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The ab initio model potential method: Third-series transition metal
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In this paper we present nonrelativistic and relativistic @renitio model potential§AIMPs) and
valence basis sets for La and the third-series transition metal elements. The relativistic AIMPs are
derived from atomic Cowan-Griffin calculations; they are made of a spin-free part and a
one-electron spin-orbit operator according to Wood and Boring. The core potentials correspond to
the 62-electron corgCd,4f]. The valence basis sets are optimized and spin-orbit corrected. We
present monitoring spin-free calculations on the atoms, singly ionized ions and monohydrides of the
ten elements, which show a good performance overall. A spin-free-state-shifted
spin-orbit-configuration interaction calculation on Pt, which uses empirical spin-free data and which
is expected to be essentially free from spin-free deficiencies, points out that the quality of the
spin-orbit operators is very good. @999 American Institute of Physics.

[S0021-960609)30301-9

I. INTRODUCTION tored for the main-group elemenrits***>and for the first-

Effect tentialEC thod el series and second-series transition metal elentéht<d’but
ective core potentia(ECP methods are widely ac- they are not available for the third-series transition metal

cepted as efficient tools for rgducmg the. pomputathnal de'elements,. Along a parallel line, spin-free relativistic AIMPs
mands of molecular and solid sta&b initio calculations

\ : : aimed to be used with the no-pair Douglas—K¥oHamil-
without damaging the quality of the calculated valence, . . .
. 19 . - tonian (NP-AIMP) have been produced for the third-series
properties:> ECP methods are especially indicated for the . .
L . transition metal elements by Wittborn and Wahlgteras
heavy elements of the Periodic Table, since they have a lar

e o
number of core electrons which can be safely frozen and, i%{vlte” atsh for I.Tﬁ traf[.nS{tlor(; m(TtaI elebme_nts f:omb S(&ti Hgt’
addition, they demand the consideration of relativistic ef-21t0geer with optimized valénce basis Sets, by Rakowitz

20
fects, which can be handled with economy and precision b)?t al. . )
means of ECP methodsin particular, several sets of ECPs  'he ability of the spin-free CG-AIMPs to represent
exist for the third-series transition metal elements. Some ofenuine relativistic effects in a consistent manner down to a
them are ultimately based upon the Phillips—Kleinmand"oup of the Periodic Table was shown in Ref. 15. An ex-

equatiodt and rely on the pseudo-orbital transformation that!€nsion of the CG-AIMP ”?etr,‘Od_ to include spin-orbit effects
produces nodeless valence pseudo-orbitals: this is the case@fcording to Wood—Boring's idedls was proposed and

the pseudopotentialproduced by Bachelett al,> Hay and imp|emented(WB-A|MP?,ZZ’ZE’ and the corresponding spin-
Wadt®’ Rosset al. and Andraeet al® Some others are Orbit operators and spin-orbit-corrected valence basis sets

based on the Huzinaga—Cantu equafi@nd lead to valence Were produced for the main-group elements as well as for the
orbitals with the same nodal structure as the all-electron orfirst- and second-series transition metal elem&ht$Also, a

bitals; this is the case of theodel potentialproduced by Simple and efficient spin-free-state-shifting technidsfss
Sakaiet al1! was proposed to be used in spin-orbit-configuration interac-
Also based on the Huzinaga—Cantu equationaiéni-  tion (CI) calculations in a basis of double-group symmetry
tio model potential (AIMP)*? method resulted from the adapted functions, as a practical means to decouple electron
implementation of two ideas which contrast with the basicscorrelation and spin-orbit interactions, while including a sig-
of all the other ECP methodsi) the core model potentials nificant amount of spin-orbit polarizatidi.The use of the
are obtained directly from the frozen core orbitals, withoutsfss technique with empirical spin-free spectra allows us to
resorting to parametrization procedures based on the valengerform spin-orbit-Cl calculations, essentially free of defi-
orbitals, and(ii) the components of the core model potentialsciencies in the treatment of correlation, which are ideal for
must mimic the operators that they substitute as much asionitoring the quality of spin-orbit operators; sfss-spin-
possible, while reducing the computing time. Accordingly, orbit-Cl calculations on If pointed out the very good qual-
nonrelativistic AIMPs(NR-AIMP) and spin-free relativistic ity of the WB-AIMP spin-orbit operator&®
AIMPs derived from atomic Cowan—Griffth calculations In this work, we produced the ingredients of nonrelativ-
(CG—AIMP) have been produced and successfully moni4istic NR-AIMP and of relativistic spin-free CG-AIMP and
spin-orbit WB-AIMP calculations for La and the third-series
dAuthor to whom correspondence should be addressed. Electronic maiF.fanSitiOﬂ metal elements: core model potentials, spin-orbit-
luis.seijo@uam.es corrected valence basis sets, and spin-orbit operators. We
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monitored their performance in spin-free calculations on thecalculatiort® is performed on a given state of atdrfusually
atoms, singly ionized ions, and monohydrides of the ten elthe ground state, see Table. IFrom this calculation, several
ements and in a spin-free-state-shifted spin-orbit CI calculaatomic orbitals are arbitrarily chosen to be ttwre orbitals;

tion on the even spectrum of Pt. The overall quality of thethey are represented by analytical Gaussian expansions

results is good. which are obtained by a maximum overlap criterflim
(P15~ Pss, Pop—Dap, P3a— Paq, and gy for the third-series

Il. METHOD: MODEL POTENTIALS AND VALENCE transition metal elements in this paper, which we will call in

BASIS SETS short [Cd,4f]), and they and their orbital energies

The detailed procedures to follow in order to obtain the(€1s—€ss,&2p—€4p,€3d—€4q,€41) are conveniently stored in
nonrelativistic AIMPs(NR-AIMP), the spin-free relativistic libraries. With the core orbitals, the core Coulomb potential
AIMPs derived from Cowan-Griffin atomic calculations 23J.(r) is calculated, the nuclear attraction corresponding
(CG-AIMP), and the Wood—Boring one-electron spin-orbit to the core electrons-Z., Jr is added to it ¢ 62k here,
operators which are added to the CG-AIMP Hamiltonian ingnd the result is represented with a local potential
order to produce the spin-dependent WB-AIMP Hamil- 1, C,exp(— as?) by means of a least-squares fitting and it
tonian, as well as the corresponding valence basis sets, aestored. This is the third term on the right hand side of Eq.
fully described in Refs. 12, 17, and 23. Here we will only (3) The mass-velocity and Darwin radial numerical opera-
outline very briefly the procedure of the relativistic version. tors of Cowan—Griffinnot to be confused with Pauli's mass
A. WB-AIMP Hamiltonian velocity and Darwin operato)? which correspond to the
valence orbitals are also storé¥p sp(r), Vupsa(r) and
of a moleculeHVB-AMP is the sum of a spin-free relativistic Vip,es(1), herd. In a given atomic or molecular calculation,
Hamiltonian HCSAMP and a pure spin-orbit Hamiltonian these scalar reIat|V|§t|c operators are added to the core ex-
H SO change operator- XK. and the result is spectrally repre-

L WB-AIMP _ | CG-AIMP_ 4SO 0 sente_d in the space defineclj by the .se(lﬁﬂtussigh primitive

functions used for atorh, { x4}, Which results in the fourth
For a molecule withN,, valence electrons an,,,. nuclei  term on the right hand side of E3). In consequence, the
(each with nuclear chargé' and number of core electrons Al:MP coefficients are the elements of the product matrix

The spin-dependent relativistic WB-AIMP Hamiltonian

Zior9, the spin-free Hamiltonian reads S WVWEpS' 1 here,S' is the overlap matrix in the basis of
Nyal Nual ¢ primitives { x4} and Viyp is the matrix of the operator
HCC-AMP— EI hCCAMP(i) + .Z = — 3K+ O0pVip 5p0p+ OdVip 5004+ OsVp 6505 Of atom
P | in the same basisqy==! _ |Im)(Im|). Since the set of
e (70— 7! (20— Z2 ) primitives { x4} is likely to change from one molecular
,ZJ R,; ’ 2 calcuIaticTanl;o another and it would not be efficient to tabu-

late theA:; coefficients, they are instead calculated during
the input processing part of every single molecular
calculation® The last term on the right hand side of £8),

with h®CAMP() " the one-electron spin-free relativistic
Cowan-Giriffinab initio model potential operator, defined by

AP 1, " Z'-Ze which results from the linear-independency conditions be-
h (=~ §Vi + Z T tween core and valence orbitlés calculated with the core
I orbitals and orbital energies. All this defines the spin-free
Crexp(— aylf) CG-AIMP Hamiltonian, which is obtained without resorting
+; ri to any parametrization procedure based on the use of the

" valence orbitals.
The ingredients of the spin-free relativistic CG-AIMPs
+ | I:MP | ) ) }
Z mzi. Z‘, [Xaim)Aiiab Xl corresponding to the frozen-cof€d,4f] of the third-series
transition metal elements have been produced in this work
_ 3) ([Cd] frozen-core for L& The sets of Cy,«,} parameters,

the core orbitals s~ dss, Gop—bap, P3a—Paa: Das»

The terms in Eq(3) are the nonrelativistic kinetic energy their orbital energies s—ess, £2p=ap, £39—€ad, Eat,
operator and a sum over the atoms in the molecule, whicfd the radial mass-velocity plus Darwin operators
includes the operators of the nuclear attraction, core CouYMp.s("), Vups(r) and Vip e(r). The corresponding
lomb and exchange interactions, and mass velocity plus pafonrelativistic NR-AIMPs, which are necessary in order to
win interactions, as well as a term resulting from the linear-Study the size of the relativistic effects, have been produced
independency conditions between core and valence orbitalds Well(in this case the mass velocity and Darwin operators
For each aton, the first term is the nuclear attraction fully are suppressed All these data are available from the
shielded by the core electrons and the rest are the AlMRuthors?® Valence basis sets, Coulomb model potentials and
terms. They are obtained as follows: A numerical all-electrorcore orbitals are presented in a PAPS docurint.

spin-free relativistic Cowan-Griffin—Hartree—Fock The spin-orbit contribution in Eq.) is

core

+§ (—2e0)| L) (Y
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Nyg nuclei Here,P and G are two CIl spaces of, respectively, small and
HSO:Z > h'So(i), (4) large relative sizeP is supposed to be good enough for the
ol calculation of the spin-orbit couplings but not for the elec-

with the atomic one-electron spin-orbit terms, tron correlation effects, for which the much largespace is

necessary®”(iSMgl"y) are spin-free Cl wave functions in
the small space. GS refers to the ground state, but it can be
any given spin-free state. This sfss Hamiltonian is a practical
. . means to take advantage of the fact that electron correlation
Herein,l' ands are the usual vector angular rpomentum andis handled with a much larger efficiency with spin-free
spin operators, respectively; the projecto@ (defined  Hamiltonians than with spin-dependent Hamiltonians. Its use
in terms of the spherical harmonics asé} is based on the assumption that correlation and spin-orbit can
=z _im,1%{Im,1|) are used in the form proposed by be decoupled to a large extent. A sfss spin-orbit calculation

m=

Pitzer and WinteP! The radial components are chosen to berequires performing correlated spin-free calculations with the

valence

hsd )=\ 2 Vegn(ri) 01150 5

analytical functions, HCCGAMP Hamiltonian using theg and P spaces and one
final spin-orbit CI calculation with theH = ™" Hamil-
I MP By"'exp(—Br"'r?) tonian using theP space. AP space made of the significant
VS’O'”'(ri):; r2 ' ©) reference configurations plus single excitations which can

' partially take care of spin-orbit polarizations has been proven
whose parameteriBE"' ,,BE"'} are determined through to be very efficient in It.2%

weighted least-squares fitting to the radial part of the Wood—

Boring spin-orbit operatdt which reads

C. Atomic valence basis sets

o dvin (7) CG-AIMP itoni i ; i
2+ a? e V()]0 ar The H Hamiltonian [Eq. (_2)] is used in atomic
valence-only Hartree—Fock calculations and the valence ba-
Herein, a is the fine-structure constang,, are the orbital Sis sets(exponents and coefficientare optimized by mini-
energies of the spin-free relativistic equations of Cowan andnization of the valence SCF energy using standard all-
Griffin, and V(r) is an Xa approximation to the Hartree— electron method® The resulting valence atomic orbitals are
Fock (HF) one-electron potentidf This effective one- spin-orbit corrected by changing the value of the innermost
electron spin-orbit operator includes an average of two<coefficient(and renormalizingin such a way that the spin-
electron contributions through the use of ter Hartree—  orbit valence orbital coupling constantgs(, and {54 here
Fock potentialV(r), although its detailed relationship to a have the same value when they are evaluated using the nu-
mean-field spin-orbit operator is unknown. Also, an atomicmerical Cowan—Griffin—Hartree—Fock atomic orbitals and
scaling factor\' is included in Eq.(5) which was first em- using the analytical spin-orbit-corrected valence orbftéls.
pirically parametrizetf and later found to be unnecessafy; This procedure has been shown to significantly improve the
in consequence, we usé=1. The{B,,B,} parameters for spin-orbit dependent properties at the same time that the
the third-series transition metal elements have been producepbiality of the bonding related properties is maintaifggol-
here and they are presented in Table I. lowing this procedure, we obtained in this work the spin-
orbit-corrected relativistic valence basis sets for the third-
series transition metal elements. We obtained as well the
nonrelativistic ones. All of them are available from the
authors?® The basis sets obtained in this work are minimal
The spin-free relativistied “¢A"MP Hamiltonian[Eq. (2)]  valence basis sets made ofs@p8d primitive Gaussian
is used in standard nonrelativistic methods. The spinfunctions (139p7d for La) contracted agl/1/1]. When they
dependent! WBAMP Hamiltonian[Eq. (1)] is used in spin- are used in atomic and molecular calculations their flexibility
orbit ClI calculations, e.g., in a basis of double-groupcan be enhanced with the release of the outermost primitives
symmetry-adapted functions with HF or complete activeand the addition of appropriate functions, such as polariza-
space self-consistent fiel[@CASSCH orbitals produced with tion (p andf) and diffuse @) functions. Furthermore, arti-
the spin-freeH “¢AMP Hamiltonian. In order to treat electron ficial effects in molecules due to insufficient two-center or-
correlation and spin-orbit interactions at the highest possibléhogonality between the molecular orbitals and tHecére
level, the sfss Hamiltoniakl Sj""M" was introduced®?2® orbital of the transition metal elements can be eliminated by
extending the valence basis set in molecular calculations
HWB-AIMP _ WB-AIMP L ' 5iST)| dP(ISMgT' 7)) with the fully contracted 4 core orbital itsel:? a single split

sfss

Vsoni(r) =

B. Spin-free-state-shifted WB-AIMP Hamiltonian

iISMgl'y of this orbital provides polarization of thed5orbital and
X (DP(ISMST ), ®) makes unnecessary the addition of polarlzamdnnctlons..
As we will see in Sec. IV, a recommended valence basis set
with results ins andd double-split,p single-split, the addition of

onep-polarization primitive functior{from Ref. 33, one dif-
fuse d primitive function (from extrapolation of the lowest
9 exponents and the 4 core orbital (a five-primitive con-

8(iST)=[EY(iSI') —EYGS)]-[EP(iSI") — EP(G9Y)].
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TABLE I. Radial components of the spin-orbit operatfies). (6)].

Lanthanum Hafnium Tantalum
Vsd(5p) Vsd5p) Vso(5p)
Bk By Bxk By B By
1062 434.0 0.316 284 351 828 377.0 0.298 838 027 840608.0 0.295 090 740
113943.8 0.259 445 609 92 047.30 0.259 885 928 93 875.00 0.260 778 075
17 362.70 0.143 824 809 14 720.05 0.158 482 339 14 929.95 0.161 947 106
2937.296 0.076 265 260 2519.611 0.084 861 639 2519.611 0.086 167 150
408.8461 0.034 413499 386.8130 0.039 569 368 386.8130 0.040 070293
49.682 97 0.013 636 063 54.446 65 0.016 299 951 54.676 35 0.016 448 812
5.182618 0.003 714795 6.581 837 0.005 417598 6.722 247 0.005 539 299

0.492 5039 0.000 558 879 0.707 1441 0.000 729 291 0.707758 1 0.000 748 354

Vso(50) Vso(50) Vsd(5d)
B B Bx By B By
648 783.0 0.356 649 850 348 937.0 0.366 814 713 349 416.0 0.364 827 965
62 450.70 0.246 617 397 32 404.40 0.241 792 838 32681.90 0.243 007 244
8133.880 0.122 464 582 4061.380 0.114 948 612 4131.870 0.116 489 903
1160.066 0.052 313001 546.6730 0.048 181516 561.3760 0.049178174
171.0242 0.021 397 030 74.731 60 0.018 693 068 77.425 50 0.019 185962
24.93041 0.008 620 685 10.544 20 0.006 313 701 11.010 60 0.006 553 580
3.023 650 0.002 413 158 1.733970 0.001 565 644 1.828 700 0.001 630219
.321 0655 0.000 321 494 0.1491840 0.000 104 793 0.177 0230 0.000 127 945
Tungsten Rhenium Osmium
Vso(5p) Vso(5p) Vso(5p)
B B Bx By B By
840410.0 0.292 284 394 922 982.0 0.281 975 229 1009 680.0 0.271 456 538
94 870.30 0.259 941 525 104 721.7 0.263 327 714 116 787.0 0.262 151 089
15148.14 0.165 055 520 16 373.70 0.173618991 18 740.30 0.179 499 356
2519.611 0.087 553 721 2634.738 0.091 390 804 3041.200 0.098 671823
386.8130 0.040 559 331 399.0759 0.041 813094 448.7360 0.045 308 897
54.686 35 0.016 648 257 56.339 63 0.017 068 254 61.888 80 0.018 306 087
6.772 687 0.005 616 782 7.062 068 0.005810 721 7.638 500 0.006 213 038
0.703 6291 0.000 758 001 0.7314891 0.000 807 641 0.7819500 0.000 890679
Vso(5d) Vsd(5d) Vso(5d)
Br By Bx By Br By
349596.0 0.362 893 222 349 585.0 0.360 991 782 351 666.0 0.358 665 412
32920.90 0.244 148 559 33134.30 0.245 228 476 33589.80 0.246 486 326
4196.500 0.117 967 330 4257.350 0.119 397 667 4356.250 0.121 139 567
575.2550 0.050 147 739 588.6360 0.051 101 293 608.0600 0.052 268 725
79.991 00 0.019670 568 82.478 30 0.020 151 892 85.908 00 0.020 728 011
11.444 80 0.006 791 469 11.856 60 0.007 029 825 12.452 10 0.007 309 680
1.911 340 0.001 686 669 1.982 920 0.001 737 394 2.094 200 0.001 820 379

0.204 2350 0.000 150 781 0.2307140 0.000172 843 0.262 2830 0.000 201 494

Iridium Platinum Gold
Vso5p) Vsd5p) Vsd(5p)
B By Bx By Bk By

882208.0 0.280 937 582 938 208.0 0.273778 825 917 162.0 0.273 090953
101 270.3 0.260 624 153 107 472.2 0.263 432589 105 793.0 0.262 044 288
16 368.63 0.172573920 17 116.37 0.177544 734 17 107.55 0.177122 614
2730.553 0.093 356 420 2830.690 0.095918 641 2876.224 0.096 774 473
421.5071 0.043691 874 437.5741 0.044 861 087 450.9637 0.045 667 731
60.063 78 0.017 976 984 62.811 86 0.018533717 65.823 22 0.019 027 479
7.658 918 0.006 217 620 8.084 998 0.006 485 347 8.649 507 0.006 772 759

0.7905910 0.000912 627 0.836 3480 0.000 986 817 0.918 9230 0.001 100 221
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TABLE I. (Continued)

Iridium Platinum Gold
Vso(50) Vso(5d) Vso(5d)
B By Bx By Bk By

351 444.0 0.356 798 362 352227.0 0.354 828 824 522618.0 0.321613769
33772.00 0.247 464 382 34 052.30 0.248 520 440 55150.30 0.259 216 658
4412.710 0.122 498 426 4483.450 0.123 985 135 8094.750 0.146 062 835
621.0900 0.053 200728 636.3300 0.054 206 909 1304.760 0.069 573 800
88.397 00 0.021 209 766 91.27500 0.021 727 345 221.7660 0.029 945 002
12.867 40 0.007 551 498 13.36150 0.007 811 745 41.542 80 0.012 869 195
2.161 890 0.001 871219 2.244 970 0.001 935926 6.959 130 0.005412 024

0.288 2640 0.000 224 480 0.317 0000 0.000 250 328 0.820868 0 0.000 930 658

Mercury
Vso(5p)

,Bk Bk
932177.0 0.269 394 517
108 157.3 0.261 683 193
17571.02 0.179717 150
2948.894 0.098 863 660
461.5352 0.046 780 200
67.105 45 0.019 465 947
8.823 955 0.006 938 324

0.9228180 0.001127 373

Vsd(5d)
B By
353 312.0 0.350 677 226
34 598.30 0.250 421 955
4626.050 0.126 897 965
667.3400 0.056 246 575
97.078 00 0.022 780 150
14.350 10 0.008 338 649
2.401 020 0.002 066 076

0.3737860 0.000 301 015

tracted functiohsingle-split, that is a 18.0p9d5f primitive  signed to produce correct orbital spin-orbit coupling con-
set contracted aB3/3/4/2). Further uncontraction leads to stants, significantly improves the expectation value of, 1/
even more flexible basis sets. For Lanthanum,dliselitting  very much related to spin-orbit coupling, at a time that keeps
is a single one and thigfunction has only one primitive from essentially unaffected the orbital energies and the other radial
Ref. 33, that is a 1810p8d1f primitive set contracted as expected values, which are bond-related properties. The

[3/3/3/1. overall agreement between the CG-AIMP results which use
spin-orbit-corrected basis sets and the all-electron calcula-

. ATOMIC CALCULATIONS tions is very good. We shoyld note that, in cpntrast with
) ] pseudopotential methods, neither these properties nor the or-

A. Spin-free calculations bital shapes enter fitting procedures in the AIMP method;

In Table Il we present spin-free relativistic Cowan— this agreement does simply reflect the facts that the model
Griffin—Hartree—Fock valence energies ang, 5d and 6s  Potentials efficiently mimic the operators substituted by them
orbital energies and radial expectation values of the thirdand that the valence basis sets are of good quality. A similar
series transition metal elements. We show the results of thagreement is reached as well in the nonrelativistic case.
CG-AIMP calculations corresponding to the uncorrected and  In Table IIl we present §—5d excitation energies and
the spin-orbit corrected valence basis sets, together with th@s ionization energies, calculated at the Hartree—Fock level,
all-electron numerical Cowan-Griffin—Hartree—Fock which are useful to compare AIMP and all-electron results.
calculations® We present as well thegsand 5 spin-orbit ~ The all-electron calculations are numerical. The basis sets
coupling constants, defined &5=(®n|Vsonl®n); the all-  used in the AIMP calculations result in tripgg-singlep and
electron numerical ones are calculated with the numericadloubled split of the atomic orbitals and the addition of one
spin-orbit operator$Eq. (7)] and the CG-AIMP ones with polarizationp functior®? and one diffusal function required
the analytical approximations of thehiq. (6)]. It is ob-  for a proper description of the configurations with different
served that the spin-orbit correction of the basis sets, des and 5 populatiori* (obtained by extrapolation from the
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TABLE Il. Spin-free relativistic valence energy, orbital energies and radial expectation V@uas) and
orbital spin-orbit coupling constants, (in cm™1). First entry: CG-AIMP calculations with the uncorrected

valence basis sets. Second entry: CG-AIMP calculations with spin-orbit-corrected valence basis sets. Third

entry: All-electron numerical Cowan—Griffin—Hartree—Fock calculations.

E(val) —€(6s) (Ur)es (res —€(5d) (1Ursq (lr)sg (r)sa  &sa
—€(5p) <1/r3>5p <1/r>5p <I’>5p §5p
La (s?d%)?D —19.662512 0.17697 0.259 4.763 0.23493 2.139 0.452 2.819 568
—19.662220 0.17702 0.259 4.763 0.23492 2.126 0.452 2.819 563
0.17957 0.263 4.723 0.23546 2.119 0.447 2.891 563
1.05211 38.527 0.714 1.810 11454
1.05204 39.239 0.715 1.810 11663
1.05379 39.534 0.714 1.81011 663
Hf (s2d?)3F —31.027574 0.23483 0.335 3.729 0.26255 4298 0562 2.323 1478
—31.008169 0.23484 0.335 3.729 0.26256 4272 0562 2323 1467
0.23703 0.337 3.712 0.26342 4268 0560 2.339 1467
1.60364 105.407 0.965 1.352 38209
1.60048 96.195 0.964 1.352 35010
1.605 65 98.023 0.957 1.35335012
Ta (sd%)*F —37.893064 0.24743 0.351 3.574 0.32009 5485 0.617 2.109 1918
—37.868447 0.24744 0.351 3574 0.32012 5453 0.617 2.109 1907
0.24995 0.353 3.556 0.32110 5.449 0.615 2.120 1907
1.77056 118.030 1.004 1.304 43157
1.76650 106.998 1.002 1.304 39391
1.77246 109.139 0.995 1.30539 393
W (s2d*)°D —45777679 0.25879 0.365 3.443 0.37274 6.683 0.665 1.956 2378
—45.748083 0.25880 0.365 3.443 0.37278 6.647 0.664 1.956 2364
0.26152 0.368 3.424 0.37363 6.643 0.663 1.964 2363
1.93989 131.364 1.043 1.259 48684
1.93505 118.493 1.040 1.259 44118
1.94122 120.989 1.032 1.26044 120
Re (5°d%)%s —54.769587 0.26812 0.378 3.335 0.43394 7.944 0710 1.829 2872
—54.733532 0.26813 0.378 3.335 0.43398 7917 0710 1.829 2861
0.27115 0.381 3.315 0.43453 7914 0.709 1.834 2861
2.10888 145690 1.081 1.218 54565
210297 130.623 1.078 1.218 49174
210944 133519 1.069 1.21949177
Os (s?d%)°D —64.748472 0.28084 0.391 3.219 0.45171 9.191 0.747 1.746 3376
—64.704751 0.28086 0.391 3.219 0.45175 9.103 0.747 1.746 3340
0.28494 0.397 3.193 0.45191 9.097 0.745 1751 3340
229574 161.331 1.119 1.178 61047
2.28863 143.792 1.116 1.178 54721
229555 147.143 1.106 1.17954 723
Ir (s?’d")*F —75.946399 0.29190 0.404 3.120 0.48457 10.522 0.785 1.666 3924
—75.893611 0.29192 0.404 3.120 0.48462 10.405 0.785 1.665 3876
0.29668 0.411 3.092 0.48454 10.398 0.783 1.670 3876
248141 177.955 1.158 1.142 68014
2.47284 157.615 1.154 1.142 60621
248052 161.477 1.143 1.143g0624
Pt (s?d®)3F —88.397200 0.30472 0.422 3.014 051853 11.929 0.822 1.594 4515
—88.334019 0.30474 0.422 3.014 051858 11.789 0.822 1.594 4457
0.30750 0.424 3.001 052119 11.783 0.820 1.597 4457
2.66728 193.634 1.196 1.109 75503
2.65704 172.184 1.192 1.109 66917
2.66761 176.616 1.180 1.110gg921
Au (s'd'9?S —102.257448 0.28577 0.411 3.088 0.44990 12.627 0.836 1.579 4844
—102.184158 0.28580 0.411 3.088 0.44998 12.499 0.835 1579 4792
0.29055 0.415 3.066 0.45350 12.494 0.834 1.583 4792
2.74468 212.006 1.228 1.082 82611
2.73277 185500 1.224 1.082 72832
274696 190.517 1.211 1.0837283g
Hg (s?d'®%!s —117.306043 0.32399 0.446 2.859 0.60250 14.999 0.895 1.468 5842
—117.217593 0.32403 0.446 2.859 0.60258 14.803 0.895 1.468 5759
0.32717 0.449 2846 0.60429 14.797 0.893 1.469 5759
3.05005 234.348 1.272 1.048 92166
3.03576 203.650 1.267 1.048 80765
3.04956 209.432 1.252 1.049 80769

789
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TABLE lll. Atomic excitation and ionization energies with respect to the lowest atomic terms of the configu-
rations §"6s?: All-electron (first entry) and AIMP (second entrynonrelativistic Hartree-Fock and spin-free
relativistic Cowan—Griffin—Hartree—Fock results. No-pair spin-free relativistic results from Ref. 19 are in-
cluded for comparison. All numbers in eV.

NR-HF* CG-HF NP-HFF Exp! NR-HF* CG-HF Expd

—la(s'd)*F -098 -0.30 -0.31 036 —la"(s'd)°D  4.3C 4.49 5.87
-094 -0.30 -0.38 4.32 4.50

—Hf(s!d®)°F  —0.38 0.95 0.94 1.69 —Hf*(sldd)*F  5.07 5.61 —
—-0.36 0.95 0.91 5.10 5.62

—Ta(s'd)®D -1.28 0.21 0.18 1.04 — Ta"(s'd®°F 5.13 5.71 7.90
-1.27 0.19 0.16 5.16 572

—W (s'd®)’s -295 -129 -131 -0.18 —W'(sdd)’D 5.17 5.77 7.94
-293 -126 -1.35 5.21 5.81

—Re(td®D  —0.04 1.76 1.71 1.76 —Re"(s'd®’S  5.19 5.79 7.88
—-0.03 1.73 1.69 5.24 5.80

—0s(s'd)F —1.63 0.55 0.54 0.75 —O0s'(s'd®’D 558 6.40 8.77
-1.61 0.52 0.50 5.62 6.41

—Ir (s*d®)*F —2.43 0.09 0.07 0.40 — Irf(s!d)°F  5.94 6.97 —
—2.41 0.07 0.00 5.96 6.97

—Pt(std®)°D -3.1% -040 -0.45 -0.64 —Pt'(s!d®*F 6.26 7.51 9.22
-317 -041 -0.56 6.28 7.51

—Au(std¥9)?s -513 —1.86 o =174 —Au'(s'd®°D  6.56 8.03 9.76
-527 -1.88 6.64 8.09

—Hg*(s'd9)?s 6.83 8.51 10.43
6.84 8.47

#Nonrelativistic Hartree—Fock calculations. AE results from Ref. 58.

bSpin-free relativistic Cowan—Griffin—Hartree—Fock calculatiésse Ref. 18 AE results from Ref. 58.
“No-pair spin-free relativistic Hartree—Fock calculatidRef. 18 performed in Ref. 19.

YReference 58, averages over experimental spin-orbit components of Ref. 37.

€This work. This result is not coincident with that of Ref. 58.

two outermost exponentsThe contraction used in the AIMP ACPF{p]ds, we also allowed for single and double excita-
calculations is[4/3/4] ([4/3/3] for La upon singled split  tions from the % closed shell. We performed all these cal-
only). Table IIl reveals that the deviations brought about byculations with the nonrelativistic and the spin-free relativistic
the AIMP approximations are small and that they are veryHamiltonians, NR-AIMP and CG-AIMP. The results are
similar in the nonrelativistic and in the spin-free relativistic shown in Table IV. One can see that the correlation effects
calculations. The all-electron relativistic effects are, in con-are significant in general. The relativistic effects are, how-
sequence, very well reproduced in the AIMP calculationsever, crucial to reproduce the experimental values of these
The results of the spin-free relativistic Douglas—Kroll no- transitions. This is evident in Fig. 1, where the overall good
pair calculation®¥ on the 6— 5d excitation energies of Ref. quality of the CG-AIMP ACPHp]ds results is also clear.
19 have been included in Table 1lI; one can observe that the
ability of the AIMP approach to mimic the all-electr¢AE) B. Spin-orbit calculati
results is similar in this case, too. Also, the results of spin-~" pin-orbit calculations
free relativistic approximations of Douglas—Kroll and A realistic check of the quality of any spin-orbit operator
Cowan-Giriffin are remarkably close, both at the all-electrorcan only be achieved through calculations that do not show
and at the AIMP levels. any deficiencies in the treatment of spin-free effects. In par-
Once we know that the AIMP results resemble the AEticular, contaminations associated with insufficient treatment
ones within reasonable limits, and taking into account thabf electron correlation must be avoided. Recent calculations
electron correlation effects are necessary for a correct desf Ir* (Ref. 26 have shown that electron correlation and
scription of the atomic excitations under consideration, wespin-orbit effects can be effectively decoupled to a large ex-
performed CASSCF calculatioftswhere the active orbital tent by means of thepin-free-state-shiftingechnique{Egs.
space included thedsand 6 orbitals, followed by average (8) and(9)] and pointed out an unambiguous, systematic way
coupled-pair functionalACPP calculations® in which the  to ascertain the accuracy of any spin-orbit operator based on
previous CASSCF space was used as a multireference faohe use of spin-free empirical informatiror, alternatively,
single and double excitations. In all these CASSCF andenchmark spin-free calculationdHere we monitored the
ACPF calculations, we double split rather than triple split thequality of the spin-orbit operator of Pt accordingly, that is in
s atomic orbital and we augmented the basis set with the 4a sfss-WB-AIMP multireference CIMRCI(S)] spin-orbit
core orbital singly split, which resulted in a final contraction calculation, as we describe next.
[3/3/4/2], except for La where EB/3/3] contraction was used. We used theHG2"™P Hamiltonian[Egs. (8) and (9)]
In a first set of ACPF calculations labeled ACPF-ds, we corwith empirical data for the spin-free spectruf(iST")
related only the B and 6 electrons; in a second set labeled —EY(GS) in a spin-orbit MRQ[S) calculation on the basis
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TABLE IV. Atomic excitation energies with respect to the lowest atomic 3 T T T T T T r T T
terms of the configurationsd86s2. Nonrelativistic (first entry and spin- E(eV)
free Cowan-Giriffin relativistic(second entry ab initio model potential 2F g
CASSCF and ACPF results. All numbers in eV. 8
1 4
CASSCE ACPF-d§ ACPF{p]d§ Exp?
— La (s'd®)*F NR-AIMP  —0.35 — 0.22 °
CG-AIMP 0.13 — 0.73 0.36 al |
—Hf(s'd®)°F NR-AIMP  —0.24 0.34 0.36
CG-AIMP 1.13 1.59 1.58 1.69 Al |
—Ta(s'd)®D NR-AIMP -1.11 —0.54 —0.46
CG-AIMP 0.38 0.82 0.86 1.04 al |
—W(s'd®)’S NR-AIMP —2.70 —-1.99 —-1.85
CG-AIMP  —-1.05  —054 -043 -0.18 Al |
—Re (s!d®°D NR-AIMP  —0.03 0.01 0.22
CG-AIMP 1.73 1.85 1.93 1.76
—0s(s'd)°F  NR-AIMP  —1.61  —1.40 -1.25 ST i
CG-AIMP  0.53 0.66 0.80 0.75 , , , , , , , , ,
—Ir(s'd®*F NR-AIMP  —2.40 —-2.35 —2.18 ® la H Ta W Re Os Ir Pt A
CG-AIMP 0.07 0.06 0.23 0.40
SPt(s'd®)3D  NR-AIMP  —3.17 —3.25 ~3.04 FIG. _1. EG~>5d. transitions of the third-series t_ransition n_1eta| _elements:
CG-AIMP  —0.41 —055 —0.34 —0.64 (full line) experimental datéaverages over experimental spin-orbit compo-
1410\2 ~ _ _ _ nents; (dashed ling spin-free relativistic CG-AIMP ACPIp]ds calcula-
—AU ('S ggﬁ\llll\\/lmz 7?2; 723? 7?%2 _174 tions of this work;(dotted ling nonrelativistic NR-AIMP ACPHplds cal-

culations of this work.

&The active orbital space consists of theé &nd & orbitals.

PACPF calculation with a multireference which is the previous CASSCF. . .
Only 5d and 6 electrons are correlated. results of an(unshifted WB-AIMP MRCI(SD) calculation,

°ACPF calculation with a multireference which is the previous CASSCF.in which a much larger Cl space including also double exci-

dSRF;}eSana::I;dS% e;i‘g:gnzsa;igfgs'a@d- I < of pi2tions from the same reference was ueds well as the

37, ’ g perimental spin-orbit components of Refaq 115 of 5 Dirac—Hartree—Fock plus four-component ClI
(singles and doubléscalculation of Visscheret al*! of a
comparable level in the treatment of correlation. The results

. ] of both of them are quite close and show a reasonable agree-
of double-group symmetry-adapted functions which resulteqnent with the experiment, but significantly poorer than the

after allowing single excitations from a multireference madegtss.\WgB-AIMP MRCIS) calculation: what emerges from
of the relevant configurations: 21 configurations correspondge comparison is that the main source of the deviations from
ing to the distribution of ten electrons in thedSnd &  the experiment in the two unshifted calculations is not the
orbitals. (The orbitals were optimized in CG-AIMP HF cal- reatment of the spin-orbit effects but the treatment of the
culations on §%6s”~°F. We used,;, double-group sym- correlation effects, which indirectly contaminates the spin-
metry but obtained degeneracies with energy separations berbit splittings.

low 10~ ¢ hartree for the components of a giv@muantum

number) In order to produce the empirical spin-free spec-|v. MOLECULAR CALCULATIONS

trum, we performed a generalized least-squares fitting of al
the parameters in the interaction matrices to the experimental
even spectrum of P{Ref. 37 using the programs of In this section we present the results of monitoring mo-
Cowar® and following the procedure described by Kleef andlecular calculations on MH monohydrides of the third-series
Metsch® then, we diagonalized the interaction matricestransition metal elements. We performed CASSCF calcula-
which resulted from using all the spin-free parameters andions in which the outermost M-cband M—6s electrons and
setting all the spin-dependent ones to zero. The empiricghe H-1s electron are distributed in all possible ways among
spin-free spectrum that we obtained is shown in Table Vthe o, o', ¢”, 7 and § molecular orbitals with main char-
The results of the spin-free CG-AIMP MR@) calculation acter of the above mentioned atomic orbitals. Using the
performed in the same Cl space used in the correspondin@ASSCF molecular orbitals we performed two sets of ACPF
spin-orbit MRCIS) and the corresponding shifting constants calculations(multireference single and double CI with size-
4(iSI") [Eq. (9)] are also shown. consistency correctioi® with the CASSCF multireference:

In Table VI we compare the results of the sfss-WB- ACPF-ds, with single and double excitations from the active
AIMP MRCI(S) spin-orbit calculation described above with molecular orbitals, and ACPFg|ds, in which we correlated
the experiment. We can see that the quality of the results ias well the M—% electrons by including all single and
very high, in line with what has already been observed indouble excitations from the closed-shell of main character
Ir™.28 This should be taken as an indication of two things:M—5p. Except when otherwise indicated, we have used for
first, the quality of the spin-orbit operator is very high, andthe metals th¢3/3/4/2] valence basis set as explained below.
second, the spin-orbit and correlation effects can be decouFor hydrogen, we used ttiés] set of Huzinag# augmented
pled to a large extent so that the latter can be handled in with two p functions and contracted §4/2]. We calculated
separate spin-free calculation. We included in Table VI thedissociation energies with separate atomic calculations on

Details of the calculations
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TABLE V. Spin-free spectrum of Pt and parameters of the sfss spin-orbitTABLE VI. Atomic spectrum of Pt. All numbers in cht.
Hamiltonian[Egs. (8) and (9)]. All numbers in cn?.

Main WB-AIMP  sfss-WB-AIMP
CG-AIMP J term DHF-CI2  MRCI(SD)" MRCI(S) Experiment
Term Empirical MRC(S) 8(isr)?

3 D 0 0 0 0
3D 0 0 0 2 3D 1170 1040 885 776
als 2 435 797 1638 4 3k 2113 1266 795 824
alD 1632 2143 —511 0 als 14 695 9 162 6 079 6 140
3k 3944 5 591 -1 647 2 3p 7 469 7735 6 929 6 566
3p 12 457 17 007 —4 550 3 3F 11 114 11 292 10 590 10 117
b'D 16 646 20 538 -3 892 1 3D 9727 10 993 10 563 10 132
G 17 030 22 118 -5 088 2 a'D — 15 260 13 517 13 496
b's 39 846 48 402 —8 556 2 3F — 17 793 16 068 15 502

0 3p — 20 382 17 402 —
®See Eq/(9). 1 3p 21 704 22 083 19 159 18 567
4 G 25 648 26 100 22 440 21 967
2 b'D 28 729 29 883 27 757 26 639

the ground states of H and M, at the same level of wave0 b'S — 52 636 48 738 —

function and basis set as the corresponding molecular CaIClﬂbirac—Hartree—Focl@DHF) plus four-component Clsingles and doubles

lation. calculation from Ref. 41.
PReference 40.
‘Reference 37.

B. Results

First, in order to decide upon a recommendable pattern
of the valence basis set, we compare the spectroscopic coi¥e show in Table VIII that the relativistic effects estimated
stants of thé> * state of PtH calculated with CASSCF wave from the CG-AIMP and NR-AIMP calculations reasonably
functions at the all-electron and AIMP levels in Table VII. agree with the results of noncorrelated Dirac—Fock and cor-
These calculations were done nonrelativistically since variarelated no-pair spin-free relativistic all-electron calculations.
tional all-electron Cowan—Griffin calculations cannot be per-In particular, the fact that the nonrelativistic potential energy
formed in molecules, but the conclusions might be safelycurve of AuH" (™) is extremely flat while the relativistic
extended to the spin-free relativistic case. The basis sets usede is not, which is the reason for the large relativistic effects
for Pt in the valence-only NR-AIMP calculations are differ- on R., is well reproduced by the AIMP calculations. The
ent contraction schemes of theslBp9d5f primitive set  coupling between the spin-free relativistic and correlation ef-
described in Sec. 1IC and used in the CASSCF and ACPRects is well reproduced too.
calculations of Sec. lll. The basis set used for Pt in the all-  In Table IX we show the results of our CG-AIMP cal-
electron calculation was a 8P6p13d8f primitive set of culations on the MH hydrideéV being a transition element
Faegrf® augmented with the same-polarization and of the third seriestogether with the very scarce experimental
d-diffuse functions as the valence-only calculation and coninformation available and other theoretical calculations from
tracted as[8/6/6/3. The basis set of hydrogen describedthe literature in which different valence-only and all-electron
above was used in all the calculations. We observe in Tablspin-free relativistic Hamiltonians were used. In order to
VIl that the NR-AIMP calculation with the AE basis set summarize, we included only calculations that handled cor-
produces results essentially coincident with the AE ones; thiselation effects at a level which could be compared with our
fact supports the chosen core-valence partition and provesalculations. Most of them are more or less equivalent to our
the high quality of the core potentials. The use of the valencCPF-ds calculations. In Table X, MCPF stands for modi-
basis set with a contractidrd/3/4/2] leads to very good re- fied coupled pair functional calculatiof%an approximately
sults; this contraction scheme reaches a good balance bsize-consistent single-reference Cl procedure. SOCI stands
tween the quality of the results and the economy of the calfor second-order CI, which corresponds to single and double
culations which are desirable when an ECP method is useelxcitations from a CAS multireference and uses, in conse-
and, in consequence, it is advisable. Besides, Table Vifuence, the same CIl space as our ACPF-ds calculations.
shows that if a larger agreement with the AE results is reMRCI(SD)+Q stands for multireference Cl with single and
quired, it can be accomplished by releasing the outermosiouble excitationga Cl space equivalent to those of the
primitives of thep, d, ands blocks (in this ordej. We will SOCI and ACPF calculatiopsvith the size-consistency cor-
use a[3/3/4/2] contraction in the rest of the paper. rection of Langhoff and DavidsoH.MP4(SDTQ) stands for

In order to check the ability of the present core potentialsfull fourth order Mdler-Plesset perturbation theory calcula-
to represent relativistic effects in molecules of third-seriedions. CISD is singles and doubles CI with a size-consistency
transition metal elements, we performed nonrelativistic andorrection.
relativistic calculations on théS ™ ground state of AuH. Our CASSCF, ACPF-ds and ACHPBJds calculations
The relativistic effects on the bond distance are known to balong the series show a uniform, significant effect of the
very large in this molecule and coupled to the electron cordynamical correlation of the ands shells and a minor effect
relation effects: the bond shortening due to relativistic effectof the 5 correlation, this being more important at the be-
is abou 1 A at noncorrelated levels of calculatibhand  ginning of the series where the participation of thedbital
about 0.4 A when correlation is also taken into accdint. in bonding is expected to be higher. The comparison with
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TABLE VII. Spectroscopic constants of PAX *. Nonrelativistic CASSCF ~ TABLE VIII. Spectroscopic constants of tH& * ground state of AuH.
calculations. Distances iA , vibrational frequencies in cn, and dissocia-  Distancesn A , vibrational frequencies in cit, and dissociation energies
tion energies in kcal/mol. in kcal/mol. Dissociation limit is Ali (5d'°—*S)+H(?S). Numbers in pa-
rentheses correspond to the relativistic effects.

Pt basis set Re we De
- Method Reference Re we De
All-electron calculation
AE-[8/6/6/3]2 1.655 1710 58.14 All-electron nonrel. HF 44 2.57
NR-AIMP calculations All-electron DHF® 44 1.56-1.0) 2200 13.6
AE-[8/6/6/3]2 1.655 1720 58.15
All-electron nonrel. CC 45 1.936 600 —
VAL-[3/3/4/2°  1.662 1690 56.07 All-electron no-pair rel. C& 45 1.531-0.41) 2238 45
VAL- [3/3/4/@b 1.662 1690 56.07 EAPP nonrel. HF 59 2.636 305 1.6
VAL-[3/3/5/2] 1.659 1700 56.35 EAPPF rel. HF 59 1.549-1.09 2124 104
VAL- [3/4/4/2]b 1.657 1710 57.39 EAPPF rel. CISD+Q 59 1.501 2312 39.8
VAL-[4/3/4/2° 1660 1730 56.91
VAL- [4/4/4/2]b 1.656 1740 58.16 NR-AIMP CASSCF 2.469 690 14
VAL-[3/4/5/2] 1.655 1720 57.70 CG-AIMP CASSCF 1.571—-0.90 1960 24.1
VAL-[4/4/5/2]° 1.653 1740 58.47 NR-AIMP ACPF-ds 2.300 401 35
CG-AIMP ACPF-ds 1.541-0.76 2040 345
8AE stands for all-electron basis set from Ref. 43. NR-AIMP ACPF{p]ds 2.185 434 4.2
bVAL for valence basis set from this work. CG-AIMP ACPF{p]ds 1.531-0.65 2082 39.6
', State.

experiments is limited to WH, AuH and HgH, the only hy- :Couplleg-clluste(ccl) c?lc_ulations s_tartfing frzgﬂAul: reference.
drides whose spectroscopic constants have been measured.,ﬁ@“p ed-cluster calculations starting from AUF reference.

. ergy-adjusted pseudopotentials from Ref. 9 corresponding to the core
our knowledge. The agreement of our results with the meak; 44,41,
surements of Ref. 48 on AuH and HgH is good. Furthermore,
in AuH, our ACPFfp]ds results are very close to the no-pair
all-electron coupled-cluster calculations of Ref. 45 in whichmentation of the frozen-core approximations involved, the
the same degree of electron correlation had been includegrevious agreement indicates that the Douglas—Kroll and
We take these agreements as indications of the good perfoCowan—Griffin Hamiltonians are of similar quality for these
mance of our core potentials. In HgH, the spectroscopic conmolecular calculations, in spite of their different origins. The
stants have been deduced from measurements in Ref. 49 asgistence of systematic deviations with other methods is not
well: The bond distance shows some deviation from our reapparent, except for a tendency to produgevalues slightly
sults and from the experimental data of Ref. 48; we do nosmaller than those of spin-free averaged relativistic ECP
have an explanation for this. (AREP?® calculations. With respect to the disagreement in
The apparently very large deviations with respect to thethe ground state of the ReH molecule found by Wittborn and
experimental bond distance and vibrational frequency of WH~ahligrerd® (>3 ) and Dai and Balasubramantan(’s,*),
deserve some comments. These data were deduced from ther calculations agree with the former result. We find an-
analysis of the emission spectra of a plasma generated byather disagreement in the ground state of IrH according to
discharge in Ref. 50. In those experiments the emissions tour calculation $A) and to those of Dai and
two different vibrational levels of the electronic ground stateBalasubramanian (°3 ~) at an equivalent level of correla-
were not identified. Instead, the value ®f was obtained as tion; the energy difference between the two states is, how-
a rough estimate from the effective rotational constapt B ever, small.
and the effective centrifugal constant Pwith v unknown.
Thls means that very Igrge deviations from the true vibra;  CONCLUSIONS
tional constant are possible: The agreement between our cal-
culations and those of Ref. 51 indicate that this should be the We produced and monitored the quality of the ingredi-
case. Also, the too low values of.Rbtained in all the avail- ents of relativistic spin-free CG-AIMP and spin-orbit WB-
able theoretical calculations, in contrast with what is usualAIMP calculations with La and third-series transition metal
and with the results on AuH and HgH, might indicate thatelements. Starting from atomic Cowan—Griffin calculations,
the interpretation of the emission spectrum measurements ime generated the spin-free relativistic core AIMPs which
Ref. 50 is questionable. In particular, a large valueydbr  correspond to the 62-electron cor€d,4f]. Of those ele-
the effective rotational constant,Bias not been ruled out; if ments, we obtained their spin-orbit operators and their cor-
this were so, the Robtained from B in Ref. 50 would be responding optimized, spin-orbit-corrected valence basis
significantly overestimated. sets. We produced, as well, the nonrelativistic AIMPs and
Overall, our results are similar to those of other methodsvalence basis sets, since they are necessary for the explicit
In particular, the closeness between our CG-AIMP ACPF-d<alculation of the relativistic effects. Also, we performed
results and the NP-AIMP MCPF results of Wittborn and monitoring spin-free calculations on the atoms, singly ion-
Wabhlgren'® which correspond to the spin-free no-pair ized ions, and monohydrides of the ten elements, which re-
Hamiltonian of Douglas—Krotf is remarkable. Since both vealed the good quality of the AIMPs. Finally, we carried
CG-AIMP and NP-AIMP methods have a common imple-out a spin-free-state-shifted spin-orbit-Cl calculation on the
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TABLE IX. Spectroscopic constants of third-series transition metal hydrides. Spin-free relativistic calculations
and experimental results. DistancesAi , vibrational frequencies in cnt, and dissociation energies in kcal/

mol.
Molecule  State Method Level Reference R, we D, Dissoc. limit
LaH? 3%  CG-AIMP®  CASSCF 211 1350 61.7 Laf’d') 2D
ACPF-ds 2.08 1380 63.2
ACPF{p]ds S 2.06 1420 62.6
NP-AIMP®  MCPF 19 2.08 — 637
NP-AE? MCPF 19 2.07 — 642
AREP socl 33 2.08 1433 60.0
HfH A CG-AIMP®  CASSCF 1.84 1730 542 Hf$’d?) °F
ACPF-ds 1.84 1680 64.2
ACPF{p]dd 1.82 1710 62.6
NP-AIMP®  MCPF 19 1.85 — 644
NP-AE? MCPF 19 1.86 — 652
AREP socl 60 1.85 1702 66.2
TaH 30 CG-AIMP®  CASSCF 1.77 1730 438 Taid®) *F
ACPF-ds 1.75 1800 56.7
NP-AIMP®  MCPF 19 1.76 — 552
NP-AE? MCPF 19 1.76 — 578
AREP socl 61 1.75 1810 55.1
WH 63+ CG-AIMP®  CASSCF 1.76 1730 465 Wstd®)’S
ACPF-ds 1.72 1820 61.3
ACPF{p]ds 1.71 1820 62.9
NP-AIMP®  MCPF 19 1.73 — 619
NP-AE? MCPF 19 1.73 — 629
AREP socl 51 1.73 1897 62.0
Experiment 50 1.79 531 —
ReH 5%* CG-AIMP®  CASSCF 1.67 1920 24.1 Reid®)°®s
ACPF-ds 1.64 1970 43.7
ACPF{p]ds 1.64 1950 46.2
NP-AIMP®  MCPF 19 1.64 — 453
NP-AE? MCPF 19 1.64 — 4438
AREP socl 52 1.63 2042 22.1
St CG-AIMP®  CASSCF 1.82 1550 29.8 Re¥d)°®s
ACPF-ds 1.80 1520 36.6
ACPF{p]ds 1.79 1550 36.1
NP-AIMP®  MCPF 19 1.81 — 248
AREP socl 52 1.82 1611 30.4
OsH ‘Il CG-AIMP®  CASSCF 1.63 1960 39.8 0si°) °D
ACPF-ds 158 2130 58.2
ACPF{p]ds 158 2160 59.5
NP-AIMP®  MCPF 19 1.59 — 615
NP-AE? MCPF 19 1.59 — 605
AREP socl 62 158 2212 —
EAPP MRCI(SD)+Q 63 156 2327 627
HW-ECP' MRCI(SD)+Q 63 156 2339 63.0
IrH A CG-AIMP®  CASSCF 1.60 2010 52.4 Isfd’) *F
ACPF-ds 155 2230 73.7
ACPF{p]ds 154 2270 70.8
NP-AIMP®  MCPF 19 1.57 — 769
NP-AE? MCPF 19 1.55 — 744
AREP MRCI(SD) 53 155 2316 58.3
3%~ CG-AIMP®  CASSCF 1.59 2030 483 Istd’)“F
ACPF-ds 154 2230 69.6
ACPF{p]ds 153 2210 69.4
AREP® MRCI(SD) 53 1.56 2476 60.9
PtH 23+  CG-AIMP®  CASSCF 158 2050 55.2 Psid®) °D
ACPF-ds 152 2290 775
ACPF{p]ds 1.52 2310 78.0
NP-AIMP®  MCPF 19 1.52 — 740
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TABLE IX. (Continued)

Molecule State Method Level Reference R, we D, Dissoc. limit
NP-AE MCPF 19 1.51 — 740
HW-ECP' MP4(SDTQ 64 1.50 2544  75.4
RECP MRCI(SD) 65 1.54 — 717
Q=% 4-comp. AE  DHF-CI¥ 41 153 2419 632
AuH I3t CG-AIMP®  CASSCF 159 1910 49.1 Augld9?s
ACPF-ds S 155 2120  65.0
ACPF{p]ds “e 1.53 2140 68.0
NP-AE? CC[plds 45 152 2288 —
AREP® CISD 66 159 2100 —
EAPP CISD 59 150 2288 68.2
Experiment 48 1.52 2303 74.3
HgH 23+ CG-AIMP®  CASSCF 1.81 1200 -8.8 Hg@E*d9's
ACPF-ds “e 1.80 1110 9.8
ACPF{p]ds S 1.78 1270 10.4
AREP® MRD-CI 67 1.78 1309 7.3
EAPP CISD 68 1.73 1185 2.8
QCl 1.79 1156 6.9
Experiment 48 1.77 1203 10.4
49 1.74 1387 10.6

qCdJ-core and 3/3/3/1] valence basis set for La.

bSpin-free relativistic CG-AIMP calculations of this work corresponding to the fGok4f].

°No-pair spin-free relativistic AIMP from Ref. 19 corresponding to the d@éve3d].

dNo-pair spin-free relativistic all-electron calculations.

eSpin-free averaged relativistic ECP from Ref. 8 corresponding to the[oréd, 4f].

fSee text for a discussion.

9Spin-free relativistic energy-adjusted pseudopotential from Ref. 9 corresponding to tH&cdk4f].
"Spin-free relativistic ECP from Ref. 7 corresponding to the ¢étedd, 4f].

fSpin—free relativistic ECP from Ref. 3.

IHere the reference space is a selection of the CAS: only configurations with coefficients with an absolute value
larger than 0.05 are retained.
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