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Ab initio pseudopotential and density-functional all-electron study of ionization
and excitation energies of actinide atoms
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Both relativistic energy-consistent small-coreab initio pseudopotential and fully relativistic density-
functional all-electron calculations have been carried out by exploiting the presently available highest compu-
tational capability for the first to fourth ionization potentials as well as thed f @Dd f 5 E( f nd1s2)-E( f n11d0s2)
(n50213 for Ac–No!# and f d @D f d 5 E( f nd2s2)-E( f n11d1s2) (n50213 for Th–Lr!# excitation energies
for the whole series of actinide atoms. The calculated ionization potentials might be useful to guide future
experimental measurements.@S1050-2947~98!06708-0#

PACS number~s!: 31.15.Ar, 31.15.Ew, 32.10.Hq
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I. INTRODUCTION

The chemistry off elements~lanthanides and actinides!
has received much attention in the past three decades@1#.
However, the complexity due to the possible open sh
with different main quantum numbers, i.e., (n22) f , (n
21)d, ns and np (n56 for lanthanides andn57 for ac-
tinides!, poses a great challenge to theoretical work@2#, e.g.,
the 2S11LJ term of the f n subshell may have a spinS as
large as 7/2 and an angular momentumL as large as 12
Even more extreme values may result from the coupling
the f n subshell to other partially occupied shells ofs, p, or d
symmetry. Moreover, spin-orbit coupling leads to a lar
number of energetically adjacent electronic states@3,4# and
further complicates both experimental measurements
their interpretation as well as theoretical investigations.
quantitative theoretical work the effects of the electron c
relation and relativity have to be taken into account ac
rately in order to get reliable results. An ideal atomic pr
gram to achieve this is currently not available and
situation is even worse when molecules are considered.
consequence, the present knowledge of the energy leve
free lanthanide and especially actinide atoms and ions is
from being complete.

Recently we applied two different approaches, i.e., q
sirelativistic ~QR! ab initio pseudopotential~PP! methods
and fully relativistic density-functional theory~DFT!, to the
calculation of the first to fourth ionization potentials as w
as d f excitation energies@Dd f 5 E( f nd1s2)-E( f n11d0s2)
(n50213 for La–Yb!# of the whole series of lanthanid
atoms@5#. We found that these two approaches have ess
tially the same accuracy and can provide quite reliable
sults. In fact, the accuracy of our approaches was show
be very close to that of fully relativistic coupled-cluster a
electron calculations using large basis sets@6#. However,
such a highly accurateab initio approach@6# is currently
feasible only for some special cases of atoms, whereas
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methods are applicable to both atoms and molecules w
essentially the same level of accuracy. Although the fa
accurate and complete set of experimental values in the
of the lanthanides was useful to calibrate our theoret
methods, the situation for the actinides is totally differe
Only a few experimental measurements have been car
out and especially for the higher ionization potentials alm
no data exist for comparison. Based on our experience
lanthanides, we believe that our results, whenever the ag
ment between the two approaches is good, might be usef
guide future experimental measurements. In addition, si
only a few DFT studies for some cases and almost no h
level ab initio investigations have been performed for a
tinides so far, we felt that a broad study of all actinide e
ments using modern DFT as well asab initio techniques
would be timely. Therefore, we decided to apply our me
ods to the whole series of actinides.

Our paper is organized as follows. The appliedab initio
PP and DFT methods are briefly outlined in Sec. II. T
results are discussed and compared with available exp
mental data as well as previous theoretical results in Sec
Finally, the conclusions are presented in Sec. IV.

II. METHODS

A. QR PP

The relativistic energy-consistentab initio PP approach
was previously described elsewhere@7,8# and will be out-
lined here only briefly. The valence-only model Hamiltonia
for an atom or ion withn valence electrons is given as

Hv52
1

2(i

n

D i1(
i , j

n
1

r i j
1Vav1Vso . ~1!

Here i and j are electron indices.Vav denotes a spin-orbi
averaged relativistic PP in a semilocal form

Vav52(
i

Q

r i
1(

i
(
l ,k

Alkexp~2alkr i
2!Pl , ~2!
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wherePl is the projection operator onto the Hilbert subspa
of angular momentuml . The spin-orbit termVso may be
written as

Vso5(
i

(
l .0,k

2

2l 11
Blkexp~2blkr i

2!Pl l isi Pl . ~3!

The free parametersAlk , alk , Blk , andblk are adjusted to
reproduce the valence total energies of a multitude of lo
lying electronic states of the neutral atom and its ions. T
necessary reference data have been taken from relativ
all-electron calculations. In the present work accurate sm
core PPs for Ac to Lr have been used, e.g., the 1s-4 f shells
were included in the PP core, while the shells with ma
quantum number 5 and higher were treated explicitly. T
orbitals were described by medium-sized one-particle b
sets, which are also suitable for calculations of small m
ecules, i.e., (12s11p10d8 f 4g)/@8s7p6d4 f 4g#.

All scalar-relativistic calculations were carried out wi
the MOLPRO ab initio program package@9#. The atomic or-
bitals were optimized in state-averaged complete ac
space multiconfiguration self-consistent field~CASSCF! cal-
culations. Dynamic correlation was then accounted for by
single and double excitations from the CASSCF referenc
averaged coupled-pair functional~ACPF! calculations@10#.
The active space in the CASSCF calculations comprised
open-shell orbitals (5f , 6d, and 7s). In the ACPF calcula-
tions excitations were also allowed from the semicore or
als (6p and in some cases also 6s and 5d). No excitations
were allowed from the 5s and 5p shells in both the CASSCF
and ACPF calculations, however; the orbitals were op
mized for each state.

Spin-orbit coupling was taken into account by comple
configuration-interaction calculations within all open-sh
orbitals. The corresponding corrections derived from cal
lations with and withoutVso were then added to the scala
relativistic ACPF results. All possible values of the total a
gular momentumJ were investigated in the intermedia
coupling scheme and those giving the lowest energy w
used to derive the corrections. All ACPF results repor
here include spin-orbit corrections. Spin-orbit contributio
were found to amount to only a few tenths of an electron v
in cases where thef and d occupation does not chang
however, they are sometimes larger than 1 eV in other ca
Modified versions of the finite-difference programsMCHF

@11# and GRASP @12# were applied. Due to the use of th
state-averaging technique in calculations usingMOLPRO and
the exploitation of the spherical symmetry inMCHF and
GRASP, all ab initio results of this work were obtained wit
eigenfunctions of the appropriate parity and angular mom
tum operators.

B. DFT

The applied four-component Beijing density-function
program package~BDF! also has been described elsewhe
@13,14#. Briefly, the one-electron Dirac-Kohn-Sham equati
based on the Dirac-Coulomb Hamiltonian under the
called no-pair approximation is solved directly, i.e.,

@ca•p1~b21!c21V~r !#w j~r !5e jw j~r !, ~4!
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with the potential

V~r !5Vext~r !1Vc~r !1Vxc@r~r !#. ~5!

In Eq. ~4! p5 i , is the usual momentum operator andc
denotes the speed of light~137.037 a.u.!. a and b are the
Dirac matrices

a5S 0 s

s 0 D , b5S I 0

0 2I D , ~6!

wheres represents the vector of the 232 Pauli spin matri-
ces (sx , sy , sz) andI is the 232 unit matrix. The external,
Coulomb, and exchange-correlation potentials in Eq.~5! are,
respectively,

Vext~r !52(
A

ZA

uRA2r u
, ~7!

Vc~r !5E r~r 8!

ur2r ,u
dr 8, ~8!

Vxc@r~r !#5
dExc@r~r !#

dr
. ~9!

The charge density reads

r~r !5(
j

occ

njw j
†~r !w j~r !. ~10!

The approximate forms for the exchange-correlation pot
tial Vxc@r(r )# employed in this work are the Perdew-Wan
formula @15# within the local-density approximation~LDA !,
a self-interaction correction~SIC! according to Stoll et al.
@16#. We have compared the results derived from differe
gradient exchange-correlation functionals@17–20# and found
that they differ only marginally. So here we only report th
results by gradient exchange corrections according to Be
@17# and gradient correlation corrections according to P
dew @19#. Taking uranium (Z592), lawrencium (Z5103),
and eka-merkury (Z5112) as examples, we noticed th
relativistic corrections to the nonrelativistic density functio
als @21# change the first and second ionization potentials
less than 0.1 eV and the third and fourth ionization potent
by less than 0.2 eV(1%). Thenuclear model, finite size or a
point charge, also has negligible influence on the energy
ferences. It is safe to directly use nonrelativistic function
and a point nucleus model in relativistic calculations, at lea
of valence-electron properties. This conclusion extends
previous discovery on the gold atom@22# to actinides and
superheavy elements.

The atoms were treated in the same manner as molec
in the calculations by using the double pointD`h* group. The
j j -coupling scheme was used and Kramer’s degeneracy
adopted to carry out moment-polarized calculations for op
shells in the same way as nonrelativistic polarization cal
lations. It is generally difficult for any one-determinant a
proach to properly describe a non-half-filled open shell. A
though some recipes, e.g., the sum method of Ziegleret al.
@23#, can be used to calculate multiplet states correctly
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PRA 58 1105AB INITIO PSEUDOPOTENTIAL AND DENSITY- . . .
some cases, they cannot be easily applied to all the con
rations involved in this work under thej j -coupling scheme.
In addition, the presently available approximate dens
functionals suffer from the unphysical nondegeneracy pr
lem @14#, which leads to a biased description of multipl
states. Alternatively, however, one can assume that the in
shell electron coupling is much weaker than the intrash
electron coupling and thus for a shell one can simply
equally averaged~fractional! occupancy and then constru
the final state coupled by different shells. Of course, t
means that such calculations are not describing the true te
of a configuration except some special cases, but it is
meaningful since only energy differences are concer
here: The lowest energies of the involved configuratio
have to be obtained anyway. For the configurations con
ered here the highest possible moment polarization was
ways generated. Specifically, the 5f shell was occupied a
follows: Electrons 1–3 occupy 5f 5/2 with moment up and
electrons 4–7 occupy 5f 7/2 with moment up; then, electron
8–10 occupy 5f 5/2 with moment down and finally electron
11–14 occupy 5f 7/2 with moment down. 6d3/2 and 7s1/2
were always occupied with moment up when occupied w
a single electron. Keeping fixed the highest possible mom
polarization, we then used fractional occupation numbers
all moment-polarized subshells with incomplete filling, e.
for a 5f 1 configuration each of the three 5f 5/2,mj

spinors with
moment up was occupied by 1/3 electrons. A final rem
appears to be in order here: Although our program works
the j j -coupling scheme, we have to account for the fact t
the actinides are still closer to the nonrelativis
LS-coupling scheme. Therefore, instead of filling first 5f 5/2
and afterward 5f 7/2, we used the prescription given abov
which also leads to lower total energies.

The generalized Gauss-Laguerre quadrature@24# and Leb-
edev quadrature@25# were employed to calculate the radi
and angular integrals, respectively. The numerical accur
of total energies can be further improved to better than 0
eV by the generalized transition-state method@26#. The
frozen-core approximation, i.e.,@1s2-5d10], was employed
for all the calculations. Although it is necessary to inclu
5s, 5p, and 5d shells in the valence in an accurateab initio
correlation treatment, the relaxation of these shells in
present DFT calculations reduces the total energies only
0.001 a.u. and has essentially no influence on energy di
ences. Four-component numerical atomic spinors obta
by moment-restricted finite-difference atomic calculatio
were used for the cores, while the basis sets for the vale
orbitals were combinations of the numerical atomic spin
and kinetically balanced double-z Slater-type functions.
Such basis sets result in errors less than 0.05 eV.

III. RESULTS AND DISCUSSION

The results of our calculations are listed in Tables I–
for the first to fourth ionization potential, respectively. Th
results ford f and f d excitation energies are given in Table
V and VI, respectively. Previous theoretical as well as av
able experimental data are also included. Due to the lac
complete sets of experimental data, the discussion is
straightforward for actinides than for lanthanides. Let us
gin with the first ionization potentials~Table I!, where al-
u-
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most all experimental values are known. The mean abso
errors of our calculations range from 0.41 eV to 0.16 e
depending on the applied method. It is discernable that
relativistic analog to the local spin-density approximati
yields very good results and further gradient corrections
not introduce significant and systematic improvements. B
relativistically and self-interaction corrected local-dens
functional ~RLDASIC! results of Forstreuter@27# are of the
same quality, i.e., the mean absolute error is 0.23 eV. H
ever, their result for Th shows an error of 0.81 eV. An ev
larger error of 0.98 eV is present in the data for Th of K
tochigovaet al. @28#, whereas their results for Ac, Pa, and
agree better with our than with Forstreuter’s@27# values. We
currently have no explanation for these findings. No expe
mental value exists for Lr; however, a quite reliable theor
ical result has been provided by Eliav and Kaldor@6#, who
performed fully relativistic coupled-cluster calculations u
ing very large one-particle basis sets. Their values for
f 14s2p1/2

1 → f 14s2 ionization process, i.e., 4.90 eV~Dirac-
Coulomb-Hamiltonian! and 4.89 eV~Dirac-Coulomb-Breit-
Hamiltonian!, are bracketed by our DFT results~4.47 – 4.62
eV! and PP result~5.28 eV!. Although the theoretical leve
of the calculation by Eliav and Kaldor is certainly high
than that of our methods, we want to point out that due
technical limitations~at most two electrons outside a close
shell or two holes in a closed shell! their approach cannot b
used to study the whole actinide series. Moreover, at pre
their large one-particle basis set cannot be used for molec
calculations. Both constraints are not present for our me
ods.

For the second~Table II!, third ~Table III!, and fourth
~Table IV! ionization potentials the present DFT and PP
sults show similar trends along the series. The agreem
between our results and those of Forstreuter@27# is not as
good as for the first ionization potentials, but the trends
rather similar. The differences between our DFT andab ini-
tio results tends to be larger for the second half than for
first half of the series. It is remarkable that in the second h
of the series the DFT values are always larger than the
values. We attribute the possibly too lowab initio values to
an incomplete accounting for differential electron correlati
effects, especially for the third and fourth ionization pote
tials. In the ionization process for systems with more th
sevenf electrons an electron pair in thef shell is broken up.
Since the correlation treatment is not perfect, e.g., due to
neglect of higher angular momentum basis functions as w
as higher excitations in the wave function, the final state
treated slightly better than the initial state and the ene
difference turns out to be a bit too low. On the other ha
our experience from the lanthanide atoms@5# indicates that
the DFT values might be slightly too high. In fact, there w
found that for the second to fourth ionization potentials o
DFT andab initio results either quite accurately reproduce
at least bracket the experimental values. Actually, the av
age of our DFT andab initio results for the third and fourth
ionization potentials of the lanthanides are even closer to
experimental data, e.g., the mean absolute error being
and 0.27 eV, the largest relative error being 1.6% and 1.8
respectively. We believe that, if the tendency found for t
lanthanides also holds for the actinides, the present va
for the second to fourth ionization potentials, or empirica
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TABLE I. First ionization potential~in eV! for the the actinide atoms from the present fully relativist
density-functional calculations~BDF @13,14#! @LDASIC: local-density approximation@15# ~LDA ! with a
self-interaction correction~SIC! @16#; B, Becke gradient exchange correction@17#; BP, Becke gradient ex-
change@17# and Perdew gradient correlation@19# correction# and quasirelativistic~QR! ab initio pseudopo-
tential ~PP! calculations@8# ~ACPF: averaged coupled-pair functional@10# with spin-orbit coupling correc-
tions! in comparison to other theoretical results~RLDA: relativistically corrected LDA@28#; RLDASIC:
relativistically corrected LDA with SIC@27#! and experimental data~Expt. @4#!. The mean absolute erro
~MAE! and the largest relative error~LRE! are also given.

BDF Other DFT QR PP
Atom Configurations LDASIC B BP RLDASIC RLDA ACPF 16s d 15d e Expt.

89Ac f 0d1s2→ f 0d0s2 5.08 5.14 5.07 5.72 5.29 5.04 5.06 4.97 5.1760.12
90Th f 0d2s2→ f 0d2s1 6.07 6.15 5.91 6.89 7.06 6.06 6.05 6.06 6.0860.12
91Pa f 2d1s2→ f 2d0s2 5.53 5.58 5.52 6.13 5.58 5.66 5.8960.12
92U f 3d1s2→ f 3d0s2 5.62 5.66 5.61 6.22 5.61 5.91 6.19
93Np f 4d1s2→ f 4d1s1 a 6.00 6.10 5.85 6.27 5.73 6.26

f 5d0s2→ f 5d0s1 b 5.65 5.75 5.52 5.53 5.53 5.92
94Pu f 6d0s2→ f 6d0s1 5.69 5.78 5.55 6.01 5.76 5.77 6.06
95Am f 7d0s2→ f 7d0s1 5.72 5.82 5.58 6.07 5.74 5.75 5.99
96Cm f 7d1s2→ f 7d0s2 a 5.71 5.73 5.67 6.29 5.47 6.02

f 8d0s2→ f 8d0s1 b 5.87 5.96 5.72 5.74 5.75 6.11
97Bk f 9d0s2→ f 9d0s1 6.00 6.09 5.86 6.36 5.81 5.82 6.23
98Cf f 10d0s2→ f 10d0s1 6.11 6.20 5.97 6.48 5.91 5.91 6.30
99Es f 11d0s2→ f 11d0s1 6.24 6.33 6.10 6.60 5.98 5.97 6.42
100Fm f 12d0s2→ f 12d0s1 6.36 6.44 6.22 6.70 6.26 6.26 6.50
101Md f 13d0s2→ f 13d0s1 6.47 6.55 6.33 6.80 6.10 6.10 6.58
102No f 14d0s2→ f 14d0s1 6.54 6.62 6.40 6.92 6.14 6.14 6.65
103Lr f 14d1s2→ f 14d0s2 b,c 4.70 4.73 4.61 5.37 4.45

f 14d0s2p1→ f 14d0s2 c 4.54 4.62 4.55 5.28 5.28
MAE ~eV! 0.23 0.16 0.34 0.23 0.34
LRE (%) 9.2 8.6 9.4 13.3 9.1

aExperimentally measured lowest configurations.
bDFT calculated lowest configurations.
cThe relativistic all-electron coupled-cluster calculations of Lr with an uncontracted (34s25p21d15f 10g6h)
basis set predicted that thef 14d0s2p1/2

1 configuration is lower thanf 14d3/2
1 s2 by 0.16 eV. The first ionization

potential is 4.90 eV~Dirac-Coulomb Hamiltonian!, or 4.89 eV~Dirac-Coulomb-Breit Hamiltonian!, taking
f 14d0s2p1/2

1 as the ground state, whereas it is 4.73 eV with respect tof 14d3/2
1 s2 @6#.

d6s orbitals were also correlated.
e5d orbitals were also correlated.
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the average of the corresponding DFT andab initio results,
also should be close to the yet unknown experimental val
This speculation is further supported by the quite go
agreement of the present results for the first ionization
tentials as well asd f and f d excitation energies with experi
mental data.

A further result for uranium, the most extensively studi
element among the actinides, can be discussed. Beside
first to fourth ionization potentials, our DFT andab initio
results for the fifth ionization potential of U@47.38, 47.47,
and 47.25 eV for the LDA SIC, Becke (B), and Becke-
Perdew~BP! results, respectively, by BDF and 47.26 eV b
ACPF including excitations from 5d, 5f , 6s, and 6p] are
also in good agreement with each other as well as with E
and Kaldor’s relativistic coupled-cluster calculation~47.28
eV! @29#. However, the experimental values for the second
fourth ionization potentials were not decisively determin
and several values for each ionization potential exist~cf.
Tables II–IV!. The present calculations do not coincide w
s.
d
-

the

v

o

l

with all these values and therefore more accurate experim
tal measurements need to be performed.

For the lighter actinides experimental data exist also
d f and f d excitation energies and allows us to calibrate t
accuracy of our methods. For both series our DFT andab
initio results are quite close to the available experimen
values and often bracket them~Tables V and VI!. Our results
are in considerably better agreement with each other and
with experiment than previous discrete-variationalXa calcu-
lations of Frickeet al. @30#. Although the agreement is rela
tively good at the beginning of the series, theirXa values
increase much faster than our values along the series. Fo
the discrepancies amount to 6 eV and 10 eV for thed f and
f d excitation energies, respectively. In order to find the p
sible reason for this disagreement we performedXa calcu-
lations ~without self-interaction correction! for Es and No.
The results, 2.42~4.71! eV for the d f excitation and 6.52
~8.30! eV for the f d excitation, agree within 0.3 eV with ou
LDA data for Es~No!. The value for thed f excitation of Es
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TABLE II. Second ionization potential~in eV!. For other explanations see Table I.

BDF Other DFT QR PP
Atom Configurations LDASIC B BP RLDASIC ACPF 16s c 15d d Expt.

89Ac f 0d0s2→ f 0d0s1 11.56 11.63 11.45 11.93 11.49 11.50 11.54 11.7860.19
90Th f 0d2s1→ f 1d1s0 11.93 11.96 11.98 11.08 12.87 12.82 12.43
91Pa f 2d0s2→ f 2d1s0 12.27 12.32 12.07 12.39 12.85 12.75
92U f 3d0s2→ f 4d0s0 12.12 12.15 11.89 12.58 12.00 12.02 11.07 or 11.45 or 11.5960.37
93Np f 4d1s1→ f 5d0s0 a 11.05 11.01 10.93 12.77 12.38

f 5d0s1→ f 5d0s0 b 11.67 11.69 11.55 11.36 11.35
94Pu f 6d0s1→ f 6d0s0 11.85 11.87 11.72 12.14 11.45 11.44
95Am f 7d0s1→ f 7d0s0 12.02 12.04 11.89 12.32 11.74 11.73
96Cm f 7d0s2→ f 8d0s0 a 11.44 11.55 11.39 13.26 12.33 12.18

f 8d0s1→ f 8d0s0 b 12.15 12.18 12.01 11.92 11.91
97Bk f 9d0s1→ f 9d0s0 12.28 12.31 12.13 12.58 11.97 11.95
98Cf f 10d0s1→ f 10d0s0 12.40 12.44 12.25 12.72 12.06 12.05
99Es f 11d0s1→ f 11d0s0 12.53 12.57 12.37 12.85 12.20 12.18
100Fm f 12d0s1→ f 12d0s0 12.66 12.70 12.49 12.99 12.42 12.41
101Md f 13d0s1→ f 13d0s0 12.79 12.84 12.61 13.13 12.42 12.40
102No f 14d0s1→ f 14d0s0 12.92 12.97 12.73 13.27 12.52 12.51
103Lr f 14d0s2→ f 14d0s1 14.46 14.53 14.26 14.87 14.22 14.21

aExperimentally measured lowest configurations.
bDFT calculated lowest configurations.
c6s orbitals were also correlated.
d5d orbitals were also correlated.
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almost coincides with the experimental result of 2.40 e
This clearly shows that the differences between our res
and those of Frickeet al. @30# are not related to the use o
different density functionals.

Finally, we want to make some additional comments
the methods applied here. Theab initio approaches appear t
suffer from the too slow convergence of the configuratio
interaction expansion of the wave function. States w
higher f occupation are less well described than states wi
lower f occupation, i.e., differential correlation effects a
.
ts

n

-
h
a

not sufficiently accounted for, leading to slightly biased io
ization or excitation energies. Moreover, at present the s
orbit interaction cannot be treated together with the elect
correlation, but instead the corresponding corrections hav
be taken from limited configuration-interaction calculatio
in the intermediate coupling scheme and then added to
highly correlated scalar-relativistic results. The DFT calcu
tions presented here do not suffer from these problems; h
ever, they have the disadvantage that they cannot be
proved in a systematic way. Moreover, DFT mainly accou
TABLE III. Third ionization potential~in eV!. For other explanations see Table I.

BDF QR PP
Atom Configurations LDASIC B BP ACPF 16s a 15d b Expt.

89Ac f 0d0s1→ f 0d0s0 17.43 17.48 17.28 16.93 17.24 17.29
90Th f 1d1s0→ f 1d0s0 17.70 17.77 17.61 17.90 17.94 18.33
91Pa f 2d1s0→ f 2d0s0 18.15 18.20 18.05 17.61 17.67
92U f 4d0s0→ f 3d0s0 18.86 18.94 18.77 18.62 18.74 18.61 17.73 or 17.92 or 19.8060.31
93Np f 5d0s0→ f 4d0s0 20.16 20.25 20.09 19.38 19.52 19.37
94Pu f 6d0s0→ f 5d0s0 21.39 21.47 21.31 21.15 21.27 21.10
95Am f 7d0s0→ f 6d0s0 22.74 22.84 22.70 21.90 21.99 21.74
96Cm f 8d0s0→ f 7d0s0 21.53 21.52 21.19 20.55 20.55 20.31
97Bk f 9d0s0→ f 8d0s0 22.85 22.85 22.54 21.75 21.87 21.71
98Cf f 10d0s0→ f 9d0s0 24.09 24.12 23.81 22.81 22.90 22.62
99Es f 11d0s0→ f 10d0s0 23.52 23.56 23.27 22.12 22.23 21.93
100Fm f 12d0s0→ f 11d0s0 24.60 24.65 24.37 22.75 22.87 22.56
101Md f 13d0s0→ f 12d0s0 25.62 25.69 25.41 23.77 23.86 23.43
102No f 14d0s0→ f 13d0s0 26.60 26.68 26.41 25.29 25.34 24.83
103Lr f 14d0s1→ f 14d0s0 21.85 21.90 21.60 21.50 21.49 21.18

a6s orbitals were also correlated.
b5d orbitals were also correlated.
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TABLE IV. Fourth ionization potential~in eV!. For other explanations see Table I.

BDF QR PP
Atom Configurations LDASIC B BP ACPF 16s a 15d b Expt.

89Ac 5s25p6→5s25p5 44.10 44.17 43.96 44.15 43.64 43.78
90Th f 1d0s0→ f 0d0s0 28.97 29.04 28.83 27.93 28.06 27.78 28.65
91Pa f 2d0s0→ f 1d0s0 30.95 31.03 30.83 32.26 32.37 32.12
92U f 3d0s0→ f 2d0s0 32.78 32.87 32.68 32.56 32.65 32.36 30.33 or 31.12 or 36.7060.99
93Np f 4d0s0→ f 3d0s0 33.54 33.63 33.45 33.68 33.77 33.51
94Pu f 5d0s0→ f 4d0s0 35.14 35.24 35.07 34.90 35.04 34.86
95Am f 6d0s0→ f 5d0s0 36.59 36.69 36.53 36.82 36.94 36.68
96Cm f 7d0s0→ f 6d0s0 38.14 38.25 38.08 36.93 37.01 36.78
97Bk f 8d0s0→ f 7d0s0 37.37 37.36 37.02 36.29 36.45 36.28
98Cf f 9d0s0→ f 8d0s0 38.97 38.98 38.66 37.47 37.58 37.27
99Es f 10d0s0→ f 9d0s0 40.51 40.54 40.22 38.69 38.77 38.41
100Fm f 11d0s0→ f 10d0s0 39.92 39.97 39.67 39.09 39.20 38.79
101Md f 12d0s0→ f 11d0s0 41.27 41.34 41.04 39.49 39.60 39.14
102No f 13d0s0→ f 12d0s0 42.57 42.64 42.36 40.94 41.03 40.50
103Lr f 14d0s0→ f 13d0s0 43.82 43.90 43.62 42.98 43.02 42.40

a6s orbitals were also correlated.
b5d orbitals were also correlated.
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ults
for dynamical correlation within the one-determinant form
lation and sometimes fails to reproduce the correct orde
of near-degenerate configurations, e.g., for Np/Np1, Cm/
Cm1, and~possibly! Lr ~cf. Tables I and II!. The sources of
errors occurring insp andsd excitation energies of first-row
and 3d atoms due to the local-density approximation for t
exchange interaction have been analyzed in detail by G
narsson and Jones@31#. Their findings will also hold for the
cases considered here. A possible way to further improve
present DFT calculations might be a more accurate treatm
of the exchange; however, it is well known that a simp
addition of Hartree-Fock~or Dirac-Hartree-Fock! exchange
and DFT correlation does not yield satisfactory results.
-
g

n-

he
nt

promising but computationally more demanding approach
the coupling between multi-configurational wave-functio
based methods, e.g., CASSCF, and DFT, which takes ca
nondynamical and dynamical correlations, respectively@32#.
Although some progress has been made with such hy
schemes for small systems with main-group elements, t
application to lanthanides and actinides appears to be ou
reach at present.

IV. CONCLUSIONS

Ab initio PP and DFT all-electron calculations have be
performed for the whole series of actinide atoms. The res
TABLE V. d f excitation energies~eV! defined asDd f 5 E( f nd1s2)-E( f n11d0s2) (n50213 for Ac–
No!. DV-Xa ~discrete variational! is from @30#. For other explanations see Table I.

BDF Other DFT QR PP
Atom LDASIC B BP DV-Xa ACPF Expt.

89Ac 23.10 23.08 23.14 25.33 23.7260.37
90Th 22.06 22.04 22.09 23.59 22.96 22.44
91Pa 21.10 21.07 21.12 21.96 21.94 21.61
92U 20.90 20.84 20.89 20.41 21.32 20.87
93Np 0.27 0.32 0.29 1.28 20.79 20.35
94Pu 1.17 1.24 1.21 2.80 1.31 0.78
95Am 2.06 2.13 2.11 2.15 1.26 1.32
96Cm 0.87 0.86 0.67 3.62 20.15 20.15
97Bk 2.07 2.07 1.91 4.90 0.60 1.13
98Cf 3.21 3.24 3.10 6.34 1.58 2.10
99Es 2.58 2.61 2.49 7.51a 2.20 2.40
100Fm 3.56 3.61 3.51 8.79 2.04 2.4860.37
101Md 4.50 4.56 4.48 9.93 2.69
102No 4.60 4.73 4.65 11.27b 4.61
MAE ~eV! 0.64 0.67 0.59 2.60 0.37

aThe DV-Xa result by BDF is 2.42 eV.
bThe DV-Xa result by BDF is 4.71 eV.
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TABLE VI. f d excitation energies~eV! defined asD f d 5 E( f nd2s2)-E( f n11d1s2) (n50213 for Th–
Lr!. DV-Xa is from @30#. For other explanations see Table I.

BDF Other DFT QR PP
Atom LDASIC B BP DV-Xa ACPF Expt.

90Th 20.55 20.55 20.63 21.17 21.57 20.97
91Pa 0.73 0.75 0.68 1.20 0.35 0.25
92U 1.96 1.99 1.93 3.48 1.22 1.43
93Np 2.20 2.24 2.19 5.47 1.73 2.49
94Pu 3.29 3.36 3.31 7.48 3.47 3.69
95Am 4.37 4.45 4.40 9.42 3.93 5.6060.62
96Cm 5.39 5.49 5.45 8.60 3.59
97Bk 4.18 4.18 3.97 10.31 2.58
98Cf 5.52 5.55 5.36 11.92 4.73
99Es 6.83 6.88 6.71 13.55a 7.28
100Fm 6.06 6.13 5.98 15.10 4.68
101Md 7.21 7.29 7.15 16.68 5.57
102No 8.32 8.41 8.29 18.20b 6.12
103Lr 9.38 9.49 9.39 7.54

aThe DV-Xa result by BDF is 6.52 eV.
bThe DV-Xa result by BDF is 8.30 eV.
th
a
o

er
n

n
th
v
tio

the
ight
in

et

le
for the first to fourth ionization potentials as well as thed f
and f d excitation energies of the neutral atoms show that
applied two approaches have a similar accuracy. In the c
of the first ionization potential an almost complete set
reliable experimental data exists and the mean absolute
of our theoretical results is 0.35 eV or less. For higher io
ization potentials as well asd f and f d excitation energies the
results of both approaches show the same qualitative tre
along the series, although quantitatively, especially for
heavier elements, differences up to 5% are present. Ne
theless, since the agreement of our independent calcula
th

-
.

of
20

s

r,
.

e
se
f
ror
-

ds
e
er-
ns

with the few available experimental values is better than
case of previous DFT studies, we believe that our data m
be useful to guide further experimental work and that,
particular, the average of our DFT andab initio results for
higher ionization potentials might be very close to the y
unknown experimental values.
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