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Relativistic ab initio pseudopotential and fully relativistic density-functional benchmark calculations have
been carried out for the first to fourth ionization potentials as well agltheharge-transfer energies for the
whole series of lanthanide atoms. It was found that the two approaches have essentially the same accuracy
compared to the experimental values. In addition, it is shown that the presenelativisti¢ density func-
tionals work fairly well within an otherwise relativistic framework even for the rather compécshells,
correcting previous statements to the contrf81050-294®8)02303-4

PACS numbsd(s): 31.15.Ew, 31.15.Ar

I. INTRODUCTION explicit quantum chemical treatment is restricted to the va-
lence electrons and relativistic effects are implicitly ac-
The chemistry of lanthanide elements has received muchounted for by a proper adjustment of free parameters in the
attention in the past three decaddg. However, the com- valence model Hamiltonian. Although several sets of such
plexity of the open shells off4 5d, 6s, and 6 poses a great potentials have been published for the lanthanide a{@ws
challenge to theoretical wof2], e.g., the?>" 1L term of the 8], no systematic calibration at the correlated level has been
4f" subshell may have a spias large as 7/2 and an angu- performed for atoms up to now. Another approach, which
lar momentumL as large as 12. Even more extreme valueshas gained extensive attention in quantum chemistry during
may result from the coupling of thef subshell to other the past decade, is density-functional the@@T) [9]. Al-
partially occupied shells of, p, or d symmetry. Moreover, though in principle the theory based on the works of Hohen-
spin-orbit coupling leads to a large number of energeticallyperg and Kohn10] and Kohn and Sharfill] is exact, in
adjacent electronic stat¢8]. Therefore, the knowledge of practice only approximate approaches are at hand. Since
the energy levels of free lanthanide atoms and ions is famost of the density functionals used nowadays, e.g., the
from being complete. However, a detailed knowledge, atocal-density approximatiofLDA) and generalized gradient
least of the low-lying states, is a necessary prerequisite foaRpproximation, take the homogeneous electron gas as input
understanding the behavior of lanthanide atoms in moleculegnd are therefore expected to work well only for slowly vary-
or solids. Theoretical first-principles methods are presently aing charge densities, it is reasonable to doubt their good per-
the edge of successfully dealing with such complicated sysformance for the rather compact 4hells of lanthanide at-
tems containing lanthanides or actinided. It was found oms. Indeed, some previous relativistic DFT calculations
that traditionalab initio approaches dealing with relativity at were not satisfactorily successful in reproducing the term
the all-electron Dirac-Coulomb-Breit level and including energies of lanthanide atoms, especially when the related
electron correlation effects by means of coupled-cluster ostates involve occupation changes in thie shells[12,13.
configuration-interaction(Cl) methods neech or eveni The present authors recently investigated a number of elec-
functions in the one-particle basis sets to yield accurate retronic states of Eu and Yb as well as their cations and found
sults[4]. However, such state-of-the-art studies are presentlyhat this failure is, at least partially, an artifgetg., basis-set
only feasible for atoms by exploiting their spherical symme-error or use of spherically averaged charge densities15.
try and, to our knowledge, due to its implementation, theHowever, in order to establish the reliability of DFT methods
method is currently applicable only to some special casedpr systems containing lanthanides a broader study seems to
i.e., closed-shell systems, one or two electrons outside be needed.
closed shell, or one or two holes inside a closed shell. In Since both relativisticab initio pseudopotential and
order to be able to treat all lanthanide atoms and also to bdensity-functional methods will be the methods of choice for
able to deal with molecular systems, compromises have to bihe treatment of systems containing heavy elements in the
made with respect to the treatment of relativity and electrorforeseeable future, we decided to investigate their perfor-
correlation. Two such approximate schemes are consideradance for lanthanides in detail. We studied the first to fourth
in the present work. ionization potentials(Vi;,5) as well as the #""16s?
A very successful approach in relativistic quantum chem~4f"5d16s? excitation energie&l f charge-transfer energies
istry is theab initio pseudopotential methdd], where the  of the whole series of lanthanide atorfisa to Lu). For the
ab initio calculations we applied the energy-consistent qua-
sirelativistic (QR) pseudopotential{PP3 of Dolg, Stoll,
*Electronic address: Iwj@mpipks-dresden.mpg.de and PreuR [7], whereas for the density-functional
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calculations the recently developed four-component densityat the Hartree-Fock level. The corresponding pseudopotential
functional program packagepr [14,15 was used. We sug- errors at the finite-difference level are also typically 0.2 eV
gest that the DFT results presented here may serve asaa less.
benchmark for other DFT calculations using transformed or All scalar-relativistic calculations were carried out with
simplified relativistic Hamiltonians. the MOLPRO ab initio program packaggl6]. The atomic or-
Our paper is organized as follows. In Sec. Il we outlinebitals were optimized in state-averaged complete active
the appliedab initio pseudopotential and density-functional space(CAS) multiconfiguration self-consistent fiel(SCH
methods. In Sec. Il we present our results and compare thegalculations. Dynamic correlation was then accounted for by
with the available experimental data to display what accuall single and double excitations from the CASSCF reference
racy the presently availablab initio and DFT approaches in averaged coupled-pair function@dACPF) calculations
can actually achieve. Finally, in Sec. IV we give our conclu-[17]. The active space in the CASSCF comprised all open-

sions. shell orbitals(4f, 5d, and &), whereas in the ACPF excita-
tions were also allowed from the semicore orbitéds and
Il. METHODS 5p). No excitations were allowed from thes44p, and 4
shells in both CASSCF and ACPF calculations; however, the
A. QR PPs orbitals were optimized for each state.
The method of quasirelativistic energy-consistminitio Spin-orbit coupling was taken into account by complete

pseudopotentials was described in detail elsewf@®@ and  configuration-interaction calculations within all open-shell
will be outlined here only briefly. The valence-only model Orbitals. The corresponding corrections derived from calcu-
Hamiltonian for an atom or ion witin valence electrons is lations with and without/s, were then added to the scalar-

given as relativistic ACPF results. Since spin-orbit contributions were
found to amount to at most a few tenths of an electron volt in

10 "1 the cases considered here, such an additive treatment appears
H,=— EZ A+ ;] r +Vay+Vso. (1) to be justified. Modified versions of the finite-difference pro-

gramsMcHF [18] andGRASP[19] were used. Due to the use
of the state-averaging technique in calculations usiag-
PRO and the exploitation of the spherical symmetryviaHF
and GRASP, all ab initio results of this work were obtained
with eigenfunctions of the appropriate parity and angular-

Herei and | are electron indicesV,, denotes a spin-orbit
averaged relativistic pseudopotential in a semilocal form

Vo, =— 2, r9+2 > Anexp—ayr?)Py, (2 ~ momentum operators.
i i i Lk
. L . B. BDF
whereP, is the projection operator onto the Hilbert subspace
of angular momentunt. The spin-orbit termV,, may be The BDF program package also has been described else-
written as where [14,15. Briefly, the one-particle Dirac-Kohn-Sham

equation(4) based on the Dirac-Coulomb Hamiltonian under
the so-called no-pair approximation is solved directly:

[ca-p+(B—1)C%+ Veul(r)+Ve(r) +Vyelp(r)]e;(r)

The free parametes, , a,, B, andb, are adjusted to =€jp;i(r). 4
reproduce the valence total energies of a multitude of low-
lying electronic states of the neutral atom and its ions. Thedere p=—iV is the usual momentum operator andde-
necessary reference data have been taken from relativistifotes the speed of light, 137.037 aaiand 8 are the Dirac
all-electron calculations. In the present work accurate smallmatrices
core pseudopotentials for Ce to Yb have been used, e.g., the
1s to 3d shells were included in the pseudopotential core, 0 o )

2
VSOZEi |>20’k mBlkexﬁ_blkriz)PﬂiS P. 3

while the higher shells were treated explicitly. The orbitals

were described by medium-sized one-patrticle basis sets, e.g., o 0
the exponents of §12s10p8d8f) primitive set were opti-
mized for the lowest state of thef%"16s? configuration of
the neutral atom. The contraction coefficients of a
[5s5p4d3f] set were derived from atomic natural orbitals
(ANOs) of a multireference configuration-interaction
ground-state calculation keeping the, 4ip, and 41 shells
frozen. The generalized contraction scheme was applied. A

(69)/[4g] ANO correlation set was then derived in the same Vo (H=—> Zn (6)
way starting from the most important exponents of theet. ext A |Ra—r|’

Finally, two diffuse functions were added in all symmetries

up tog, resulting in(14s12p10d10f8g)/[ 7s7p6d6f6g] ba- ,

sis sets. For the first to fourth ionization potential of all at- V()= J ﬂd ' 7
oms considered here the basis-set errors are less than 0.2 eV [r—r']

where o represents the vector of thex2 Pauli spin matri-
ces (oy, oy, 0,) andl is the 2<2 unit matrix. The external,
Coulomb, and exchange-correlation potentials in Eq. 4 are,
respectively,
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Since relativistic corrections, e.g., the Breit term, to Cou- ety
Ipmb ar_1d exchange-correlation potentlals_ hz:;\ve only AVEIY 50 e
limited influence on valence-electron excitation energies of nuclear charge
atoms[4,13], they were not considered in the present calcu- ) _ o _
lations. Instead, self-interaction correctioi®iCs to the ap- FIG. 1. Absolute errors in the first to fourth ionization potentials

proximate density functionals are significant for the compacfrom scalar-relativistiab initio pseudopotential calculations with-
shells [13]. The approximate forms for the exchange- out (SCP and with (ACPP electron correlation effects. Spin-orbit
correlation potential/, .(p(r)) employed in this work are the corrections are not included.

Perdew-Wang formul§20] within the LDA, a SIC term ac-

cording to Stollet al. [21], and nonlocal exchange correc- IIl. RESULTS AND DISCUSSION

tions according to Beckg22] as well as nonlocal correlation Before we discuss our results in detail we want to empha-

corrections according to Perde#3]. size that electron correlation effects turn out to be very im-

The atoms were treated in the same manner as mOIGCUI‘f)%rtant(see Fig. 1 e.g., they amount up to about 1 and 4.5
in the calculations by using the double poii,, group. The 4y for Vi1, and Vi34, respectively. Therefore, uncorrelated

Jj-coupling scheme was used and Kramer's degeneracy WaSirac-Hartree-Fock calculations cannot be in quantitative
adopted to carry out .mom(.ant—polanz_ed calculations for OPeRgreement with experimefie7]. Spin-orbit coupling contri-
shells. For the configurations considered here the highesf tions are typically less than 0.2 eV and 0.5 eV\fgy, and
possible moment polarization was always generated. Spemfvis‘m respectively, indicating that for many purposés the use

cally, the 4 shell was occupied as follows: Electrons 1-3 of scalar-relativistic Hamiltonians might be sufficiently accu-
occupy 45, with moment up and electrons 4-7 occupy (ate.

4f7, with moment up; then, electrons 8-10 occupls4 We also want to address a critical point in the DFT stud-
with moment down and finally electrons 11-14 occufiy/# jes that is relevant to the fine structure of a multiplet state.
with- moment down. 8, and 6s,, were always occupied The currently existing approximate density functionals lead
with moment up when occupied with a single electron.tg unphysical splittings of levels that should be degenerate.
Keeping fixed the highest possible moment polarization, wWerhese amount to 0.6 eV for the ¥6s2 configuration of the
then used fractional occupation numbers for all momentsp atom[15]. No remedy is currently at hand to avoid this
polarized subshells with incomplete filling, e.g., for &'4 ynpleasant feature. However, in a previous study we found
configuration each of the thre g, spinors with moment  that in cases of a fixedf4occupation number these splittings
up was occupied by 1/3 electrons. A final remark appears tare transferable between different states and therefore energy
be in order here: Although our program works in the differences derived for the lowest levels of two states will be
jj-coupling scheme, we have to account for the fact that thenly slightly affected by the unphysical splittings due to an
lanthanides are closer to the nonrelativistiS-coupling  error compensation. In cases of a variation of tHeogcu-
scheme. Therefore, instead of filling firstz, and afterward  pation number the error compensation will certainly be less
4f4,, we used the prescription given above, which alsoeffective, if present at all. In addition to the development of
leads to lower total energies. still more accurate density functionals to be used within a
The generalized Gauss-Laguerre quadrdtedgéand Leb-  single-determinant framework, the extension to multideter-
edev quadraturg25] were employed to calculate the radial minant wave functions might partially cure this defg28].
and angular integrals, respectively. The numerical accuracgince in the present work we are only interested in the lowest
of total energies can be further improved to better than 0.01evel of a configuration in order to study the general perfor-
eV by the generalized transition-state methi@6]. The mance of DFT for ionization potentials and excitation ener-
frozen-core approximation, i.g.1s>—4d*’], was employed gies, we used the average occupation scheme described
for all the calculations because relaxation of tteg 4p, and  above.
4d shells did not change the total energies larger than 0.01 The calculated ionization potential§;—V;, are listed in
eV [15]. Four-component numerical atomic spinors obtainedTables I-IV, respectively, while theéf charge-transfer ener-
by moment-restricted finite-difference atomic calculationsgies are given in Table V. Some additional results from pre-
were used for the cores, while the basis sets for the valencgous studies are also included. The quality of the present
orbitals were combinations of the numerical atomic spinorsvork can be judged from the mean absolute er(MAESs)
and kinetically balanced double-Slater-type functions given at the bottom of the tables, which were calculated with
(STF9. Such basis sets result in errors less than 0.05 eV. respect to the experimental values given by Magtiral.[3].
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TABLE I. First ionization potentia(V;, in eV) for the lanthanide atoms from the present fully relativistic
density-functional calculation®pr [14,15)) andab initio quasirelativistic pseudopotential calculatidi@R
PP [7] in comparison with other theoretical resul8D, squared Dirac equation with relativistically cor-
rected density functionaldRLDASIC) [13]] and experimental datéExpt. [3]). LDASIC, local-density ap-
proximation[20] with self-interaction correctiof21]; Becke, nonlocal exchange correctif2?]; Perdew,
nonlocal correlation correctiof23]; BP, both Beckd22] and Perdew?23]; ACPF, averaged coupled-pair
functional[17] with spin-orbit coupling corrections. The mean absolute efWbAE) and the largest relative
error (LRE) are also given.

BDF SD QR PP
Atom  Configurations LDASIC Becke Perdew BP RLDASIC ACPF Expt.
SLa  fOd's?— f0d3s° 559 569 542 551 5.58
%8Ce fldls®—fld?s0? 569 575 548 554 5.8 5.62 5.54
2d%s2— f2d0st P 521 539 503 521
pr  £3d%2%— £3d0s! 524 535 506 5.17 5.7 5.39 5.46
60Nd  f4d%s?— f4dOst 529 540 509 5.21 5.8 5.44 5.53
8pm  £5d%?— £5d%! 533 545 513 5.25 5.8 5.48 5.55
525m  £5d%?— £8d%%! 538 549 517 5.29 5.8 5.51 5.64
8%y f7d%s?*—f7d%! 568 580 545 558 5.9 5.53 5.67
54F 553
849Gd  fd's®>—f7dist? 584 597 559 572 6.3 6.02 6.15
f8d0s2— f8d%s! P 6.32 6.44 588 599
58F 599
85Tph  £9d%?— 9! 565 577 544 556 5.8 5.58 5.86
86Dy 1109052 £1090st 576 588 555 567 5.8 5.73 5.94
Ho  fd%?— f1ld%s?t 586 598 566 5.77 5.9 5.82 6.02
88y f12d%s?— £1%0%st 597 6.08 576 5.87 6.0 5.89 6.11
89Tm  £3%d%s%— 130t 6.05 6.17 584 5095 6.0 5.95 6.18
ovp  §1490s2, 14905t d 6.33 6.43 611 6.22 6.1 6.02 6.25
6.06 6.1
u s’ £l4d0s? @ 524 530 512 5.18 5.7 5.43
MAE (eV) 017 011 034 0.23 0.2 0.16
LRE (%) 5.0 3.8 91 7.0 5.0 5.1

3Experimentally measured lowest configurations.

°DFT calculated lowest configurations.

°DFT FORPT: first-order relativistic perturbation thedt?].

9The result of a relativistic all-electron coupled-cluster calculation for Yb with an uncontracted
(31s26p21d15f10g6h) basis set is 6.34 eY4].

®The result of a relativistic all-electron coupled-cluster calculation for Lu with an uncontracted
(34s25p20d15f 10g6h) basis set is 5.30 eY4].

Two points have to be taken into account. First, &beinitio  ferences forV;; between thesbr (LDASIC) and SD
and DFT MAEs refer to the atoms Ce to Yb and La to Lu, (g| DASIC) results amount to 0.5 eV for lighter elements,

respectively, i.e., they are not defined for the same set Ofyhqgh they are in good agreement for heavier elements.

ﬁowever, thesDF results show more systematic errors when
compared to experiment. They are also closer to other DFT
results taking relativity into account as a first-order perturba-

e.g., for Pm, and some other values bear large error[Bars
Nevertheless, we think that the MAEs given in Tables |-V

still allow us to roughly judge the performance of thb tion [12] as well as fully relativistic coupled-cluster calcula-
initio and DFT approaches presented here. tions[4] (cf. Table ). The MAE for V,, by SD (RLDASIC)

It can be seen from Tables | and Il that both method S
presented here reprodusé, and V,, fairly well, i.e., the S[13] amounts to 0.50 eV, i.e., it is a factor of 2 larger than the

MAESs are below 0.20 eV for thab initio andeDF (LDA- ~ Presentvalues. o

SIC) results. Nonlocal correctioriecke[22], Perdew[23], We mention that in contrast to thab initio method, both

or Becke-PerdewBP)] do not change the LDASIC results BDF (cf. Tables | and Il and SD(RLDASIC) [31] calcula-
significantly. DFT calculations of Forstreutest al. [13]  tions do not reproduce the experimental ground states for
based on the squared Dirac Hamiltonié®D) using both Ce/Ce' and Gd/Gd . This might be attributed to the fact
relativistically [29] and SIC [30] corrected local-density that nondynamic correlation effects due to near-degenerate
functionals(RLDASIC) yieldedV;, of similar quality to our  configurations are missing within the single-determinant for
DFT results. Nevertheless, it is also discernable that the difmulation of DFT. A combination of multireference wave
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TABLE Il. Second ionization potentigV;, in eV). For other explanations see Table I.

BDF SD QR PP
Atom  Configurations LDASIC Becke Perdew BP RLDASIC ACPF Expt.
SLa  f9%%s%—0d’s? 10.85 10.93 10.74 10.81 211.06
58ce  fld?s?—£2d0s0 @ 954 965 950 961 8.8 11.06 10.85
f2d%s!— £200s0 P 10.43 10.49 10.26 10.32
pr  £3d%!— £3d0s° 10.61 10.68 10.44 10.51 10.9 10.57 10.55
60Nd  f4d%s!— f4d°s? 10.79 10.86 10.62 10.68 11.0 10.73 10.73
6pm  5d%!— f5d°s° 1095 11.02 10.77 10.84 11.3 10.87 10.90
62Sm  £8d%s'— £6ds° 1111 11.17 10.93 10.99 11.5 10.98 11.07
6%y f’d%!—f7dOs? 11.27 11.35 11.10 11.19 11.6 11.11 11.24
64Gd  f’dis'—f’dis0? 12.26 12.30 12.13 12.17 12.7 12.05 12.09
8d%st— £8d0s0 P 11.40 11.47 11.20 11.27
85Th  9d%!— £°d°s? 1154 1161 11.33 11.41 11.9 11.14 11.52
66Dy  10d0s!— £1040sP 11.67 11.75 11.46 11.54 12.1 11.41 11.67
6Ho  fd%!— f11d0s® 11.80 11.88 11.58 11.66 12.2 11.57 11.80
88r  £1%99s1— £12d0s? 11.93 12.01 11.70 11.79 12.3 11.69 11.93
69Tm 339 — £1%4°s° 12.19 12.28 11.96 12.05 12.5 11.77 12.05
Oyp  f1490st— f14g0s0 ¢ 1213 12.23 11.90 12.00 12.6 11.73 12.18
My 4902 f14g0st d 13.86 13.97 13.60 13.71 14.2 13.90
MAE (eV) 015 019 026 0.18 0.5 0.18
LRE (%) 1.4 1.9 29 23 5.1 3.8

3 xperimentally measured lowest configurations.

°DFT calculated lowest configurations.

‘The result of a relativistic all-electron coupled-cluster calculation for Yb with an uncontracted

(31s26p21d15f10g6h) basis set is 12.14 eW4].

9The result of a relativistic all-electron coupled-cluster calculation for Lu with an uncontracted

(34s25p20d15f 10g6h) basis set is 14.12 e4].

TABLE lll. Third ionization potential(V;5 in eV). For other explanations see Table I.

BDF SD QR-PP

Atom  Configurations LDASIC Becke Perdew BP RLDASIC ACPF Expt.
La  0d%s’—0d°s° 18.74 18.87 1854 18.67 19.18
%8Ce  2d%s°— f1ds° 20.53 20.61 20.26 20.34 226  19.36 20.20
pr  £3d%s%— £2d0s° 21.79 21.87 2153 21.61 23.9 21.04 21.62
60Nd  f*d%s— £3d°s? 2244 2253 2219 22.28 249 2152 223
6Pm  £5d%s0— f4d°s? 23.39 2348 23.15 23.23 25.7  21.87 22@4
62Sm  6d%s%— £5d°s? 2422 2431 2398 24.07 26.6 23.14 2303
8%y f7d%%— £6d°s? 24.64 2472 2441 24.46 27.3 2456 24.92
84Gd  f7d's®—f7dos° 20.13 20.19 19.92 19.98 209  20.59 20.63
85Th  £9d%s°— £8d0s° 2275 2279 2237 2241 23.7 21.19 21.91
66Dy  f19%°%s%— £9d°s® 23.62 23.66 23.25 23.30 243 2225 22®3
Ho  f11d%s°— £10d0g0 23.36 23.42 23.01 23.07 25.1 22.04 22.84
B8Er  £1240s0— £1190g0 24.03 2410 23.69 23.75 25.6  21.88 22.74
9Tm 13980 — £17d°s? 2453 2461 2421 24.30 25.9 22.89 23.68
Oyp  £14980— £13d0s? 25.03 25.10 24.70 24.76 26.3  24.27 25.05
Mu Ot —f4d0s0 @ 21.01 2110 20.70 20.79 215 20.96

MAE (eV) 0.56 0.60 045 0.46 21 0.58

LRE (%) 5.7 6.0 4.2 4.4 15.3 4.3

8The result of a relativistic all-electron coupled-cluster calculation for Lu with an uncontracted

(34s25p20d15f 10g6h) basis set is 20.97 eM4].

1725
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TABLE IV. Fourth ionization potentia(V;, in eV). For other explanations see Table I.

BDF QR PP

Atom Configurations LDASIC Becke Perdew BP ACPF Expt.
La  5s’5p®—5s?5p° 49.18  49.31 4894  49.07 49.95
S8Ce  f1d%s°— f9d0s° 37.54 37.62 3722 37.30 36.05 36.76
9pr  £2¢d0s0— f1g0s0 @ 39.10 39.19 3880 38.88 38.48 38.98
60Nd  3d%s%— £2d%s° 40.50 4059 40.20 40.30 40.26 46.0.1
8pm  f4d%%— £3d%s° 41.19 4129 4091 41.01 40.81 41.0.6
625m  £5d%%— f4d%s° 42.31 4241 4204 4214 41.26 410.7
8%y 6d%s°— 5d°s? 43.34  43.43  43.07 43.17 42.73 42.0.6
84Gd  f7d%s°— f6d°s® 4426 4436  44.00 44.10 44.86 44.0.7
85Th  8d%s%—f7d°s° 40.89  40.92  40.47 40.59 38.96 39.37
5Dy  £9d%s°— £8d0s? 42.03  42.07 41.63 41.67 40.79 41.0.4
6'Ho  £10d%s°— £°9d°s° 43.08 4313 42,69 42.74 42.10 42-B.6
88%r  £1190s0— £1049s0 42.81 4287 4243 4250 42.06 42.0.4
Tm  £20%%— f11d°s0 43.58 43.66 43.23 43.31 43.32 420.4
Ovp 13000 £1240s0 44.40 4448 44.05 44.12 43.11 43.56
Mu  f49%0— £1340s0 45.10 4517 4475 44.83 45.25

MAE (eV) 0.56 0.61 0.42 0.43 0.45

LRE (%) 3.9 3.9 2.8 2.9 2.0

&The result of a relativistic all-electron coupled-cluster calculation for Pr with an uncontracted
(29s23p19d14f 10g6h4i) basis set is 38.61 ef4].

functions with DFT might be able to improve the results0.58 eV, whereas the ones for tBer results range from

[28].

The rather good performance of bab initio and DFT
approaches fo¥;; andV;, is mainly related to the fact that 1—4 eV in the absolute deviations are found for the SD
for almost all atomgan exception is Oethe 4f occupation
remains unchanged. Harder tests are the third and fourth iofignctional calculations the squared Dirac Hamiltonian used

ization potentials where thef4ccupation is changed by one py these authors should be completely equivalent to the
or two electrons. FoW,; the MAE of theab initio data is

TABLE V. df charge-transfer energiésV) defined asA4; =
E(f"d's?) —E(f""!d%?)(n=0-13 for La to YDB. Density-
functional results are for an averaged occupation of the open shellgtems from the sole use of an incomplete STF basiE3dét
For other explanations see Table I.

BDF QR PP
Atom LDASIC Becke Perdew BP ACPF Expt.
SLa -1.34 -1.32 —-152 —-1.49 —-1.88
S&Ce 040 046 031 0.36 —0.96 —0.59
5%pr 1.33 134 125 1.26 0.55
50Nd 1.77 1.86 169 1.78 0.84
51pm 2.49 252 243 246
62Sm 313 3.16 3.07 3.10 2.24
53Eu 3.74 378 368 3.72 3.33
64Gd 047 045 0.27 025 -222 -1.36
55Th 1.40 139 122 122 -0.15 0.04
6Dy 2.23 223 207 207 0.60 0.94
5Ho 1.82 183 169 1.69 0.65 1.04
68y 2.43 244 231 232 0.36 0.89
5Tm 2.99 3.00 289 290 1.30 1.63
Ovb 346 350 3.36 3.40 2.88
MAE (V) 1.02 1.04 090 0.93 0.43

8 stimated valug¢33].

0.45 eV to 0.60 eV at different levels of calculations. A
much larger MAE of 2.1 eV as well as larger fluctuations of

(RLDASIC) data[13]. Since in the framework of density-

Dirac Hamiltonian used in our work, the differences have to
be traced to other sources, except for the small differences
between the different density functionals used in these two
calculations. It has been found that roughly half of the error

whereas a combination of numerical functions and STFs was
used in the present work. In addition, Forstrewenl. [13]

used spherically averaged charge densities in contrast to the
present polarized ones. For the fourth ionization potential the
MAE is 0.45 eV for theab initio results and ranges from
0.42 eV to 0.61 eV for th&DF values. Of course, one has to
keep in mind that the error bars in the experimental results
amount to 0.7 e\Mcf. Table IV).

Another less robust criterion than the MAE to judge the
quality of the calculations is the largest relative error, which
is relevant to the amplitude of the fluctuations of the calcu-
lated results with respect to the experimental values. From
Tables I-IV one can see that the largest relative errors are
typically about 2—6 % for all the approaches included here,
with an exception of 15.3% in the SIRLDASIC) V5 re-
sults[13].

It is worthwhile to mention that the presestr results for
Yb, Lu, and Pr are very close to those obtained by the fully
relativistic all-electron coupled-cluster calculations using
very large uncontracted basis sétk the footnotes in Tables
I-IV), whereas the present approach is computationally
much cheaper.
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A real challenge for computational methods appears to beorrelation effects, which are expected to be larger fordthe
the calculation of 4"*16s?-4f"5d'6s? excitation energies  charge-transfer energies than for the ionization potentials be-
df charge-transfer energied\b initio results for 4"5d6s?>  cause occupation changes occur to bo#mdd shells.
are quite difficult to get due to the too large active space
resulting from operd and f shells. Moreover, for Sm, Eu,
and Yb some states off 4" 16s'6p? are lower in energy than
the lowest solutions for #'5d'6s? and cause root flipping Benchmark calculations using badlb initio and DFT ap-
problems in the CIl. Convergence also could not be achievegdroaches have been performed for the whole series of lan-
for Pr, Nd, and Pm wheref45d26s! is nearly degenerate. In thanide atoms. The results show that both approaches have
fact, we were only able to perform the calculations for Ceessentially the same accuracy when compared to experimen-
and Gd with a complete active space: The errors in the extal data. Clearly, the curremtb initio results might be sys-
citation energies after correction for spin-orbit coupling aretematically improved as soon as this is feasible from a com-
0.37 eV and 0.86 eV, respectively. In both cases the configuputational point of view, e.g., by including higher-order
ration with the larger # occupation number is too high in angular-momentum basis functions. The presently available
energy, most likely reflecting the incomplete correlationapproximate(nonrelativisti¢ density functionals work fairly
treatment due to the neglect of higher tlgafunctions in the  well in an otherwise relativistic framework for the rather
basis sets. In order to obtain results for the atoms Tb to Tngompact 4 shells, correcting previous opposite statements
the occupation of thedborbitals in the active space had to be by other authors. Moreover, a combination of multireference
restricted to one in the reference wave function. Compared tevave functions with DFT might even be able to further im-
the lowest experimental levels, the MAEs of thier results ~ prove the performance of DFT in the open-shell systems
range from 0.90 eV to 1.04 eV, whereas 0.43 eV is obtainegtudied here. Work along this line is under way in our labo-
at theab initio level. The DFT calculations systematically ratory.
overestimate the excitation energies and dbenitio calcu-
lations u_n_dqestimate _them. We mention that the M.AE of V. ACKNOWLEDGMENTS
nonrelativistic calculations is more than 2 ¢82]. Again,
the remaining large deviations of relativistic DFT calcula- The authors thank H. Eschrig, J. Forstreuter, and M. Rich-
tions might be accounted for by the missing nondynamider for valuable discussions.
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