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Application of density-functional theory to atomic resonances

Ş. Erkoç* and H. J. F. Jansen
Department of Physics, Oregon State University, Corvallis, Oregon 97331

~Received 20 June 1997!

Density-functional theory in the local-spin-density approximation has been applied to calculate the energy
positions of low-lying resonance~autoionization! states of neutral atoms and positive ions. This method is very
convenient for a quick, approximate prediction of excitation energies in collision experiments.
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Density-functional theory~DFT! was originally designed
for many-electron systems in their ground state@1#. Various
modifications of the original method have been applied
atomic, molecular, and solid state systems@2#, usually in
their ground states. There are also applications of DFT
excited states@3#; a time-dependent formalism has been a
plied to photoabsorption cross-section@4# and photoioniza-
tion cross-section@5# calculations for rare gas atoms. To th
knowledge of the authors there is no systematic applica
of the time-independent form of DFT to atomic autoioniz
tion ~AI ! states.

Autoionization is a time-dependent process. There
several methods presented in the literature using eith
time-dependent or a time-independent formalism for
states@6#. These methods, however, usually require m
computational effort compared to conventional bound-s
calculations.

In this paper we report results of relativistic calculatio
based on the single-particle Dirac equation in which we h
applied an approximate time-independent DFT to the lo
lying AI states of neutral atoms and positive ions. The c
culations require a computational effort similar to groun
state DFT calculations.

The method of calculation is based on the self-consis
solution of N one-particle Dirac equations~Kohn-Sham or-
bital equations! of the form ~in Rydberg atomic units!
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where

veff
s ~r !5v~r !12E r~r 8!

ur2r 8u
dr 81vxc

s ~r !. ~2!

In these equationss is a quantum number that labels th
solutions according to their spin state. The wave functionc
are four-vectors, but can be described by two radial functi
only. The spin-dependent charge densityrs(r ) is obtained
self-consistently, and defined as

rs~r !5(
i

Ns

uc i ,s~r !u2 ~3!

and

r5(
s

rs . ~4!

v(r ) is the Coulomb potential between electron and nucle
and vxc

s (r ) is the exchange-correlation potential. The to
energy of the atom consists of the kinetic energy of the e
trons, the electron-nucleus Coulomb potential energy,
TABLE I. Comparison of calculated AI energies with experimental values and other calculations for some
neutral atoms withZ<10. Energies are in eV and with respect to the ground state of the corresponding
system.

Atom ~state! Present Expt. value Ratio Difference Other calc.
calc. @Ref.# Ecalc/Eexpt Ecal2Eexpt @Ref.#

He(2s2) 56.54 57.64@9# 0.981 21.10 57.85@26#

He(2p2) 58.15 58.30@9# 0.997 20.15 58.32@27#

Li(1s2s2) 55.69 56.35@10# 0.988 20.66 56.32@28#

F(1s22s2p6) 18.34 20.99@12# 0.874 22.65 20.68@30#

Ne(2p43p4s) 52.66 53.68@13# 0.981 21.02
Ne(2p43p5s) 54.02 54.73@13# 0.987 20.71
Ne(2s2p63p) 41.75 45.55@14# 0.917 23.80 46.25@5#

Ne(2s2p64p) 43.38 47.12@14# 0.921 23.74 47.40@5#

Ne(2s2p65p) 44.05 47.69@14# 0.924 23.64 47.81@5#

*Present address: Department of Physics, Middle East Technical University, 06531 Ankara, Turkey.
2490 ©1999 The American Physical Society



lc.

PRA 59 2491BRIEF REPORTS
TABLE II. Same as Table I for some neutral atoms withZ>12.

Atom ~state! Present Expt. value Ratio Difference Other ca
calc. @Ref.# Ecalc/Eexpt Ecalc2Eexpt @Ref.#

Mg(2p53s24s) 54.83 54.81@15# 1.000 10.02
Mg(2p53s23d) 55.78 55.49@15# 1.005 10.29
Mg(2p53s3p2) 56.27 54.96@15# 1.024 11.31
Al(3s3p3d) 8.22 8.43@16# 0.975 20.21 8.03@31#

Cl(3s3p54p) 22.82 22.20@17# 1.028 10.62
Cl(3s3p55p) 24.21 23.35@17# 1.037 10.86
Cl(3s23p34s2) 23.37 22.12@18# 1.057 11.25
Cl(3s23p33d4s) 23.99 23.03@18# 1.042 10.96
Ar(3s3p64p) 27.38 26.61@19# 1.029 10.77 26.85@5#

Ar(3s3p65p) 28.81 27.99@19# 1.029 10.82 28.12@5#

Ar(3s3p66p) 29.43 28.51@19# 1.032 10.92 28.53@5#

Cu(3d94s5s) 8.67 7.80@20# 1.112 10.87
Kr(4s4p65p) 25.91 24.99@22# 1.037 10.92 25.20@5#

Kr(4s4p66p) 27.26 26.31@22# 1.036 10.95 26.45@5#

Sr(4d5d) 6.14 6.37@23# 0.964 20.23
Ag(4d95s2) 4.35 3.75@24# 1.160 10.60
Xe(4d95s25p66p) 66.02 65.11@25# 1.014 10.91
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the exchange-correlation energy of the electrons. The t
energy can be determined from the self-consistent resu
charge density as

E@r#5(
s,i

«s,i2E r~r !r~r 8!

ur2r 8u
d~r !d~r 8!1Exc@rs#

2(
s

E vxc
s ~r !rs~r !d~r !. ~5!

The local-spin-density approximation has been used for
exchange-correlation energy in the form due to Von Ba
and Hedin, and parametrized by Janak@7#:

vxc
s ~r !5

dExc

drs~r !
, ~6!

where the functionalExc@r# is defined as
al
nt

e
h

Exc@r#5(
s

E rs~r !«xc
s
„r~r !…dr . ~7!

As is normally done in this approach, the spin states
defined by the large components only. We have divided
electrons in two groups, labeled bys. If we use the potential
for s511 we solve the Dirac equations and choose
large component to be spin up. Similarly, fors521 we
choose spin down. The small components will have a m
ture of both spins, but the effects of this spin mixing a
small compared with the energy differences we are trying
obtain. In the calculations each occupied orbital is defined
an occupation number; in this work we only consider integ
occupation of states.

Since Hund’s second rule is not obeyed in the local-sp
density approximation, it is not possible to determine t
term values of the electron configuration exactly. Calcula
energies correspond to a spherical average of the low-ly
terms of each configuration. This is the main source of er
c.
TABLE III. Same as Table I for some positive ions.

Atom ~state! Present Expt. value Ratio Difference Other cal
calc. @Ref.# Ecalc/Eexpt Ecalc2Eexpt @Ref.#

Li1(2s2) 71.70 70.62@10# 1.015 11.08 70.58@29#

B21(1s2s2) 191.05 19360.5 @11# 0.990 21.95 192.70@11#

B21(1s2s2p) 191.70 19561 @11# 0.983 23.30 194.75@11#

O51(1s2s2) 547.49 55161.5 @11# 0.994 23.51 551.45@11#

O51(1s2s2p) 548.55 55663 @11# 0.987 27.45 555.23@11#

N41(1s2s2) 408.21 41161 @11# 0.993 22.79 410.68@11#

N41(1s2s2p) 409.13 41562 @11# 0.986 25.87 413.59@11#

F61(1s2s2) 707.27 71161 @11# 0.995 23.73 710.31@11#

F61(1s2s2p) 708.48 71662 @11# 0.989 27.52 714.07@11#

Cu181(2p53p4p) 1350.44 1337.59@21# 1.010 112.85
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in our calculations. The aim of this study is to investiga
how large these errors are.

Comparisons of the present calculations with the availa
experimental values and some other available calculat
for the same configurations for the AI states of some neu
atoms are given in Table I for the elements withZ<10, and
in Table II for the elements withZ>12. A similar compari-
son for some positive ions is given in Table III. Only on
example is chosen both from experimental values and o
calculations. The energy differences of the states (1s2l3l 8)
and (1s2s2p) in three-electron ions are compared with e
perimental values and perturbation theory calculations
Table IV. A comparison of the present calculations with th
of the complex-rotation method@8# for (1s2s2p) states in
lithiumlike ions is given in Table V.

From the data given in Table I one can see that the tim
independent DFT calculations predict the energy position
the AI states reasonably well for low-lying states, which a
located just above the first ionization threshold. For the n
tral atoms with nuclear charge less than 11 the relative e
~as compared to the experimental values! is within 2% for
valence electron excitations. For core electron excitatio
however, the error increases up to 8%. The largest rela
error (13%) is in the F(1s22s2p6) system, which has a hol
in the inner subshell of the outhermost shell. For these at
all calculated values are smaller than the corresponding
perimental values.

From the data for the neutral atoms with nuclear cha
larger than 11, given in Table II, one can see that the pre
calculations predict the energy positions of the AI states r
sonably well again for low-lying states. The relative err
~again compared to the corresponding experimental val!
for this group of elements is within 4%, except for Cu a
Ag. Almost all calculated values are larger than the cor
sponding experimental values for this group of atoms, exc
for Al and Sr.

From the data given in Table III for the positive ions, o
can see that the agreement of the present results and
experimental values is even better. The relative error
within 1%. Almost all calculated values are smaller than
corresponding experimental values, except for Li1 and
Cu181 ions.

The agreement in the results of the present calculation

TABLE IV. Comparison of energy differences between the
states (1s2l3l 8) and (1s2s2p) in three-electron ions. Energies a
in eV. ~a! represents the difference between the states (1s2s3d)
and (1s2s2p), ~b! represents the difference between the sta
(1s2p3p) and (1s2s2p).

Ion Present Expt. value Ratio Difference Other ca
calc. @32# Ecalc/Eexpt Ecalc2Eexp @33#

C31(a) 42.85 43.73 0.980 20.88 43.71
C31(b) 46.43 47.65 0.974 21.22 47.63
N41(a) 62.95 64.12 0.982 21.17 64.12
N41(b) 67.23 68.74 0.978 21.51 68.72
O51(a) 86.83 88.32 0.983 21.49 88.33
O51(b) 91.83 93.61 0.981 21.78 93.60
F61(a) 114.49 116.95 0.979 22.46 116.33
F61(b) 120.24 122.34 0.983 22.10 122.29
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that of the complex-rotation method for the AI sta
(1s2s2p) in lithiumlike ions given in Table IV is good.
Differences of the two calculations increase as the nuc
charge increases. The present results are slightly higher
that of the complex-rotation calculation results. The diffe
ences are within the 1% range.

The energy differences between the resonance st
(1s2l3l 8) and (1s2s2p) in three-electron ions given in
Table V are calculated within 2% error with the correspon
ing experimental values. The present results are smaller
the experimental values.

From the results presented in this work one concludes
the energy positions of the AI states and energy differen
between resonance states for neutral atoms and positive
can easily be predicted with an error of a few percent b
simple and quick calculation. The present method take
most 1 minute CPU time on an IBM-RISC/6000 workstatio
Other methods require a much larger computational effor
comparison to the present method. Of course, the qualit
the results calculated by these other methods is much be
They describe the physics of the many-body effects in m
greater detail, which is essential for our basic understand
of the electronic structure of atoms. In the local-density a
proximation these many-body effects are included only in
approximate way. In this paper we have investigated the
sultant errors in the energy of AI states. Whether the err
reported in this paper are large or small depends on the
text in which they are needed. Our only conclusion is tha
for a given application the errors reported in this paper
considered to be small DFT is useful. In such cases the ti
independent form of DFT can easily be applied to atom
systems for predicting the approximate excitation energ
needed in, e.g., experiments studying collisions of atoms

One of the authors~Ş.E.! would like to thank the Depart-
ment of Physics, OSU for the hospitality of his stay during
sabbatical leave, and TUBITAK~Turkey! for providing the
financial support.
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TABLE V. Comparison of the present calculations with that
the complex-rotation method@8# for (1s2s2p) states in lithiumlike
ions. Values are absolute energies in hartree units.

Z Present calc. Other calc. Ratio Difference
(EPC) (EOC) EPC/EOC EPC2EOC

3 25.29832 25.36848 0.98693 0.07016
4 29.95118 210.06848 0.98835 0.11730
5 216.10515 216.27246 0.98972 0.16731
6 223.76099 223.98006 0.99086 0.21907
7 232.91994 233.19201 0.99180 0.27207
8 243.58348 243.90953 0.99257 0.32605
9 255.75332 256.13421 0.99321 0.38089
10 269.43134 269.86794 0.99375 0.43660
11 284.61967 285.11274 0.99421 0.49307
12 2101.32063 2101.87104 0.99460 0.55041
13 2119.53679 2120.14537 0.99493 0.60858
14 2139.27090 2139.93863 0.99523 0.66772
15 2160.52599 2161.25386 0.99549 0.72787
16 2183.30528 2184.09438 0.99571 0.78909
17 2207.61227 2208.46370 0.99592 0.85143
18 2233.45065 2234.36559 0.99610 0.91493
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