure splittingéeSS, cm?) of the 2P state of the chlorine
atom. Cl is treatedsaa 7 valence electron atom.

2 sets of spinoréscheme a 1 set of spinorgscheme b
E (P E (P3p) FSS E Py E (*P3p) FSS
Reference —460.813946 —460.817928 —873.7 —460.813862 —460.817912 —888.9
CCsSD —461.005285 —461.008986 —812.3 —461.005173 —461.008937 —826.1
CCSD+T —461.011536 —461.015456 —860.4 —461.011416 -—461.015405 —875.6
CccsOT) —461.011596 —461.015453 —846.6 —461.011477 —461.015403 -861.5
CCSD-T —461.011 601 —461.015453 —8454 —461.011483 —-461.015403 —860.3
Expt? —882.4 —882.4

®Reference 47.
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TABLE IlI. Total energies(hartreey and fine structure splittingé"SS, cm*) of the 2P state of the chlorine

atom. Cl is treatedsaa 5 valence electron atom.

2 sets of spinorgscheme a

1 set of spinorgscheme b

E (Py)) E (*P3) FSS E Py E (Pgp) FSS
Reference —460.813946 —460.817928 —873.7 —460.813862 —460.817912 —888.9
CCSD —460.925 752 —460.929 763 —880.4 —460.925658 —460.929723 —892.1
CCSD+T —460.929 423 —460.933415 —876.3 —460.929 322 —460.933373 —889.0
CCsOT) —460.929 418 —460.933410 —-876.1 —460.929 319 —460.933368 —888.6
CCSD-T —460.929 421 —460.933413 —-876.1 —460.929 323 —460.933370 —888.7
Expt2 —-882.4 —882.4

%Reference 47.

same fashion we generate a set of spinors foPlhg, state
by making the opposite choice; we include th§, in the

closed shell space and place th§, in the open shell. In

spinors. In scheme a, where we use two sets of spinors, we
generate spinors for théP,, state by including the 8,
spinors in the closed shell space and giving tipg,3spinors

scheme b we generate a common set of spinors for both fractional occupation of 3/4. In the same way we generate
states by including bothr¥,, and thew%,, spinors in the open spinors for théP, state by making the opposite choice; we

shell space with a fractional occupation of 3/4.
The 1s-spinors of O and the 4, 2s, 2p spinors of ClI

include the 34, in the closed shell space and give the open
shell 3p,,, spinors a fractional occupation of 1/2. In scheme

were frozen after the SCF step, giving an active space of 1B we generate a common set of spinors for both states by
electrons in the correlation calculation. The results for bothincluding both $,,, and the 5, spinors in the open shell

schemes are given in Table .

space and giving them a fractional occupation of 5/6. The

From the results in Table 1 it is evident that a SCF treat-1s,2s,2p spinors of Cl were frozen after the SCF step, giving
ment alone is insufficient to obtain a reliable fine-structure-an active space of 7 electrons in the correlation calculation.
splitting for this molecule, and even the CCSD treatmentThe results for both schemes are given in Table II.

falls short of experiment by 15 cm. We also see that the

We see that the particular choice of SCF occupation now

particular choice of SCF occupation is not very important forinfluences the result significantly. It is also clear that al-
the CCSD result. The most complete level of theory, thethough the reference FSS value is close to the experimental
CCSD-T level, yields a fine-structure-splitting that is 3¢m  value, correlation effects are large. Inclusion of only single

smaller than the experimental value 6818 cm L.

and double excitations as is done in the CCSD model is

We can compare with the previous theoretical work byinsufficient in this case. Higher order corrections are very
Koseki, Schmidt, and Gorddi. They used effective one- important and their omission results in significant errors in
electron one-center spin—orbit operators that were calibratetthe splitting. The most important correlating configurations

against known fine-structure-splittings. They firt255.65
cm ! using the MCSCF/6-31Gp) method and—258.96

come from a single excitation from thes3nto the 3 shell
with recoupling of the ® electrons, which is partly balanced

cm ! with the MCSCF/MC-311Gq,p) method. This rather by the triple excitation term. In Cl we can isolate the effect
large discrepancy with the experimental value may be due tof this 3s—3d excitation by freezing the 8electrons and
either the limited electron correlation included in the treating the atomsa 5 valence electron systefable Il1).
MCSCF method or the one-electron one-center approximathis reduces the effect of correlation dramatically. In this

tions.

B. Cl atom

For the Cl atom we again test the influence of the SCF-
procedure on the results. We have p 8lectrons that give
rise to a spin—orbit splitP ground state. The spinors are

split into a set of two P, spinors and a set of four@,,

TABLE V. Total energies(hartreey and fine structure splittingFSS,
cm™Y) of the 2l'[g ground state of @. The O—O distance used is 2.5544

case the difference between schemes a and b is also much
smaller. The large effect of higher order excitations is not as
apparent in CIO, because the recoupling of tipesBell is no
longer possible due to the molecular environment.

This illustrates the limitations of the method. Results
may vary slightly according to the choice of spinor genera-
tion method. In cases where the spin—orbit splitting is rela-

TABLE V. Total energieghartreesand fine structure splittingFSS, cm?)
of the 2l'Ig ground state of @. The O-0 distance used is 2.108y.

Reference CCSD CCSD) CCSD-T
E (2H1,2) —149.727 333 —150.228 232 —150.252 157 —150.251 569
E (°lly, —149.728167 —150.228 965 —150.252 874 —150.252 286
FSS —183.0 —-161.0 —-157.4 —-157.5

Reference CCSsD CCSD) CCSD-T
E (21'[1,2) —149.315 097 —149.775 451 —149.798 452 —149.797 866
E (1, —149.314086 —149.774 538 —149.797 552 —149.796 965
FSS 221.8 200.4 197.6 197.7
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TABLE VI. Total energies(hartreey and fine structure SplittingFSS, The special nature of the atomic correlation problem in the
(Cg‘gfl)f; the”I1 ground state of FO. The FO bond length used is 2.5858  ¢| atom that affects the triples correction has been pointed
7 out already.

Reference CCSD CCSD) CCSD-T

E (Il,,) —174.319628 —174.798 392 —174.816 172 —174.815499  VI. CONCLUSIONS

E (Tly —174.320471 ~174.799 271 ~174.817 057 ~174.816 385 An unrestricted coupled-cluster formalism is presented
FSS -184.9 -192.9 —194.4 —194.6 for use in relativistic spin-dependent molecular calculations.
The method has been implemented and interfaced to the
MOLFDIR program system. Double group theory is used to
reduce computational requirements. The present implemen-
tively small, the best choice appears to use one set of spinotstion makes it possible to perform CCSD calculations for
for the different spin—orbit components, as has been found imolecular systems using the full 4-component Dirac—
numerical atomic calculations. This is computationally Coulomb—Gaunt Hamiltonian. This provides a scheme in
favourable, since one needs only one SCF calculation anghich the accuracy is mainly dependent on the quality and
4-index transformation. The reference splitting is also ususize of the basis sets that can be used instead of on the
ally somewhat better due to the more balanced treatment @fpproximations made in the treatment of relativity.
the different components. We will use scheme b for the next  The predicted fine structure splittings in Cl, CIO, FO,
set of calculations on ©, O, and FO. 05, and G are within a few wave numbers from the experi-
mental values. This gives confidence that this method may
. _ give reliable predictions of the fine structure splittings of
C. 0z and O; similar compounds for which experimental data are not

The positive and negative ions of the oxygen moleculeavailable.
have a spin—orbit spliflI ground state. We did the same
type of calculations as described above for CIO with a vaACKNOWLEDGMENTS
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