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Energy differences between #"*15d%6s? and 4f"5d'6s’ electron configurations
for the lanthanide atoms
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We study the energy differenckE(n) between the #'"15d°6s? and 4"5d'6s? configurations of the
entire neutral lanthanide series, whereuns from O(La) through 13(Yb). The AE(n) values obtained by
numerical multiconfigurational Dirac-Fo¢kMC-DF) calculations are lower than experiment, while those given
by nonrelativistic self-consistent-fielddR-SCH calculations are larger than experiment. The difference be-
tween the MC-DF and NR-SCEE(n) values is about 3—5 eV. If we add the correlation energy corrections
obtained by nonrelativistic second-order perturbation calculatiodstm) given by MC-DF calculations, the
resulting values oAE(n) for the neutral lanthanides agree with experiment to within 1.0 eV, except for La and
Yb.
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[. INTRODUCTION spond to neutral, singly ionized, and doubly ionized lan-
thanide atoms. All data are taken from REf]. In Fig. 1.
Since 1960, there has been much study of the energy difilled rectangle data points represent observed values and
ferences of low-lying electronic configurations of lanthanideopen rectangles show estimated values. We observe that the
atoms and ions in order to determine the lowest states of théree lines are parallel to each other and that the first half of
neutral, singly ionized, and doubly ionized atofas-7]. The  the lanthanide series of atoms has a sim&(n) pattern to
energy difference of #5d16s™— 4f"*15d%s™ (m=2, 1, t_he second_ half. It is known tha_t th_e expenment&hdmzl?—
and 0 is generally called the system difference and will betlon energiels(lEs) of doubly ionized statesSE(4f")
denoted as\E(n): ~Eoa(4f"7), have a similar pattern to _Flg.[ll], indicat-
ing that the binding energy ofdbelectrons is almost constant
_ nEqlaam) n+1g0R M throughout the lanthanide elements.
AB(N)=Eial(47750765™) ~ Eioraf 47 5d765™). - (1) The interaction between the electrons of a given configu-

HereE... is the total eneray of the lowest state of the s eci_ration is often expressed in terms of the Slater-Condon pa-
total 9y Pl ametersk. Racah gave a combination of new parameters in

fied configuration. A positive value akE(n) implies that terms of F¥ for the f shell, where the expression for the

N+1gA0peM ; H
417""5d°6s™ is the ground state, and a negative value Ofenergy is separated into spin and angular-momentum terms.

AE(n) implies 4f"5d'6s™ is the ground state. - : n+1y i
Figure 1 shows experimental values AE(n) plotted The expression for the energy differencef(4 4f"") is

againstn for the three seriemm=2, 1, and 0, which corre- Uf—nE°—N(S,,Sh+1)EY=M (L, Lo 1) ES, 2

5 -

Doubly ionized .-
J= R e - B
" Singly ionized FIG. 1. The energy differ-
’ enceAE(n) for the neutral, sin-
gly ionized, and doubly ionized
lanthanide atoms given by Ref.

[1].

The energy difference (eV)
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TABLE |. The coefficients of Racah parameters for the ioniza-  Several author§4—7] have estimated the energy differ-
tion energies of doubly ionizedf4"*! lanthanide atom$see Eq.  enceAE(n) based on the work of Racdi8], with the as-

1. sumption that the interaction between the outer electrons and
4f electrons varies smoothly from element to element. The
Atom n N(Sh,Sn+1) M(Ln,Ln+a) values of the parameters are successively calculated to esti-
La 0 0 0 mate the unknowA E(n) values.
Ce 1 0 9 In previous paper§9,10], we have discussed the 4on-
Pr 2 0 12 ization energies of the neutral lanthanide atoms. We found
Nd 3 0 0 that relativistic effects rgduce thef 49nization energies by
Pm 4 0 12 2-7eV gnd that correlation eﬁgcts increase them by 1-2 eV
for the first half of the lanthanides and by 2—-3 eV for the
Sm 5 0 9 2 L -
Eu 6 0 o sec_ond half._ Both effects are thereforg significant in investi-
gating the differenc@ E(n) for lanthanide atoms.
Gd ! 9 0 In this paper we systematically analyze the relativistic and
o 8 9 -9 correlation effects in the differencAE(n) of the neutral
Dy 9 9 —12 lanthanide atoms. In Sec. Il we studye(n) values obtained
Ho 10 9 0 by nonrelativistic self-consistent-fielNR-SCH and nu-
Er 11 9 12 merical multiconfigurational Dirac-FockMC-DF) calcula-
™™ 12 9 9 tions. In Sec. lll we investigate thesp4f, and 5 electron
Yb 13 9 0 correlation effects using second-order Rayleigh-Sdimger

(RS and Brillouin-Wigner (BW) perturbation theory. We
also discuss the importance of &and 5 core correlation
effects onAE(n). Concluding remarks are set out in Sec.
V.

whereUs, E°, E!, andE® are Racah parametef8]. The
functionsN(S,,S,.1) and M(L,,L,.4) are dependent on
the Russell-Saunders quantum numb®m@nd L of the 4f"
and 4"*1 electronic configurations. If we choose thé&
coupling term given by Hund’s rule for the lowest states of
each configuration, theN(S,,,S,,+;) andM(L,,L, ;) take
the values listed in Table I. The terpt);—nE°] increases To studyAE(n) for the neutral lanthanide atoms, we per-
smoothly across the series, wheh is constant andE® is  formed NR-SCF and MC-DF calculations on states gener-
negative. The gap between Eu and Gd is explained by thated from the 4""15d°6s? and 4"5d'6s? configurations.
third term,— 9E. The irregularities at the quarter and three-For the NR-SCF calculations, we used well-tempered
quarter points are due to the termsHp. If we suppose that Gaussian-type function€GTF9 [11,12. We added six dif-
U, E°, E?, andE® are constant, we now see why the curvesfused GTFs to La through Yb, in order to investigate states
for the first half and the second half of the lanthanide seriesvith a single electron excitation to thel%orbital. The num-

of atoms are similar. bers of primitive GTFs are as follows: (8@3p,23d,14f )

Il. NR-SCF AND MC-DF CALCULATIONS

TABLE Il. Total energies for 4""15d%6s? and 4f"5d'6s? and the energy differenceE(n) obtained by
NR-SCF calculationsL S terms are assigned by experim¢h8] except for Ho, Er, Tm, and Yb.

Total energiega.u)

AE(n)
Atom n 25t 4f" 1540652 2t 4f"5d'6s? (eV)
La 0 2F —8221.0636 D —8221.0665 -0.079
Ce 1 5H —8566.919 4 G —8566.8725 1.276
Pr 2 4 —8921.1808 4 —8921.0737 2.913
Nd 3 5 —9283.8828 5L —9283.7753 2.924
Pm 4 5H —9655.0988 6p2 —9654.997 4 2.759
Sm 5 F —10034.9524 H —10034.7897 4.427
Eu 6 8s —10423.542 8 8D —10423.3219 6.010
Gd 7 F —10820.617 1 °D —10820.6610 -1.195
Tb 8 5H —11226.5682 8G —11226.5514 0.457
Dy 9 5 —11641.4522 H —11641.3863 1.793
Ho 10 4 —12065.2894 61a —12065.2177 1.950
Er 11 3H —12498.152 3 5G? —12498.086 1 1.801
m 12 2F —12940.1739 4pa —12940.0702 2.821
Yb 13 s —13391.4557 3pa —13391.2867 4.598

8o experimental assignments are available. The low&sterm was determined by NR-SCF calculations.
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TABLE III. Total energies for 4"*15d%6s? and 4f"5d'6s? and the energy differenckE(n) obtained
by MC-DF calculations.

Total energieda.u)

AE(n)
Atom n J 4f"*+15¢%6s2 J 4f"5d6s? (eV)
La 0 5/2 —8493.5457 3/2 —8493.6470 —2.754
Ce 1 4 —-8861.0428 4 —8861.096 9 —-1.470
Pr 2 9/2 —9238.2673 9/2 -9238.2763 —-0.243
Nd 3 4 -9625.3143 6 —9625.3302 —-0.435
Pm 4 5/2 —10022.3280 1P —10022.3556 —0.7513
Sm 5 0 —10429.480 4 2 —10429.454 8 0.711
Eu 6 712 —10846.946 2 3/2 —10846.8890 1.556
Gd 7 6 —11274.5779 2 —11274.746 1 —4576
Th 8 15/2 —11712.8159 13/2 -11712.9271 -3.024
Dy 9 8 —-12161.7770 8 —-12161.8533 —-2.078
Ho 10 15/2 —12621.5723 17/2 —12621.657 1 —-2.307
Er 11 6 —13092.3513 6 —13092.4551 —-2.827
Tm 12 712 —13574.3258 9/2 —13574.4033 —-2.109
\%) 13 0 —14067.6717 2 —14067.698 1 —-0.720

aJ value is given by Hund’s rule.

for La through Tb, and (2922p,22d,13f ) for Dy through  configuration state functions with the targktalue corre-
Yb. These basis sets yield SCF total energies quite close gponding to a nonrelativistic electronic configuration like
the numerical HF energies for the state arising from4f"*15d%s? or 4f"5d'6s?. We used the experimentally
4f"150%s? and 4f"5d'6s?; the difference in the total en- assigned] values of the lowest state of each configuration,
ergies is less than’¥ 10 “a.u. In calculating the lowest state except for Pm with configurationf45d'6s?, where we used
of each configuration, we employed the experimernt& the J=11/2 according to Hund’s rule for Pm. TRevalues
specification 13] where it is available. Since no experimen- for Ho, Er, Tm, and Yb having configurationf25d'6s?
tal LS assignment is available for thef%5d6s? configura-  according to experiment, are consistent with ti® values
tion of Pm, Ho, Er, Tm, and Yb, we performed the NR-SCFshown in Table II.
calculations for all possibleS coupling terms and then The total energies andE(n) values for the neutral lan-
picked out the lowest level. TheS values for those atoms thanide atoms calculated by MC-DF are listed in Table IlI.
calculated by NR-SCF are summarized in Table Il, togetheBy comparing Tables Il and Ill, we see that the inclusion of
with the NR-SCF total energies amdE(n) values. relativistic effects lowers the total electronic energies consid-
We also performed numerical MC-DF calculations usingerably; the reduction varies from 272 a.u. for La to 675 a.u.
the GRAsP2packagd 14]. The program generates all possible for Yb. The AE(n) values for the neutral lanthanide atoms

FIG. 2. The energy differ-
ence AE(n) obtained by NR-
SCF, MC-DF, and experiment

L‘a/{,q?r ome g’ osmo EY Yed, T Dy Ho B Tm P [13]
2 r : MC-DF -

The energy difference (eV)
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determined by NR-SCF and MC-DF calculations are alsdlhe 4f IEs for doubly ionized lanthanide atoms have a simi-
shown in Fig. 2, together with experimentaE(n) values lar n dependence to those AfE(n) shown in Fig. 2. On the
[13]. The AE(n) values from MC-DF calculations are other hand, the & IEs slowly oscillate with the occupation
smaller than those found experimentally, while values fromnumbern of the 4f orbital. The radial expectation values of
the NR-SCF calculations are larger than the experimentalrs4) for 4f"5d*6s° and(r ) for 4f"*15d%s® obtained by
values. The values cAE(n) obtained by MC-DF and NR- NR-SCF calculations are plotted in Fig. 5. The values of
SCF differ by about 3-5 eV. This is consistent with our (rg,) for 4f"5d'6s° also oscillate slowly. There is a corre-
previous studie$9,10] of 4f IE, where experimental 41E lation between 8 IEs and(rs4) values, since an electron is
values are located centrally between those obtained by NRwore easily ionized when farther from the nucleus than near
SCF and relativistic SCF calculations; the relativistic correc-t (see Figs. 4 and)5This simple description is appropriate
tions to the excitations from f4to 5d have the same ten- only for an electron outside the innef 4hell, which has a
dency as the ionizations. The discrepancy betweemomplicated electronic structure. lonization from the inner
experiment and MC-DRAE(n) values might be reduced by 4f core requires separate consideration. In contraétdg,
including electron correlation effects. the values ofr ) for 4f"715d%6s® gradually decrease with

To clarify whether the decrease in the number bfedec-
trons or the increase in the number aof ®lectrons deter-
mines the shape oAE(n), we calculated the #IEs of
4f"*150%s° and & IEs of 4f"5d'6s® by NR-SCF and

the increasing occupation numlreof the 4f orbital. The 4

IEs cannot be explained so simply. They are strongly related
to the electronic structure of thef &£ore, as shown by for-
mula (2).

MC-DF calculations. The results are shown in Figs. 3 and 4. We have shown that th&#E(n) values of the neutral lan-

24

22 -
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- L e S - B-——n
o = —:___’_...o ...... L@ .. TEe--we- oW e @eennn.
-% ./_,'_..‘...-o """"" b e aenans PRSP .- L ®
o p MC-DF
c 18 . i .
o FIG. 4. The % ionization en-
5 ergies for 4"5d6s° obtained
@ 16 by NR-SCF and MC-DF.
=
Re]
B 4y

12
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
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thanide atoms parallel thef4lEs of doubly ionized atoms differenceAE(n) given by MC-DF calculations.
(41"715d%sP), but not the Bl IEs of doubly ionized atoms We now comment on the first assumption. Ishikawa and
(4f"5d'6s%). We therefore conclude that the structure of Koc[15] calculated the second-order correlation energies for
AE(n) is determined principally by changes in thé dhell  Xe (Z=54) and Hg Z=80) by a many-body perturbation

electronic structure and not by thel ®ccupation. theory, using the nonrelativistic and Dirac-Coulomb Hamil-
tonian. They have shown that the difference of the correla-
IIl. CORRELATION EEFECTS tion energies calculated with the two Hamiltonians is about

1.3% and 4.0% of the total correlation energy for Xe and Hg,
We have to consider the electron correlation effects taespectively. So far as the Dirac-Coulomb Hamiltonian is

analyze the discrepancy between experiments and results olised, the coupling between the relativistic effects and the
tained by MC-DF calculations. However, it is quite difficult correlation effects is small for the atoms wifh<80. Actu-
to calculate the electron correlation effects for the lan-ally for the cases of the $and 4f ionizations of the lan-
thanides atoms especially on the second half elements. Tianide atom$10], where the first assumption was imposed,
simplify a complicated calculation of the electronic correla-the ionization potentials were found to be close to experi-
tion effects, we introduce the following assumptio®t a  ment. The second assumption is rationalized, if we follow
weak coupling between relativistic and nonrelativistic corre-the experimental assignmefit3]; for the targetJJ states
lation effects and?2) the correspondence betwekS (non-  arising from 4""15d%6s?, the weight of the leadind-S
relativistico and JJ (relativistic) terms. Then we simply add term is quite larg¢=89%), except for La and Tm and for the
the difference in nonrelativistic correlation energi@eEYa  JJ states arising from #'5d6s? that is in a range of 55—
=E (4f"5d'6s?) —E/ (4f"15d%6s?)] to the energy 92%.

cor

8 -

FIG. 6. The energy differ-
ence AE(n) given by MC-DF
corrected with AE'2 obtained
by RS and BW calculations and
experiment[13]; correlation ef-
fects among 4, 5d, and & are
included.

The energy difference (eV)
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TABLE IV. Correlation energies for #'*15d%6s? and 4f"5d'6s? obtained by RS calculations among
4f, 5d, and 6 electrons, the correlation energy differens&\, the energy differencAE(n) given by
MC-DF corrected by RS correlation energies, and experimeYiin) values.

Correlation energieV) AE(n) (eV)

Atom n 4f"5d'6s? 4f"+15d%6s? AEZ Corrected Expt.
La 0 —1.734 —1.186 —0.548 —3.302 —1.884
Ce 1 —1.535 —1.540 0.005 —1.465 —0.591
Pr 2 —2.073 —2.112 0.038 —0.205 0.550
Nd 3 —2.551 —3.154 0.603 0.168 0.839
Pm 4 —3.550 —4.672 1.122 0.371 0.992
Sm 5 —5.345 —6.332 0.987 1.698 2.241
Eu 6 —6.693 —7.853 1.160 2.716 3.453
Gd 7 —8.476 —11.671 3.195 —1.381 —1.357
Tbh 8 —11.678 —14.816 3.138 0.114 0.035
Dy 9 —14.448 —17.486 3.037 0.959 0.938
Ho 10 —17.161 —20.784 3.622 1.315 1.039
Er 11 —21.181 —25.518 4.337 1.510 0.890
Tm 12 —25.268 —29.646 4.378 2.269 1.627
Yb 13 —28.963 —-32.571 3.608 2.888 2.875

aSee Ref[13].

We performed nonrelativistic second-order RS and BWfirst, among the #, 5d, and & electrons; and second,
perturbation calculations to estimate the correlation energieamong the 4, 5s, 5p, 5d, and & electrons. We used
Generally the second-order theory gives larger correlatiothe — well-tempered GTFs [11,12] in the SCF
energies than the exact one in their absolute values. Wealculations together with eighg and sevenh GTFs to
however, do not necessarily need to calculate the exact coglescribe the angular correlation effect. The basis
relation energies, when the energy differences among theets are (3§26p,23d,18f,8g,7h)/[19s,18p,17d,15f,8g,7h]
states are considered. The greater part of the efoweyes- for La—Th and (28,25p,22d,17f,8g,7h)/
timated correlation energigsvould cancel with each other [19s,18p,17d,15f,8g,7h] for Dy—Yb, using the general con-
because we consider the excitation energies of the valenc&raction schem¢l6].
like excited states. The valence correlation energi&?, for 4f"*15d%s?

orr
Two types of electron correlations are consideredand 4f"5d'6s? will be discussed, together with the differ-

TABLE V. Correlation energies for #*15d%6s? and 4"5d'6s? obtained by BW calculations among
4f, 5d, and 6 electrons, the correlation energy differemsE‘gg'”, the energy differencAE(n) given by
MC-DF corrected by BW correlation energies, and experimehig|n) values.

Correlation energie&V) AE(n) (eV)

Atom n 4f"5d6s? 4f"*15(0%6s? AEY Corrected Expt.
La 0 —1.224 —-1.016 —0.208 —2.962 —1.884
Ce 1 —1.294 —-1.331 0.037 —1.433 —-0.591
Pr 2 —1.690 —1.850 0.161 —0.082 0.550
Nd 3 —2.183 —2.819 0.636 0.201 0.839
Pm 4 —3.115 —4.212 1.097 0.346 0.992
Sm 5 —4.560 —5.758 1.198 1.909 2.241
Eu 6 —6.006 —7.189 1.184 2.740 3.453
Gd 7 —7.645 —10.609 2.964 —-1.612 —-1.357
Th 8 —10.600 —13.464 2.864 —0.160 0.035
Dy 9 —13.023 —15.907 2.885 0.807 0.938
Ho 10 —15.561 —18.865 3.304 0.997 1.039
Er 11 —19.193 —23.026 3.833 1.006 0.890
m 12 —22.794 —26.677 3.884 1.775 1.627
Yb 13 —26.235 —29.437 3.202 2.482 2.875

aSee Ref[13].
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FIG. 7. The valence # 5d,
and 6s correlation energy differ-
ence AEY between
4f"*15d%s? and 4"5d'6s?
obtained by valence RS and BW
calculations and\ESX! [see Eq.

3]

The valence correlation energy difference (eV)

ence in these correlation energieg\2 and the energy dif- The absolute value of the calculated correlation energies of
ferenceAE(n) given by MC-DF calculations modified with 4f"'5d%s? is greater than for #'5d'6s®, except for La,
AEY  The results obtained by RS and BW calculations forindicating thatAE(n) is increased by valence correlation
the valence #, 5d, and 6 electron correlation are shown in effects. For example, the RS calculation increagg(n) by
Tables IV and V, together with experimentaE(n) values. 0-1.3eV for the first half of the lanthanide series and by
We also show the energy differena€(n) in Fig. 6. We  3.0-4.5 eV for the second half. The calculated correlation
see from Tables IV and V and Fig. 6 thAE(n), modified energies are close to the experimental values, showing the
with AE‘ég'" and assuming additivity of the relativistic and importance of correlation effects among thg 4d, and 6
correlation effects, agrees with experiment. The values oélectrons in the overall energy differences.
AE% calculated by RS and BW are shown in Fig. 7, to- We now discuss correlation effects among the 5p,
gether withA Eggﬁt calculated as and valence electrons. Tables VI and VII show correlation
energies, the correlation correctiomMEc;), modified
AE(n) values withAES™ obtained by RS and BW calcula-

: corr
AEZH=AE(n)®P—AE(n)MPF, (3 tions, and experimental values AE(n). Modified and ex-

TABLE VI. Correlation energies for #'*15d°6s? and 4"5d'6s? obtained by RS calculations including
4f, 5s, 5p, 5d, and 6 electrons, the correlation energy differens&Z0[F, the energy differenca E(n)
given by MC-DF corrected by RS correlation energies, and experimAriah) values.

Correlation energie&V) AE(n) (eV)
Atom n 4f"5d'6s? 4f"*150%s? AEST® Corrected Expt.
La 0 —9.597 —11.629 2.032 —-0.722 —1.884
Ce 1 —12.099 —12.765 0.665 —0.805 —-0.591
Pr 2 —13.605 —-14.111 0.507 0.264 0.550
Nd 3 —14.844 —16.296 1.452 1.017 0.839
Pm 4 —16.441 —18.596 2.155 1.404 0.992
Sm 5 —19.010 —21.009 1.999 2.710 2.241
Eu 6 —20.740 —22.715 1.976 3.532 3.453
Gd 7 —23.173 —27.894 4.720 0.144 —-1.357
Th 8 —27.216 —31.344 4,128 1.104 0.035
Dy 9 —30.244 —33.733 3.489 1.411 0.938
Ho 10 —33.280 —36.968 3.689 1.382 1.039
Er 11 —38.014 —42.432 4,418 1.591 0.890
m 12 —42.813 —46.835 4.022 1.913 1.627
Yb 13 —46.839 —49.066 2.228 1.508 2.875

aSee Ref[13].
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TABLE VII. Correlation energies for #*15d%6s? and 4"5d'6s? obtained by BW calculations includ-
ing 4f, 5s, 5p, 5d, and 6 electrons, the correlation energy differencE:l;, the energy differencAE(n)
given by MC-DF corrected by BW correlation energies, and experimeritgh) values.

Correlation energieeV) AE(Nn) (eV)
Atom n 4f"5d'6s? 4f"*159%s? AEST® Corrected Expt.
La 0 —7.730 —9.562 1.832 —0.922 —1.884
Ce 1 —9.962 —10.552 0.590 —0.880 —0.591
Pr 2 —11.107 —11.741 0.635 0.392 0.550
Nd 3 —12.329 —13.559 1.230 0.795 0.839
Pm 4 —13.774 —15.510 1.736 0.985 0.992
Sm 5 —15.753 —17.548 1.795 2.506 2.241
Eu 6 —17.504 —19.140 1.636 3.192 3.453
Gd 7 —19.601 —23.249 3.648 —0.928 —1.357
Tbh 8 —23.006 —26.272 3.266 0.242 0.035
Dy 9 —25.513 —28.547 3.034 0.956 0.938
Ho 10 —28.205 —31.437 3.231 0.924 1.039
Er 11 —32.195 —35.970 3.774 0.947 0.890
Tm 12 —36.138 —39.766 3.627 1.518 1.627
Yb 13 —39.733 —42.158 2.425 1.705 2.875

aSee Ref[13].

perimentalAE(n) values are plotted in Fig. 8. We consider BW. But the RS theory gives the corrent dependence,

the 5s and 5 (core correlation effects obtained from RS while BW does not. No general theory of this type therefore

calculations. By subtracting the correlation energies given irexists, and further discussion is required. Higher-order cor-

Table IV from those in Table VI we obtain the correlation relation effects might be included, for example.

energies among the core electrons and those between coreAlthough we made two assumptior4) and(2) given in

and valence electrons. Values range frefmi.9 eV for Lato  the top of this section, and used the second-order perturba-

—17.9 eV for Yb in the 4"5d'6s? configuration, and from tion theories; calculated energy differences given in Fig. 8

—10.4 eV for La to—16.5 eV for Yb in the 4"715d°6s®>  are close to experiment, showing a validity of the method

configuration. These correlation energies are comparable @mployed.

the 4f, 5d, and 6 valence correlation energies, showing the

importance of intra-core and core-valence correlation effects.

In fact, BW gives good results except for La and Yb. The

present calculations show the need to include thead 5 The energy differencA E(n) given by Eq.(1) has been

correlation effects. discussed. The calculational techniques employed were NR-
From Fig. 8 we see that the energy different&(n) SCF, MC-DF, and the second-order RS and BW perturbation

corrected by RS is slightly inferior to the values corrected bytheories. ThéAE(n) values obtained by MC-DF calculations

IV. CONCLUSION

8 r

FIG. 8. The energy differ-
ence AE(n) given by MC-DF
corrected with AEZS; obtained
by RS and BW calculations and
experiment[13]; correlation ef-
fects among §, 5p, 4f, 5d, and
6s are included.

The energy difference (eV)
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are lower than the experimental values, while those given bylmost perfect; the error is less than 0.4 eV, except for La
NR-SCF calculations are larger than experiment. By comparand Yb.

ing AE(n) obtained by MC-DF and NR-SCF calculations  The computer program used in this study wesmcl

we find that relativistic effects reduceE(n) by 3-5eV. On [17] for all of the NR-SCF, RS, and BW perturbation calcu-
the other handAE(n) is increased by valence correlation lations. TheGrAsP2package 14] was used for the MC-DF
effects by 0—1.3 eV for the first half of the lanthanide seriescalculations.

and 3.0-4.5 eV for the second half. Upon adding valence

correlatipn effects to'the&E(n) values given by MC-'DF ACKNOWLEDGMENTS
calculation, the resulting values reproduce the experimental
AE(n) to within 1 eV except for La. Inclusion ofband 5 The present research was supported by a Grant-in-Aid

core correlation effects further improvés=(n), especially  from the Ministry of Education, Science, and Culture of Ja-
when BW perturbation theory is used. The agreement bepan. The authors would like to thank Professor Kiyoshi
tween the experimental and BW-calculate&(n) values is  Tanaka for helpful discussions.

[1] w. C. Martin, J. Opt. Soc. Am61, 1682(1971). Chem.63, 1812(1985.

[2] L. Brewer, J. Opt. Soc. Am61, 1101(1972. [12] S. Huzinaga and M. Klobukowski, Chem. Phys. Lett2 260

[3] L. Brewer, J. Opt. Soc. Amb1, 1666(1971). (1993.

[4] W. C. Martin, Opt. Pur. Apl5, 181(1972. [13] W. C. Martin, R. Zalubas, and L. Hargaitomic Energy

[5] C. K. J&gensen, Mol. Physs, 271 (1962. Levels—The Rare Earth Elemeniatl. Bur. Stand. Ref. Data

[6] L. J. Nugent and K. L. Vander Sluis, J. Opt. Soc. A, 1112 Ser., Natl. Bur. StandU.S), Circ. No. 60(U.S. GPO, Wash-
(1972). ington D.C., 1978

[7] K. L. Vander Sluis and L. J. Nugent, Phys. Rev.6A 86 [14] K. G. Dyall, I. P. Grant, C. T. Johnson, F. A. Parpia, E. P.
(1972. Plummer, Comput. Phys. Commusb, 425 (1989.

[8] G. Racah, Phys. Rev6, 1352(1949. [15] Y. Ishikawa and K. Koc, Phys. Rev. B0, 4733(1994).

[9] H. Tatewaki, M. Sekiya, F. Sasaki, O. Matsuoka, and T. Koga[16] R. C. Raffenetti, J. Chem. Phys8, 4452(1973.
Phys. Rev. A51, 197 (1995. [17] F. Sasaki, M. Sekiya, T. Noro, K. Ohtsuki, and Y. Osanai,

[10] M. Sekiya, F. Sasaki, and H. Tatewaki, Phys. Re\cGA2731 Methods and Techniques in Computational Chemistry:
(1997). METECC-94 edited by E. Clement{STEF, Cagliari, 1998

[11] S. Huzinaga, M. Klobukowski, and H. Tatewaki, Can. J. Vol. A, pp. 163—-219.

012503-9



