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The relativistic local-spin-density approximation and the relativistic generalized gradient approximation
(RGGA) are employed to calculate interconfiguration energies includsditransition energies, glioniza-
tion energies, and @ionization energies for the first transition-metal atoms. Forigizations, the RGGA,
which includes relativistic corrections as well as gradient effects, yields the best results-Batransitions,
the relativistic effects also systematically improve the accuracies of the results. Howeves tieendval
energies from the relativistic schemes are slightly too large, whereas the self-interaction-correction local-spin-
density approximation, which provides correct long-range effective potentials, gives accurate results.

The Hohenberg-Kohn-Sham density-functional theorythe outermost atomic regions where the relativistic effects
(DFT)'? has been extensively used to study ground-statare expected to be rather small. However, relativistic effects
electronic structures of many-body systems such as atomesause the electron orbitals in the inner shell to shrink, and
molecules, and solidsFollowing Kohn and Sham®local-  result in a better screening of the nuclear charges for the
density approximation, various extensions such as the locabuter electrond? The importance of relativistic effects on
spin-density (LSD) approximatiorf, the self-interaction- ICE’s of the iron series were demonstrated perturbatively in
correction local-spin-densit{IC-LSD) approximatior,and  Refs. 18, 20, and 21. In this work, we calculate ICE’s within
the generalized gradient approximati6BGA)® were pro- the fully relativistic LSD (RLSD) and GGA (RGGA)
posed. In the relativistic density-functional the¢éBRDFT),”®  schemes. Results from the SIC-LSD approach are also in-
the Schrdinger-like Kohn-Sham equations of the DFT are cluded for comparisoré.
replaced by Dirac-like equations. The relativistic corrections In RDFT, we self-consistently solve the Dirac equations
to the exchange-correlation potential-energy functional were
also obtained based on quantum electrodynamics dF,(r) « -
argument§® dr _FFai(r):a[veﬁ(r)_fai]Gai(r)y

Recently Kotochigoveet al® presented atomic structure
calculations across the Periodic Table using the relativistic @
local-density approximation. Tong and CHuperformed
RDFT calculations using the optimized effective potential dG,i(r) EG (N=a
with self-interaction correction for various atoms in the Pe- dr r-7
riodic Table. In a previous work we calculated the ground-
state total energies for a series of atoms usingBtspline  WhereG,;(r) andF;(r) are the major and minor compo-
basig? for the RDFT. Researches on relativistic effects havenents of the radial Dirac wave functions with spin' The
become more active recently for various systéfns® effective potentiaMZ(r) is given by

Interconfiguration energig$CE’s) are often taken as tests
for various theoretical approaches. Gunnarsson and Jones z p(r’)
tested the performances of the SIC-L®&Ref. 5 functional, Vei(r)=— . f ;
and concluded that the SIC-LSD approximation does not r=r’|
yield systematic improvement over the LSD results for the.
iron series. Martin and Ha$§ calculated ICE’s of the three
transition series in the Hartree-Fo@KF) approximation us-
ing the Cowan and Griffit?! scheme for relativistic correc- p(N)=po(N)+p_(1)=2 [|G4i(N|2+]|F,i(r)]?, (3
tions. They found that relativistic corrections are large even 7i
for the first transition series. Lagowski and Voékimvesti-

2
E"'Eai_vgff(r) Fai(r),

dr'+vidp. o1 (@

he total electron density can be expressed as

ated theJ-independent relativistic contributions omd ~ VNer€p+ andp_ denote the spin-up and -down densities.
?CE'S and confifmed that even in the first transition serie Strictly speaking, the spin-density concept in the relativistic
' Sreatment is a good approximation for the valence orbitals

the perturbatively calculated relativistic effects are NoN-J v But in our case. the spin-density concept can be used
negligible. Kutzler and Paint& presented ICE’s of thed® O ’ pin-density Pt =
since all the electrons for the inner-shell orbitals are spin

atoms obtained from both the LSD approximation and the _. . S ;
GGA® They concluded that gradient functionals provide paired. The exchange-correlation potential is obtained by
some improvement over the LSD approximation, but the re- SE ]
maining errors are still large. vilps.p_1= M,
ICE’s involve mainly valence-shell electrons moving in op,
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TABLE |. 4s-3d transition energiegeV) (4s?3d" ?—4s'3d" 1.

Expt? (rel)® GGA® GGA(rel)® LSD® LSD(rel)® SICY SICrel)® RLSD® RGGA®

Sc 143 0.12 0.91 1.03 0.69 0.81 0.50 0.64 0.81 1.02
Ti 0.81 0.14 -0.03 0.11 -027 -013 -042 -026 -011 0.13
\Y 025 0.17 -0.91 —0.74 -117 -100 -127 -1.09 -099 -0.72
Cr —-100 021 -174 —1.53 —-203 -182 -208 -—-186 —-182 —-153
Mn 215 0.20 1.25 1.45 1.05 1.25 1.07 1.30 1.17 1.38
Fe 0.87 0.26 0.39 0.65 0.16 0.42 0.23 0.51 0.34 0.60
Co 0.42 0.30 —-0.46 —0.16 -071 -041 -059 -026 -046 -0.17
Ni  —0.03 0.36 —-1.30 —0.94 -157 -121 -139 -100 -124 -0.95
Cu —-149 043 -2.16 —-1.73 -244 -201 -216 —-172 -198 -1.72
AE —0.83 —0.59 -108 -083 —-1.06 -0.79 —-0.85 —-0.60

%Reference 24.
bReference 18.
‘Reference 21.
dreference 22.
®This work.

with the energy functionak,p, ,p_]. The energy func- whereT[p] is the noninteracting kinetic energy functional
tional used here for both RLSD and RGGA calculations af%ndvext(F) is the external potential.

deduced from the Monte Carlo results of Ceperley and The lowest experimental term$which concern the va-
Alder?® as fitted by Perdew and Zungewith relativistic  lence electrons moving mainly in the nonrelativistic regions,
corrections given by MacDonald and Voskdhe gradient are designated by the nonrelativistic configurations. Since for
functionals from Perdew and Wahare used for the RGGA. each nonrelativistic configuration there exist, in general, sev-
The total energy of the ground state is given by a minimiza-ral relativistic configurations, the calculated total energies

tion of the energy functional are averaged over all the relevant relativistic configurations
in the uncoupled scheme for simplicity, as discussed in Ref.
- 25.
1 rp(r') . iti i i
Eolp. . p_1=T[p]+ Ef d3r d3r’p§ﬁ P(_7| The 4s-3d transition energy is defined by
r—r

Asq=E(core,4'3d" 1) —E(core,4%3d" %),  (6)
3 > > wheren is the number of valence electrons. It is well known
+J dr p(N)Vex(N) +Exdpp-1. (5) that the local-density approximation tends to overstabilize

TABLE II. 4s ionization energiegeV) from the s-rich configuration (4?3d" ?2—4s'3d""?) for all
elements, and from the-rich configuration (4'3d"~*—4s°3d"~ %) for Cr, Ni, and Cu.

Expt? (rel® GGA® GGA(rel)® LSD® LSD(rel)® SIC" SIC(rel)® RLSD® RGGA®

Sc 6.56 0.02 6.77 6.79 6.60 6.62 6.57 6.62 6.67 6.84
Ti 6.83 0.04 7.05 7.09 6.89 6.93 6.85 6.89 6.95 7.13
V 7.06 003 7.29 7.32 7.12 7.15 7.07 7.13 7.18 7.36
Cr 728 0.04 7.49 7.53 7.33 7.37 7.27 7.34 7.37 7.56
Mn 743 005 7.67 7.72 7.52 7.57 7.45 7.53 7.55 7.75
Fe 790 0.06 821 8.27 8.07 8.13 7.99 8.10 8.14 8.33
Co 8.28 0.08 8.68 8.76 8.54 8.62 8.45 8.57 8.65 8.82
Ni 8.67 0.11 9.10 9.21 8.97 9.08 8.85 9.00 9.11 9.26
Cu 9.04 0.13 9.52 9.65 9.40 9.53 9.22 9.40 9.53 9.67
Zn 939 016 9.84 10.00 9.71 9.87 9.57 9.78 9.93 10.06
AE 0.32 0.39 0.17 0.24 0.08 0.19 0.26 0.43
Cr* 6.76 0.09 7.55 7.64 7.48 7.57 7.16 7.28 7.59 7.65
Ni* 762 015 844 8.59 8.26 8.41 7.87 8.07 8.43 8.59
Cu* 7.72 015 850 8.65 8.35 8.50 8.02 8.24 8.59 8.75
Ae 0.80 0.93 0.66 0.79 0.32 0.50 0.84 0.96

%Reference 24.
bReference 18.
‘Reference 21.
dreference 22.
®This work.
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TABLE lIl. 3d ionization energiegeV) from the s-rich configuration (4%3d"~?2—4s23d""3) for all
elements, and from the-rich configuration (4'3d" *—4s'3d"?) for Cr, Ni, and Cu.

Expt? (rel)® GGA® GGA(rel)® LSD® LSD(rel)® SICY SICre)? RLSD® RGGA®

Sc 8.00 —-0.10 8.89 8.79 9.01 8.91 9.49 9.30 8.78 8.67
Ti 9.92 -0.10 10.61 10.51 10.75 10.65 11.16 10.94 10.45 10.33
\% -0.14 12.18 12.04 12.35 12.21 12.70 12.45 11.98 11.84

Cr 12.40 -0.17 13.65 13.48 13.84 13.67 14.14 13.86 13.41 13.25
Mn 1430 —-0.15 15.05 14.90 15.26 15.11 15.51 15.18 14.76 14.60
Fe 10.71 -0.20 12.03 11.83 12.22 12.02 12.45 12.12 11.88 11.72
Co 1288 —-0.22 13.71 13.49 13.94 13.72 14.10 13.73 13.53 13.32
Ni 15.32 15.57 15.65 15.24 15.07 14.83

Cu 15.04 -0.30 17.20 16.90 17.48 17.18 17.14 16.67 16.57 16.32
Zn 17.30 —-0.55 18.35 17.80 18.62 18.07 18.56 18.04 17.98 17.73
AE 112 0.89 1.32 1.10 1.50 1.16 0.85 0.67

Cr* 8.29 -0.17 9.23 9.15 9.36 9.19 9.35 9.20 9.20 9.09
Ni* 8.70 —-0.25 10.40 10.15 10.54 10.29 10.23 10.00 10.35 10.22
Cu* 1053 -0.30 11.68 11.38 11.84 11.54 11.38 11.12 11.52 11.39
Ae 1.26 1.05 1.41 1.17 1.15 0.93 1.18 1.06

8Reference 24.
bReferences 18 and 21.
‘Reference 21.
dReference 22.

®This work.

3d orbitals relative to 4 orbitals. As shown in Table I, from the energy differences of the outermostatbital elec-
3d transition energies from both the LS@olumn 6?* and  trons. The gradient effects and the relativistic corrections to
SIC-LSD (column 8% approximations are on average 1 eV the inner-shell electrons cancel each other out. In fact, the 4
lower than experimental valu¢solumn 2.2* The GGA(col-  binding energie€ from the SIC-LSD schemewhich in-
umn 4,2t which takes into account the gradient effects, givescludes electron-electron self-interaction corrections, are in
smaller mean errorsﬁ). much better agreement with the experimental results. This is

By including relativistic contribution$}*results are sys- in line with the results in Ref. 22, where the SIC-LSD
tematically improved within the GGgel) (column 5,2 the  scheme is very successful in yielding accurate oscillator
LSD(rel) (column 3,2* and the SIQel) (column 9.2 Note  strengths for the valenceelectrons of the alkali isoelectron
that the relativistic corrections of both the GG&l) and atoms, which depend very sensitively on the wave functions
LSD(rel) used in Ref. 21 are the HF relativistic contributions involved.
(column 3 taken from Ref. 18. On the other hand, the rela- For Cr, Ni, and Cu from 4'3d"! configurations, the
tivistic corrections in the SI@el) are calculated perturba- mean errorsfe) are much larger as compared with ibn-
tively with SIC-LSD wave functioné? The RLSD(column  ization energies from €#3d"~2 configurations. Kutzler and
10) and the RGGA(column 11 give results quite close to Paintef! calculated the ¢ ionization energy for potassium,
the values from the LS@el) and the GGArel) respectively. and obtained much smaller errors, which indicates that the
The average relativistic corrections from the RLSD and thdocal-density functionals are subject to considerable errors in
RGGA amount to 0.23 eV which is in agreement with thecalculating the interaction energy between the electron
average HF relativistic contributions of 0.24 eV. with the 3d subshell.

The 4s ionization energy is given explicitly by The 3 ionization energy is defined as

As_ion=E(core,4'3d""?)—E(core,4%3d""2). (7)

L= 204N—3\ _ 24n—2
In Table Il, the initial configurations €¢3d"~2 are the ex- Aq-ion=E(c0re,473d" ") ~ E(core,£73d™%).  (8)

perimental ground-state configurations for most of the iron

series atoms. Thesdremoval energies from the ground-state Since the experimental energies of the relevarith con-

configurations 4'3d"~* for Cr, Ni, and Cu are also included figurations for 2124s? of V and 3d’4s? of Ni were not tabu-

in the lower half of the table. lated in Ref. 24, the experimental ionization energies of V
The GGA approach gives worse results than the simpleand Ni are not presented in Table Ill. We also calculate the

LSD scheme. The relativistic corrections systematically pro3d removal energies in the transition s%8d" !

mote the nonrelativistic € binding energies with growing —4s'3d"~2 for Cr, Ni, and Cu. The calculated errors are

errors across the iron series. The most involved RGGAarger than the corresponding errors for both3H transi-

scheme yields the worst results. This is due to the fact thaions and 4 ionizations. This results from the difficulties of

for 4s ionization energies, the major contributions comedescribing the @ electrons accurately. The GGA results are
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better than both the LSD and SIC-LSD results, which indi-to the difference betweensdonization and 4-3d transition
cates that the gradient effects are quite important in tthe 3 energies. The SIC-LSD scheme yields the bestomization
orbitals. energies; hence it gives smaller errors here.

For 3d ionizations from 423d"~? configurations, Martin To conclude, for @ ionizations, both gradient effects and
and Hay?® reported HF relativistic corrections for Zn only. relativistic corrections play important roles. There is a sig-
Kutzler and Paintét instead used HF relativistic contribu- nificant improvement of the results obtained from the RGGA
tions from 45'3d"~* states® for the other atoms. Both per- scheme. As a @ electron is ionized, the @ orbitals shrink
turbative and fully relativistic approaches systematically im-friher, and the relativistic effects are stronger than for the

prove the nonrelativistic results. The RLSD approximationneral atoms. This may explain why perturbative treatments

and RGGA give average relativistic effects 6f0.47 and  5r¢ not adequate fordBionization energies as compared with
—0.45 eV, respectively, which is much larger tha8.34 eV ho RDFT results. On the other hand, the total numbers of

of the SIC-LSD approximation ane-0.22 eV of the HF  gjectrons are not changed irs8d transitions, so that the
approximation. It was discussed in Ref. 12 that fdre&8oms,  gprinkage is not as dramatic as that in ionized atoms. Pertur-
the differences in total energies between the perturbative anghiive relativistic approaches give similar results as given
RDFT schemes are of the order of 0.01%. Nevertheless, fo{o, RDET. As for 4 ionizations, the SIC-LSD scheme,

3d removal energies, differences betwe_en the HF relativistiynich provides correct long-range effective potentials for the

corrected values and the RDFT results increase to about 2%, termost 4 electrons yields the most accurate results.
For Cr, Ni, and Cu, both the fully relativistic and the gjnce the relativistic effects on the outermost dectrons

perturbative approaches yield similad inding energies  gre relatively small, the differences between RDFT and the

1 -1 .
from the 4573d"" " state. The best results are given from thepertrhatively corrected results are not as large as thatlin 3
SIC-LSD scheme. Since for boths4onization and 4-3d  {,ansitions.

transition energies, results from RDFT are roughly equal to
the HF relativistic corrected results, this is also the case in This work was supported by the National Science Council
3d ionization from the 4'3d"" ! state, which is equivalent of the Republic of ChindNo. NSC88-2112-M007-048
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