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quantum chemistry fo~ =lccula? prablemn —incLuding normal evalua-
tion of 1- ad 2-electron integrala, SCF , and MC-SCF technique for
obtaining orbitale, and configuration interaction (CI) mthods for
trenting electron correlating. The computational expcnae ia con-
siderably reduced by the drastically fewer number of bemia functlona
needed to deacrib tls valence orbicnlo of the system and the con-
camittant reduction in numksr of two-electron Inteflrnla. The onlv
addithnml requirements in carrying out a RE~ calculation are (1)
evaluation of the mltl-center one-electron integrala between atomlr
basLs functinna (Xa) of the pntcntials,

1
<xa Vclxh>; and 2) evaha-

11
tinn of matrix elements btween mlccular o bltals <+jsi Vnn Ojol>

wheru Hi dcno~ufi the aenaclated electron npin (a or II).

?WT!IOIIS
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where P and O are the “’larRe” and “smnll” component, respectively,
and
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Table 1. Comparison of Orbital Sizes and Energies for the Uranium
Mom. (Ref. 1)

HFa RHFb DMFC DHF
(average).-

<r2> (bohr2)

5f
SE:

1.94 2m57 2.61
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13.7
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21.8
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Table 2. Excitation Energies for the Au Atom. (Ref. 13)

Excitation EnerFv (eV)
HF RIIF

( !?%)
Expc

#
6n1(2S) O.fm n.ofl 0.00 f).nrl

5d9 6s2 (2D) 5.13 1.P6 1.86 1.74

5d 10 6p1 (2P) 2.71 4.:4 4.24 4.95

.— . .—..—— ..--.——- -.. -.—----- .-- —-- ---- ——--- ---— -.-—. ——. ------ —-— -

,+;~-r ‘.+W +W +W
co rc rc 1 vall$lll =

(9)

r > R,.

r’”11
r

(In)



After obtaining RECP’S for each ang!llar rmmentum value t =
0,1 ,.. . L, where L is the lowent value no? present in the core
(e.?., 5g for Au), the total potential is given as

(11)

where the closure property of projection operators has been Invoked
and an Impllcit sum over -t < m < E is also implied in the above
equation.

The potentials arc fit to analytic Gau~sian forms

x ‘~dkr 2
dkrnke

‘k = n,l,2
k

which ari! convenient for evaluation of multi-center matrix clL?ments-
1

<ka Vc ih> llt?CdCd {~ IUo~ecUl~r CdcUhthn5.

Spin-~)rhit Counlin!q.— . . . -——.. — ——. .

The effects of the spLn-orbit coupLinE operator arc ~ncludcrl

using the total encrglca El Innd wavefuncttons $1 of the elec-
tronic statc~ ci.ilculnced u~ing the RECP’S,

“1,.1 I=‘t,.rE[ + ‘h ‘s-o ‘.? ● (13)
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where El and En arc thl~ total encr!:ies of ~he 2 2:+ and 2 2!!
Stilces, “ respec; i”~ely, ,lnd \ is one-half L..c empirical Ye+ 2P1/2

2P 7 spll$ting.31. Cons agreement between all-electron’ and ECP
call:ul.ltions nnd also between thcnry and experiment [s evident from
the spectroscopic propvrcics Aivcn in Tublc 7.

(2) Effcr.civc snin-nrbit opcratnr. For the majority of mole-.—— —.— .-. .. --— -. —-. .— —
Cull?sm the delucalizntlun, hvbrl,!ization and charge transfer effects
orcurrinz in chemical bnndlnR will distort the orbitals from t5eir
(atnmic ch,nrar.tcr nnd require a more sophlsticnted spin-nrhlt trc,nt-
ment. Thesv e[fects can be suer.rssfully [ncorporncl!d by the effec-
tive spin-f]rblt npcratnr approach, [n which matrix ~lcmcrits
owr Cllc one-r’leccron orbitals, <$i V~L~ 51> ar~! used to constrllct
the :;pin-~]fbit matrix in Fk!. (11) rjocr Sfate functions +&o qmJ>.

Thu :~[fcctlve operator V:~/, has the form’
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Table 3. Spectroscopic properties of the 1111/2 state of XeF.
(Ref. 7)

De(eV) Re(A) Emission enerxy
‘e(cm-l)

AE 5.07 2.68 303 3.65
VE(NR] 5.17 2.63 311 “J.56
VE( R) 5.15 ?.63 311 3.52
Expt 5.31 (2.49) 309 3.52

uhere a is the fine-structure conscanL, k indexes the nuc~ei and
ik inaexas the electrons on center k. The parameter Zk”r: is
adjusted to reproduce the relevant atomic spin-orl>it constants
:k. Also, only l-center terms are used to evaluate the above
l-electron operator. In all-electron applications Zk“ff can be
viewed as an eifectivr! nuclear char,qe. In ECP calculations, where
the valunce orbitals are nodel,’ss with zero amplitude at the nu-

eff ~HC & taken to be vervcleus, the resulting values of Zk
large (compared to the actual Z) CO match the experimental atomic
spin-orbit par,?meccrs and hence losI~ any physical significance.
~evurLilclcs5 the effective operatot- approach has pr(.vecl extremely
useful in accountinfi For the effecth of spin-orbit rouplinq for
walencc clcccrons in mulcculcs.

In Table 4 recent ctilculaLiors by Wadt4 compare the use of the
effectivu operator method in all-electrcn and valcncc-electron calc-

Tmblc 4. Silicon atom spin-orbit constants (in cm-[) calcul.ltrd
usin~ tlartrcc-Fnck wavefunctlnns (]ver Gaussi:in ba.;is gets
and an effect~.m nne-@lvcLrr)n nnc-renter spin-nrbit opera-
tor adjusted co rcproduc? the S1( ‘P) constant, n-valence
●lrctrcnl AE(FC) = all-electron with ls’”2s:2pi’ core Frozen
from SL( P). (Ref. 9)

— - - - --- - ----- .- --—— ----- --- --—---— - - ----- ---- - . .- ---- ---- - . _ - . --- _ _

AE( FC) w VF Expt

(llRRp)/[Ls4p: (~sf,p) (5s7p)

— - . . - - - - . . - --- -- - - - - - - - . - . - . - - - .. - - - . - . - - - - - - - - - - -- - - -—-. - . -. --- -_

Si [#7p2] 3P 14u.~ 14qm9 14FI.9 148.9

Si+[3&p’] 2P 19’)ofj 179.tll 179.!+ 191.3

si”+l#4p’] 2P 27.2 27.3 72.7 I,o .r]

.- - —- - - - -- . . ._.- . - - -- - - - - - - - .- - - . - . . . - - - - . - . . . - -- - . - . — . - - - . -_ ..-.-_ -
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ulations on the Si atom and its ions. The values of Zeff for the
HF orbitals and-pseudo-orbl tals, respectively, were chosen to match
the q~an~it $ Z~rL <r ‘3>3P to the S1 spin-orbit constant, c =
2/3 [3P; - POj. Since the calculations covered large changea in
the radial extent of the S1 3p orbital they provide an excellent
test of the method. The good agreement (within 20 ~rcent) between
all-electron, valence-electron and experimental results supports the
validity of the ~proach; in the next section the method is tested
in a molecular example.

(3) Breit-Pauli spin-orbit operator. The spin-orbit term in
the Breit-Pauli Hamiltonian is given by

~

v
c1 x ‘k

m.—
so 2 T

i,k Ukj,
!ki “ !1

x

:
+

()

L’lxp
● (~i+ 2s,)

i,j ~3 .1
ij

(17)

A riKorous application of this operator to molecular problems re-
quires multi-center integral evalllatlon of l-electron and 2-electrnn
operators and is applicable only to all-electron calculation to a
few molecular systems. Langhoffin has used the full Breit-PauLi
operator to calculate rare giis-oxy~en matrix elements and to compare
to the all-electron results usin~ che l-center, I-electron effective
spin-orbit operator discussed above. The results are shown In
Fig. 2 for the couplin~ matrix el.emcnts <31.- Vg-o lE~ and

J
<311 v~-ol H‘Z+> for ArO, KrO and XeO. Excellelt ag cement is ottained
bet ~en the rrslllts using the effective operator n.ld the Breit-Pauli

Hamilronian and enhance tile validity of the simpler approach

#
APPI.lCATII)NS

Relativistic Effects in Transl.rion Metal Atoms——--. . — - —— . . — -.— ... -. —.

A recent comprehensive study of relativistic effect~ in transi-
tiorl metal atnms and tong by M~rt~il and llayl’ revealed large effects
in cxcicittion and Ionization energies. The relativistic shifts for
exaltation encrgLc~ involvln~ the s2dn, g’dn+’ , and rin*z states nf
the Icutr,ll sper.~cs computod using Cownn--(lritfln RIIF wnve functLon.v
arc Shown in FII;. 3. TIIC slmultnneous stabilization nf H orbltnls

ad ~~stilblllz.?tl[>n of d urhitals arlsln~ from thn rul;ltLvlstic
terms In F!M! 11.nmiltnnliin hccome~ Lncrcnsinl:ly ;lpparcnL In the Lnrj:rr
rnl;~tiv[~til: slllLts ohsi~rvod iIS (Inc procerds from tlw fir~t throu~:h
rll[rd f“L”~l.iH~t[On scrt{’H. The i?ffr(Ls of rl?lativlty weru found to hu
~evvlnl eV in rllc Lh[d Iransitlon ~orl~!s illl(l sUrpriS~HH]y ~[~nif{-
Ca;l? (7S I ‘KLJ .IH [),6 12V) ior tllo flrgt tr;lnsittou HPrlOs
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. 2. Spin-orbit coupling ma-
trix elements between
e~e~tronic states of the
rare ga~ oxides computed
using tha full Breit-
Harnfltonian (solid) and
the l-electron, l-center
effcctivc spin-orbit
operator (circles) and
(crosses). ArO, KrO, and
XeO are shown in (a), (b)
and (c), respectively.

(c)

Relativistic EEfects in Chemical Bonds—..

The importance of ?elatl.vistic effects in chcrn{cal bonding of
moLecules has been ~tt~dicd using a variety of theo~;tica~ ~pproncheg

1’- rclarfvistic ECP,includlnfl l-center Dirac-Fock, and full
Dirac-Fock14 methods. Hay et al.’3 used [WCP’S to investigate the— ---
ground states of the Au}l ilnd AuCL mnlccules and to compare ulth the
results using nollrelativi.sti.c HCI?’S (Fifi. 4). With a properly rliti-
socfnti.n~; 2-cnnfiguratlon (Wli-1.) wnvefunctior! the predicted bond

lenfith from the KFX’Pc~L~liliitL[)[ls dlfferml by onLy fj.(31A from the
experimental. value (1.52A) a9 shown Ln ‘L%blc 5. By Inontrast the
nonrulattvLHtic ECP c,aLcuL:ltion I{avc a bond IcnKth over 0.3A too
long! A relativistic cent.rac.tion of 0.16A was nlsn nbservcd Ln tho
ionLc AuC1 spcci,cs (Tuhlc (i). one l,~tcrprl?tntlnn il~crlh[~n the
HhortunLnu uf the bond I.n Aull tu thu rel~rlvistlc contr:]ctLon of the
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TdbIu ‘,. !:prt-~rlwcnpii: Prnpt~rtii”’i I}i lull. (R~..-. 13)
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UF~ g - STATES WITH S-O COUPLING

UPPER ENERGY LEVELS
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SIWIARY

Starting with onc-component C-.wan-Criffin .-elativlsciu
Htirtree-Fock orbitals, which successfully incorporate the nms~-

velocity nnd Dawin terms prcscnc in mrc complicated wavefunctioris

such as llLrac-Hurtrcc-l%ck, onc can derive relativistic effective
COre potentials (~.c!”s) tO L~flrrV OUt MOlt?cU1.lr cn]~UlatiOnS. The s,:

potenci.lls implicitly includi: the dominant rclntivistlr tl?rm~ for
molecules while nllnwin~ onc to use the traditicnnl quantum chemica!
techniques for sturJylnE the !?lcctrr)nic Rtrllcturr of molrculcs. Th,~
effects of spin-orbit coupl[ng c.m thcri he Includud usinE orhIKnLs
frms such calculations usint! nn ( ‘fectivc l-,~lectron, l-ccntcr
spin-nrhlt npcrncor. Appl [,-nti.. ti) nnll~rl:l.lr syst~?ms Invnlvinl!
hcnvy ntoms, .lhuw good ;l~rctiment with nvailnhlc spcrtrnscoplr. rint,l

on m(~ll!rlllnr ~:cnmrtr[lms .ml ~’xrltntinn cn(~rqics.
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