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Relativistic density-functional calculations of interconfigurational energies for second
and third transition-metal rows
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The fully relativistic density-functional theory~RDFT! is employed to calculate interconfigurational energies
~ICE’s!, includings-d transition energies,s- andd-ionization energies for the second and the third transition-
metal atoms. Relativistic results from local-spin-density approximation~RLSD!, the generalized gradient ap-
proximation~RGGA!, and the approximation within the framework of the Krieger-Li-Iafrate treatment of the
optimized effective potential~ROEP! 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 6s-5d transition and 4d ionization. For the 5s and the 6s 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. It is 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 (Z557) and then fails dramatically for the rest of the third transition metals, with thef
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.

DOI: 10.1103/PhysRevB.66.125105 PACS number~s!: 31.15.Ew, 31.15.Ar, 31.15.Pf, 31.30.Jv
r
e
i

T
l-

r-
A

on

th
d

m
e
l
im
e

p
p

n-
c

-
r

k
th

tic

-
u,
the
ela-
tive

a-
T

for
als.

the
the
till

ws
he
-
ns
for

es
e
rba-

t-
x-
I. INTRODUCTION

The Hohenberg-Kohn-Sham density-functional theo
~DFT! ~Refs. 1 and 2! has become a powerful tool in th
study of electronic structures and has been applied to a w
variety of systems such as atoms, molecules, and solid.
simplest form of DFT for practical applications is the loca
density approximation~LDA !, which is based on the prope
ties of uniform electron gas. Various refinements of the LD
have been proposed by the introduction of improved versi
of the exchange-correlation~xc! potential. For example, the
local-spin-density~LSD! approximation,3 in which the xc
potential is formulated with a separate accumulation of
charges with up and down spins, gives a more accurate
scription for the studied systems than the LDA. Another i
portant refinement of the LDA is the so-called generaliz
gradient approximation~GGA!.5 In general, this semiloca
extension, based on the gradient expansion, significantly
proves results over the standard LDA. Furthermore, the s
interaction-correction~SIC! concept,4 which removes the
spurious self-interaction by the electron, provides the pro
asymptotic behavior and yields rather accurate ionization
tential. For high-Z systems relativistic effects should be i
cluded for the kinetic energy as well as the xc energy. In fa
even for systems with moderateZ the importance of the rela
tivistic contributions have been addressed in the literatu
For example, Kotochigovaet al.6 presented benchmar
atomic calculations across the Periodic Table using
relativistic local-density~RLSD! approximation. Tong and
Chu,7 employing the optimized effective potential~OEP!
with self-interaction correction, performed the relativis
density-functional~RDFT! calculations for atoms withZ
0163-1829/2002/66~12!/125105~9!/$20.00 66 1251
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52–106. Varga and co-workers8 demonstrated the four
component RDFT results for diatomic molecules with C
Ag, and Au constituents, for a consistent examination of
importance of the relativistic effects. Researches on the r
tivistic effects for various systems have become more ac
recently.

Since the energy differences between thes and thed
orbitals of transition metals are fairly small, interconfigur
tion energies~ICE’s! provide a severe test for various DF
calculations. Martin and Hay9 calculated ICE’s of the three
transition series within the Hartree-Fock~HF! framework
with use of the Cowan and Griffin10 scheme for relativistic
corrections and found that the relativistic contributions
the ICE’s are appreciable even for the first transition met
Kutzler and Painter11 presented ICE’s of the 3d atoms with
the LSD and the GGA, respectively, and concluded that
gradient functionals provide some improvements over
LSD approximation, but the remaining errors are s
large. Gritsenkoet al.12 reported calculations of thes-d pro-
motion for the first and the second transition-metal ro
by using the weighted spin-density approximation. T
scalar-relativistic13 variant of their method nicely approxi
mates the experiment for the first transition row but worse
the values of the corresponding nonrelativistic scheme
the 4d atoms. Recently, Jeng and Hsue14 investigated sys-
tematically the ICE’s of the 3d atoms within the RLSD and
the fully relativistic generalized gradient approach
~RGGA! and concluded that the fully relativistic schem
seems to surpass the performance of the traditional pertu
tive treatment.

ICE’s involve mainly valence electrons moving in the ou
ermost atomic regimes where the relativistic effect is e
©2002 The American Physical Society05-1
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pected to be small. However, such effect causes the elec
orbitals in the inner shells to shrink and results in a be
screening of the nuclear charge for the outer electrons. C
sequently, the relativistic effect indirectly influences t
ICE’s of the transition-metal atoms.

Relativistic effects can be investigated by utilizing t
standard perturbation method, scalar relativistic scheme
the fully relativistic approach. Among these frameworks t
first is the simplest and is the least time-demanding. In
scalar relativistic approximation both the mass velocity a
the Darwin corrections, instead of being treated as pertu
tive terms in the traditional perturbation method, are
cluded in the Hamiltonian, and therefore the shrinkage of
wave functions for the inner orbitals are taken into acco
automatically. The ground electronic energies via this m
erate scheme are supposed to be more accurate than
from the perturbation procedure. In the fully relativistic a
proach the spin-orbital splitting are inherently taken into
count by replacing the Schro¨dinger-like Kohn-Sham equa
tion with the Dirac-like one and therefore the calculat
results should be the most reliable. It is the aim of the pres
work to create highly precise benchmark ICE’s for the s
ond and the third transition metals via the fully relativis
approach. The differences of results from the standard
turbation will also be examined. Here the LSD,3 the GGA,5

and the OEP~Ref. 7! schemes are employed to evaluate s
tematically the ICE’s, including thes-d promotion energies
the s-ionization energies and thed-ionization energies. In
addition, the calculated results presented in this paper
compared with those for the first transition-metal row.14

II. FORMALISM

All the calculations carried out here are in the central-fi
approximation. Atomic units, i.e.,e5m5\51, are adopted
throughout and the energy is in the Hartree.

In the nonrelativistic limit, one solves self-consistently t
classical Kohn-Sham~KS! equation

H 2
1

2
¹21veff

s ~rW !J c is~rW !5e isc is~rW !, ~1!

with the effective potential

veff
s ~rW !52

z

r
1E drW8

n~rW8!

urW2rW8u
1vxc

s ~rW !. ~2!

The total electron density is constructed from the wave fu
tion c is(rW) by

n~rW !5(
is

uc is~rW !u2, ~3!

where the sum is over all the occupied orbitals indexed bi
with spin s. The xc potential is obtained by

vxc
s ~rW !5

Exc@n1 ,n2#

dns
. ~4!
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The xc energy functionalsExc@n1 ,n2# used in this work are
deduced from the Monte Carlo results of Ceperley a
Alder,15 as fitted by Perdew and Zunger.4 The gradient func-
tionals from Perdew and Wang5 are employed for the GGA
The total energy of the ground state is given by a minimi
tion of the energy functional

EG5T0@n#1E drWS 2
z

r Dn~rW !

1
1

2E E drWdrW8
n~rW !n~rW8!

urW2rW8u
1Exc@n1 ,n2#. ~5!

T0@n# is denoted as the noninteracting kinetic energy fu
tional.

The implementation of the Krieger-Li-Iafrate~KLI ! ap-
proach of the optimized effective potential~OEP! by the in-
corporation of an explicit self-interaction correction~SIC!
term7 slightly modifies the KS equation. Following the KLI
OEP procedure,7 we add the right-hand side of Eqs.~2! with
an additional term, i.e.,

veff
s ~rW !52

z

r
1E drW8

n~rW8!

urW2rW8u
1vxc

s ~rW !1VSIC,s~rW !, ~6!

where

VSIC,s~rW !5

(
i

nis~rW !$v is~rW !1@V̄SIC,is2 v̄ is#%

(
i

nis~rW !

, ~7!

v is~rW !52E drW8
nis~rW8!

urW2rW8u
2

dExc@nis,0#

dnis~rW !
, ~8!

and

V̄SIC,is5^c isuVSIC,s~rW !uc is&, ~9!

v̄ is5^c isuv is~rW !uc is&. ~10!

The total energy functional is now given by

EG
SIC@$c is%#5EG2$J@nis#1Exc@nis,0#%. ~11!

Here

J@nis#5
1

2E E drWdrW8
nis~rW !nis~rW8!

urW2rW8u
, ~12!

andEG is given in Eqs.~5!.
The complete RDFT,16 based on the underlying quantu

field theory, has been addressing inherently the formida
question of renormalization. Thus, while RDFT provides
rather general and extremely powerful approach to relati
tic problems in principle, some physically motivated a
proximations are unavoidable in order to make RDFT
workable scheme in practice. Since the purpose of this w
only aims at electronic structure calculations, the omission
5-2
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TABLE I. 5s-4d transition energies~eV!.

Atom Expt.a NHFb HFRb LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
~rel! ~rel! ~rel!

Y 1.36 0.42 0.75 0.71 1.05 1.06 0.88 1.22 1.23 0.53 0.89 0
Zr 0.59 20.40 20.01 20.32 0.09 0.10 20.15 0.27 0.27 20.51 20.09 20.09
Nb 20.18 21.24 20.80 21.38 20.92 20.90 21.21 20.74 20.73 21.59 21.11 21.11
Mo 21.47 22.89 22.37 22.46 21.95 21.92 22.30 21.79 21.76 22.69 22.17 22.15
Tc 0.41 0.20 0.75 20.66 20.08 20.05 20.40 0.17 0.20 20.89 20.28 20.27
Ru 20.87 21.42 20.74 21.70 21.00 21.00 21.46 20.77 20.77 21.95 21.22 21.23
Rh 21.63 22.19 21.40 22.77 21.95 21.97 22.56 21.77 21.78 23.04 22.20 22.22
Pd 22.43 23.01 22.09 23.87 22.98 22.98 23.69 22.83 22.82 24.16 23.24 23.24
Ag 23.97 24.91 23.86 24.99 24.00 24.00 24.84 23.89 23.88 25.29 24.31 24.28

uDEu 0.81 0.43 1.03 0.40 0.39 0.84 0.26 0.25 1.27 0.62 0

aReference 18.
bReference 9.
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the radiative corrections~often called no-sea approximation!
should be appropriate. Under such a situation, the fu
RDFT can be obtained from the nonrelativistic DFT by su
stituting the relativistic kinetic energy operator2 i\caW •¹W

for its nonrelativistic counterpart2 1
2 ¹W 2 and using the rela-

tivistic version of the xc energy functionals. The relativis
wave functions, in spherically symmetric approximation
satisfy the following coupled-differential equations:

dFis~r !

dr
2

k

r
Fis~r !5

1

c
@veff

s ~r !2e is#Gis~r !,

dGis~r !

dr
1

k

r
Gis~r !5

1

c
@2c21e is2veff

s ~r !#Fis~r !,

~13!

whereFis(r ) and Gis(r ) are the major and minor compo
nents of the radial Dirac wave functions with spins. The
index k is the usual Dirac’s quantum number andc is the
speed of light, which is set as 137.035 989 5 throughout
work. The total electron density then reads

n~r !5(
is

@ uGis~r !u21uFis~r !u2#. ~14!

It is well known that the electron spin is not a good quant
number in the relativistic theory due to the spin-orbital int
action and therefore the spin-density concept in the RDF
only an approximation. But in our case, such an approxim
tion is quite good since the electron spin-spin interaction
still compete with the spin-orbit interaction for the valen
orbitals, while for the inner-shell orbitals, all the electro
are spin paired. The xc energy functional is corrected re
tivistically due to MacDonald and Vosko.17 The experimental
data from Ref. 18 are presented in terms of the nonrelati
tic notations. However, for each notation there involves,
general, several relativistic configurations. Therefore the
veys from the fully RDFT are averaged over all the relev
relativistic configurations in the uncoupled scheme for s
plicity, as discussed in Ref. 19.
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Relativistic contributions may also be studied in a simp
fashion, on the basis of the perturbation theory. Under
condition that the effective potentialveff

s !c2, the four-
component Dirac equations can be approximated, to orde
1/c2, by

F2
1

2
¹21veff

s ~rW !2
p4

8c2
1

¹•E

8c2 GC is5e isC is , ~15!

whereC is is the nonrelativistic limit of the major partGis .
The third and last terms in the bracket in Eqs.~15! are the
mass-velocity term and the Darwin shift, respectively. T
spin-orbital coupling effect is not considered throughout t
work. With the unperturbed wave functions in hand, whi
will be achieved self-consistently from Eqs.~1! to ~3!, it is
legitimate in most situations to treat both corrections as p
turbative terms. Thus the relativistic many-electron prop
ties can be demonstrated by the perturbative manipulatio
the nonrelativistic wave functions.

III. RESULTS AND DISCUSSION

A. Second transition row

1. 5s-4d transition energies

The 5s-4d transition energy is the energy difference b
tween thes-rich and thed-rich configurations, viz., the en
ergy needed for one of the valence electrons to transit fr
5s to 4d orbitals. It is defined by

Dsd5E~core,5s14dn21!2E~core,5s24dn22!, ~16!

wheren is the number of valence electrons in the atom.
Table I, we list the calculations of the LSD, the GGA, an
the OEP. Relativistic results with the fully RDFT, labeled
RLSD, RGGA, and ROEP, and with the perturbation proc
dure ~labeled ‘‘rel’’! are also shown in this table. The non
relativistic ~NHF! and relativistic~HFR! Hartree-Fock calcu-
lations by Martin and Hay9 are included for comparisons
The results clearly show that the LSD understates the 5s-4d
transfer energy, followed by a mean errorDE 1.03 eV. This
5-3
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TABLE II. Total energies of various configurations of Ag from both the fully RGGA and the stand
perturbation method, with the unit in hartree. HereP4 and Dw stand for the mass-velocity correction and
Darwin shift, respectively.

Configuration GGA P4 Dw GGA~rel! RGGA

5s24d9 25200.1257 2396.4851 285.3651 25311.2457 25310.5490
5s14d10 25200.3036 2396.4056 285.3208 25311.3884 25310.6917
5s14d9 25199.8070 2396.4452 285.3408 25310.9114 25310.2137
5s24d8 25199.4971 2396.5527 285.4011 25310.6487 25309.9511
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is similar to what occurs in the 4s-3d transfer energy of the
first transition metals.11,14 The OEP, which warrants a mor
correct description of the asymptotic behavior, actually yi
an even worse result than the LSD with an errorDE of 1.27
eV. On the other hand, the GGA, which accounts for
gradient effects, provides improved results with a sma
mean deviation of 0.84 eV.

By including the relativistic contributions, significantl
improved results are obtained from RGGA with theDE be-
ing 0.26 eV. This is about half the mean error of 0.43
from the HFR scheme by Martin and Hay,9 where the non-
spherical effects are taken into account. The improvemen
the relativistic effect is also seen in the results from
RLSD and the ROEP, of which the mean errors are con
erably reduced to 0.40 and 0.62 eV, respectively. Actua
the subtle competitions of thes- and thed-orbital energies
make it difficult to achieve accurate theoretical results
s-d transitions. For some atoms such as Zr and Tc, even
signs of the results are not correct in most situations. Yet
shown in Table I, the RGGA reproduces the correct signs
the 5s-4d ICE’s throughout the whole row. Therefore bo
the relativistic and gradient effects play a very important r
in dealing with thes-d promotion of the second transition
metal series.

Note that the relativistic DFT calculations by the pertu
bation approach yield almost the same results with th
obtained by solving the Dirac equations directly. This is e
dent by comparing columns 6 and 7 in Table I for the loc
spin density approximation, columns 9 and 10 for the gra
ent functional, and columns 12 and 13 for the refin
optimized effective potential, respectively. This conclusion
slightly surprising considering that the magnitude of the p
turbation contributions for the atoms concerned here w
atomic numbers rangeZ540–48. In this respect, we displa
in Table II the calculated total energies of various configu
tions for the silver atom, obtained from both the GGA a
RGGA approaches. The mass velocity (P4) and the Darwin
~Dw! corrections for the nonrelativistic calculations are a
shown in the table. As expected, the total energies from
GGA and the RGGA differ by a substantial amount. With t
perturbation correction for the relativistic effects, the to
energies differ from the RGGA by about 20 eV. Howev
when calculating the difference between the corrected t
energies according to Eqs.~16!, we obtain the same ICE’s
from both approaches. This means that the relativistic mo
fications of the wave functions in the inner orbitals have
same effect on the energies of the valence 5s and 4d orbit-
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als. To probe the range for this cancellation, we also inv
tigate the third transition metal and will discuss later.
short, for the ICE’s, which deal with the energy differenc
between different configurations, the perturbative correct
to the relativistic effects seems to be a good approximat
at least up to Cd (Z548).

2. 5s Ionization energies

In contrast to the case for the first transition-metal ro
the valence electrons in the second row tend to favor thd
orbitals rather than thes orbital. The configurations of the
experimental ground states for the 4d atoms are summarize
into three categories: 5s24dn22 for Y, Zr, Tc, and Cd;
5s14dn21 for Nb, Mo, Ru, Rh, and Ag; and 5s0d10 for Pd.
For convenience we will select the 5s24dn22 configurations
as the initial state, and define the 5s ionization energy as

Dsion5E~core,5s14dn22!2E~core,5s24dn22!. ~17!

The calculated results are listed in Table III, in which t
labels are the same as those in Table I.

The calculated 5s removal energies agree quite well wit
the experiment. Table III displays that the results from t
GGA approach, which includes the gradient corrections
take care of the nonuniformity of the charge densities, yie
the smallest deviations among all the approaches. TheDE of
the nonrelativistic GGA~column 8! is 0.10 eV, and the cor-
responding mean errors from the LSD and OEP are 0.15
~column 5! and 0.17 eV~column 11!, respectively. This situ-
ation differs from the case for the first transition-me
atoms,14 where the SIC-LSD rather than the GGA yielded t
smallest mean error for the 4s ionization energy. Similar to
the SIC-LSD, the OEP approach provides a proper desc
tion for the long-range potential of the outer electron and
expected to give the best 5s binding. Our results seem to
imply that the gradient correction plays a more importa
role in the 5s orbitals. It is clear from Table III that all the
nonrelativistic DFT results underestimate thes-ionization en-
ergies for the first half of the series but are in good agr
ment with the experiment for the second half, especia
those from the LSD and the OEP approaches.

The fully RDFT results systematically predict strong
binding of the 5s electrons across the 4d series. Table III
shows that the inclusion of relativistic corrections cause
positive shift from the nonrelativistic calculations. Therefo
the RDFT improves the 5s-ionization energies for the firs
half of the second transition-metal series, but overestim
5-4
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TABLE III. 5 s ionization energies~eV!.

Atom Expt.a NHFb HFRb LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
~rel! ~rel! ~rel!

Y 6.61 4.72 4.81 6.28 6.42 6.42 6.43 6.57 6.57 6.23 6.38 6
Zr 6.95 5.05 5.18 6.57 6.74 6.75 6.71 6.89 6.89 6.53 6.71 6
Nb 6.93 5.15 5.29 6.77 6.98 6.97 6.91 7.12 7.11 6.74 6.95 6
Mo 7.22 5.23 5.37 6.93 7.16 7.15 7.06 7.29 7.28 6.91 7.14 7
Tc 7.28 5.29 5.43 7.06 7.31 7.30 7.18 7.43 7.42 7.05 7.30 7
Ru 7.59 5.68 5.87 7.58 7.90 7.88 7.67 7.97 7.96 7.56 7.88 7
Rh 7.98 6.03 6.28 7.98 8.36 8.34 8.05 8.41 8.39 7.97 8.34 8
Pd 8.32 6.36 6.66 8.32 8.75 8.73 8.38 8.78 8.76 8.31 8.74 8
Ag 8.64 6.66 7.02 8.62 9.10 9.07 8.67 9.12 9.10 8.60 9.09 9
Cd 8.99 6.93 7.34 8.89 9.42 9.39 8.94 9.43 9.41 8.87 9.41 9

uDEu 1.94 1.73 0.15 0.26 0.24 0.10 0.27 0.26 0.17 0.24 0

aReference 18.
bReference 9.
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the ionization energies with growing errors in the seco
half. The mean errors of the RDFT are 0.26, 0.27, and 0
eV for the RLSD, RGGA, and ROEP, respectively. By co
parison of columns 6 and 7 for the LSD~rel!, columns 9 and
10 for the GGA~rel!, and columns 12 and 13 for the OE
~rel!, it indicates that both the perturbation method and
fully relativistic approach yield the similar ICE’s of the 5s
ionization. The maximum difference between these two
proaches is 0.03 eV.

The Hartree-Fock results by Martin and Hay9 are also
included in Table III for comparisons. These mean erro
with 1.94 and 1.73 eV for NHF and HFR, respectively, a
much larger than all the results obtained from the DFT, w
or without the relativistic corrections. The Hartree-Fo
scheme consistently underestimates the 5s binding energy by
a significant amount.

3. 4d ionization

The d ionization energy is usually defined as the ene
needed to ionize ad-shell electron ins-rich configurations. In
this work we define thed ionization as
12510
d
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e
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y

Ddion5E~core,5s24dn23!2E~core,5s24dn22!. ~18!

Our calculations are shown in Table IV. Due to the lack
the relevant values from Ref. 18, the experiment for Nb, M
Tc, Rh, and Pd is not presented in this table. Martin and H9

reported the calculation ford ionization from the 5s24d10

state of the Cd atom but no data are available for the ion
tion from the 5s24dn22 states of the other 4d transition met-
als.

Since the energies needed to ionize thed electron is larger
due to the stronger binding and localization, the calcula
ICE’s have a wider variation as the number ofd electrons
changes. As shown in this table, all the nonrelativistic D
results overestimate the 4d ionization energies. The mea
errors for the 4d ionization are much larger than those of th
5s ionization, reflecting the difficulties for a successful d
scription of the 4d binding. The GGA yields a mean error o
0.79 eV ~column 6! which is slightly smaller than 0.89 eV
~column 3! of the LSD. The OEP, which essentially aimed
a better description for the asymptotic behavior of the ou
most 5s electrons, actually yields the worstDE of 1.21 eV
72
41
.02
.59
.13
1.73
.47
.14
.79

8.42
65
TABLE IV. 4 d ionization energies~eV!.

Atom Expt.a 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.
Zr 8.67 8.61 8.18 8.16 8.56 8.13 8.11 8.86 8.41 8.
Nb 10.25 9.76 9.75 10.21 9.72 9.71 10.52 10.01 10
Mo 11.85 11.31 11.29 11.82 11.28 11.26 12.15 11.58 11
Tc 13.42 12.85 12.80 13.40 12.83 12.78 13.75 13.16 13
Ru 10.77 12.05 11.44 11.39 11.80 11.20 11.14 12.39 11.76 1
Rh 13.82 13.12 13.10 13.60 12.90 12.88 14.18 13.46 13
Pd 15.55 14.75 14.76 15.37 14.57 14.58 15.93 15.10 15
Ag 15.58 17.25 16.41 16.38 17.11 16.27 16.25 17.65 16.78 16
Cd 17.86 18.93 18.01 17.98 18.83 17.91 17.89 19.36 18.46 1

uDEu 0.89 0.43 0.42 0.79 0.36 0.34 1.21 0.65 0.

a
Reference 18.
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TABLE V. 6s-5d transition energies~eV!.

Atom Expt.a NHFb HFRb LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
~rel! ~rel! ~rel!

La 0.36 20.98 20.30 20.54 0.14 0.13 20.41 0.28 0.27 20.71 0.00 20.03
Hf 1.69 20.38 0.95 20.10 1.35 1.20 0.14 1.60 1.4620.26 1.23 1.05
Ta 1.04 21.28 0.21 21.15 0.45 0.30 20.90 0.72 0.57 21.33 0.32 0.12
W 20.18 22.95 21.29 22.22 20.50 20.64 21.98 20.24 20.38 22.42 20.66 20.83
Re 1.76 20.04 1.76 20.59 1.35 1.19 20.32 1.55 1.38 20.81 1.18 0.97
Os 0.75 21.63 0.55 21.60 0.83 0.41 21.31 0.90 0.63 21.84 0.51 0.19
Ir 0.40 22.43 0.09 22.63 20.09 20.42 22.37 0.17 20.22 22.90 20.22 20.65
Pt 20.64 23.28 20.40 23.70 20.88 21.28 23.47 20.74 21.12 24.00 21.11 21.52
Au 21.74 25.13 21.86 24.78 21.71 22.17 24.61 21.62 22.06 25.08 21.95 22.42

uDEu 2.39 0.47 2.31 0.30 0.52 2.07 0.15 0.32 2.53 0.46 0

aReference 18.
bReference 9.
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~column 9!. A similar trend was found in the 3d row.14

Hence the gradient effect is dominant in the 4d-electron re-
moval due to the rapid variation of the electron density
these inner regimes.

With the relativistic corrections, all the fully RDFT ap
proaches lead to lower results for the 4d ionization energies.
The RGGA, the RLSD, and the ROEP create better bind
energies with mean errors of 0.36, 0.43, and 0.65 eV, res
tively. Inclusion of relativistic effects reduces the deviatio
from the nonrelativistic results by half.

Looking at columns 5, 8, and 11 in Table IV, we aga
come to the conclusion that perturbation corrections for
relativistic effects agree very well with those obtained fro
the fully RDFT approaches. To sum up, the similarity of t
three kinds of ICE’s concerned in the present work by
perturbation and the fully RDFT demonstrates the usefuln
and accuracy of the perturbative procedure. Thus the pe
bation approach is not only computationally more efficie
but maintains good precision.

B. Third transition row:

1. 6s-5d transition energies

The 6s-5d transition energy is the energy needed for o
of the valence electrons to transit from 6s to 5d orbitals,
which is defined as

Dsd5E~core,6s15dn21!2E~core,6s25dn22!, ~19!

with n valence electrons in the atom. The corresponding
sults are listed in Table V. Similar trends with the 4d row are
concluded in this table. That is, the LSD~column 5! under-
states the 6s-5d transfer energy with a mean errorDE 2.31
eV; the OEP~column 11! results in the worse values than th
simple LSD with an errorDE of 2.53 eV; and the GGA
~column 8! provides improved results with a smaller me
deviation of 2.07 eV.

Solving the Dirac equation directly leads to significan
better results. TheDE are reduced markedly to 0.30, 0.1
and 0.46 eV for RLSD~column 6!, RGGA ~column 9!, and
12510
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ROEP ~column 12!, respectively. The RGGA, just like the
treatment for the second transition metal, not only obta
the best values among these three exchange-correlation
tionals but gives the correct signs throughout the whole r
The HFR ~column 4!, in which the nonspherical effect i
involved, is accompanied with theDE of 0.47 eV, three
times larger than that of the RGGA. Therefore, combin
with the preceding conclusion of the 4d row and that of Ref.
14, it is certainly confirmed that both the relativistic an
gradient effects are indeed two important factors in deal
with the s-d promotion for all the transition-metal atoms.

It is interesting to note that the similarity of the calcul
tions by the perturbation approach and the fully RDFT
valid only for the lanthanum (Z557), the first atom of the
5d row, and fails dramatically for the rest. This conclusio
should not be surprising since there are 14 lanthanide
ments between the lanthanum and the hafnium atomZ
572), with the 4f orbital being fully filled. This abruption
increases the atomic number so large that the extensio
the simple perturbative procedure is damaged. By numer
comparisons in Table V it is also observed that the calcu
tions from the perturbative approaches~columns 7, 10, and
13! are always between those of the nonrelativistic tre
ments and of the fully RDFT schemes. This is no doub
consequence of the incomplete treatment of relativistic c
rections for atoms with heavier atomic number.

2. 6s ionization energies

The 6s ionization energy is the energy needed to remo
one of the outermost 6s electrons from the 6s25dn22 con-
figuration and defined as

Ds ion5E~core,6s15dn22!2E~core,6s25dn22!. ~20!

The final results are summarized in Table VI. The expe
mental data of the hafnium and iridium (Z577) from Ref.
18 are indeterminate and hence not listed in this table. S
eral aspects of these calculations is noteworthy to be poin
out here.
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TABLE VI. 6 s ionization energies~eV!.

Atom Expt.a NHFb HFRb LSD RLSD LSD GGA RGGA GGA OEP ROEP OEP
~rel! ~rel! ~rel!

La 5.87 4.13 4.29 5.57 5.82 5.81 6.70 5.96 5.93 5.53 5.79 5
Hf 5.07 5.61 6.68 7.49 7.31 6.85 7.66 7.49 6.64 7.44 7
Ta 7.90 5.13 5.71 6.86 7.75 7.55 7.01 7.92 7.71 6.83 7.73 7
W 7.94 5.17 5.77 6.99 7.96 7.73 7.13 8.11 7.88 6.98 7.95 7
Re 7.88 5.19 5.79 7.10 8.14 7.88 7.22 8.27 8.00 7.09 8.14 7
Os 8.77 5.58 6.40 7.61 8.88 8.57 7.69 8.92 8.62 7.61 8.88 8
Ir 5.94 6.97 8.00 9.47 9.10 8.06 9.46 9.11 8.00 9.48 9
Pt 9.22 6.26 7.51 8.33 9.97 9.54 8.37 9.93 9.53 8.32 9.99 9
Au 9.76 6.56 8.03 8.60 10.43 9.93 8.64 10.36 9.89 8.61 10.45 9
Hg 10.43 6.83 8.51 8.85 10.84 10.28 8.87 10.75 10.22 8.87 10.87 1

uDEu 2.87 1.97 0.98 0.30 0.18 0.98 0.31 0.15 0.99 0.32 0

aReference 18.
bReference 9.
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First, in contrast to those in Table III in the present wo
and Table II in Ref. 14, which both show that the calcula
s ionizations from the fully RDFT is even worse than tho
from the nonrelativistic DFT for the first two transition-met
rows, Table VI displays the usually intuitive conclusion, i.
the values from the RDFT are much improved than th
without relativistic effects. This means that the fully RDF
which becomes increasingly more important with increas
atomic number, could alter the trends exhibited. The red
tions are 0.98–0.30 eV for the LSD~columns 5 and 6!,
0.98–0.31 eV for the GGA~columns 8 and 9!, and 0.99–
0.32 eV for the OEP~columns 11 and 12!, respectively.

Second, the mean errors of~R!LSD, ~R!GGA, and
~R!OEP are qualitatively the same. With more detailed ana
ses about the data in this table, it is found that the~R!LSD
are very close to the~R!OEP and slightly different from the
~R!GGA. Actually, the complete fullness of the 4f orbital
will enhance the shielding effect and result in more diffusi
of the outermost 6s electrons. And quite likely it is seems t
indicate that the charge density of the outermost regim
adequately dilute so that both~R!LSD and~R!OEP give the
same description for the 6s ionization yet with the gradien
expansion of charge densities in such regimes some m
contributions still arise.

Third, the perturbative results accurately reproduce
fully RDFT ones for the La atom whereas such similarity
destroyed for the rest of the 5d row, in line with the conclu-
sion of the 6s-5d promotion. However, it is very surprisin
that the mean deviations yielded from the perturbati
which are 0.18, 0.15, and 0.19 eV for the LSD~rel! ~column
7!, the GGA~rel! ~column 10!, and the OEP~rel! ~column
13!, respectively, are much smaller than those with
RDFT. This seems somewhat contradictory to the expe
tion that the fully RDFT should describe more reliably su
a situation. No definitive explanation is offered for this o
servation because the standard perturbation is insufficien
give a precise description for heavy atoms. Maybe this
flects indirectly that the application of the fully RDFT in th
situation should be reexamined since the fully RDFT
12510
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based on the single-particle approximation and drops so
delicate effects mentioned in Sec. II.

Finally, the HFR~column 4! yields theDE of 1.97 eV,
almost six times larger than the present calculations. He
our computations of the 6s ionization based on the density
functional theory surpass those with the Hartree-Fock
proach, which accounts for the nonspherical effect.

3. 5d ionization

Analogous to the 4d ionization, the 5d ionization is de-
fined as

Dd2 ion5E~core,6s25dn23!2E~core,6s25dn22!. ~21!

The present computations are shown in Table VII along w
the available experiment from Ref. 18, no theoretical cal
lations in the work by Martin and Hay9 were reported and the
relevant HF values are missing in this table.

Again, for the lanthanum atom both the perturbation a
proach and the fully RDFT yield similar ionization energie
Moreover, it is found that this coincidence also holds f
other atoms, especially for the first half of the 5d series. This
opposite behavior exhibited in the 5d ionization as compared
to the previous conclusion of the 6s-5d promotion and 6s
removal is at first sight puzzling. One possible explanat
for this phenomenon is that the 5d electrons are influenced
by a relatively smaller effective atomic numberZ!, primarily
due to the shielding from the 4f shell, and so the perturbatio
procedure is once again valid in this situation. One m
throw doubt upon this argument since the 6s electron is
shielded, too, yet the perturbation is broken down in
treatment of the 6s ionization. However, one should keep
mind that only could the orbital with the quantum numbel
being zero, i.e., thes orbital, have opportunities of being nea
the nucleus. Numerical analyses show that in the regior
<0.1aH there are several percentages of the 6s electron for
the 5d row. This portion plays an important role in consid
ering the relativistic effect since it is not screened by t
outer shells. Furthermore, the relativistic effect of this par
5-7
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TABLE VII. 5 d ionization energies~eV!.

Atom Expt.a 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
Hf 7.23 8.29 7.07 7.05 8.17 6.97 6.95 8.47 7.19 7.
Ta 8.77 9.80 8.41 8.45 9.67 8.29 8.32 10.02 8.58 8
W 11.27 9.80 9.80 11.15 9.67 9.67 11.51 10.00 10
Re 9.70 12.73 11.19 11.13 12.63 11.07 11.02 13.01 11.43 1
Os 11.55 9.93 9.88 11.26 9.69 9.63 11.85 10.19 10
Ir 13.19 11.35 11.40 12.89 11.07 11.12 13.51 11.64 11
Pt 12.97 14.78 12.74 12.87 14.51 12.47 12.60 15.13 13.03 1
Au 14.24 16.35 14.26 14.31 16.13 14.03 14.09 16.72 14.58 14
Hg 17.91 15.66 15.73 17.75 15.49 15.56 18.30 16.01 16

uDEu 1.78 0.52 0.50 1.63 0.61 0.57 2.04 0.56 0.

aReference 18.
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significantly large due to being very close to the nucle
charge. As a result, the penetration into the proximity of
nucleus, which does not occur in thed electron, will enhance
the relativistic contributions of thes ionization considerably.
Maybe this assertion could offer guidance to investigate
puzzling conclusions shown in Table III in the present wo
and Table II in Ref. 14 that the calculateds ionizations for
the atoms of the first two transition-metal rows (3d and 4d
atoms! with the RDFT are even worse than those with no
relativistic DFT treatments.

All the RDFT approaches improve the 5d binding energy.
The lowerings of the deviations are from 1.78 to 0.52 eV
the LSD ~columns 3 and 4!, 1.63 to 0.61 eV for the GGA
~columns 6 and 7!, and 2.04 to 0.56 eV for the OEP~columns
9 and 10!, respectively. Consequently, this means, with
previous conclusions, that the solving of the Dirac equat
directly serves as a more suitable tool to study the ICE’s
the transition-metal rows.

IV. CONCLUSIONS

In this work, the fully RDFT, including the RLSD, the
RGGA, and the ROEP, as well as the perturbative proced
are employed to investigate the relativistic contributions
the ICE’s of thes-d transition, thes ionization, and thed
ionization for the second and the third transition-metal row
Among these the RGGA obtains the best values for
5s-4d, the 6s-5d transition, and the 4d ionization. This
seemingly indicates that both the gradient corrections
C.
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relativistic effects are dominant in dealing with such ICE
especially for the cases involving thed electron with the
rapid variation of the electronic density.

For the 5s and the 6s ionizations, no improvement ove
the results from the RLSD and the RGGA was furnish
from the ROEP approach, in spite of the fact that the RO
gives a correct description for the long-range potential of
outermost electrons. Nevertheless, this scheme yields re
in excellent agreements with the experiment for the first h
of both the 4d and 5d rows. Consideration of relativistic
corrections for the 5s binding energies leads to the wors
values than those with the nonrelativistic approach. Thus
ther work will be expected to appear.

The ICE’s achieved by the simple perturbation proced
are essentially identical to those from the fully RDF
throughout the second transition-metal row. This identity
also true for the first atom of the third row and then fails f
the rest, with the 4f orbital being fully filled. Moreover, the
perturbation provides a successful description of the 5d ion-
ization due to the nice shielding by the closedf shell. The
similarity of ICE’s by means of the fully RDFT and th
standard perturbation method suggests that the latter is
only computationally much less expensive but create p
cisely reliable ICE’s, up to La (Z557).
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