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In this paper we present relativistic coreab initio model potentials based on atomic Cowan–Griffin
calculations, together with Wood–Boring spin-orbit operators and optimized Gaussian valence basis
sets, for the lanthanide elements Ce to Lu and for the actinide elements Th to Lr. This completes the
chemically relevant part of the Periodic Table. A@Kr,4d# core was chosen for Ce–Lu and a
@Xe,4f ,5d# core was chosen for Th–Lr. Minimal (14s10p9d8 f )/@2s1p1d1 f # and
(14s10p11d9 f )/@2s1p1d1 f # valence basis sets were, respectively, optimized for Ce–Lu and
Th–Lr, and a@6s5p5d4 f # contraction is recommended for all these 28 elements in molecular
calculations. The atomic and molecular results show the same good quality already observed for the
main-group elements and the transition metal elements. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1330209#
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I. INTRODUCTION

Effective core potential methods~ECP! are accepted a
efficient tools to carry out spin-free and spin-orbit relativis
ab initio calculations in molecules and crystals. They a
especially indicated when heavy elements are involved.

Two families of relativistic ECP methods exist: tho
relying on the pseudo-orbital transformation,1 which produce
nodeless valence pseudo-orbitals and are known aspseudo-
potentialmethods, and those based on the Huzinaga–C
equation,2 which lead to valence orbitals with the same nod
structure as the all-electron orbitals and are know asmodel
potentialmethods. Within the latter kind, theab initio model
potential method~AIMP!3 resulted from the implementatio
of two ideas:4 ~i! the core model potentials are obtained
rectly from the frozen core orbitals, without resorting to p
rametrization procedures based on the valence orbitals,
~ii ! the components of the core model potentials must mi
the operators that they substitute as much as possible, w
reducing the computing time. Spin-free relativistic co
AIMPs derived from atomic Cowan–Griffin calculations5

and extended to include spin-orbit coupling effects accord
to Wood and Boring suggestions6 constitute the so-called
relativistic WB-AIMPs,7 which are used with optimized va
lence basis sets. In addition to the nonrelativistic ones,
ingredients of the WB-AIMP method have been produc
successfully monitored, and used for the main-group e
ments and for the three series of transition me
elements.4,7–11The quality of the one-electron effective spi
orbit Wood–Boring operators was shown to be very high
atomic and molecular calculations.12,13 Also, the expected
good performance of this method forf elements has bee
confirmed in relativistic spin-orbit calculations on Ce a
spin-free calculations on CeO~Ref. 14! ~Ce is recognized as
a difficult case15,16! and taken as an indication that one cou
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safely proceed with the lanthanide and actinide series.
In order to complete the chemically relevant part of t

Periodic Table, we produced and present here the ingredi
of the WB-AIMP method for the lanthanide elements Ce
Lu and for the actinide elements Th to Lr.~For these ele-
ments, several sets of relativistic pseudopotentials are a
able in the literature.16–20! We present@Kr,4d# core AIMPs
together with 5s,5p,4f ,5d,6s optimized valence basis se
and Wood–Boring spin-orbit operators for Ce–Lu, a
@Xe,4f ,5d# core AIMPs with 6s,6p,5f ,6d,7s optimized va-
lence basis sets and Wood–Boring spin-orbit operators
Th–Lr. It is worth noticing that the Gaussian primitive fun
tions that have been optimized here with the Cowan–Gri
relativistic Hamiltonian are expected to be transferable
relativistic AIMPs based on the Douglas–Kroll–He
Hamiltonian,21,22 as was the case of the transition metal e
ments from Sc to Hg.23,24

II. AB INITIO MODEL POTENTIALS AND VALENCE
BASIS SETS

We summarize here the procedure leading to~1! the
spin-free relativistic coreab initio model potentials derived
from Cowan–Griffin atomic calculations~CG-AIMP!; ~2!
the Wood–Boring one-electron spin-orbit operators wh
are added to the CG-AIMP Hamiltonian in order to produ
the spin-dependent WB-AIMP Hamiltonian; and~3! the va-
lence basis sets. The details have been fully describe
Refs. 3, 4, and 7. All these data are available from
authors25 and are presented in the Supplementary Mate
Section of Ref. 26 as E-PAPS document files.

A. WB-AIMP Hamiltonian

The spin-dependent relativistic WB-AIMP Hamiltonia
of a molecule,ĤWB-AIMP, is the sum of a spin-free relativisti
Hamiltonian,ĤCG-AIMP, and a pure spin-orbit Hamiltonian

ĤSO
il:

© 2001 American Institute of Physics
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TABLE I. Core/valence partitions and valence basis sets used for the lanthanide and actinide element

Label Core orbitals Valence orbitals Minimal valence basis set

Ce–Lu @Kr,4d# K,L,M,4s,4p,4d 5s,5p,4f ,5d,6s (14s10p9d8f )/@2s1p1d1f #
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Th–Lr @Xe,4f ,5d# K,L,M,N,5s,5p,5d 6s,6p,5f ,6d,7s (14s10p11d9f )/@2s1p1d1f #
ĤWB-AIMP5ĤCG-AIMP1ĤSO. ~1!

For a molecule withNval valence electrons andNnuc nuclei
~each with nuclear chargeZI and number of core electron
Zcore

I !, the spin-free Hamiltonian reads

ĤCG-AIMP5(
i

Nval

ĥCG-AIMP~ i !1(
i , j

Nval 1

r i j

1(
I ,J

Nnuc ~Zl2Zcore
I !~ZJ2Zcore

J !

RIJ
, ~2!

with ĥCG-AIMP( i ), the one-electron spin-free relativist
Cowan–Griffinab initio model potential, defined by

ĥCG-AIMP~ i !52
1

2
¹̂ i

21(
I

Nnuc F2
ZI2Zcore

I

r i

1(
k

Ck
I exp~2ak

I r i
2!

r i

1(
l

(
m52 l

1 l

(
a,b

uxalm
I &Al ;ab

I ,M P^xblm
I u

1 (
cPcore

~22«c
I !ufc

I &^fc
I uG . ~3!

This operator is a practical, approximate representation
the corresponding frozen-core operator27

ĥCG-FC~ i !52
1

2
¹̂ i

21(
I

Nnuc F2
ZI2Zcore

I

r i
2

Zcore
I

r i

12 (
cPcore

Ĵc
I ~r i !2 (

cPcore
K̂c

I 1V̂MV
I

1V̂D
I 1 (

cPcore
~22«c

I !ufc
I &^fc

I uG , ~4!

which is made of the nonrelativistic kinetic energy opera
and a sum of atomic operators that includes, for each
them, the nuclear attraction, the core Coulomb and excha
operators, the Cowan–Griffin–Wood–Boring valence ma
velocity and Darwin operators, and a final term resulti
from the linear-independency conditions between core
valence orbitals.2 In Eq. ~4!, V̂MV

I 1V̂D
I reads

V̂MV
I 1V̂D

I 5 (
nlPvalence

Ôl
I~VMV,nl

I 1VD,nl
I !Ôl

I , ~5!

whereVI 1VI are the orbital-dependent mass-veloc
D,nl
tentials of Cowan–Griffin–Wood–Woring
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~related to but different from Pauli’s mass-velocity and Da
win operators!5,6 and the angular projectors made of sphe
cal harmonics

Ôl
I5 (

m52 l

1 l

uYlm
I &^Ylm

I u, ~6!

prevent thenl-potentials from acting on orbitals with a dif
ferent l 8.

The ingredients in Eq.~3! are produced as follows: A
numerical all-electron spin-free relativistic Cowan–Griffin
Hartree–Fock calculation5 is performed on a given state o
atomI ~usually the ground state, see Tables IV and V!. From
this calculation, a set of atomic orbitals is arbitrarily defin
as thecore $fc

I % ~see Table I!. The core orbitals are repre
sented by analytical Gaussian expansions which are obta
by a maximum overlap criterion28 and they and their orbita
energies«c

I are conveniently stored in libraries. With th
numerical core orbitals, the core Coulomb potent
2ScĴc

I (r ) is calculated,2Zcore
I /r is added to it, and the resu

is represented with a local potential 1/rSkCk
I exp(2ak

Ir2) by
means of a least-squares fitting procedure and stored. Th
the third term on the right-hand side of Eq.~3!. The mass-
velocity and Darwin radial operators of Cowan–Griffin
Wood–Boring corresponding to the valence orbitals are a
stored:$VMV,nl

I 1VD,nl
I %nlPvalence. In a given atomic or mo-

lecular calculation, these scalar relativistic operators
added to the core exchange operator2ScK̂c

I and the result is
spectrally represented in the space defined by the se
~Gaussian! primitive functions used for atomI $xalm

I %, which
results in the fourth term on the right-hand side of Eq.~3!. In
consequence, theAl ;ab

I ,M P coefficients are the elements of th
product matrixSI 21

VEMD
I SI 21

; here,SI is the overlap matrix
in the basis of primitives$xalm

I % andVEMD
I is the matrix of

the operator2ScPcoreK̂c
I 1V̂MV

I 1V̂D
I of atom I in the same

basis. Since the set of primitives$xalm
I % is likely to change

from one molecular calculation to another, and it would n
be efficient to tabulate theAl ;ab

I ,M P coefficients, they are calcu
lated during the input processing part of every single m
lecular calculation.29 Strictly speaking, Eq.~5! holds only
when one valence orbital exists for a givenl, whereas a
different operator corresponds when more than one vale
orbital of a given l is used; the use of coupling operat
techniques30 would be indicated in the latter case, leading
an operator which causes, say, theVMV,5s to act on thef5s

and theVMV,6s to act on thef6s . It has been shown, how
ever, that using the mass-velocity and Darwin potentials
the outermost valence orbitals for the inner valence orbi
leads to very small errors, safely acceptable within an eff
tive potential method.14 As a consequence with this, we wi

use this approximation. Finally, the last term on the right-
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TABLE II. Valence spin-orbit model potentials@Eq. ~9!# of the lanthanide elements.

VSO,5p VSO,5d VSO,4f

bk
5p Bk

5p bk
5d Bk

5d bk
4 f Bk

4 f

Cerium
1 466 000.0 0.283 988 89 661 400.0 0.353 027 14 512 000.0 0.370 87

170 300.0 0.260 225 45 64 360.0 0.248 521 00 46 890.0 0.238 62
29 790.0 0.172 510 09 8 505.0 0.125 285 38 5 777.7 0.111 98
3 960.3 0.095 611 29 1 232.7 0.054 152 73 774.45 0.045 519

476.14 0.039 725 20 184.72 0.022 389 01 110.649 0.017 69
53.796 0.014 534 47 27.374 0.009 108 82 17.6163 0.006 55
5.7550 0.003 972 00 3.4660 0.002 633 19 2.5920 0.001 999
0.5772 0.000 655 78 0.4051 0.000 406 43 0.2947 0.000 313

Praseodymium
2195 000.0 0.270 541 43 668 700.0 0.349 630 49 508 000.0 0.369 19
201 300.0 0.295 867 13 65 730.0 0.250 028 10 46 790.0 0.239 86
26 790.0 0.179 891 71 8 795.0 0.127 698 19 5 801.7 0.113 38
3 985.8 0.096 576 45 1291.6 0.055 805 06 783.35 0.046 280

476.14 0.040 572 12 195.83 0.023 258 33 113.379 0.018 04
53.796 0.014 731 46 29.324 0.009 518 09 18.3963 0.006 74
5.7550 0.004 050 80 3.7640 0.002 829 17 2.7480 0.002 142
0.6023 0.000 659 82 0.4689 0.000 452 35 0.3224 0.000 323

Neodymium
477 000.0 0.135 862 86 632 200.0 0.351 253 70 554 000.0 0.361 01
267 400.0 0.275 185 20 31 820.0 0.249 434 24 52 590.0 0.244 38
26 790.0 0.196 835 19 8 217.0 0.126 556 90 6 762.7 0.119 87
3 960.3 0.095 641 56 1196.7 0.055 039 02 949.75 0.050 171

476.14 0.041 399 23 180.73 0.022 703 05 141.179 0.020 45
53.796 0.014 924 64 27.424 0.009 303 49 21.7463 0.007 84
5.7550 0.004 139 60 3.4460 0.002 777 12 3.0330 0.002 426
0.5772 0.000 653 62 0.3849 0.000 879 68 0.3174 0.000 343

Promethium
2 817 000.0 0.223 101 25 616 000.0 0.350 657 27 560 000.0 0.357 92

251 100.0 0.334 539 47 60 350.0 0.249 674 21 53 690.0 0.246 04
26 190.0 0.192 371 18 8 048.0 0.126 908 78 6 986.7 0.122 23
3 972.9 0.096 930 86 1 177.3 0.055 342 18 993.65 0.051 645

476.14 0.042 148 06 179.25 0.022 808 58 149.459 0.021 24
53.796 0.015 121 47 27.764 0.009 393 94 23.1463 0.008 22
5.7550 0.004 231 37 3.5520 0.002 878 12 3.2390 0.002 597
0.5792 0.000 647 80 0.4016 0.000 892 71 0.3404 0.000 366

Samarium
1 625 000.0 0.266 943 20 612 200.0 0.348 634 03 565 000.0 0.354 89

176 200.0 0.279 608 14 60 330.0 0.250 658 95 54 690.0 0.247 52
25 790.0 0.175 157 24 8 104.0 0.128 333 09 7 199.7 0.124 47
4 032.6 0.100 905 41 1 194.7 0.056 313 91 1 037.05 0.053 07

475.05 0.042 766 49 183.43 0.023 306 68 157.839 0.022 04
53.737 0.015 355 02 28.724 0.009 647 77 24.5663 0.008 61
5.7550 0.004 270 55 3.7180 0.003 018 01 3.4460 0.002 771
0.6112 0.000 667 89 0.4250 0.000 413 51 0.3627 0.000 389

Europium
1 462 000.0 0.272 142 71 654 800.0 0.341 012 03 559 000.0 0.353 16

163 400.0 0.271 187 27 65 920.0 0.253 420 86 54 390.0 0.248 41
25 320.0 0.172 155 32 9 093.0 0.133 624 07 7 192.7 0.125 97
4 016.7 0.102 014 17 1 879.9 0.059 957 08 1 041.55 0.053 80

473.79 0.043 366 82 216.96 0.025 434 32 160.529 0.022 29
53.604 0.015 658 42 33.984 0.010 719 05 25.7663 0.008 80
5.7550 0.004 327 86 4.5030 0.003 429 50 3.7440 0.002 951
0.6534 0.000 678 39 0.5805 0.000 553 85 0.4284 0.000 437

Gadolinium
1 422 000.0 0.269 557 38 604 000.0 0.344 768 08 564 000.0 0.350 19

162 500.0 0.269 040 54 60 180.0 0.252 140 29 55 390.0 0.249 59
25 410.0 0.174 177 71 8 197.0 0.131 053 94 7 421.7 0.127 85

Phys., Vol. 114, No. 1, 1 January 2001 Seijo, Barandiará
4 011.6 0.103 333 87 1 226.1 0.058 187 57 1 088.75 0.055 317 91
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TABLE II. ~Continued.!

VSO,5p VSO,5d VSO,4f

bk
5p Bk

5p bk
5d Bk

5d bk
4 f Bk

4 f

474.99 0.043 978 59 191.44 0.024 268 52 468.789 0.023 24
53.963 0.015 823 77 30.654 0.010 149 23 26.6863 0.009 20
5.7550 0.004 444 81 4.0610 0.003 309 70 3.7780 0.003 076
0.6184 0.000 658 64 0.4723 0.000 454 11 0.3969 0.000 421

Terbium
409 000.0 0.268 752 47 600 400.0 0.342 750 87 559 000.0 0.348 48
162 500.0 0.265 185 73 60 150.0 0.252 893 45 55 190.0 0.250 25
25 990.0 0.177 412 81 8 249.0 0.132 423 12 7 448.7 0.129 06
4 024.3 0.105 599 53 1 242.9 0.059 125 79 1 100.95 0.056 16

473.76 0.044 630 14 195.84 0.024 759 61 172.189 0.023 98
53.820 0.016 000 63 31.714 0.010 415 57 27.5163 0.009 43
5.7550 0.004 530 73 4.2500 0.003 464 60 3.9260 0.003 216
0.6163 0.000 650 10 0.4990 0.000 478 12 0.4124 0.000 435

Dysprosium
1 440 000.0 0.264 889 99 596 000.0 0.340 904 83 553 000.0 0.346 83

166 800.0 0.264 795 30 60 010.0 0.253 545 68 54 890.0 0.250 83
26 280.0 0.183 967 07 8 286.0 0.133 665 07 7 455.7 0.130 17
3 915.7 0.106 394 08 1 257.5 0.060 034 76 1 109.45 0.056 93

464.34 0.044 605 45 199.72 0.025 232 20 174.969 0.024 09
53.359 0.016 076 89 32.694 0.010 664 77 28.2563 0.009 65
5.7550 0.004 603 23 4.4320 0.003 617 86 4.0680 0.003 351
0.6192 0.000 645 01 0.5242 0.000 500 23 0.4280 0.000 448

Holmium
1 480 000.0 0.259 699 39 593 900.0 0.338 773 09 547 000.0 0.345 41

171 600.0 0.266 475 73 60 130.0 0.254 308 43 54 490.0 0.251 45
26 420.0 0.189 419 66 8 360.0 0.135 105 71 7 440.7 0.131 19
3 839.7 0.107 129 48 1 277.7 0.061 064 46 1 113.15 0.057 65

458.45 0.044 803 87 204.41 0.025 768 13 176.679 0.024 44
53.097 0.016 186 89 33.764 0.010 938 77 28.8463 0.009 82
5.7830 0.004 684 14 4.6230 0.003 778 89 4.2000 0.003 478
0.627 10 0.000 644 94 0.5500 0.000 522 88 0.4431 0.000 46

Erbium
1 491 000.0 0.257 085 55 586 000.0 0.337 433 22 428 000.0 0.360 95

172 800.0 0.266 425 53 59 540.0 0.254 749 91 40 590.0 0.244 92
26 480.0 0.192 609 76 8 318.0 0.135 982 83 5 163.7 0.119 90
3 803.4 0.108 111 81 1 278.1 0.061 706 39 718.05 0.050 452

456.42 0.045 233 41 206.07 0.026 087 54 104.429 0.020 01
53.356 0.016 307 55 34.494 0.011 121 03 17.0263 0.007 04
5.9490 0.004 816 88 4.7890 0.003 922 81 2.9330 0.002 494
0.6519 0.000 666 98 0.5728 0.000 541 70 0.3205 0.000 302

Thullium
1 474 000.0 0.255 794 15 583 800.0 0.335 372 48 423 000.0 0.359 95

173 400.0 0.262 504 75 59 620.0 0.255 439 72 40 190.0 0.245 75
26 790.0 0.197 320 29 8 884.0 0.137 351 68 5 162.7 0.120 75
3 748.3 0.109 120 81 1 296.8 0.062 717 07 715.95 0.051 004

456.41 0.045 347 68 210.45 0.026 610 41 104.249 0.020 29
54.564 0.016 580 41 35.534 0.011 385 81 16.9163 0.007 12
6.1530 0.004 997 67 4.9830 0.004 086 61 2.9640 0.002 523
0.6769 0.000 689 41 0.5988 0.000 564 18 0.3243 0.000 301

Ytterbium
1 428 000.0 0.254 578 53 578 400.0 0.333 758 39 417 000.0 0.358 79

170 800.0 0.260 930 12 59 310.0 0.255 931 69 39 790.0 0.246 30
26 790.0 0.196 266 70 8 386.0 0.138 405 33 5 136.7 0.121 60
3 823.6 0.110 872 97 1 304.5 0.063 502 64 715.25 0.051 605

462.97 0.046 634 80 213.24 0.027 008 22 104.199 0.020 59
54.504 0.016 836 57 36.414 0.011 604 64 16.8163 0.007 20
6.1730 0.005 077 72 5.1670 0.004 245 07 2.9960 0.002 551

l. 114, No. 1, 1 January 2001 Model p
0.6824 0.000 685 79 0.6236 0.000 584 67 0.3278 0.000 301 58
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TABLE II. ~Continued.!

VSO,5p VSO,5d VSO,4f

bk
5p Bk

5p bk
5d Bk

5d bk
4 f Bk

4 f

Lutetium
1 498 000.0 0.250 254 48 574 900.0 0.331 880 60 369 000.0 0.365 38

174 800.0 0.264 409 86 59 230.0 0.256 483 11 34 390.0 0.242 99
26 790.0 0.200 544 99 8 425.0 0.139 610 49 4 817.7 0.116 66
3 769.7 0.111 391 24 1 318.4 0.064 430 15 582.05 0.048 637

462.17 0.046 906 47 216.86 0.027 470 21 80.269 0.019 171
55.095 0.017 063 87 37.404 0.011 850 19 11.2563 0.006 89
6.2910 0.005 223 07 5.3620 0.004 413 03 1.9090 0.001 670
0.6927 0.000 690 85 0.6496 0.000 605 95 0.1905 0.000 155

TABLE III. Valence spin-orbit model potentials@Eq. ~9!# of the actinide elements.

VSO,6p VSO,6d VSO,5f

bk
6p Bk

6p bk
6d Bk

6d bk
5 f Bk

5 f

Thorium
2 115 500.0 0.188 073 58 397 210.0 0.322 405 93 339 700.0 0.335 31

239 900.0 0.258 631 46 41 795.0 0.259 889 23 34 730.0 0.256 31
31 155.0 0.265 768 43 6 130.4 0.145 569 45 4 901.1 0.137 76
3 567.40 0.134 195 29 965.42 0.071 073 08 751.77 0.063 65

478.251 0.056 450 98 148.737 0.030 264 20 116.351 0.027 30
61.526 5 0.021 708 85 23.184 0 0.012 143 38 17.097 3 0.010 63
8.166 90 0.007 133 23 3.643 60 0.003 376 34 2.517 90 0.002 47
0.756 64 0.001 091 21 0.451 63 0.000 543 79 0.299 21 0.000 35

Protactinium
2 262 800.0 0.183 862 82 403 800.0 0.319 385 95 341 300.0 0.333 13

251 660.0 0.257 094 24 42 804.0 0.260 228 25 35 090.0 0.256 94
32 152.0 0.271 960 12 6 323.5 0.148 341 46 4 989.9 0.139 18
3 586.19 0.136 700 20 999.91 0.072 097 71 771.98 0.064 74

477.723 0.057 043 02 158.464 0.031 119 40 120.479 0.027 93
61.645 2 0.021 823 83 25.145 0 0.012 659 97 17.878 3 0.010 96
8.407 10 0.007 209 02 4.096 20 0.003 666 69 2.661 10 0.002 59
0.813 11 0.001 175 08 0.532 49 0.000 653 91 0.341 80 0.000 39

Uranium
3 455 000.0 0.164 113 90 406 000.0 0.316 888 34 340 000.0 0.331 82

341 300.0 0.251 137 71 43 800.0 0.260 682 66 34 990.0 0.257 83
39 680.0 0.299 335 41 6 445.0 0.149 593 38 4 971.7 0.140 20
3 915.50 0.149 178 83 1 040.60 0.072 694 06 768.85 0.065 27

473.940 0.060 573 88 171.020 0.032 107 68 119.919 0.028 19
55.022 0 0.021 488 73 27.374 0 0.013 447 23 17.686 3 0.011 09
7.550 00 0.006 596 43 4.348 00 0.003 970 25 2.515 00 0.002 57
0.747 10 0.001 081 80 0.535 40 0.000 681 87 0.300 80 0.000 35

Neptunium
2 684 200.0 0.166 770 19 395 030.0 0.317 142 67 334 900.0 0.331 04

301 410.0 0.250 701 13 42 106.0 0.260 873 49 34 620.0 0.257 62
36 260.0 0.290 780 23 6 259.0 0.149 123 54 4 955.5 0.140 51
3 743.00 0.144 900 14 1 007.84 0.072 887 59 773.35 0.065 76

485.113 0.058 840 13 163.647 0.031 796 86 121.664 0.028 54
62.354 0 0.022 453 98 26.357 0 0.013 808 57 18.107 3 0.011 31
8.541 10 0.007 853 35 4.165 80 0.003 842 81 2.577 00 0.002 55
0.836 89 0.001 236 86 0.536 11 0.000 673 54 0.317 43 0.000 87

Plutonium
3 146 300.0 0.157 056 58 397 190.0 0.314 818 03 335 300.0 0.329 16

342 500.0 0.247 173 59 42 552.0 0.261 288 41 34 820.0 0.258 16
39 226.0 0.303 824 13 6 366.4 0.150 546 51 5 013.1 0.141 72
3 816.52 0.150 050 55 1 032.92 0.074 006 42 787.62 0.066 68

480.956 0.059 805 38 169.170 0.032 494 00 124.723 0.029 08
60.817 5 0.022 476 79 27.374 0 0.013 710 61 18.692 3 0.011 60
8.434 70 0.007 251 65 4.326 30 0.003 981 24 2.662 00 0.002 75
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5 76
1 23
5 57
0 34
0 85
7 38
4 47
7 80

7 11
4 96
8 22
2 11
6 01
7 31
3 10
4 61

9 97
8 51
7 04
4 44
1 89
8 80
7 33
7 48

0 82
4 77
1 11
2 09
4 06
4 24
1 69
3 21

8 83
9 21
4 61
1 53
5 85
3 94
5 61
1 19

5 39
0 01
7 93
8 88
6 96
2 60
2 27
9 01

4 28
3 64
4 23
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TABLE III. ~Continued.!

VSO,6p VSO,6d VSO,5f

bk
6p Bk

6p bk
6d Bk

6d bk
5 f Bk

5 f

Americium
3 384 200.0 0.155 747 77 405 340.0 0.311 276 96 342 800.0 0.325 53

350 590.0 0.246 684 24 43 751.0 0.261 870 97 35 910.0 0.259 05
39 680.0 0.307 253 19 6 573.9 0.153 579 74 5 226.9 0.144 03
3 816.22 0.151 585 11 1 055.52 0.075 969 99 830.51 0.068 47

478.783 0.060 610 52 170.635 0.033 158 27 132.957 0.030 10
59.804 5 0.022 516 56 27.374 0 0.013 907 07 20.245 3 0.012 10
8.512 80 0.007 188 15 4.333 00 0.003 947 57 3.006 20 0.002 99
0.909 58 0.001 335 41 0.623 97 0.000 766 51 0.420 26 0.000 48

Curium
3 819 100.0 0.154 932 99 398 590.0 0.310 944 23 335 300.0 0.325 57

875 530.0 0.239 248 96 43 111.0 0.261 389 34 35 130.0 0.259 09
42 280.0 0.315 835 39 6 573.7 0.152 682 59 5 113.4 0.143 97
3 915.50 0.156 223 84 1 072.33 0.077 326 94 813.74 0.068 44

475.913 0.062 426 39 170.720 0.033 737 06 130.472 0.030 11
56.240 5 0.022 571 15 27.374 0 0.014 012 85 19.813 3 0.012 15
7.872 50 0.006 822 68 4.295 90 0.004 000 79 2.810 30 0.002 96
0.854 01 0.001 252 65 0.601 38 0.000 749 24 0.365 67 0.000 42

Berkelium
6 089 100.0 0.258 145 89 347 780.0 0.320 752 76 335 000.0 0.323 88

242 300.0 0.218 469 54 37 509.0 0.254 660 83 35 240.0 0.259 50
40 780.0 0.295 039 79 6 025.4 0.143 046 10 5 155.9 0.145 02
3 910.45 0.157 365 07 1 052.90 0.075 604 81 825.59 0.069 27

473.840 0.063 213 37 170.678 0.034 012 36 133.175 0.030 61
54.998 0 0.022 790 69 27.374 0 0.014 172 16 20.354 3 0.012 42
7.519 50 0.006 733 57 4.246 60 0.004 025 60 2.878 10 0.003 06
0.804 81 0.011 181 39 0.601 58 0.000 742 48 0.378 17 0.000 43

Californium
3 637 100.0 0.153 429 75 357 320.0 0.317 268 36 335 100.0 0.322 10

667 330.0 0.236 561 05 39 211.0 0.252 398 97 35 400.0 0.259 92
41 380.0 0.317 672 36 6 416.6 0.148 934 54 5 206.7 0.146 13
3 829.45 0.156 598 07 1 071.55 0.078 572 49 838.98 0.070 15

476.002 0.062 878 79 171.020 0.034 357 81 136.170 0.031 13
57.256 0 0.023 114 52 27.374 0 0.014 422 92 20.953 3 0.012 71
8.126 90 0.006 992 85 4.098 50 0.004 0.34 52 2.959 20 0.003 18
0.919 20 0.001 356 04 0.582 36 0.000 702 42 0.393 29 0.000 45

Einstenium
864 700.0 0.239 838 41 479 390.0 0.306 208 43 335 800.0 0.320 20
105 570.0 0.251 785 12 44 082.0 0.289 889 64 35 620.0 0.260 37
17 535.0 0.208 600 51 5 865.0 0.151 002 53 5 266.7 0.147 30
2 893.02 0.108 745 43 1 045.60 0.074 496 37 853.99 0.071 08

538.374 0.057 979 20 171.020 0.035 073 26 139.457 0.031 68
77.481 6 0.026 142 03 27.374 0 0.014 263 61 21.607 3 0.013 01
10.711 10 0.008 884 66 4.318 00 0.004 168 17 3.051 60 0.003 30
1.116 45 0.001 728 30 0.609 04 0.000 751 29 0.410 37 0.000 47

Fermium
877 200.0 0.236 742 49 546 370.0 0.295 232 44 336 000.0 0.318 37
107 680.0 0.250 574 96 48 038.0 0.304 296 66 35 800.0 0.260 73
17 984.0 0.210 416 91 5 875.0 0.156 617 50 5 321.8 0.148 40
2 978.00 0.110 582 60 1 040.60 0.074 255 66 868.42 0.071 97

554.814 0.059 839 57 171.020 0.035 535 03 142.703 0.032 22
79.657 9 0.026 790 70 27.374 0 0.014 303 83 22.267 3 0.013 31
11.015 40 0.009 097 60 4.348 00 0.004 249 17 3.145 30 0.003 43
1.162 29 0.001 806 33 0.608 16 0.000 748 72 0.427 61 0.000 48

Mendelevium
889 000.0 0.233 761 31 418 840.0 0.309 680 01 336 400.0 0.316 54
109 710.0 0.249 318 39 40 736.0 0.278 207 82 35 990.0 0.261 09
18 427.0 0.212 098 08 5 857.0 0.148 945 10 5 377.7 0.149 51

l. 114, No. 1, 1 January 2001 Model p
3 064.23 0.112 370 97 1 052.50 0.076 575 07 882.98 0.072 880 34
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FIG. 1. Valence or
electron results. Da
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TABLE III. ~Continued.!

VSO,6p VSO,6d VSO,5f

bk
6p Bk

6p bk
6d Bk

6d bk
5 f Bk

5 f

571.698 0.060 720 83 171.010 0.035 793 81 145.976 0.032 77
81.869 1 0.027 452 59 27.374 0 0.014 536 02 22.934 3 0.013 61
11.319 50 0.009 311 70 4.210 30 0.004 263 01 3.238 50 0.003 56
1.208 76 0.001 885 10 0.592 49 0.000 709 78 0.444 25 0.000 50

Nobelium
904 900.0 0.230 429 55 506 080.0 0.301 250 16 336 600.0 0.314 78
112 310.0 0.247 938 64 45 097.0 0.295 286 59 36 150.0 0.261 42
18 950.0 0.214 161 00 5 915.0 0.155 569 93 5 428.4 0.150 56
3 156.60 0.114 375 22 1 047.63 0.076 537 36 896.69 0.073 75

588.749 0.062 146 47 171.020 0.036 241 88 149.123 0.033 30
84.032 4 0.028 114 55 27.374 0 0.014 563 05 23.586 3 0.013 91
11.615 60 0.009 520 57 4.267 90 0.004 339 81 3.326 10 0.003 69
1.255 70 0.001 963 86 0.603 46 0.000 720 74 0.458 93 0.000 51

Laurentium
918 700.0 0.227 335 28 411 420.0 0.309 331 25 336 200.0 0.313 19
114 660.0 0.246 528 57 40 327.0 0.274 991 81 36 230.0 0.261 72
19 145.0 0.215 942 07 5 945.0 0.152 347 29 5 464.6 0.151 50
3 249.24 0.116 258 13 1 040.60 0.078 123 04 907.81 0.074 53

606.358 0.063 590 30 171.020 0.036 107 23 151.834 0.033 78
86.251 3 0.028 793 56 27.374 0 0.015 002 14 24.171 3 0.014 18
11.913 40 0.009 731 98 4.001 00 0.004 272 89 3.396 30 0.003 81
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1.303 65 0.002 043 70 0.588 83 0.000 662 60 0.468 66 0.000 526 43
hand side of Eq.~3!, which results from the linear
independency conditions between core and valence orbi2

is calculated with the core orbitals and orbital energies.
this defines the spin-free CG-AIMP Hamiltonian@Eq. ~2!#
which is obtained without resorting to any parametrizat
procedure based on the use of the valence orbitals.

The spin-orbit contribution in Eq.~1! is

ĤSO5(
i

Nval

(
I

Nnuc

ĥSO
I ~ i !, ~7!

with the atomic one-electron spin-orbit terms
bitals of Sm. Full line: numerical Cowan–Griffin all-
shed line: analytical AIMP results of this work.
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ĥSO
I ~ i !5l I (

nlPvalence
VSO,nl

I ,M P~r i !Ôl
I l̂ I ŝÔl

I . ~8!

Herein, l̂ I and ŝ are the usual vector angular momentum a
spin operators, respectively, and the angular projectorsÔl

I

are used in the form proposed by Pitzer and Winter.31 The
radial components are chosen to be analytical functions

VSO,nl
I ,M P~r i !5(

k

Bk
nl,I exp~2bk

nl,I r i
2!

r i
2 , ~9!
FIG. 2. Valence orbitals of Pu. Full line: numerical Cowan–Griffin all-
electron results. Dashed line: analytical AIMP results of this work.
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TABLE IV. Spin-free relativistic valence energy, orbital energies, radial expectation values~in atomic units!, and orbital spin-orbit coupling constantsznl ~in
cm21!. Theznl are calculated with the Gaussian orbitals and the analytical operators~Table II! in the CG-AIMP calculations, and with the numerical orbita
and operators@Eq. ~10!# in the all-electron numerical Cowan–Griffin–Hartree–Fock calculations. The AIMP calculations correspond to a@Kr,4d# core and a
5s,5p,4f ,5d,6s-valence.

CG-AIMP
Spin-orbit corrected

CG-AIMP
All-electron

numerical CG-HF

E~val! E~val!
e(5s) ^r &5s e(5s) ^r &5s e(5s) ^r &5s

e(5p) ^r &5p z5p e(5p) ^r &5p z5p e(5p) ^r &5p z5p

e(4f ) ^r &4 f z4 f e(4f ) ^r &4 f z4 f e(4f ) ^r &4 f z4 f

e(5d) ^r &5d z5d e(5d) ^r &5d z5d e(5d) ^r &5d z5d

e(6s) ^r &6s e(6s) ^r &6s e(6s) ^r &6s

Ce (f 1d2s1)5I 238.368 911 238.367 880
21.8071 1.541 21.8071 1.541 21.8036 1.543
21.0133 1.783 12 790 21.0131 1.783 12 482 21.0144 1.782 12 482
20.4581 1.090 747 20.4581 1.090 748 20.4571 1.091 748
20.2056 3.026 525 20.2054 3.026 548 20.2059 3.023 548
20.1800 4.759 20.1800 4.759 20.1796 4.764

Pr (f 3d1s1)6L 246.931 387 246.929 913
21.7258 1.541 21.7258 1.541 21.7228 1.541
20.9287 1.800 12 829 20.9285 1.800 12 465 20.9302 1.798 12 465
20.3275 1.099 807 20.3274 1.099 809 20.3271 1.100 809
20.1591 3.378 427 20.1587 3.378 465 20.1597 3.374 464
20.1654 5.016 20.1654 5.016 20.1651 5.025

Nd (f 3d1s2)5K 256.625 703 256.623 937
22.0040 1.468 22.0040 1.468 22.0005 1.469
21.1363 1.698 15 354 21.1360 1.698 14 845 21.1379 1.697 14 846
20.6949 0.947 1068 20.6949 0.947 1072 20.6951 0.946 1072
20.2592 2.658 775 20.2592 2.658 795 20.2600 2.655 795
20.1864 4.538 20.1864 4.538 20.1861 4.544

Pm (f 4d1s2)6L 267.873 986 267.871 695
22.0603 1.438 22.0603 1.438 22.0574 1.439
21.1614 1.666 16 586 21.1611 1.666 15 973 21.1630 1.665 15 974
20.7344 0.911 1226 20.7344 0.910 1229 20.7346 0.910 1230
20.2638 2.603 849 20.2637 2.603 870 20.2646 2.600 870
20.1885 4.483 20.1885 4.483 20.1884 4.489

Sm (f 5d1s2)7K 280.618 805 280.615 943
22.1160 1.410 22.1161 1.410 22.1150 1.410
21.1868 1.636 17 887 21.1864 1.636 17 154 21.1881 1.635 17 154
20.7599 0.879 1394 20.7600 0.879 1398 20.7597 0.879 1398
20.2660 2.564 918 20.2660 2.564 926 20.2665 2.562 926
20.1908 4.430 20.1908 4.430 20.1908 4.433

Eu (f 7d1s1)10D 295.310 839 295.307 573
21.9421 1.421 21.9422 1.421 21.9459 1.417
21.0258 1.666 17 549 21.0253 1.666 16 761 21.0269 1.665 16 760
20.4688 0.903 1459 20.4689 0.903 1462 20.4680 0.904 1462
20.1378 3.521 469 20.1377 3.521 481 20.1382 3.526 481
20.1811 4.682 20.1811 4.682 20.1812 4.685

Gd (f 7d1s2)9D 2111.099 477 2111.094 954
22.2300 1.358 22.2300 1.358 22.2336 1.357
21.2393 1.580 20 685 21.2387 1.580 19 657 21.2400 1.579 19 656
20.8353 0.821 1778 20.8354 0.821 1780 20.8339 0.822 1780
20.2447 2.591 952 20.2447 2.591 950 20.2447 2.591 950
20.1969 4.312 20.1969 4.312 20.1971 4.310

Tb ( f 8d1s2)8H 2128.631 426 2128.625 804
22.2989 1.332 22.2989 1.332 22.3033 1.330
21.2721 1.551 22 309 21.2712 1.551 21 104 21.2726 1.550 21 102
20.8135 0.803 1974 20.8136 0.803 1978 20.8120 0.804 1978
20.2267 0.648 919 20.2267 2.648 926 20.2266 2.649 926
20.2010 4.241 20.2010 4.241 20.2014 4.238

Dy ( f 9d1s2)7K 2148.052 011 2148.045 169
22.3630 1.307 22.3632 1.307 22.3687 1.305

125J. Chem. Phys., Vol. 114, No. 1, 1 January 2001 Model potentials
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TABLE IV. ~Continued.!

CG-AIMP
Spin-orbit corrected

CG-AIMP
All-electron

numerical CG-HF

20.8078 0.785 2189 20.8081 0.785 2193 20.8063 0.785 2193
20.2197 2.658 938 20.2197 2.658 943 20.2196 2.659 943
20.2043 4.184 20.2043 4.184 20.2047 4.179

Ho (f 10d1s2)6L 2169.410 279 2169.402 026
22.4246 1.283 22.4249 1.283 22.4322 1.281
21.3272 1.499 25 710 21.3261 1.499 24 100 21.3274 1.499 24 097
20.8092 0.766 2421 20.8098 0.766 2425 20.8076 0.766 2425
20.2180 2.642 984 20.2181 2.642 981 20.2178 2.644 981
20.2070 4.133 20.2070 4.133 20.2075 4.127

Er ( f 11d1s2)5L 2192.722 449 2192.712 555
22.4906 1.259 22.4906 1.259 22.4962 1.257
21.3528 1.475 27 539 21.3512 1.475 26 695 21.3533 1.475 25 691
20.8069 0.749 2669 20.8070 0.749 2673 20.8058 0.749 2673
20.2176 2.620 1039 20.2176 2.620 1029 20.2175 2.622 1029
20.2098 4.082 20.2098 4.082 20.2102 4.078

Tm ( f 12d1s2)4K 2218.043 452 2218.031 781
22.5548 1.237 22.5548 1.237 22.5623 1.235
21.3794 1.452 29 474 21.3775 1.452 27 373 21.3798 1.451 27 370
20.8029 0.733 2933 20.8030 0.733 2937 20.8022 0.733 2937
20.2153 2.608 1086 20.2153 2.608 1068 20.2153 2.610 1068
20.2125 4.034 20.2125 4.034 20.2131 4.027

Yb ( f 13d1s2)3H 2245.522 441 2245.508 535
22.6227 1.217 22.6227 1.217 22.6309 1.213
21.4082 1.429 31 529 21.4059 1.429 29 128 21.4079 1.429 29 125
20.8071 0.717 3217 20.8072 0.717 3220 20.8052 0.717 3220
20.2069 2.634 1091 20.2068 2.634 1073 20.2069 2.636 1073
20.2160 3.982 20.2160 3.982 20.2168 3.972

Lu ( f 14d1s2)2D 2275.264 284 2275.247 996
22.6940 1.195 22.6941 1.195 22.7050 1.192
21.4397 1.407 33 687 21.4370 1.407 30 971 21.4399 1.407 30 968
20.8197 0.701 3520 20.8198 0.701 3525 20.8189 0.702 3525
20.1878 2.738 1014 20.1878 2.738 1005 20.1877 2.743 1005
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20.2215 3.912 20.2215 3.912 20.2223 3.904
whose parameters$Bk
nl,I ,bk

nl,I% are determined through
weighted least-squares fitting to the radial part of the Woo
Boring spin-orbit operator6

VSO,nl~r !5
a2

~21a2@enl2V~r !# !r

dV~r !

dr
. ~10!

Herein, a is the fine-structure constant,enl are the orbital
energies of the spin-free relativistic equations of Cowan
Griffin, and V(r ) is an Xa approximation to the Hartree–
Fock one-electron potential.5 This effective one-electron
spin-orbit operator includes an average of two-electron c
tributions through the use of theXa Hartree–Fock~HF! po-
tential V(r ), although its detailed relationship to a mea
field spin-orbit operator is unknown. Also, an atomic scali
factor l I is included in Eq.~8! which was first empirically
parametrized7 and later found to be unnecessary;12 conse-
quently, we usel I51. The$Bk ,bk% parameters for the lan
thanide elements and for the actinide elements have b
produced here and they are presented in Tables II and

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

The spin-free relativisticHCG-AIMP Hamiltonian@Eq. ~2!#
is used in standard nonrelativistic methods. The sp
dependentHWB-AIMP Hamiltonian @Eq. ~1!# is used in spin-
orbit configuration interaction~CI! calculations, i.g., in a ba-
sis of double-group symmetry-adapted determinan
functions with HF or complete active space self-consist
field ~CASSCF! orbitals produced with the spin-fre
HCG-AIMP Hamiltonian. In order to treat electron correlatio
and spin-orbit interactions simultaneously at the highest p
sible level, the spin-free-state-shifted~sfss! Hamiltonian
Hs f ss

WB-AIMP was introduced13

Hs f ss
WB-AIMP5HWB-AIMP1 (

iSMSGg
d~ iSG!uFP~ iSMSGg!&

3^FP~ iSMSGg!u, ~11!

with

G G P P
d~ iSG!5@E ~ iSG!2E ~G.S.!#2@E ~ iSG!2E ~G.S.!#.
~12!
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l orbitals

TABLE V. Spin-free relativistic valence energy, orbital energies, radial expectation values~in atomic units!, and orbital spin-orbit coupling constantsznl ~in
cm21!. Theznl are calculated with the Gaussian orbitals and the analytical operators of Table III in the CG-AIMP calculations, and with the numerica
and operators@Eq. ~10!# in the all-electron numerical Cowan–Griffin–Hartree–Fock calculations. The AIMP calculations correspond to a@Xe,4f ,5d# core and
a 6s,6p,5f ,6d,7s valence.

CG-AIMP
Spin-orbit corrected

CG-AIMP
All-electron

numerical CG-HF

E~val! E~val!
e(6s) ^r &6s e(6s) ^r &6s e(6s) ^r &6s

e(6p) ^r &6p z6p e(6p) ^r &6p z6p e(6p) ^r &6p z6p

e(5f ) ^r &5 f z5 f e(5f ) ^r &5 f z5 f e(5f ) ^r &5 f z5 f

e(6d) ^r &6d z6d e(6d) ^r &5d z6d e(6d) ^r &6d z6d

e(7s) ^r &7s e(7s) ^r &7s e(7s) ^r &7s

Th (5f 16d27s1)5I 235.551 931 235.473 682
21.9148 1.580 21.9149 1.580 21.9144 1.581
20.9673 1.917 39 264 20.9543 1.917 31 776 20.9655 1.919 31 761
20.1842 1.904 1113 20.1842 1.094 1107 20.1849 1.905 1107
20.1901 3.400 1243 20.1901 3.400 1276 20.1906 3.394 1276
20.2050 4.484 20.2050 4.484 20.2050 4.481

Pa (5f 36d17s1)6L 242.719 219 242.630 610
21.8981 1.556 21.8981 1.556 21.8990 1.555
20.9216 1.900 41 342 20.9070 1.900 33 155 20.9198 1.903 33 136
20.1650 1.766 1345 20.1651 1.766 1344 20.1660 1.769 1344
20.1737 3.476 1199 20.1729 3.476 1337 20.1740 3.471 1337
20.1839 4.689 20.1839 4.689 20.1842 4.686

U (5f 36d17s2)5K 251.057 518 250.950 588
22.1292 1.499 22.1293 1.499 22.1313 1.497
21.0767 1.820 47 440 21.0590 1.820 37 726 21.0739 1.823 37 696
20.3869 1.440 1907 20.3870 1.440 1899 20.3881 1.439 1899
20.2250 3.003 1810 20.2248 3.003 1882 20.2254 2.996 1882
20.1971 4.392 20.1971 4.392 20.1973 4.389

Np (5f 46d17s2)6L 260.452 972 260.329 895
22.2083 1.465 22.2084 1.465 22.2122 1.462
21.1077 1.781 51 521 21.0873 1.782 40 607 21.1041 1.785 40 574
20.4403 1.362 2216 20.4404 1.362 2207 20.4413 1.361 2207
20.2336 2.912 2001 20.2333 2.912 2099 20.2338 2.907 2099
20.1993 4.335 20.1993 4.335 20.1997 4.330

Pu (5f 56d17s2)7K 271.016 672 270.875 130
22.2867 1.433 22.2868 1.433 22.2926 1.429
21.1375 1.746 55 790 21.1140 1.746 43 560 21.1332 1.749 43 515
20.4835 1.297 2538 20.4836 1.297 2527 20.4845 1.297 2527
20.2356 2.862 2159 20.2355 2.862 2223 20.2358 2.857 2223
20.2020 4.276 20.2020 4.276 20.2026 4.269

Am (5f 76d17s1)10D 282.954 076 282.800 880
22.1823 1.425 22.1824 1.425 22.1916 1.417
21.0210 1.752 56 865 20.9955 1.752 43 907 21.0167 1.756 43 901
20.3420 1.305 2671 20.3422 1.305 2666 20.3434 1.305 2666
20.1386 3.636 1295 20.1385 3.636 1332 20.1391 3.631 1332
20.1987 4.405 20.1987 4.405 20.1993 4.399

Cm (5f 76d17s2)9D 296.003 066 295.818 048
22.4420 1.375 22.4421 1.375 22.4546 1.369
21.1958 1.682 64 846 21.1650 1.682 49 660 21.1896 1.686 49 587
20.5894 1.190 3232 20.5896 1.190 3221 20.5900 1.189 3221
20.2110 2.904 2216 20.2110 2.904 2216 20.2109 2.902 2216
20.2097 4.148 20.2097 4.148 20.2107 4.124

Bk (5 f 86d17s2)8H 2110.295 651 2110.083 976
22.5310 1.347 22.5312 1.347 22.5483 1.339
21.2326 1.649 70 023 21.1975 1.649 53 099 21.2252 1.654 53 012
20.5997 1.153 3587 20.5999 1.154 3563 20.5999 1.153 3564
20.1908 2.993 2113 20.1908 2.993 2092 20.1903 2.993 2092
20.2154 4.071 20.2154 4.071 20.2168 4.052

Cf (5f 96d17s2)7K 2126.050 792 2125.808 218
22.6149 1.321 22.6150 1.321 22.6370 1.312
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21.2640 1.620 75 379 21.2239 1.620 56 566 21.2554 1.625 56 459
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TABLE V. ~Continued.!

CG-AIMP
Spin-orbit corrected

CG-AIMP
All-electron

numerical CG-HF

20.6216 1.119 3957 20.6218 1.119 3927 20.6212 1.119 3927
20.1834 3.016 2134 20.1834 3.016 2084 20.1826 3.018 2084
20.2195 4.009 20.2195 4.009 20.2214 3.986

Es (5f 106d17s2)6L 2143.299 786 2143.024 278
22.6934 1.296 22.6936 1.296 22.7234 1.285
21.2921 1.593 80 937 21.2466 1.593 60 000 21.2820 1.598 59 966
20.6484 1.087 4348 20.6485 1.087 4312 20.6474 1.087 4312
20.1819 3.000 2220 20.1818 3.000 2137 20.1808 3.005 2136
20.2228 3.957 20.2228 3.957 20.2251 3.929

Fm (5f 116d17s2)5L 2162.091 586 2161.780 053
22.7881 1.269 22.7883 1.269 22.8107 1.260
21.3174 1.567 86 744 21.2659 1.567 63 631 21.3075 1.573 63 593
20.6703 1.057 4753 20.6705 1.057 4714 20.6712 1.057 4714
20.1811 2.981 2314 20.1809 2.981 2210 20.1806 2.981 2210
20.2269 3.895 20.2269 3.895 20.2287 3.874

Md (5f 126d17s2)4K 2182.428 815 2182.076 753
22.8791 1.244 22.8794 1.244 22.9007 1.235
21.3437 1.542 92 894 21.2856 1.542 67 406 21.3333 1.548 67 365
20.6921 1.030 5180 20.6923 1.030 5135 20.6937 1.030 5135
20.1785 2.974 2387 20.1783 2.975 2258 20.1784 2.974 2258
20.2310 3.837 20.2310 3.837 20.2326 3.819

No (5f 136d17s2)3H 2204.427 555 2204.029 919
22.9759 1.219 22.9762 1.219 22.9945 1.212
21.3716 1.518 99 397 21.3059 1.519 71 318 21.3604 1.525 71 272
20.7203 1.004 5629 20.7206 1.004 5581 20.7226 1.003 5581
20.1689 3.029 2344 20.1686 3.029 2212 20.1695 3.022 2212
20.2365 3.772 20.2365 3.772 20.2379 3.757

Lr (5 f 146d17s2)2D 2228.159 302 2227.709 948
23.0797 1.196 23.0801 1.196 23.0965 1.189
21.4042 1.495 106 326 21.3300 1.495 75 399 21.3926 1.502 75 349
20.7595 0.978 6103 20.7599 0.978 6053 20.7630 0.978 6054
20.1488 3.210 2093 20.1485 3.210 1967 20.1492 3.207 1967
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20.2453 3.692 20.2453 3.692 20.2467 3.679
Here,P andG are two CI spaces of, respectively, small a
large relative size;P is required to be good enough for th
calculation of the spin-orbit couplings but not for the ele
tron correlation effects, for which the much largerG space is
necessary.FP( iSMSGg) are spin-free CI wave functions i
the small space and G.S. refers to the ground state, but it
be any given spin-free state. Thissfss-Hamiltonian is a prac-
tical means to take advantage of the fact that electron co
lation is handled with a much larger efficiency with spin-fr
Hamiltonians than with spin-dependent Hamiltonians. Its
is based on the assumption that correlation and spin orbit
be decoupled to a large extent. Asfss-spin-orbit calculation
requires performing correlated spin-free calculations with
HCG-AIMP Hamiltonian using theG and P spaces and one
final spin-orbit CI calculation with theHs f ss

WB-AIMP Hamil-
tonian using theP space. AP space made of the significan
reference configurations plus single excitations which
partially take care of spin-orbit polarizations has been pro
to be very efficient in Ir1,12 Pt,11 and Ce.14

C. Atomic valence basis sets

Once the relativistic coreab initio model potentials have

been obtained as summarized in Sec. II A, what remains
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the production of the valence basis sets. In order to do so
HCG-AIMP Hamiltonian @Eq. ~2!# is used in atomic valence
only Hartree–Fock calculations and the exponents and c
ficients of Gaussian atomic orbitals are optimized by mi
mization of the valence SCF energy using standard
electron methods.32 After this, every singlep, d, and f
valence atomic orbital is spin-orbit corrected:7 The coeffi-
cient of the innermost Gaussian primitive is changed and
orbital is renormalized, in such a way that the orbital sp
orbit coupling constants calculated with the numeric
Cowan–Griffin–Hartree–Fock atomic orbital and with th
analytical spin-orbit-corrected valence orbital coincide. T
procedure has been shown to significantly improve the s
orbit dependent properties at a time so that the quality of
bonding related properties is maintained.7

Following this procedure, we obtained spin-orb
corrected relativistic valence basis sets for the lanthanide
ements Ce–Lu and for the actinide elements Th–Lr. Th
are presented in the Supplementary Material Section of R
26 as E-PAPS document file. The radial functions of t
valence orbitals of Sm and Pu are presented in Figs. 1 an
their similarity to the all-electron numerical orbitals is clea

isThe atomic valence properties that correspond to these basis
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sets are shown in Tables IV and V, where it is clear that th
are very similar to the corresponding all-electron calcu
tions. The basis sets are minimal valence basis sets o
size shown in Table I. When they are used in molecu
calculations, their flexibility can be enhanced by adding
releasing the outermost primitives and by extension with
propriate functions, such as polarization and diffuse fu
tions. For lanthanide elements, very stable results with
spect to the basis set size are found when a numbe
outermost primitives are added to the minimal basis set u
a number of (14s10p9d8 f )/@6s5p5d4 f # basis set functions
~see Ref. 14!. The errors due to the use of small
@4s3p3d3 f # basis sets were 0.015 Å in bond distance,
cm21 in vibrational frequency, and 0.2 eV in dissociatio
energy.14 For actinide elements, a good performance is
tained as well with the same basis set size. The good qu
of the results on the1S1 ground state of ThO using
(14s10p11d9 f )/@6s5p5d4 f # basis set for Th and the sam
basis set for O as in Ref. 14, is shown in Table VI. Althou
several calculations on ThO exist,33,34 we compare our re-
sults with those of Ref. 17, which use correct choices
basis set and of core/valence partition. Our results are es
tially coincident with those of the energy-adjusted pseudo
tential ~EAPP! calculations with a slightly smaller core,17 as
was the case of transition metals,11 and the comparison with
experimental data is good having in mind that dynami
correlation effects are missing.~These effects have been pr
viously found to be very similar in EAPP and AIMP
calculations.11!

III. CONCLUSIONS

Starting from atomic Cowan–Griffin calculations, w
produced and presented here the ingredients of the W
AIMP method for the lanthanide elements Ce to Lu and
the actinide elements Th to Lr, what completes the che
cally relevant part of the Periodic Table. These are: rela
istic @Kr,4d# core AIMPs and Wood–Boring spin-orbit op
erators for Ce–Lu, together with optimized minim
(14s10p9d8 f )/@2s1p1d1 f # Gaussian valence basis se

TABLE VI. Spectroscopic constants for the1S1 ground state of ThO.

Re /Å ve /cm21 De /eV

Experimenta 1.840 896 9.0

SCF calculations
Küechleet al.b 1.829 943 6.07
This workc 1.819 956 5.99

CASSCF calculations~8 electrons in 9 orbitals!
Küechleet al.b 1.882 876 8.92
This workc 1.886 865 9.15

aReference 35
bReference 17. Relativistic energy-adjusted pseudopotential calculation
responding to a@Kr,4d,4f # core and a (12s11p10d8f )/@8s7p6d4f # basis
set.

cRelativistic ab initio model potential calculation corresponding to
@Xe,4f ,5d# core and a (14s10p11d9f )/@6s5p5d4f # basis set.
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and relativistic@Xe,4f ,5d# core AIMPs and Wood–Boring
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spin-orbit operators for Th–Lr, together with optimize
minimal (14s10p11d9 f )/@2s1p1d1 f # Gaussian valence
basis sets. A@6s5p5d4 f # contraction is recommended fo
all these 28 elements in molecular calculations. The ato
and molecular results show the same good quality alre
observed for the main-group elements and the transi
metal elements.
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