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Photoabsorption spectra of I and its ions in the 4d region
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~Received 2 February 2001; published 22 February 2002!

We have studied the 4d photoabsorption process of I, I1, I21, and I31 by using linear density-response
theory together with density-functional theory to take into account the dynamic electron correlation, which is
crucially important in reproducing the 4d giant resonance. The current approach, however, differs from pre-
vious approaches of this type in that we use an optimized effective potential and explicitly incorporate a
self-interaction correction. We found that the 4d photoabsorption spectrum of the I1 ion is almost the same as
that of the neutral I atom, and that in moving from I to I31 the spectrum changes from one notably charac-
terized by a giant resonance into one with multiple sharp peaks. Convoluting the spectra with the experimental
energy resolution yielded spectra in excellent agreement with absolute experimental photoabsorption cross-
section spectra. Moreover, our results showed better agreement with experiment than earlier theoretical studies.
In addition, increasing the energy resolution revealed peaks not observed in the experimental spectra.
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I. INTRODUCTION

The 4d giant resonance seen in the photoabsorption sp
tra of rare-gas atoms and their ions have long been a su
of interest in atomic physics@1–3#. In particular, the I atom
and its ions have lately attracted much attention. This inte
stems from the fact that in the Periodic Table, I is position
next to Xe, an atom for which giant resonance proces
have been well studied. Although some theoretical and
perimental work has been done on I and its ions, there
been considerable disagreement between theory and ex
ment. Recent work on I has included a theoretical attemp
Amusia et al. @6# to calculate the 4d photoabsorption cros
section of the I atom and its ions using the random-ph
approximation with exchange~RPAE!. They noted that their
cross-section values were three times larger than prev
experimental values obtained through normalization of re
tive cross-section measurements by O’Sullivanet al. @5# and
Nahonet al. @4#. The most recent experiment due to Kjelds
et al. @7#, however, measured the absolute photoabsorp
cross section of the same species and obtained results
suggest that theoretical calculations are 30–40 % too la
This work attempts to clarify this discrepancy by calculati
the cross section of I and its ions by invoking linear-respo
theory and density-functional theory, but improves upon c
ventional implementations of those theories by using an
timized effective potential and incorporating a se
interaction correction. Henceforth, we shall refer to th
approach as the time-dependent local-density spin appr
mation with an optimized effective potential and se
interaction correction~TDLSDA/OEP-SIC!. The justification
for this approach comes from the theoretical understand
that the giant 4d photoabsorption cross section for rare-g
atoms is due to the electron-electron dynamic correlation
the double-well potential for the finalf partial wave@3,8,9#.
Hence, any approach that hopes to reproduce success
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the 4d giant resonance must thoroughly take into account
electron-electron dynamic correlation. Moreover, the ext
to which the giant resonance appears in the spectrum
pends on the electron-nucleus Coulombic interaction
electron-electron correlation. In fact, it is known that increa
ing the degree of ionization obscures the giant resona
effect by inducing an ‘‘orbital collapse’’ of thef partial wave
@3,8#, and hence for highly charged ions their spectrum
characterized by sharp resonance lines rather than a g
resonance@10,11#. This tendency was also confirmed in th
current calculated spectra for I, I1, I21, and I31. In addition,
convoluting our calculated results for I1 and I21 using the
experimental energy resolution employed in the most rec
experimental work@7# yielded excellent agreement betwee
the two. The theoretical spectra also revealed some spe
lines unresolved in the experiment. Theoretically, our res
represent an improvement over the previous theoretical
culations done employing RPAE@6#. In particular, RPAE
overestimates the cross-section values by about 30–4
whereas our calculations give cross-section values w
within the error range of the experiment. We will give a bri
description of our theoretical method in Sec. II, and pres
our results and a discussion in Sec. III.

II. THEORETICAL METHOD

The theoretical method used in the present calculation
lows that employed in Ref.@12#. In particular, we stress tha
the method improves upon other density-functional a
proaches in that it uses an optimized effective potential
incorporates a self-interaction correction. Given an init
stateu is& and a final stateu js& wheres is the spin index~spin
up↑ or spin down↓), the photoabsorption cross section fro
one state to the other can be expressed as~atomic units\
5m5e51 are used throughout unless explicitly stated o
erwise!

s is~v!5
2v

3

2p2

c
nis(

js
~12njs!z^ jsur u is& z2

3d~v2« js1« is!, ~1!
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where u is& and u js& are the solutions of the one-electro
Schrödinger-like equation

F2
1

2
“

21Vs
eff~r !Gf is~r !5« isf is~r !. ~2!

HereVs
eff(r ) is a spin-dependent effective potential. The fin

states are unbound solutions of Eq.~2! with e is replaced by
1
2 k2, wherek is the photoelectron momentum andnis andnjs
are the occupation number of the initial and final states,
spectively. This type of independent-particle approximat
~IPA! does not take into account the electron dynamic co
lation. Consequently, the calculated photoabsorption c
section near the giant resonance cannot fully reproduce
experimental observations@13#. Moreover, the IPA mode
does not take into account the interaction between the p
toexcitation and the photoabsorption from different she
One way to take into account the dynamic electron corre
tion ignored in the IPA model is to invoke linear densit
response theory@13–17#. In particular, linear response den
sity theory allows one to incorporate the effect of a we
time-dependent perturbation field on the electron density

The frequency-dependent induced densitydr(r ,v) can be
obtained by the Fourier transformation of the time-depend
field-induced densitydr(r ,t):

dr~r ,v!5
1

2pE2`

`

dr~r ,t !eivtdt. ~3!

The induced density is related to an external field by

dr~r ,v!5E x~r ,r 8,v!Vext~r 8,v!d3r 8, ~4!

where x(r ,r 8,v) is the frequency-dependent susceptibil
and

Vext~r ,v!5z ~5!

is the dipole external field. The susceptibility can be de
mined by means of the first-order time-dependent pertu
tion theory@18# and expressed in terms of the eigenfunctio
$f is(r )% and eigenvalues$e is% of the solutions of Eq.~2! as

xs
IPA~r ,r 8,v!5 (

is, js
~nis2njs!

f is* ~r !f js~r !f is~r 8!f js* ~r 8!

v2~« js2« is!1 ih
.

~6!

Hereih is an imaginary infinitesimal used to ensure the o
going wave boundary condition. Note that theh can also be
treated as the experimental energy resolution with
Lorentzian line profile. The summation overi andj runs over
all the bound and continuum states. Since the change o
electron density will result in a local field correction, th
effective field or self-consistent field~SCF! Vs

SCF(r ,v) can
be obtained by replacing Eq.~4! with
03271
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dr~r ,v!5(
s
E xs

IPA~r ,r 8,v!Vs
SCF~r 8,v!d3r 8

5(
s

drs~r ,v!. ~7!

We use the IPA potential obtained from the densi
functional theory with an optimized effective potential and
self-interaction correction@19,20#. With such an IPA poten-
tial, Vs

SCF(r ,v) can be expressed as

Vs
SCF~r ,v!5Vext~r ,v!1E dr~r 8,v!

ur2r 8u

3d3r 81
]Vxc~r !

]rs~r !
uro(r )drs~r ,v!. ~8!

Herero(r ) is the ground-state electron density. The norm
procedure is to solve Eqs.~7! and ~8! iteratively until con-
vergence is reached. An alternative and simpler proced
however, can be obtained by substituting Eq.~7! into Eq.~8!
to get

FV↑
SCF~r ,v!

V↓
SCF~r ,v!

G5FVext~r ,v!

Vext~r ,v!
G1E FK↑↑~r ,r 8! K↑↓~r ,r 8!

K↓↑~r ,r 8! K↓↓~r ,r 8!
G

3FV↑
SCF~r 8,v!

V↓
SCF~r 8,v!

Gd3r 8, ~9!

with

K↑↑~r ,r 8!5E x↑
IPA~r 8,r 9,v!

ur2r 9u

3d3r 91
]Vxc~r !

]r↑~rW !
U

ro(r )

x↑
IPA~r ,r 8,v!,

K↓↓~r ,r 8!5E x↓
IPA~r 8,r 9,v!

ur2r 9u

3d3r 91
]Vxc~r !

]r↓~rW !
U

ro(r )

x↓
IPA~r ,r 8,v!,

K↑↓~r ,r 8!5E x↓
IPA~r 8,r 9,v!

ur2r 9u
d3r 9,

K↓↑~r ,r 8!5E x↑
IPA~r 8,r 9,v!

ur2r 9u
d3r 9. ~10!

The integral equation~9! can now be rewritten as a linea
equation, from whichVs

SCF(r ,v) can be readily solved by
discretrization of ther space. Substituting the results o
8-2
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PHOTOABSORPTION SPECTRA OF I AND ITS IONS . . . PHYSICAL REVIEW A 65 032718
Vs
SCF(r ,v) into Eq.~7!, we obtain the induced charge dens

dr(r ,v). Finally, the cross section can be obtained by
well-known relationship

s~v!5
4pv

c
Im@a~v!#, ~11!

wherea(v) is the dynamical polarizability given by

a~v!52(
s
E E Vext~r ,v!xs

IPA~r ,r 8,v!Vs
SCF

3~r 8,v!d3r d3r 8. ~12!

The key issue here is how to calculate the susceptib
based on the IPA potential. Since the susceptibility can
written as a summation over all the orbits, we can calcu
the contributions of the susceptibility by the Green’s functi
method as discussed in Ref.@13#. First we rewrite Eq.~6! as

xs
IPA~r ,r 8,v!

5 (
is, js

nis

f is* ~r !f js~r !f is~r 8!f js* ~r 8!

v2~« js2« is!1 ih

2 (
is, js

njs

f is* ~r !f js~r !f is~r 8!f js* ~r 8!

v2~« js2« is!1 ih

5(
is

nisf is* ~r !f is~r 8!(
js

f js~r !f js* ~r 8!

v2~« js2« is!1 ih

1(
is

nisf is~r !f is* ~r 8!(
js

f js* ~r !f js~r 8!

v2~« js2« is!2 ih

[(
is

nisf is* ~r !f is~r 8!G~r ,r 8;v1« is1 ih!

1(
is

nisf is~r !f is* ~r 8!G* ~r ,r 8;« is2v1 ih!

~13!

and then expand the Green’s function in terms of spher
harmonics,

G~r ,r 8;E!5(
L

YL* ~ r̂ !GL~r ,r 8;E!YL~ r̂ 8!, ~14!

where L is a compact notation for the angular momentu
quantum numbersl ,m. The radial Greens’s function
GL(r ,r 8;E) can be determined by

GL~r ,r 8;E!5
j l~r ,!hl~r .!

W@ j l ,hl #
, ~15!

wherer ,(r .) refers to the smaller~larger! distance ofr and
r 8. j l(r ) is the partial wave solution of Eq.~2! with energyE
and satisfies the proper boundary condition at the orig
Similarly, hl(r ) is the partial wave solution of Eq.~2! with
energyE and satisfies the outgoing boundary condition ar
03271
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→` for E.0 or the decaying behavior solution asr→` for
E<0. W@ j l ,hl # is the Wronskian ofj l(r ) and hl(r ). With
the calculated Green’s functions, we can construct the s
ceptibility from Eq. ~13!. Once the susceptibility is deter
mined, the self-consistent-fieldVSCF is obtained by the solu-
tion of Eq. ~9! and the cross section can be calculated
Eqs. ~11! and ~12!. The linear-response method is usua
referred to as atime-dependenttechnique. If we useVEXT

instead ofVSCF in Eq. ~12!, we reproduce the cross-sectio
expression for the independent-particle approximation. T
independent-particle approximation, Eq.~1!, will be referred
to as thetime-independentmethod since it does not take int
account time-dependent field-induced density.

III. RESULTS AND DISCUSSION

Using the theoretical machinery outlined in the previo
section, we calculated the photoabsorption cross section
I, I1, I21, and I31 between 60 and 130 eV. This energy ran
was used to enable comparison to Amusiaet al.’s @6# RPAE
results and Kjeldsen’s@7# experimental results. For all of th
species of interest here, this range was sufficient in exam
ing the giant resonance from the 4d105dn initial state.
Though Kjeldsenet al. include data for below 60 eV, this
range was not included in the present calculations. Thi
because the large 4d→5p peak in that region is a transitio
to an occupied state which is a type of transition not we
suited to treat by the current method. Such transitions
better treated by multiconfiguration Dirac-Fock method
whereas the strength of the current method rests in its ab
to reproduce accurately transitions to the continuum. M
importantly, the exclusion of these low excited 4d95dn11

states does not invalidate comparison to experimental res
because the experiments are also concerned with sin
photon processes. Consequently, two-photon processes
as a 4d→5p transition followed by a transition to the con
tinuum are not considered here. The current calculations
however, incorporate all single-photon processes from
4d and 5p channels. In addition, since the current calcu
tions were nonrelativistic, to compare with experimental
sults, the main peak of the theoretical spectra was matc
with the corresponding main peak in the experimental sp
tra. Also, the spectra for I1 and I21 were shifted by 1.15 eV
and 2.16 eV, respectively. Unless otherwise noted, the th
retical spectra have been convoluted with a 400 meV Lore
zian function.

Figure 1~a! shows the photoabsorption cross section
the I1 ion calculated by the LSDA/OEP-SIC method an
TDLSDA/OEP-SIC. It should be clear from the plots that t
LSDA/OEP-SIC method is not as successful as the TDLS
method in reproducing the giant resonance. The LSDA/OE
SIC not only overestimates the size of the resonance but
fails to yield cross-section values that are similar in mag
tude to those obtained by the TDLSDA/OEP-SIC metho
This finding is consistent with the other studies that ha
compared the success of LSDA/OEP-SIC against TDLSD
OEP-SIC@21#. Hence, this result also underscores the po
that the giant resonance itself is due to the dynamic elec
correlation and its reproduction depends crucially on inc
8-3
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FIG. 1. ~a! Photoabsorption cross sections of 4d electrons from
I1 ions using LSDA/OEP-SIC and TDLSDA/OEP-SIC.~b! Calcu-
lated photoabsorption cross sections for I2,I, I1, I21, and I31. Each
successive spectrum has been shifted upward by 25 Mb.

FIG. 2. Photoabsorption spectra for~a! I atoms and~b! I1 ions.
The experimental spectra are from Kjeldsenet al. @7#.
03271
FIG. 3. Photoabsorption spectra for~a! I21 ions and~b! I31

ions. Experimental spectra are from Kjeldsenet al. @7#. In ~a!, the
theoretical spectra have been shifted upward by 15 Mb.

FIG. 4. ~a! 4d photoabsorption spectra of I1 ions convoluted at
100 meV and 400 meV;~b! enlargement of the 62 eV to 74 eV
region. Experimental spectra are from Kjeldsenet al. @7#. In ~a! and
~b!, each successive theoretical spectrum has been shifted up
by 10 Mb and 7 Mb, respectively.
8-4
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PHOTOABSORPTION SPECTRA OF I AND ITS IONS . . . PHYSICAL REVIEW A 65 032718
porating this effect. Figure 1~b! provides an overview of how
the photoabsorption spectrum changes with an increas
the atom’s degree of ionization. With higher degrees of io
ization, the shape of the atom’s photoabsorption spectra
ters from one characterized by a giant resonance to one c
acterized by sharp discrete lines.

Figures 2 and 3 present the spectra for I, I1, I21, and I31.
For species for which experiments have been conducted
cross-section values agree well with the corresponding
perimental data. In particular, Fig. 2~a! indicates the larges
photoabsorption cross section for I at about 91 eV. This is
agreement with the relative cross-section values obtaine
Nahon@4#. Figure 2~b! shows our cross section values for I1

together with the absolute experimental values obtained
Kjeldsenet al. @7#. Figure 3~a! shows our cross section fo
I21 against their values@7#. In both cases, our values fa
well within the range of experimetal error~10–15 %! that
Kjeldsenet al. give for their experiment@7#. Moreover, our
results suggest that the cross-section values obtained
Amusia et al. @6# using RPAE overestimates the cros
section values by about 30–40 %.

Figure 4 shows the experimental I1 spectra@7# together
with results of convoluting the theoretical spectra with 1
meV and 400 meV Lorentzian functions. Figure 5 shows
same data for the I21 ion. In addition to the excellent agree
ment in magnitude and line shape of the theoretical and
perimental spectra for both ions, the theoretical spectra s
gest that for both ions the experimental resolution may h

FIG. 5. ~a! 4d photoabsorption spectra of I21 ions convoluted at
100 meV and 400 meV;~b! enlargement of the 68 eV to 85 eV
region. Experimental spectra are from Kjeldsenet al. @7#. In ~a! and
~b!, each successive theoretical spectrum has been shifted up
by 30 Mb.
03271
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FIG. 6. ~a! Decomposition of the photoabsorption spectra of1

into its 4d5/2 and 4d3/2 components.~b! Spectral assignments for th
I1 ion spectra. Thef-only spectrum has been shifted upward
12 Mb.

FIG. 7. ~a! Decomposition of the photoabsorption spectra of I21

into its 4d5/2 and 4d3/2 components.~b! Spectral assignments for th
I21 ion spectra. Thef-only spectrum has been shifted upward
15 Mb.
8-5
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A. T. DOMONDON AND X. M. TONG PHYSICAL REVIEW A65 032718
been insufficient to resolve some of the discrete lines. T
discrepancy is especially clear from Figs. 4~b! and 5~b!. In
particular, for I1 the theoretical spectrum employing 10
meV resolution indicates the existence of at least 7 pe
between the 64–72 eV energy range, whereas the ex
mental spectra resolve clearly only two of these peaks.
I21, the theoretical spectrum employing a 100 meV reso
tion indicates the existence of at least eight peaks betw
the 70–80 eV range, but the experimental spectra res
clearly only four of these peaks. Though the experiment e
ployed a photon energy resolution that decreased at a ra
E5/2 starting with 100 meV at 45 eV, these discrepanc
suggest the need for an experiment employing a finer re
lution. Moreover, it should also be noted that the jaggedn
of the broad resonance seen in the experimental spectra i
reproduced in the theoretical spectra. This is because
jaggedness is partly due to multiple small transition proba
ity channels that are not considered in the current calc
tion.

In addition to comparing the magnitude and shape of
theoretical spectra to the experimental spectra, the spe
peaks were also identified. The assignments were made u
a two-step process. First, the fine-structure splitting, wh
was calculated using relativistic DFT@22#, was taken into
account by separating the spectra into its 4d5/2 and 4d3/2
components. ForI 1 and I 21 the fine-structure splitting wa
found to be 1.85 eV and 1.86 eV, respectively. Second,
same spectra were split into transitions to thep states and
transitions tof states. In practice, contributions tof states
alone were calculated by closing all transition channels tp
states. Transitions top states were determinied by comparin
the full spectra (p1 f ) against thef-only spectra. Hence
lines present in the former but not in the latter were dedu
as transitions to ap state. In this manner, any sharp pea
appearing before the 4d ionization threshold~denoted by IP
s
. C

nd

:
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in the figures! were assigned in the systematic manner o
lined here. Using the formalism described in the theoeret
section, the 4d ionization thresholds for I1 and I21 were
found to be approximately 71.1 eV and 80.5 eV, respectiv

Figure 6~a! shows the decomposition of the photoabso
tion spectra of I1 into its 4d5/2 and 4d3/2 components. Figure
6~b! shows the theoretical spectra for I1 considering thef
andp partial wave contributions and the spectra due to thf
partial wave alone. Using Figs. 6~a! and 6~b! together en-
abled determination of all the peaks seen in the theoret
spectra of I1. Fig. 7 shows the same information as Fig.
but for the I21 ion. As seen in Fig. 7~a!, decomposing the
photoabsorption spectra of I21 into its 4d5/2 and 4d3/2 com-
ponents yielded the expected monotonic decrease in p
intensity in moving from the 4f to 6f peaks. Figures 7~a!
and 7~b! together also bring attention to the fact that t
4d3/2→5 f peak and the 4d5/2→6 f peak are in the same po
sition. This accounts for the five rather than the expected
peaksf peaks that one might expect due to the splitting of
4 f , 5f , and 6f peaks. A similar situation is seen with rega
to the 4d3/2→6p peak because the 4d3/2→6p peak is in the
same position as the much larger 4d5/2→4 f peak. Hence,
this accounts for why only the 4d5/2→6p peak is immedi-
ately identifiable from the splitting of the 4d→6p peak.

In summary, we have calculated the photoionizati
cross-section 4d electrons for I, I1, I21, and I31 between 60
and 130 eV using linear density-response theory and den
functional theory with an optimized effective potential an
self-interaction correction. Our results are in good agreem
with experiment and thereby suggest that the RPAE res
overestimate the cross sections by 30–40 %. In addition,
peaks in the theoretical spectra of I1 and I21 were identified.
Finally, the presence of some peaks in the theoretical spe
that were absent in the corresponding experimental spe
suggests the need for a higher-resolution experiment@23#.
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