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The fully relativistic density-functional theofRDFT) is employed to calculate interconfigurational energies
(ICE’s), including s-d transition energiess- andd-ionization energies for the second and the third transition-
metal atoms. Relativistic results from local-spin-density approximaffirSD), the generalized gradient ap-
proximation(RGGA), and the approximation within the framework of the Krieger-Li-lafrate treatment of the
optimized effective potentigdROEP incorporated by an explicit self-interaction correction term are reported.

In addition, results from the simple perturbation procedure are also calculated for comparisons. Among these
three exchange-correlation functionals, it is found that the RGGA yields the most accurate ICE’s for both the
5s-4d and &-5d transition and 4 ionization. For the § and the & ionization, the ROEP, which is expected

to give a good description of the ICE’s due to its correct long-range behavior, does not surpass the RLSD and
RGGA. Itis surprising to find that the simple perturbation method yields the same ICE’s with those of the fully
RDFT for the second transition-metal atoms. The validity of the perturbative procedure still persists for the
lanthanum atom 4=57) and then fails dramatically for the rest of the third transition metals, withf the
electrons being fully filled. From the similarity of calculations by means of the fully RDFT and the standard
perturbation method, we are optimistic that the simple perturbation method not only greatly speeds up the
computations in practice, but yields the reliable ICE’s, up to La.
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[. INTRODUCTION =2-106. Varga and co-workérsdemonstrated the four-
component RDFT results for diatomic molecules with Cu,
The Hohenberg-Kohn-Sham density-functional theoryAg, and Au constituents, for a consistent examination of the
(DFT) (Refs. 1 and 2 has become a powerful tool in the importance of the relativistic effects. Researches on the rela-
study of electronic structures and has been applied to a widgvistic effects for various systems have become more active
variety of systems such as atoms, molecules, and solid. Thecently.
simplest form of DFT for practical applications is the local-  Since the energy differences between thend thed
density approximatiolLDA ), which is based on the proper- orbitals of transition metals are fairly small, interconfigura-
ties of uniform electron gas. Various refinements of the LDAtion energiegICE’s) provide a severe test for various DFT
have been proposed by the introduction of improved versionsalculations. Martin and H&ycalculated ICE’s of the three
of the exchange-correlatiofxc) potential. For example, the transition series within the Hartree-Fo¢klF) framework
local-spin-density(LSD) approximatior?, in which the xc  with use of the Cowan and Griffth scheme for relativistic
potential is formulated with a separate accumulation of thecorrections and found that the relativistic contributions for
charges with up and down spins, gives a more accurate déhe ICE’s are appreciable even for the first transition metals.
scription for the studied systems than the LDA. Another im-Kutzler and Paintét presented ICE’s of thedBatoms with
portant refinement of the LDA is the so-called generalizedthe LSD and the GGA, respectively, and concluded that the
gradient approximatiofGGA).> In general, this semilocal gradient functionals provide some improvements over the
extension, based on the gradient expansion, significantly imcSD approximation, but the remaining errors are still
proves results over the standard LDA. Furthermore, the selflarge. Gritsenkeet al? reported calculations of thed pro-
interaction-correction(SIC) concept. which removes the motion for the first and the second transition-metal rows
spurious self-interaction by the electron, provides the propeby using the weighted spin-density approximation. The
asymptotic behavior and yields rather accurate ionization poscalar-relativisti® variant of their method nicely approxi-
tential. For highZ systems relativistic effects should be in- mates the experiment for the first transition row but worsens
cluded for the kinetic energy as well as the xc energy. In factthe values of the corresponding nonrelativistic scheme for
even for systems with moderafethe importance of the rela- the 4d atoms. Recently, Jeng and Hstinvestigated sys-
tivistic contributions have been addressed in the literaturetematically the ICE’s of the 8 atoms within the RLSD and
For example, Kotochigovaet al® presented benchmark the fully relativistic generalized gradient approaches
atomic calculations across the Periodic Table using théRGGA) and concluded that the fully relativistic scheme
relativistic local-density(RLSD) approximation. Tong and seems to surpass the performance of the traditional perturba-
Chu, employing the optimized effective potenti@DEP  tive treatment.
with self-interaction correction, performed the relativistic  ICE’s involve mainly valence electrons moving in the out-
density-functional(RDFT) calculations for atoms withz ermost atomic regimes where the relativistic effect is ex-
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pected to be small. However, such effect causes the electrdarhe xc energy functionalg, [ n, ,n_] used in this work are

orbitals in the inner shells to shrink and results in a bettededuced from the Monte Carlo results of Ceperley and

screening of the nuclear charge for the outer electrons. CorAlder,*® as fitted by Perdew and ZundeFhe gradient func-

sequently, the relativistic effect indirectly influences thetionals from Perdew and Wah@re employed for the GGA.

ICE’s of the transition-metal atoms. The total energy of the ground state is given by a minimiza-
Relativistic effects can be investigated by utilizing thetion of the energy functional

standard perturbation method, scalar relativistic scheme, or

the fully relativistic approach. Among these frameworks the E—T [n]+f dF( B _) n(F)

first is the simplest and is the least time-demanding. In the SRR r

scalar relativistic approximation both the mass velocity and

the Darwin corrections, instead of being treated as perturba- r')

tive terms in the traditional perturbation method, are in- j fdrdr | == TEdnen ] G

cluded in the Hamiltonian, and therefore the shrinkage of the

wave functions for the inner orbitals are taken into accounilg[n] is denoted as the noninteracting kinetic energy func-

automatically. The ground electronic energies via this modtional.

erate scheme are supposed to be more accurate than thoseThe implementation of the Krieger-Li-lafratéKLl) ap-

from the perturbation procedure. In the fully relativistic ap- proach of the optimized effective potenti®EP by the in-

proach the spin-orbital splitting are inherently taken into accorporatlon of an explicit self-interaction correctigs81C)

count by replacing the Schinger-like Kohn-Sham equa- term slightly modifies the KS equation. Following the KLI-

tion with the Dirac-like one and therefore the calculatedOEP proceduréwe add the right-hand side of E¢®) with

results should be the most reliable. It is the aim of the preseran additional term, i.e.,

work to create highly precise benchmark ICE’s for the sec- .

ond and the third transition metals via the fully relativistic P -, n(r’) g -

approach. The differences of results from the standard per- Vet (1) ="~ F+f dr =] 05N+ Vsicolr), (6)

turbation will also be examined. Here the LSEhe GGA®

and the OERREef. 7) schemes are employed to evaluate syswhere

tematically the ICE’s, including the-d promotion energies,

the s-ionization energies and the-ionization energies. In > >N -
addition, the calcula?ed results presented in thisg paper are R 2 Mig(D{vie(N) + [Vsicio=viol}
compared with those for the first transition-metal rféw. Vsicoll)= : . (D
2 Nig(r)
Il. FORMALISM '

All the calculations carried out here are in the central-field _Ni(r") OBk Nis0]
approximation. Atomic units, i.ee=m=7%=1, are adopted vi(r) = J’ dr TG ®
throughout and the energy is in the Hartree. '

In the nonrelativistic limit, one solves self-consistently theand
classical Kohn-ShanKS) equation o _

Vsicio={¥ialVsic.o(N| i), 9
{__V2+U (r)](ﬂlg(r) €|g-l,[/ig—(r); (1) U_ia'=<$io'|vi0'(F)|¢i0'>' (10)

The total energy functional is now given by

ES U io}1=Ec—{INi,]+Exdni,,00}. (11

with the effective potential

I’)_— fd e (r) i) Here

ity i - 1 AN, r
The total electron density is constructed from the wave func J[“ia]_—f digir™ () )' 12

tion ¢,(r) by Ir—r’|

andEg is given in Eqgs.(5).

nr=> i, (N2 (3) The complete RDF1° based on the underlying quantum
o field theory, has been addressing inherently the formidable
question of renormalization. Thus, while RDFT provides a
rather general and extremely powerful approach to relativis-
tic problems in principle, some physically motivated ap-
proximations are unavoidable in order to make RDFT a
vy r= M (4) workable scheme in practice. Since the purpose of this work
ong only aims at electronic structure calculations, the omission of

where the sum is over all the occupied orbitals indexed by
with spin . The xc potential is obtained by
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TABLE |. 5s-4d transition energiegeV).

Atom Expt? NHF® HFR® LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
(rel) (rel) (rel)

Y 136 042 075 071 105 106 0.88 1.22 123 053 089 0.88
Zr 0.59 -0.40 -0.01 -0.32 0.09 0.10 -0.15 0.27 0.27 -0.51 —-0.09 —-0.09
Nb -0.18 -1.24 -0.80 —-1.38 -0.92 -0.90 -1.21 -0.74 —-0.73 —159 —-1.11 -111
Mo —1.47 —289 —-237 —246 —195 —-192 -230 —-1.79 —1.76 —-2.69 —2.17 —-2.15

Tc 041 020 0.75-0.66 —0.08 —0.05 —-0.40 0.17 0.20 -0.89 —-0.28 —0.27
Ru -0.87 —-1.42 -0.74 -1.70 —1.00 —1.00 —-146 -0.77 —0.77 —-1.95 —-1.22 —-1.23
Rh —-1.63 —2.19 —-140 —2.77 —195 —-197 —-256 —-1.77 —-1.78 —3.04 —220 —-2.22

Pd —2.43 —3.01 —-2.09 —3.87 —298 —298 —-3.69 —2.83 —2.82 —-4.16 —3.24 —-3.24
Ag —3.97 —491 —-386 —4.99 —4.00 —4.00 —4.84 —3.89 —3.88 —529 —4.31 —-4.28
|AE| 081 043 103 040 039 0.84 0.26 025 127 062 0.62

8Reference 18.
bReference 9.

the radiative correction®ften called no-sea approximatijon Relativistic contributions may also be studied in a simpler
should be appropriate. Under such a situation, the fullyfashion, on the basis of the perturbation theory. Under the
RDFT can be obtained from the nonrelativistic DFT by sub-condition that the effective potentialJ<c?, the four-

stituting the relativistic kinetic energy operatetifica -V component Dirac equations can be approximated, to order of
for its nonrelativistic counterparJE%V»2 and using the rela- 1/e?, by
tivistic version of the xc energy functionals. The relativistic

. . . A A . 4
wave functions, in spherically symmetric approximations, _ 1o, o, b
EV +vgg(r)

E
Py ‘Pia:Eio\Pioﬂ (15)

satisfy the following coupled-differential equations: @Jr 8c2
dFi(r) « 1 whereW, . is the nonrelativistic limit of the major pa,;,, .
ar 7 FieN=clverrn) —€s]Gis(r), The third and last terms in the bracket in E¢E5) are the

mass-velocity term and the Darwin shift, respectively. The

1 spin-orbital coupling effect is not considered throughout this

+ —Gip(r)= =262+ €, — v (1) IFio(T), work. With the unperturbed wave functions in hand, which
c will be achieved self-consistently from Eqgd) to (3), it is

13 legitimate in most situations to treat both corrections as per-

whereF;,(r) and G;,(r) are the major and minor compo- turbative terms. Thus the relativistic many-electron proper-
nents of the radial Dirac wave functions with spin The  lies can be demonstrated by the perturbative manipulation of
index « is the usual Dirac's quantum number aads the € nonrelativistic wave functions.

speed of light, which is set as 137.035 989 5 throughout this

dGio’(r)
dr

=

work. The total electron density then reads lll. RESULTS AND DISCUSSION
A. Second transition row
n(r)=i2 [1Gio(N)]?+]Fin(r)?]. (14) 1. 5s-4d transition energies

) o The 5s-4d transition energy is the energy difference be-
Itis well known that the electron spin is not a good quantumyeen thesrich and thed-rich configurations, viz., the en-

number in the relativistic theory due to the spin-orbital inter-g gy needed for one of the valence electrons to transit from
action and therefore the spin-density concept in the RDFT ig¢ t5 44 orbitals. It is defined by

only an approximation. But in our case, such an approxima-

tion is quite good since the electron spin-spin interaction can Ayg=E(core,5'4d" 1)~ E(core,%%4d""2), (16)

still compete with the spin-orbit interaction for the valence

orbitals, while for the inner-shell orbitals, all the electronswheren is the number of valence electrons in the atom. In
are spin paired. The xc energy functional is corrected relaTable I, we list the calculations of the LSD, the GGA, and
tivistically due to MacDonald and VosKd.The experimental  the OEP. Relativistic results with the fully RDFT, labeled as
data from Ref. 18 are presented in terms of the nonrelativisSRLSD, RGGA, and ROEP, and with the perturbation proce-
tic notations. However, for each notation there involves, indure (labeled “rel”) are also shown in this table. The non-
general, several relativistic configurations. Therefore the surtelativistic (NHF) and relativistidHFR) Hartree-Fock calcu-
veys from the fully RDFT are averaged over all the relevantations by Martin and Haare included for comparisons.
relativistic configurations in the uncoupled scheme for sim-The results clearly show that the LSD understates sié®
plicity, as discussed in Ref. 19. transfer energy, followed by a mean ertbE 1.03 eV. This
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TABLE Il. Total energies of various configurations of Ag from both the fully RGGA and the standard
perturbation method, with the unit in hartree. H&%# and Dw stand for the mass-velocity correction and the
Darwin shift, respectively.

Configuration GGA P4 Dw GGArel) RGGA

5s%4d° —5200.1257 —396.4851 285.3651 —5311.2457 —5310.5490
5s%4d1° —5200.3036 —396.4056 285.3208 —5311.3884 —5310.6917
5st4d® —5199.8070 —396.4452 285.3408 —5310.9114 —5310.2137
552448 —5199.4971 —396.5527 285.4011 —5310.6487 —5309.9511

is similar to what occurs in thes43d transfer energy of the als. To probe the range for this cancellation, we also inves-
first transition meta|é:!-r14The OEP, which warrants a more tlgate the third transition metal and will discuss later. In
correct description of the asymptotic behavior, actually yielgshort, for the ICE's, which deal with the energy differences
an even worse result than the LSD with an ek of 1.27  P€tween different configurations, the perturbative correction
eV. On the other hand. the GGA. which accounts for thel© the relativistic effects seems to be a good approximation,

gradient effects, provides improved results with a smalle@t 1€ast up to CdZ=48).
mean deviation of 0.84 eV.

By including the relativistic contributions, significantly
improved results are obtained from RGGA with th& be- In contrast to the case for the first transition-metal row,
ing 0.26 eV. This is about half the mean error of 0.43 eVthe valence electrons in the second row tend to favordthe
from the HFR scheme by Martin and Hayyhere the non- orbitals rather than the orbital. The configurations of the
spherical effects are taken into account. The improvement bgxperimental ground states for thd 4toms are summarized
the relativistic effect is also seen in the results from theinto three categories: 54d"~2 for Y, Zr, Tc, and Cd;
RLSD and the ROEP, of which the mean errors are considss'4d"~ ! for Nb, Mo, Ru, Rh, and Ag; and<8d*° for Pd.
erably reduced to 0.40 and 0.62 eV, respectively. ActuallyFor convenience we will select thes&d" 2 configurations
the subtle competitions of the and thed-orbital energies as the initial state, and define the Bnization energy as
make it difficult to achieve accurate theoretical results for
s-d transitions. For some atoms such as Zr and Tc, even the Agion=E(core,54d""2)—E(core,5%4d""2). (17
signs of the results are not correct in most situations. Yet, as
shown in Table |, the RGGA reproduces the correct signs offhe calculated results are listed in Table I, in which the
the 5s-4d ICE’s throughout the whole row. Therefore both labels are the same as those in Table I.
the relativistic and gradient effects play a very important role  The calculated § removal energies agree quite well with
in dealing with thes-d promotion of the second transition- the experiment. Table Ill displays that the results from the
metal series. GGA approach, which includes the gradient corrections to

Note that the relativistic DFT calculations by the pertur-take care of the nonuniformity of the charge densities, yields
bation approach yield almost the same results with thosthe smallest deviations among all the approaches Althef
obtained by solving the Dirac equations directly. This is evi-the nonrelativistic GGAcolumn 8 is 0.10 eV, and the cor-
dent by comparing columns 6 and 7 in Table | for the local-responding mean errors from the LSD and OEP are 0.15 eV
spin density approximation, columns 9 and 10 for the gradi{column 5 and 0.17 eMcolumn 1), respectively. This situ-
ent functional, and columns 12 and 13 for the refinedation differs from the case for the first transition-metal
optimized effective potential, respectively. This conclusion isatoms* where the SIC-LSD rather than the GGA yielded the
slightly surprising considering that the magnitude of the persmallest mean error for thes4onization energy. Similar to
turbation contributions for the atoms concerned here witithe SIC-LSD, the OEP approach provides a proper descrip-
atomic numbers rangé=40-48. In this respect, we display tion for the long-range potential of the outer electron and is
in Table Il the calculated total energies of various configuraexpected to give the beststinding. Our results seem to
tions for the silver atom, obtained from both the GGA andimply that the gradient correction plays a more important
RGGA approaches. The mass velociB4() and the Darwin role in the 5 orbitals. It is clear from Table IlI that all the
(Dw) corrections for the nonrelativistic calculations are alsononrelativistic DFT results underestimate ti@nization en-
shown in the table. As expected, the total energies from thergies for the first half of the series but are in good agree-
GGA and the RGGA differ by a substantial amount. With thement with the experiment for the second half, especially
perturbation correction for the relativistic effects, the totalthose from the LSD and the OEP approaches.
energies differ from the RGGA by about 20 eV. However, The fully RDFT results systematically predict stronger
when calculating the difference between the corrected totdbinding of the 5 electrons across thed4series. Table I
energies according to Eg&l6), we obtain the same ICE's shows that the inclusion of relativistic corrections causes a
from both approaches. This means that the relativistic modipositive shift from the nonrelativistic calculations. Therefore
fications of the wave functions in the inner orbitals have thethe RDFT improves the $ionization energies for the first
same effect on the energies of the valenseaid 4 orbit-  half of the second transition-metal series, but overestimate

2. 5s lonization energies
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TABLE lll. 5s ionization energiegeV).

Atom Expt® NHF® HFR® LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
(rel) (rel) (rel)

Y 6.61 4.72 481 6.28 642 642 643 6.57 6.57 6.23 6.38 6.38
Zr 6.95 5.05 518 6.57 6.74 6.75 6.71 6.89 6.89 6.53 6.71 6.70
Nb 6.93 5.15 529 6.77 698 6.97 6.91 7.12 711 6.74 6.95 6.96
Mo 7.22 5.23 537 693 716 715 7.06 7.29 728 691 714 7.14

Tc 7.28 5.29 543 706 731 730 7.18 7.43 742 705 730 7.30
Ru 7.59 5.68 587 758 790 7.88 7.67 7.97 796 756 7.88 7.88
Rh 7.98 6.03 6.28 798 836 834 8.05 8.41 839 797 834 833
Pd 8.32 6.36 6.66 832 875 873 838 8.78 876 831 874 872
Ag 8.64 6.66 702 862 910 9.07 8.67 9.12 9.10 8.60 9.09 9.07
Cd 8.99 6.93 734 889 942 939 8.94 9.43 941 8.87 941 9.39
m 1.94 173 015 026 024 0.10 0.27 0.26 0.17 024 0.25

%Reference 18.
bReference 9.

the ionization energies with growing errors in the second
half. The mean errors of the RDFT are 0.26, 0.27, and 0.24

eV for the RLSD, RGGA, and ROEP, respectively. By com-Our calculations are shown in Table IV. Due to the lack of
parison of columns 6 and 7 for the LSEel), columns 9 and the relevant values from Ref. 18, the experiment for Nb, Mo,
10 for the GGA(rel), and columns 12 and 13 for the OEP Tc, Rh, and Pd is not presented in this table. Martin and®Hay
(rel), it indicates that both the perturbation method and theeported the calculation fod ionization from the 524d*°
fully relativistic approach yield the similar ICE’s of thes5 state of the Cd atom but no data are available for the ioniza-
ionization. The maximum difference between these two aption from the 5°4d" "2 states of the otherdltransition met-
proaches is 0.03 eV. als.

The Hartree-Fock results by Martin and Hagre also Since the energies needed to ionize dhedectron is larger
included in Table Ill for comparisons. These mean errorsdue to the stronger binding and localization, the calculated
with 1.94 and 1.73 eV for NHF and HFR, respectively, arelCE’s have a wider variation as the number dklectrons
much larger than all the results obtained from the DFT, withchanges. As shown in this table, all the nonrelativistic DFT
or without the relativistic corrections. The Hartree-Fockresults overestimate thed4ionization energies. The mean
scheme consistently underestimates tadidding energy by  errors for the 4l ionization are much larger than those of the
a significant amount. 5s ionization, reflecting the difficulties for a successful de-

S scription of the 41 binding. The GGA yields a mean error of
3. 4d ionization 0.79 eV (column 6 which is slightly smaller than 0.89 eV

The d ionization energy is usually defined as the energy(column 3 of the LSD. The OEP, which essentially aimed at

needed to ionize d-shell electron irs-rich configurations. In @ better description for the asymptotic behavior of the outer-

this work we define thel ionization as most 5 electrons, actually yields the WOrAE of 1.21 eV

A gion=E(core,524d" %) — E(core,5%4d""2). (18

TABLE IV. 4d ionization energieseV).

Atom Expt? LSD RLSD LSD GGA RGGA  GGA OEP ROEP OEP

(rel) (rel) (rel)
Y 6.54 6.89 6.51 6.49 6.85 6.47 6.45 7.12 6.72 6.72
Zr 8.67 8.61 8.18 8.16 8.56 8.13 8.11 8.86 8.41 8.41
Nb 10.25 9.76 9.75 10.21 9.72 9.71 10.52 10.01 10.02
Mo 11.85 11.31 11.29 11.82 11.28 11.26 12.15 11.58 11.59
Tc 13.42 12.85 12.80 13.40 12.83 12.78  13.75 13.16 13.13
Ru 10.77 12.05 11.44 11.39 11.80 11.20 11.14 12.39 11.76 11.73
Rh 13.82 13.12 13.10 13.60 12.90 12.88 14.18 13.46 13.47
Pd 15.55 14.75 14.76 15.37 14.57 14.58 15.93 15.10 15.14
Ag 15.58 17.25 16.41 16.38 17.11 16.27 16.25 17.65 16.78 16.79
Cd 17.86 18.93 18.01 17.98 18.83 17.91 17.89 19.36 18.46 18.42
m 0.89 0.43 0.42 0.79 0.36 0.34 1.21 0.65 0.65

‘Reference 18.
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TABLE V. 6s-5d transition energiegeV).

Atom Expt? NHF® HFR® LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
(rel) (rel) (rel)

La 0.36 —0.98 -0.30 -0.54 0.14 0.13-041 0.28 0.27 -0.71  0.00 —0.03
Hf 169 -038 095 -0.10 135 120 0.14 1.60 1.46-0.26 123 1.05
Ta 1.04 -128 0.21 -1.15 045 0.30 —0.90 0.72 0.57 -1.33 032 0.12
W —-0.18 —295 —-129 —222 —-050 —-0.64 —-1.98 —-0.24 —-0.38 —242 —0.66 —0.83
Re 176 —0.04 176 —0.59 135 1.19 —-0.32 1.55 138 -0.81 1.18 0.97
Os 0.75 -1.63 055 —-1.60 083 0.41-1.31 090 063-184 051 0.19
Ir 0.40 —2.43 0.09 —2.63 —0.09 —0.42 —-2.37 0.17 —0.22 -2.90 —-0.22 —0.65
Pt —-0.64 —3.28 -040 —-3.70 —0.88 —1.28 —-3.47 —-0.74 —-1.12 -4.00 —-1.11 —-1.52
Au —-1.74 —-5.13 —-186 —4.78 —1.71 —-2.17 —461 —-162 —2.06 —5.08 —1.95 —-2.42
m 239 047 231 030 052 207 0.15 032 253 046 0.73

8Reference 18.
bReference 9.

(column 9. A similar trend was found in the 8 row.* ROEP (column 13, respectively. The RGGA, just like the
Hence the gradient effect is dominant in thé-dlectron re-  treatment for the second transition metal, not only obtains
moval due to the rapid variation of the electron density inthe best values among these three exchange-correlation func-
these inner regimes. tionals but gives the correct signs throughout the whole row.
With the relativistic corrections, all the fully RDFT ap- The HFR (column 4, in which the nonspherical effect is
proaches lead to lower results for the #nization energies. involved, is accompanied with thAE of 0.47 eV, three
The RGGA, the RLSD, and the ROEP create better bindingimes larger than that of the RGGA. Therefore, combined
energies with mean errors of 0.36, 0.43, and 0.65 eV, respegvith the preceding conclusion of thal4ow and that of Ref.
tively. Inclusion of relativistic effects reduces the deviations14, it is certainly confirmed that both the relativistic and
from the nonrelativistic results by half. gradient effects are indeed two important factors in dealing
Looking at columns 5, 8, and 11 in Table IV, we again with the s-d promotion for all the transition-metal atoms.
come to the conclusion that perturbation corrections for the |t is interesting to note that the similarity of the calcula-
relativistic effects agree very well with those obtained fromtions by the perturbation approach and the fully RDFT is
the fully RDFT approaches. To sum up, the similarity of thevalid only for the lanthanumZ=57), the first atom of the
three kinds of ICE's concerned in the present work by thesd row, and fails dramatically for the rest. This conclusion
perturbation and the fully RDFT demonstrates the usefulnesshould not be surprising since there are 14 lanthanide ele-
and accuracy of the perturbative procedure. Thus the pertuments between the lanthanum and the hafnium at@m (
bation approach is not only computationally more efficient=72), with the 4 orbital being fully filled. This abruption

but maintains good precision. increases the atomic number so large that the extension of
the simple perturbative procedure is damaged. By numerical
B. Third transition row: comparisons in Table V it is also observed that the calcula-
N ) tions from the perturbative approach@slumns 7, 10, and
1. 6s-5d transition energies 13) are always between those of the nonrelativistic treat-

The 6s-5d transition energy is the energy needed for onements and of the fuIIy RDFT schemes. This is no doubt a

of the valence electrons to transit frons 6 5d orbitals, consequence of the incomplete treatment of relativistic cor-
which is defined as rections for atoms with heavier atomic number.

Asg=E(core,&'5d" 1) —E(core,8?5d"2), (19 2. 6s ionization energies

_ The 6s ionization energy is the energy needed to remove
one of the outermost$electrons from the §5d"? con-
figuration and defined as

with n valence electrons in the atom. The corresponding re
sults are listed in Table V. Similar trends with thd dow are
concluded in this table. That is, the LSDolumn § under-
states the §-5d transfer energy with a mean errdiE 2.31
eV; the OER(column 11 results in the worse values than the A ion=E(core,&'5d"?)—E(core,8?5d"2). (20)
simple LSD with an errorAE of 2.53 eV; and the GGA
(column § provides improved results with a smaller meanThe final results are summarized in Table VI. The experi-
deviation of 2.07 eV. mental data of the hafnium and iridiunZ € 77) from Ref.
Solving the Dirac equation directly leads to significantly 18 are indeterminate and hence not listed in this table. Sev-
better results. ThAE are reduced markedly to 0.30, 0.15, eral aspects of these calculations is noteworthy to be pointed
and 0.46 eV for RLSOcolumn §, RGGA (column 9, and  out here.
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TABLE VI. 65 ionization energiegeV).

Atom Expt? NHF® HFR® LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
(rel) (rel) (rel)

La 587 413 429 557 5.82 581 6.70 5.96 593 5.53 579 577
Hf 507 561 6.68 7.49 731 6.85 7.66 749 6.64 744  7.28

Ta 790 513 571 6.86 7.75 755 7.01 7.92 7.71 6.83 773 753
W 794 517 577 6.99 7.96 7.73 7.13 8.11 7.88 6.98 795 7.74
Re 788 519 579 7.10 8.14 7.88 7.22 8.27 8.00 7.09 8.14 7.90
Os 8.77 558 6.40 7.61 8.88 8.57 7.69 8.92 8.62 7.61 8.88  8.60
Ir 594 6.97 8.00 9.47 9.10 8.06 9.46 9.11 8.00 9.48 9.13

Pt 9.22 6.26 751 833 9.97 9.54 8.37 9.93 9.53 8.32 9.99 9.58
Au 9.76 6.56 8.03 8.60 1043 9.93 8.64 10.36 989 861 1045 9.98
Hg 1043 683 851 885 10.84 10.28 8.87 10.75 10.22 8.87 10.87 10.35
m 287 197 0.98 0.30 0.18 0.98 0.31 0.15 0.99 0.32 0.19

%Reference 18.
bReference 9.

First, in contrast to those in Table Il in the present work based on the single-particle approximation and drops some
and Table Il in Ref. 14, which both show that the calculateddelicate effects mentioned in Sec. Il.
s ionizations from the fully RDFT is even worse than those Finally, the HFR(column 4 yields the AE of 1.97 eV,
from the nonrelativistic DFT for the first two transition-metal almost six times larger than the present calculations. Hence
rows, Table VI displays the usually intuitive conclusion, i.e., our computations of the 6ionization based on the density-
the values from the RDFT are much improved than thosdunctional theory surpass those with the Hartree-Fock ap-
without relativistic effects. This means that the fully RDFT, proach, which accounts for the nonspherical effect.
which becomes increasingly more important with increasing
atomic number, could alter the trends exhibited. The reduc- 3. 5d ionization
tions are 0.98-0.30 eV for the LSxolumns 5 and %
0.98-0.31 eV for the GGAcolumns 8 and § and 0.99—
0.32 eV for the OERcolumns 11 and 12 respectively.

Second, the ~mean errors c(R)LSD, (R)GGA_, and Ay_ion=E(core,&25d"3)— E(core,&25d"2). (21)
(R)OEP are qualitatively the same. With more detailed analy-
ses about the data in this table, it is found that (RELSD  The present computations are shown in Table VII along with
are very close to théR)OEP and slightly different from the the available experiment from Ref. 18, no theoretical calcu-
(R)IGGA. Actually, the complete fullness of thef 4rbital  lations in the work by Martin and H&wvere reported and the
will enhance the shielding effect and result in more diffusionrelevant HF values are missing in this table.
of the outermost § electrons. And quite likely it is seemsto  Again, for the lanthanum atom both the perturbation ap-
indicate that the charge density of the outermost regime igroach and the fully RDFT yield similar ionization energies.
adequately dilute so that botR)LSD and(R)OEP give the Moreover, it is found that this coincidence also holds for
same description for thesGionization yet with the gradient other atoms, especially for the first half of the Series. This
expansion of charge densities in such regimes some min@pposite behavior exhibited in thelSonization as compared
contributions still arise. to the previous conclusion of thes&d promotion and 6

Third, the perturbative results accurately reproduce theéemoval is at first sight puzzling. One possible explanation
fully RDFT ones for the La atom whereas such similarity isfor this phenomenon is that thedSelectrons are influenced
destroyed for the rest of thed5row, in line with the conclu- by a relatively smaller effective atomic numb&r, primarily
sion of the &-5d promotion. However, it is very surprising due to the shielding from thef4hell, and so the perturbation
that the mean deviations yielded from the perturbationprocedure is once again valid in this situation. One may
which are 0.18, 0.15, and 0.19 eV for the L%®I) (column  throw doubt upon this argument since the 6lectron is
7), the GGA(rel) (column 10, and the OERrel) (column  shielded, too, yet the perturbation is broken down in the
13), respectively, are much smaller than those with thetreatment of the § ionization. However, one should keep in
RDFT. This seems somewhat contradictory to the expectamind that only could the orbital with the quantum number
tion that the fully RDFT should describe more reliably suchbeing zero, i.e., the orbital, have opportunities of being near
a situation. No definitive explanation is offered for this ob-the nucleus. Numerical analyses show that in the region
servation because the standard perturbation is insufficient te0.1ay there are several percentages of tiseectron for
give a precise description for heavy atoms. Maybe this rethe 5d row. This portion plays an important role in consid-
flects indirectly that the application of the fully RDFT in this ering the relativistic effect since it is not screened by the
situation should be reexamined since the fully RDFT isouter shells. Furthermore, the relativistic effect of this part is

Analogous to the 4 ionization, the %l ionization is de-
fined as
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TABLE VII. 5d ionization energiegeV).

Atom Expt.2 LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
(rel) (rel) (rel)

La 5.76 7.38 6.64 6.64 7.34 6.62 6.61 7.53 6.79 6.82
Hf 7.23 8.29 7.07 7.05 8.17 6.97 6.95 8.47 7.19 7.25
Ta 8.77 9.80 8.41 8.45 9.67 8.29 8.32 10.02 8.58 8.68
W 11.27 9.80 9.80 11.15 9.67 9.67 11.51 10.00 10.06
Re 9.70 12.73 11.19 11.13  12.63 11.07 11.02 13.01 11.43 11.43
Os 11.55 9.93 9.88 11.26 9.69 9.63 11.85 10.19 10.22
Ir 13.19 11.35 11.40 12.89 11.07 11.12 13.51 11.64 11.76
Pt 12.97 14.78 12.74 12.87 1451 12.47 1260 15.13 13.03 13.25
Au 14.24 16.35 14.26 1431 16.13 14.03 14.09 16.72 14.58 14.71
Hg 17.91 15.66 15.73 17.75 15.49 15.56 18.30 16.01 16.15
m 1.78 0.52 0.50 1.63 0.61 0.57 2.04 0.56 0.61

%Reference 18.

significantly large due to being very close to the nuclearrelativistic effects are dominant in dealing with such ICE’s,
charge. As a result, the penetration into the proximity of theespecially for the cases involving the electron with the
nucleus, which does not occur in tHeslectron, will enhance rapid variation of the electronic density.
the relativistic contributions of theionization considerably. For the 5 and the & ionizations, no improvement over
Maybe this assertion could offer guidance to investigate théhe results from the RLSD and the RGGA was furnished
puzzling conclusions shown in Table Il in the present workfrom the ROEP approach, in spite of the fact that the ROEP
and Table Il in Ref. 14 that the calculatsdonizations for  gives a correct description for the long-range potential of the
the atoms of the first two transition-metal rowsd(and 4d outermost electrons. Nevertheless, this scheme yields results
atoms with the RDFT are even worse than those with non-in excellent agreements with the experiment for the first half
relativistic DFT treatments. of both the 4 and 5 rows. Consideration of relativistic
All the RDFT approaches improve thel binding energy. corrections for the § binding energies leads to the worse
The lowerings of the deviations are from 1.78 to 0.52 eV forvalues than those with the nonrelativistic approach. Thus fur-
the LSD (columns 3 and ¥ 1.63 to 0.61 eV for the GGA ther work will be expected to appear.
(columns 6 and )7 and 2.04 to 0.56 eV for the OEPolumns The ICE’s achieved by the simple perturbation procedure
9 and 10, respectively. Consequently, this means, with theare essentially identical to those from the fully RDFT
previous conclusions, that the solving of the Dirac equatiorthroughout the second transition-metal row. This identity is
directly serves as a more suitable tool to study the ICE’s oflso true for the first atom of the third row and then fails for

the transition-metal rows. the rest, with the # orbital being fully filled. Moreover, the
perturbation provides a successful description of tHedn-
IV. CONCLUSIONS ization due to the nice shielding by the closiedhell. The

similarity of ICE’s by means of the fully RDFT and the
In this work, the fully RDFT, including the RLSD, the standard perturbation method suggests that the latter is not
RGGA, and the ROEP, as well as the perturbative procedurasnly computationally much less expensive but create pre-
are employed to investigate the relativistic contributions tocisely reliable ICE’s, up to LaZ=57).
the ICE’s of thes-d transition, thes ionization, and thed

ionization for the second and the third transition-metal rows.
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