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The spin-orbit splittings of low-lying states in third-row transition elements were calculated using both an
effective core potential (ECP) method within the one-electfgy) @pproximation and all-electron (AE) methods

using three different approaches. The wave functions were obtained using the multiconfiguration self consistent
field (MCSCF) method followed by second-order configuration interaction (SOCI) calculations. All calculated
results, except for the ones on atomic Ir, are in reasonable agreement with the corresponding experimental
observations. The unsatisfactory results for atomic Ir are attributed to the poor theoretical prediction of the
adiabatic energy gap between the lowest fikostates. This gap has an incorrect sign in AE calculations
without scalar relativistic corrections, but the gap can be reproduced qualitatively if these corrections are
added using the newly developed RESC (relativistic elimination of small components) scheme. As a result,
the AE calculations with the RESC approximation give sgnbit splittings similar to those obtained by the

ECP calculations with th&.s approximation.

Introduction heavy elements, a study of the bottom row hydrides TIH to AtH

eoredicted spirrorbit effects on potential curve shapes and
concluded these could be computed in a perturbative fashion
from high level L—S coupled wave function'é.Dirac—Fock—

Breit computations on Ufgave good agreement with experi-
ment for the 4d, 5d, and 4f levels.

g Not surprisingly, the recognition of the importance of spin
orbit coupling in chemistry has fueled continued work on
methodology for its computation. An overview of recent
algorithmic work will be given, but this should not be considered

f 10 be a comprehensive review.

The most fundamentally sound approach to suirbit
coupling is based on the Dira€oulomb equation for four
component spinors, which includes spiorbit operator implic-
itly. Molecular Dirac-Hartree-Fock programs have become
increasingly availablé? and recent efforts have extended four-
component calculations to MP2 coupled-clustet® and MC-
SCF7 correlation treatments. The Breit two-electron term can

Recent years have brought an increasing awareness of th
importance of including spinorbit coupling effects for accurate
comparison with experimental results. For example, atomic
spin—orbit splittings are included in G3 thermochemical predic-
tions! Although spin-orbit coupling is numerically larger for
heavy elements than for light ones, its effects can be measure
in all parts of the periodic table, as may be seen from a few
recent applications. For light elements, sporbit effects can
be observed in organic photochemistrand spir-orbit and
even spir-spin couplings have been included in prediction o
the methylene and silylene singtdtiplet splittings® Vibra-
tionally averaged spinorbit couplings in CO and Q" agreed
with high-resolution spectra from a synchotron radiation sotirce.
A recent paper on HO€land earlier work on ozone indicates
triplet state photochemistry is important in the stratospheric
ozone problem. For intermediate weight main group elements,
spin—orbit effects have recently been considered in the predis- _ : ) A
sociation lifetime of the BS—, state of S in the radiative be aglded as a_p(_artu_rbatlon or possibly included in the self-
lifetimes of low lying states of AsH,and in photochemical ~ consistency optimizatiot _ o
branching ratios in IC.It is well-known that spir-orbit effects However, the considerable investment in single component
are large in the third row transition elemeftbpt these can qu.antum.chemystry packages .has emourageq treatment of the
play a major role in the reactivity patterns afy transition spin—orbit coupling via the BreitPauli H_amlltoman, resulting
metal. The counterintuitive experimental observation that the from a Foldy-Wouthuysen transformation. The most frequent
reaction efficiency of6S+ FeOr with H, decreases with approach |_sasprﬁorb|t conflgu_ratlon interaction (CJI? using
increasing kinetic energy of collision has been explained as this €ither configurations or £S Cl eigenstates as the basis, forming
reaction occurring via a spirorbit induced transition onto a  Matrix elements over the BreiPauli operator and diagonalizing
quartet surfac& A study of methane activation by all neutral t0 obtain spir-orbit coupled wave functions. An alternative
metal atoms indicated only Pt was reactive, because of a lowOPerator can be obtained from the Dougt&Soll no pair

energy crossing of different spin surfadéssinally, for very transformatio@.or by other transformations of the Dirac
Coulomb equatiod! Early on, the difficulty of calculating the

*To whom correspondence should be addressed. E-mail: shiro@chem.mie-two electron term in the BreitPauli operator led to the idea of

U-EITC-J'p- o excluding it and compensating for the error by regarding the
*:\gﬁaugtzgstl%iversiw nuclear charge in the one electron term as an effective
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space has been developed, to permit comparison of the full 2| electronnucleusz( A) electron 1
Breit—Pauli operator with this effective charge operator. This  Hgo=— z Z —L\S - Z —Ly(§ +29)
program also includes an option for the partial computation of 21 4 ri‘} 3

the two electron term, by computing only core-active terms,

omitting active-active matrix elements. Other workers have also i, which o is the fine structure constarit, and S are orbital
experimented with mean field or one center approximations to 4 spin angular momentum operators, respectively, and the
the two electron term~2" An alternative operator consisting e nuclear charg&(A) is in its one-electron term. Alterna-

of only a one electron term can be obtained from the difference tively, if only the one-electron operator is employ@nay be
of effective core potentials for different spinors, obtained from replaced byZes as discussed above:

atomic calculations with the DiragCoulomb equatiof¥ or the
Wood-Boring Hamiltoniar® Recently a gradient program has
been developed for this kind of operatbto permit geometry

T Tia

o2 etectronnucieusZ(A)

R ; . . : o - Hoo~ — —L
optimization with spir-orbit effects. The spirorbit interaction SO, | Z (3 A
has been successfully incorporated into the self-consistent field A

optimization at the single configuration level for atofs.
We have determined the effective nuclear charggg) (for
all elements from Li-Xe 2% For each main group eleme
was determined in order to reproduce the splittings of energeti- >~ ; o
cally low-lying spectral terms of its hydric82bdThe Zy for bg |qcorp0rated using the recently develqped RESC (relativistic
transition metals were chosen to optimize the agreement betweerfiMination of small components) formalisth.
the calculated splittings and those obtained from atomic spectral For the ECP calculations, the SBKJC potentials and basis
terms23e The Zeg results for main-group diatomic molecules are  Set§® are employed, augmented with a set of f polarization
in good agreement with available spectral data, with errors on function§” using only theZe« operator. The valence Gaussian
the order of 30% or less. On the other hand, for transition functions, corresponding to 5d, 6s, and 6p orbitals, are uncon-
elements, especially those in the third transition row, Ze tracted, (7s7p5d1f)/[4s4p5d1f], so that this basis set is referred
method is more prob|emat?é.e|n |arge part’ this is due to the to as USBKJC(f) For the all-electron (AE) CalCU'ationS, within
complications arising from the large number of closely spaced €ither the one-electron approximation or with the full BP
|OW_|ying states and Strong Spﬂorbn interactions among Hamiltonian, the MINI basis Sé‘?, augmented with three sets
electronic states with the samkvalues. Thus, it is often of p functions as 6p orbitaf¥ has been chosen. The valence
necessary to include a large number of low-lying excited states Orbitals corresponding to 5d and 6s orbitals are also uncon-
in the wave function in order to obtain reasonable results. Similar tracted, leading to a (18s15p9d3f)/[8s7p5d1f] basis set, referred
behavior has been observed in recent work on lanthanid&ions to as uMINI(3p).
where it was found to be necessary to include interactions with  The MCSCF active space includes the 5d, 6s, and 6p orbitals
all states that are close in energy to the lowest state in the-spin in both the ECP and AE calculatiof$The MCSCF orbitals
orbit Hamiltonian. were optimized for a state of interest, with a nonzero orbital
For the heavier elements, we have been using the SBKJCangular momentum guantum number. These orbitals were then
effective core potentials (ECPs) and basis $®ne immediate employed to construct second-order configuration interaction
advantage of using such a relativistic ECP is that the valence (SOCI) wave functior§ and spir-orbit coupling CI matrices.
orbitals are already adjusted for spin-free relativistic orbital The spin-orbit CI matrix includes the state for which the
contractions and expansions. However, a disadvantage in usingdCSCF orbitals were optimized, as well as other energetically
ECP basis sets is that they are generally nodeless. So, althoughow-lying excited states with both the same and different spin
the 3d SBKJC orbitals are qualitatively similar to correct 3d Mmultiplicities. Typically, all adiabatic states within 0:D.3
atomic orbitals, because these orbitals have no inner nodes, théartreé? of the ground state were included in the spotbit
4d and 5d SBKJC orbitals are nodeless, even though they shouldcoupling matrices. The states used are shown in Table 1. The
have inner nodes. ConsequentB; is smaller than the true  Spin—orbit matrix elements were computed using the various
nuclear charge for the first-row transition elements, whereas theapproximations described above. All calculations reported here
incorrect nodal behavior for the second- and third-row transition were carried out using the GAMESS suite of program cddes.
elements results in rather larg&: in order to reproduce the
experimental atomic splitting¥. Thus, Ze loses its physical Results and Discussion
meaning and becomes simply a fitted empirical parameter.
In the previous stud§3¢ reasonable agreement with the
experiment was reported for MCSCF-based sqirbit splittings

For all electron calculations, the very important contraction of
s and p orbitals and expansion of d and f orbffal®cause of
spin-free relativistic effects (masselocity and Darwin) can

1. Z¢s Results Obtained Using the ECP MethodTable 2
summarizes the spirorbit splittings of low-lying states in the
in low-lying electronic states for first- and second-row transition third-row transition .elerér;ents. Th&y values determined using
elements, whereas serious disagreement was observed for th¥/CSCF wave functiorS®have been used to predict spiarbit
third-row transition elements. The present study has beenSPlittings atthe SOCI level of theory. These predicted splittings
conducted in order to determine the origin of these errors, using &€ IN better agreement with the experimental observations (error
larger basis sets and SOCI wave functions including more ~30%) in La, Hf, Ta, W, Re, Pt, and Au than in the previous

external orbitals, and by comparing predictions from the Z _MCSC;F work. In particular, excellent improvement is observed
and full-BP methods for the third-row transition elements. in the *D, sublevel (114 0.8%) of Pt because of the use of

a better wave function. As reported previou&ly’e strong spin-
orbit interaction occurs between the lowéBt and 3D states.
The present results show that the lowdst 2 sublevel has

In the case of all-electron calculations, one may choose to 51% D character and 47%D character at the MCSCF level
use the full Breit-Pauli (full BP) Hamiltonian for spirorbit of theory. Dynamic correlation increases the contributiofpf
coupling to 58%. Thus, it appears that SOCI calculations are needed to

Methods of Calculation
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TABLE 1: Numbers of Configuration State Functions in SOCI Calculations and Spin States Included in SOC Matrices

atom method mul® CSF§ HSO! state§ atom metho#dl mult® CSF$ HSO state8
La ECP 2 11 992 352 S, 3P, 5D, 3F, 2G Os ECP 1 327 048 459 S,D, F, 2G, |
4 5737 3P, D, 4F, G 3 560 940 2P, D, 2F, 2G, 2H
Hf ECP 1 43088 467 2S,P,3D,F, G 5 587 604 2P, 2D, F
3 60771 S, 3P, 3D, 4F, 2G, H 7 61 644 P,D,F
5 18 106 S, P, 2D, 2F, G AE 1 267 542 259 D, G
AE 1 17 215 454 S, 3D, F, 2G 3 458 150 2P, D, 2F,G,H
3 23931 S, 3P, 3D, 4F, 2G 5 239514 P,D, F
5 6986 S, 2P, 2D, 2F, G 7 50 160 D
RESC 1 17 215 393 2S,P, 3D, 2F, G RESC 1 267 542 532 S,P,D,F 2G, |
3 23931 S, 3P, 3D, 3F, G 3 458 150 3P, 2D, 2F, 2G, 2H
5 6986 S, P, 2D, 2F, G 5 239514 S, P, 2D, 2F
Ta ECP 2 285 940 714 , 2P, 4D, 3F, 2G, H 7 50 160 2P,D, F
4 202 664 S, 3P, 4D, 3F, 3G, H Ir ECP 2 979720 886 2S, 3P, 6D, 5F, 4G, H
6 40716 P,3D,F, G 4 860 280 S, 4P, 4D, 5F, 2G, H
AE 2 55774 292 P,D,G,H 6 151 890 S, P, 3D, 2F, G
4 77 640 P, 2D, F AE 2 430 500 266 2P, 3D, F, 2G,H
6 15 362 2D, F, G 4 376 324 2P, 2F
RESC 2 55774 534 S, 2P, 3D, 3F, 2G, H 6 132 654 D, F
4 77 640 S, 2P, 3D, 2F, 2G RESC 2 430 500 280 2P, 3D, 2F, 2G, H
6 15 362 P,2D,F, G 4 376 324 2P, 2F
w ECP 1 207 964 557 S,D,F, G, 6 132 654 D, F
3 671782 2P, 2D, 2F, G, H Pt ECP 1 783 696 560 2S, P, 4D, 2F, 2G
5 301 186 S, 2P, 4D, F, 2G 3 1382920 3P, 5D, 4F, G
7 31625 S,P,DF 5 771 040 S, P, 3D, 3F, 2G
AE 1 112 206 531 S, G, AE 1 595972 550 S, 2P, 6D, 3F, 2G
3 179 596 2P, 2D, F, 2G, H, | 3 1048 788 6P, 7D, 5F, G, H
5 160 336 S, 3P, 2D, F, 5 291 145 S,P,2D,F,G
7 16 628 S,2P,D, F RESC 1 595 972 453 2S, P, 4D, 2F, 2G
RESC 1 112 206 432 S,D,F, G, I 3 1048 788 3P, 5D, 4F, G, H
3 179 596 P,2D,F, H,G 5 291 145 S,P,2D,F, G
5 160 336 S,2P,2D,F, G Au ECP 2 765 840 400 2S,4P, 7D, 4F, G, H
7 16 628 S,P,DF 4 682 705 2P, 4D, 2F, G
Re ECP 2 268 572 386 S,D,2F, G,H, I AE 2 521768 372 3S, 7P, 8D, 4F
4 219 184 2P,2D,F,G,H 4 461 880 2P, 4D, 3F
6 132720 S, P, 2D RESC 2 521768 494 3S, 6P, 7D, 6F, 2G, H
8 3211 P 4 461 880 S, 3P, 4D, 3F, G
AE 2 220 200 296 P,D,F,H Hg ECP 1 417 400 652 5S, 8P, 8D, 4F, G
4 179 336 2P, 2D, F, 2G,H 3 732 650 3S, 11P, 9D, 6F, G
6 54 120 S,D 5 405 275 2P, 2D, 2F
RESC 2 220 200 224 D,FG,I AE 1 283 876 282 5S,5P,3D, F
4 179 336 P, D, F, 3 495 758 2S, 8P, 3D, 2F
6 54120 S, D 5 135990 P,D, F
8 7830 P RESC 1 283 876 296 3S,3P,2D,F, G
3 495 758 S, 5P, 3D, 3F, G
5 135990 P,D,F

2 ECP = MCSCF+ SOCI/uSBKJC(f), AE= MCSCF+ SOCI/uMINI(3p), and RESG= MCSCF(RESCH SOCI/uMINI(3p). The MCSCF
orbitals were optimized for the state shown in Tablé Qpin multiplicity. ¢ Total number of configuration state functions (CSFs) for each multiplicity.
d Size of spir-orbit interaction matricest Space symmetries of states included for each multimplicity. 2S means two states of S symmetry, etc.

obtain reliable splittings in such states. Additionally, the lowest  Disagreement is more severe in tiestate of Ir. The large
J = 2 sublevel should be assigned, rather tharfD,. discrepancy is caused by a strong interaction between the lowest
Unfortunately, a large discrepancy still exists between the two “F states (denoted by and 2F). The main configurations
predicted and observed splittings in Os, even after the inclusionof 14F and 2F states are (58)6sy and (5d§(6s), respectively.
of dynamic correlation. Because the numerical error inthe It is well-known that the lowest twéF states are very close to
sublevel of Os is reduced to about half (90 46%) by the each other in energy and that the nonrelativistic Hartfesck
addition of dynamic correlation, it is possible that better results method cannot predict the correct energetic order of these
would be obtained for this state if improved basis sets are states'® Because the core potentials implicitly include spin-free
employed or more external orbitals were to be included in the relativistic effects, the energy difference (0.47 eV) obtained by
SOCI recovery of dynamic correlation. the ECP method?before the inclusion of spirorbit coupling
Note that a very large value & (9040) has been used for IS in good agreement with the experimental estimation (0.4 eV)
the 3P state of Hg because the 5d orbitals are completely filled given by Moorex®® Although DHF calculations have been
in the main configuration of this state. As a result, the reported for Ir's ground leveét;~>>we have been unable to find
contribution of electron configurations which have unfilled 5d any prior attempt to compute its excited levels, other than our
orbitals seems to be overestimated by usingdfeapproxima- own earlier work23 To obtain more reliable results, state-
tion. Because théPy—3P; energy gap is underestimated and averaged MCSCF calculations have been performed with equal
that of 3P,—3P, is overestimated, it might be difficult to solve ~ Weights for the 1F and 2F states.
this problem using only one parameter. As discussed below, As shown in Table 2, the SOCI results of atomic Ir using the
the Zs# method may not be applicable to Group 12 atoms (see state-averaged MCSCF orbitals are still not satisfactory. The
also ref 23e). lowestJ = 9/, and’/, sublevels (denoted by*Hg, and ¥z in
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TABLE 2: Spin —Orbit Splitting of Low-lying States in the Third-Row Transition Elements

atom state expt ECP err (%) AE (1¥ err (%) AE (2§ err (%) AE (3¥ err(%)
La Dgpp 0.00 0
Ds, 1053.20 1116 5.9
Hf °F, 0.00 0 0 0 0
3F3 2356.68 2716 15.3 2238 —5.0 2604 10.5 2232 —5.3
3k, 4567.64 5284 15.7 4549 -0.4 5220 14.3 4504 -14
Ta “Far 0.00 0 0 0 0
“Fs12 2010.10 2199 9.4 1704 —15.2 1920 —4.5 1679 —16.5
Fir 3963.92 4411 11.3 3660 7.7 4082 3.0 3563 —10.1
“For 5621.04 6369 13.3 5477 —2.6 6012 7.0 5396 —4.0
w Do 0.00 0 0 0 0
D, 1670.30 1440 —13.8 1181 —29.3 1328 —20.5 1073 —35.8
D, 3325.53 3131 -5.8 2715 —18.3 3002 —9.7 2459 —26.1
5Ds 4830.00 3728 —22.8 4252 —12.0 4631 -4.1 3888 -19.5
D, 6219.33 6330 1.8 5711 —8.2 6142 -1.2 5344 -14.1
Re 6Dg/z 0.00 0 0 0 0
D71z 2462.34 2027 -17.7 2300 —6.6 2371 —3.7 2031 -17.5
®Dsy2 4015.90 3473 —13.5 3510 —12.6 3604 -10.3 3518 -12.4
D3z 4572.99 4149 -9.3 4341 -51 4458 -25 4428 -3.2
D1 5483.78 4963 -95 4908 —10.5 5048 -7.9 5672 3.4
Os D, 0.00 0 0 0 0
D3 4159.32 3755 —-9.7 3132 —24.7 3124 —24.9 3269 —214
5D, 2740.49 3996 45.8 2829 3.2 2841 3.7 3619 32.0
D, 5766.14 6024 4.5 5934 2.9 5915 2.6 5174 —-10.3
Do 6092.79 6706 10.1 6595 8.3 6575 7.9 5633 —7.5
Ird 14F9/2 0.00 0 0 0 0
17, 6323.91 6564 3.8 2868 —54.7 2831 —55.2 5664 -10.4
1%Fsp2 5784.62 7810 35.0 6495 12.3 6414 10.9 7541 30.4
1%F3p 4078.94 6918 69.6 7316 79.3 7229 77.2 7022 72.2
2*Farz 2834.98 5447 92.1 10483 269.8 10578 273.1 5795 104.4
2°Fp 7106.61 9156 28.8 9142 28.6 8887 25.1 9212 29.6
2%Fsp 9877.54 12258 241 9033 —8.6 8786 -11.1 12075 222
2°F30 11831.09 11989 1.3 14007 18.4 17968 51.9 11114 -6.1
2Py, 10578.68 14064 32.9 17919 69.4 13727 29.8 13691 29.4
2Py, 12505.68 15464 23.7 18953 51.6 20670 65.3 14920 19.3
Pt D3 0.00 0 0 0 0
D, 775.90 782 0.8 1407 81.4 1394 79.7 1207 55.5
Dy 10132.00 10010 -1.2 10175 0.4 9484 —6.4 8461 —16.5
Au 2Dsy, 0.00 0 0 0 0
Dgpp 12274.00 12032 -2.0 12658 31 11448 —6.7 10281 —16.2
Hg 3Py 0.00 0 0 0 0
3P, 1767.22 703 —60.2 1743 -1.4 1076 —39.1 837 —52.7
3P, 6397.90 8961 40.1 6189 -3.3 3558 —44.4 2723 —57.4
Avg. 20.3 26.7 28.6 23.8

aReference 508 ECP= MCSCF+ SOCI/uSBKJC(f) using effective nuclear charg&sq). Zew(La) = 803.70,Zex(Hf) = 1025.28,Z«(Ta) =
1049.74,Z.«(W) = 1074.48,Zer(Re) = 1099.50,Zex(0s) = 1124.80,Zen(Ir) = 1150.38,Zen(Pt) = 1176.24,Ze(Au) = 1202.38, andZer(Hg) =
9040.00. The equation fifess is Zet = Z(A)fn, wheref, = 13.96+ 0.14n (n = 2 ~ 9) andZ(A) is the true nuclear charge of A atofmAE =

MCSCF+ SOCI/uMINI(3p) method, where the most outer functions corresponding to 5d and 6s orbitals were completely uncontracted and three

sets of p functions were added as 6p orbitals. AE{Ihe Z« approximation was used;«(Hf) = 50.40,Ze(Ta) = 53.29,Zcx(W) = 56.24,Z.(Re)
= 59.25,Z:(0s) = 62.32,Ze(Ir) = 65.45,Zen(Pt) = 68.64,Zci(Au) = 71.89, andZe(Hg) = 132.80. The equation fdes is Zet = Z(A)fn, Where
fr=0.64+ 0.0 (n= 2 ~ 9) andZ(A) is the true nuclear charge of A atom. AEE€)full BP Hamiltonian was used, instead of thg approximation.

AE(3) = MCSCEF orbitals were optimized within the RESC approximation, and-spihit splittings were estimated using full BP Hamiltonian.
d State-averaged MCSCEF calculation was carried out fBraind 2F states with equal weights.

Table 2) have ¥ (i.e., (5dj(6sf) character of 88% and 94%, for Ir are mainly due to inadequate estimation of the adiabatic
respectively, and the energy gap (6564 &rbetween these  gap between“F and 2F and their perturbation by a nearty
states is in good agreement with the corresponding experimentafterm.

value (6323.91 cmi). However, the lowestl = %, and %/, 2. Ze Results Obtained Using the AE MethodTo examine
sublevels (denoted's; and ¥F3, in Table 2) strongly interact  the reliability of theZet approach, the same calculations have
with higher states and have smallefFlcontribution. In ~ been performed using the uMINI(3p) all-electron basis set
particular, thel = 3, sublevel has 459%P character and only ~ described above. The effective nuclear charges were
13% T character. The next lowest= %, sublevel has 50% | “ARC i PR U 0 0 e R BRSO ermentl
1%F character, but its energy is about 5000¢érigher. On the .

other hand, the sublevels gr;llzsigned‘tlé Rave relgtively strong observations, except for Ir and Pt. Though the error foPe

P > state in Pt is 81%, the numerical difference is only 631 &m
2°F (i.e., (5dj6(s)) character, and the calculated splittings of |, the ECP calculation, thiD, state has 58%D and 42%°D

these sublevels are in good agreement with the experimentalcharacter, but the corresponding state in the AE calculation has
ones; the numerical errors are 13%, 3%, and 27% for the energyless singlet character (48%). Because the RESC scheme makes
gaps of 2Fe,—2%F7p2, 2*Fei—2%Fs)2, and 2Fe—2%F3p, respec-  singlet character stronger in this state as described below, it
tively. Thus, it appears that the rather large numerical errors can be said that the AE method underestimates the interaction
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TABLE 3: Spin —Orbit Splittings of 14F and 2*F States in Atomic Ir

state expt ECP err(%) AEQF err(%) AE@Y err(%) WIBS err (%) WTBS+RESC err (%)
1%Fgp 0.00 0 0 0 0 0

14F7p, 6323.91 6564 3.8 2831 -55.2 5664 —10.4 3096 —51.0 3526 —44.2
14Fs), 5784.62 7810 35.0 6414 10.9 7541 30.4 5338 —7.7 5436 —6.0
1%F3p 4078.94 6918 69.6 7229 77.2 7022 72.2 7637 87.2 5177 26.9
2*Fon 2834.98 5447 92.1 10578 273.1 5795 104.4 12 823 352.3 2251 -—20.6
2°F2 7106.61 9156 28.8 8887 25.1 9212 29.6 9993 40.6 7606 7.0
2%Fs)p 9877.54 12 258 24.1 8786 —11.1 12 075 22.2 8742 —11.5 8387 —-151
2°Fa2 11 831.09 11989 1.3 17 968 51.9 11114 -6.1 14738 24.6 104 42 —-11.7

2 Reference 508 MCSCF+ SOCI/uSBKJC(f,p) results.MCSCF+ SOCI/uMINI(3p) results! MCSCF(RESCH SOCI/uMINI(3p) results.
¢ MCSCF+ SOCI/WTBS(3p) results, where 5d and 6s orbitals of WTBS basis set (ref 57) are split into three sets and three sets of p functions are
added as 6p orbital (exponents are the same as those for uMINI{83)SCF(RESCH SOCI/WTBS results, where the outermost sets of s, p,
and d functions were split into three sets and the set of f functions were split into two sets.

between the lowestD andS3D adiabatic states and/or overes- that the basis set has been optimized only for {&d). If they
timates the energy gap between the adiabatic states. are optimized simultaneously for both (5@sy and (5d§(6s),

The calculated splittings in Re and Os are improved in better results can be provided even by the ECP method.
comparison with th&e results, even though the lowest state 5. Further Investigation on the Spin—Orbit Splittings in
is 5F, instead ofD, in Os. Results for théF state of Os are not  Atomic Ir. Itis clear from the above that Ir represents a severe
shown in Table 2, because the MCSCF orbitals have not beentest of the ability to compute spirorbit levels well. Itis clearly
optimized for this state and Mod®8 suggestsSF is the first critical to include spin-free relativistic corrections, through either
excited state. Serious errors remain for Ir, because the lowesta relativistic ECP or the RESC correction to AE calculations,
4F state is calculated to have (8@s) as the main configuration  to obtain a satisfactory splitting between the {885y and (5d§-
in the AE calculations. This is inconsistent with the experimental (6s) “F terms. In addition, it is important to describe well other
observatiorf®@ Thus, these results as well as those in the next low-lying states, including at least t/#® state that makes the
subsection suggest it is necessary to incorporate spin-freelargest contribution to the level Moore assigns %%
relativistic effects in all-electron MCSCF calculations. Unfortunately, multireference MglleiPlesset perturbation cal-

3. Full Breit—Pauli (BP) Results Obtained Using the AE  culations (MRMP2)° prove a larger energy gap between the
Method. Full BP calculations were performed on the third-row two “F terms in both cases that the SBKJIC(f,p) and MMI
transition elements (Table 2). The calculated results are verybasis sets are used. Accordingly, better agreement would not
similar to those obtained using the AEj method. It is be expected even using MRMP2 wave functions. Then, the Ir
disappointing that no improvement is observed for Ir or Pt and calculations in Table 2 may justly be criticized as having too
that the spir-orbit splittings are underestimated by more than Small an atomic basis to be able to correctly account for these
30% for Hg. The splittings of théP states in Hg are rather 'Mportant term energies.
smaller than those obtained by thg approach and then those ~ Thus, as a probe of basis set effects, we have done an
observed experimentally. additional calculation using the WTBS ba8isBecause this is

4. Full BP Results Including Spin-Free Relativistic Cor- ~ Presented as a general contraction to a minimal basis set,
rections. As noted above, serious disagreement between theory2dditional flexibility is gained by detaching as individual
and experiment is found for thiF states of Ir when the AE ~ Gaussians the outer 2s, 2p, and 5d primitives and adding
basis set is used, because the order of adiabatig ktates is ~ additional diffuse s and p primitives with exponent 0.016 388.
not well described without spin-free relativistic corrections. This N additional ffunction was included. The SOCI includes nine
prompted the use of the RESC approximation in the all-electron 10W-I¥ing orbitals (one s, p, and d virtual level only). Table 3
orbital optimization. The RESC implementation in GAMESS ~Shows that the results including RESC are quite encouraging.
is presently limited to spin-free (scalar) one-electron corrections [N Particular, the %o, level at 2834.98 cm, which is the
and both one and two electron spin-dependent corrections{(spin Seécond level overall, is computed at 2251 ¢nsompared to
orbit couplings). The inclusion of scalar relativistic effects by 283498 ¢, @ marked improvement over the results in Table
means of the RESC improves the energetic order of the low- 2- In addition, the irregular ordering offia, and tFs; at 4079
lying adiabatic states, so that an improved description of the &1d 5785 cm” is more nearly quantitative than the ECP orAE
spin-orbit mixing is obtained after diagonalization of the esults in Table 2. However, the irregular order of tt€7h

Hamiltonian in which the off-diagonal spirorbit perturbations ~ |€vel at 6323.91 cmt is not well reproduced in Table 3, which
have been added to these-§ energies. finds this to be the third rather than fifth overall level. Table 3

hints that it may be possible to obtain good spambit levels,
using RESC and the BP operator, with appropriate basis sets
and the inclusion of sufficient dynamic correlation.

A nonrelativistic MCSCF calculation givé§ as the ground
state of Os, but inclusion of the RESC correctly predict®a
ground state. The spirorbit splittings of the’D state are very
similar to those obtained by the ECP method: e substate
is higher in energy thaPD3 but the error is about 30% (Table
2). In atomic Ir, the relativistic corrections reverse the order of  The spin-orbit splittings of low-lying states in the third-row
(5d¥(6s) and (5dj(6sy, so that the ground configuration is transition elements were predicted using four methods: (i)
correctly predicted to be (5psy, because of strong relativistic ~ MCSCF 4+ SOCI/uSBKJC(f) within a one-electron 4 ap-
stabilization of the 6s orbital. The spitorbit splittings of the proximation, (i) MCSCF+ SOCI/uMINI(3p) with Z¢ ap-
two F states are in better agreement with the experimental onesproximation, (i) MCSCF + SOCI/uMINPP with full BP
than either the AR or full BP method and have errors similar  Hamiltonian, and (iv) MCSCF- SOCI/uMINEP with full BP
to those obtained by the ECP method (Table 2). The source of Hamiltonian and the RESC approximation. It is found that both
error could be caused by an inadequate basis set or by the facthe first and fourth methods lead to acceptable predictions of

Summary
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spin—orbit splittings, except for the case of atomic Ir. The latter Visschlzr, L.J. Comput. Chdedmlgr?7a 18, r?017(3?18- (d) Visscher, L;
; i nevoldsen, T.; Saue, T.; Oddershedd, Lhem. Physl998 109, 9677+
may be caused by the use. of inadequate basis sets and by th5684. (e) Ishikawa, Y.; Nakajima, T.; Hada, M.; Nakatsuji,Ghem. Phys.
need for a larger Cl expansion. Thus, we conclude that for most | o1 1995 283 119-124.
atoms one can predict ground-state snbit splittings within (19) (a) Havriliak, S. J.; Yarkony, D. R. Chem. Phys1985 83, 1168~
roughly 30% relative error by using the simple and inexpensive 1122- g)) Ylgrk’ang g-hRJ- CFtlﬁm- 'Ehtyn%%%ﬁz%‘i 220874552253378(- (};)Ssatﬂﬁ'
- : - . S.; Gould, M. D.Chem. Phys. Le . jovall,
scheme of the effective charge approach combined Wlth the ECPKA_; Gropen, O.: Olsen, JTheor. Chem. Accl997, 97, 301-312. (e)
method. It is very helpful to be able to perform higher-level mitrushenkov, A. O.; Palmieri, PMol. Phys.1997 92, 511-522. (f)
calculations to discover the reasons for the failure of this simple Yabushita, S.; Zhang, Z.; Pitzer, R. M.Phys. Chem. A999 103 5791~

approach observed in the cases of Re, Os, and Ir. In atomic ReE?%(?j'(Egh’\gfr']‘.'ass&g()ggt?lsfgéﬁgggezr'”i(rr‘g'TAi‘I-?Sg\r’]erJ”'e[i -HE-rJrf;leKPc\)/\(/v.les'

and Os, the Splittings imprOVEd greatly when the full BP C.; Pitzer, R. M.Comput. Phys. Commu@00Q 128 128-138.

approach was used. Even though a satisfactory reproduction of (20) (a) Hess, B. APhys. Re. A 1986 32, 3742-3748. (b) Samzow,
Ir spin—orbit levels has not yet been obtained, the RESC results E;S';'GES’AB- JAéﬁ:eer:n'(g Prgﬁé;e%r?ﬁgi 919824’9%9533?-1 gc?’)ls?é‘;zé}g"\}aﬁ?l-?
are entirely similar to the ECP results, and it can be concluded M.. Fagerli, H.. Gropen, O.: Almlof, J.: Saue, T.. Olsen, J.: Helgaked, T.

that the ECP method is reliable and has an advantage in termschem. Phys1997, 107, 5496-5501. (e) Sjovall, M.; Fagerli, H.; Gropen,

of computational effort.
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