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Photoabsorption spectra of | and its ions in the 4l region
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We have studied thedtphotoabsorption process of I | 12", and F* 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 thed4giant 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 thd photoabsorption spectrum of thé lon is almost the same as
that of the neutral | atom, and that in moving from | f Ithe 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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[. INTRODUCTION the 4d giant resonance must thoroughly take into account the
electron-electron dynamic correlation. Moreover, the extent

The 4d giant resonance seen in the photoabsorption sped® Which the giant resonance appears in the spectrum de-
tra of rare-gas atoms and their ions have long been a subjeBgnds on the electron-nucleus Coulombic interaction and
of interest in atomic physickl—3]. In particular, the | atom €lectron-electron correlation. In fact, it is known that increas-

and its ions have lately attracted much attention. This interedfd the degree of ionization obscures the giant resonance
stems from the fact that in the Periodic Table, | is positionedf€Ct Py inducing an “orbital collapse” of thépartial wave

next to Xe, an atom for which giant resonance process 8], and. hence for highly charged_mns their spectrum IS

have been well studied. Although some theoretical and excharacterized by sharp resonance lines rather than a giant

perimental work has been done on | and its ions, there harsesonanceilo,l]]. This tendency was also conflrmeqlln the
: current calculated spectra for I} | 12*, and B*. In addition,

been considerable disagreement between theory and expe(E'énvoluting our calculated results fof land P* using the

ment._Recent work on | has included a theoretlca_l attempt b}éxperimental energy resolution employed in the most recent
Amusiaet al. [6] to calculate the @ photoabsorption €ross o, nerimental work7] yielded excellent agreement between
section of the | atom and its ions using the random-phasg,e two. The theoretical spectra also revealed some spectral
approximation with exchang@kPAE). They noted that their  |ines unresolved in the experiment. Theoretically, our results
cross-section values were three times larger than previoygpresent an improvement over the previous theoretical cal-
experimental values obtained through normalization of relagylations done employing RPAEB]. In particular, RPAE

tive cross-section measurements by O'Sulliedral. [5] and  overestimates the cross-section values by about 30—40 %,
Nahonet al.[4]. The most recent experiment due to Kjeldsenwhereas our calculations give cross-section values well
et al. [7], however, measured the absolute photoabsorptiomithin the error range of the experiment. We will give a brief
cross section of the same species and obtained results thdgscription of our theoretical method in Sec. Il, and present
suggest that theoretical calculations are 30—40 % too largeur results and a discussion in Sec. Ill.

This work attempts to clarify this discrepancy by calculating

the cross section of | and its ions by invoking linear-response Il. THEORETICAL METHOD

theory and density-functional theory, butimproves upon €on- 1 theoretical method used in the present calculation fol-
ventional implementations of those theories by using an opp, s that employed in Ref12]. In particular, we stress that
timized effective potential and incorporating a  self- o method improves upon other density-functional ap-
interaction correction. Henceforth, we shall refer to this,.,aches in that it uses an optimized effective potential and
approach as the time-dependent local-density spin a|O|0roxfrz1corporates a self-interaction correction. Given an initial
mation with an optimized effective potential and self- ga1/js) and a final statéjs) wheresis the spin indexspin
interaction correctiofiTDLSDA/OEP-SIQ. The justification up 1 or spin down|), the photoabsorption cross section from

for this approach comes from the theoretical understandingne state to the other can be expressed ic unitss
that the giant 4 photoabsorption cross section for rare-gas_ m_e_ 1 gre ysed throughout unless explicitly stated oth-
atoms is due to the electron-electron dynamic correlation angrwise

the double-well potential for the findlpartial wave[3,8,9.

Hence, any approach that hopes to reproduce successfully 2w 272 o
ois(w) = ?TnisZ (1—no)ljs]rlis)]
js
*Email address: domondon@icu.ac.jp X 6(w—ejsteis), (1)
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where |is) and |js) are the solutions of the one-electron A sch s,
Schralinger-like equation 5P(r-w):25 JXS (r,r @)V (r',w)d°r

1
[— 5 VZHVE () | io(1) = eihs(1), @ =3 opr.0). @)

HereVe"(r) is a spin-dependent effective potential. The finalWe use the IPA potential obtained from the density-
states are unbound solutions of Eg) with € replaced by functional theory with an optimized effective potential and a
1k2 wherek is the photoe|ectr0n momentum ang andnJ self-interaction COfrectiOlﬁlg,Zq. With such an IPA poten-
are the occupation number of the initial and final states, retial, V§<(r,) can be expressed as

spectively. This type of independent-particle approximation

(IPA) does not take into account the electron dynamic corre- scr Sp(r', )

lation. Consequently, the calculated photoabsorption cross V(o) =V¥(r,o j—,

section near the giant resonance cannot fully reproduce the r=r’|

experimental observationsl3]. Moreover, the IPA model V,o(T)

does not take into account the interaction between the pho- xd3’ + Ipa(1) Ipo(r)ﬁps(r w). (8

toexcitation and the photoabsorption from different shells.
One way to take into account the dynamic electron correla-
tion ignored in the IPA model is to invoke linear density-
response theorj13—17. In particular, linear response den-
sity theory allows one to incorporate the effect of a wea
time-dependent perturbation field on the electron density.
The frequency-dependent induced densjtyr, w) can be
obtained by the Fourier transformation of the time-dependent

Here p,(r) is the ground-state electron density. The normal
procedure is to solve Eq$7) and (8) iteratively until con-
vergence is reached. An alternative and simpler procedure,
however, can be obtained by substituting Ef.into Eq.(8)

to get

SCF, ’
field-induced densityp(r,t): ViTine) | [Ve(r,e) +f Kyp(r.r ) Ky (rr’)
VfCF(r,w) Ve(r, w) Kio(r,r') K (r,r’)
1 (= .
Sp(r,w)= Ef Sp(r,t)e'“tdt. 3 vSCF ro)l
- VSCFI’ (l)) d r ' (9)
The induced density is related to an external field by with
5p(r,w)=fX(r,r’,w)VeXt(r’,w)d3r’, (4 X'TPA oy
K (r,r')= |
where x(r,r’,w) is the frequency-dependent susceptibility
and 3. xc(T) IPA
xd°r"+ = X7 (r,r' o),
Vext( ) (5) apT(r) Po(r)
ro)=z
IPA/ 1 1
is the dipole external field. The susceptibility can be deter- K (r r,):J' x| (')
mined by means of the first-order time-dependent perturba- Wb [r—r"|
tion theory[18] and expressed in terms of the eigenfunctions
{¢is(r)} and eigenvaluese;s} of the solutions of Eq(2) as P V(1) IPA(I, o),
ap (1)
o PN Bis(N Bis(r ) Pl(r) Pol!)
(rr',0)= 2 (Nig=njs) .
is,js w_(8j5_8i5)+|77 IPA %
(6) N — (r r 'w) 3pn
Ky(rr’)= W r,
Herei 7 is an imaginary infinitesimal used to ensure the out-
going wave boundary condition. Note that thecan also be IPA(r )

treated as the experimental energy resolution with the K”(r,r/):f—d%"_ (10)
Lorentzian line profile. The summation ovieaindj runs over [r—r"|

all the bound and continuum states. Since the change of the

electron density will result in a local field correction, the The integral equatiori9) can now be rewritten as a linear
effective field or self-consistent fieltSCPH VSf(r,w) can  equation, from whichv:“(r,w) can be readily solved by
be obtained by replacing E¢4) with discretrization of ther space. Substituting the results of
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VEH(r, ) into Eq.(7), we obtain the induced charge density — for E>0 or the decaying behavior solution s> for

8p(r,w). Finally, the cross section can be obtained by theE<0. W[j;,h] is the Wronskian of(r) andh,(r). With
well-known relationship the calculated Green’s functions, we can construct the sus-

ceptibility from Eq. (13). Once the susceptibility is deter-

4w mined, the self-consistent-fieM>C" is obtained by the solu-
o(w)= c Im[a(w)], (1D tion of Eq. (9 and the cross section can be calculated by
Egs. (11) and (12). The linear-response method is usually
wherea(w) is the dynamical polarizability given by referred to as d@ime-dependentechnique. If we us&/ExT
instead ofVS¢Fin Eq. (12), we reproduce the cross-section
_ ex PA, . ., SCF expression for the independent-particle approximation. The
a(w)= Zs ffv ()" (11", @)Vs independent-particle approximation, E@), will be referred
s to as thetime-independennethod since it does not take into
X(r' w)d>rdr’, (12 account time-dependent field-induced density.
The key issue here is how to calculate the susceptibility Il RESULTS AND DISCUSSION

based on the IPA potential. Since the susceptibility can be
written as a summation over all the orbits, we can calculate
the contributions of the susceptibility by the Green'’s function
method as discussed in REL3]. First we rewrite Eq(6) as

Using the theoretical machinery outlined in the previous
section, we calculated the photoabsorption cross section for
[,17, 12", and P* between 60 and 130 eV. This energy range

IPA was used to enable comparison to Amusial’s [6] RPAE

Xs (1) results and Kjeldsens7] experimental results. For all of the
is(1) js(r) dis(r) is(r") species of interest here, this range was sufficient in examin-
:isjs is w— (85— i)+ ing the giant resonance from thed¥5d" initial state.
’ Though Kjeldsenet al. include data for below 60 eV, this
¢?;(f)¢js(f)¢is(f')¢fs(f’) range was not included in the present calculations. This is
_iSZJS Njs o—(eo—e) F17 because the larged4d—5p peak in that region is a transition

to an occupied state which is a type of transition not well-

bis(N P suited to treat by the current method. Such transitions are
better treated by multiconfiguration Dirac-Fock methods,

whereas the strength of the current method rests in its ability

=2 M1 2

w_(8j3_8i3)+i Y

(1) bis(r') to reproduce accurately transitions to the continuum. More
+ 2 Nigis(NPi(r) > — 1~ importantly, the exclusion of these low excitedi®d""*
is s 0= (gjs—8is) ~17 states does not invalidate comparison to experimental results
because the experiments are also concerned with single-
Ez Nis (1) dis(r'G(r,r’;o+eis+in) photon processes. Consequently, two-photon processes such
1S

as a 41— 5p transition followed by a transition to the con-
tinuum are not considered here. The current calculations do,
+2 Nis@is(r) re(r')G* (1,1 ;eis—w+in) however, incorporate all single-photon processes from the
s 4d and 5 channels. In addition, since the current calcula-
(13)  tions were nonrelativistic, to compare with experimental re-
sults, the main peak of the theoretical spectra was matched
and then expand the Green’s function in terms of sphericalith the corresponding main peak in the experimental spec-
harmonics, tra. Also, the spectra for'land F* were shifted by 1.15 eV
and 2.16 eV, respectively. Unless otherwise noted, the theo-
roEy . . ~ retical spectra have been convoluted with a 400 meV Lorent-
G(r,r ,E)—g YE(NDGL(r,rBE)Y ('), (149 Jian funlztion.
Figure 1a) shows the photoabsorption cross section for
whereL is a compact notation for the angular momentumthe I ion calculated by the LSDA/OEP-SIC method and
guantum numbersl,m. The radial Greens's function TDLSDA/OEP-SIC. It should be clear from the plots that the

G, (r,r’;E) can be determined by LSDA/OEP-SIC method is not as successful as the TDLSDA
) method in reproducing the giant resonance. The LSDA/OEP-
G (1 E)= Ji(ro)hy(r=) (15 SIC not only overestimates the size of the resonance but also

S Wj,.h1 fails to yield cross-section values that are similar in magni-

tude to those obtained by the TDLSDA/OEP-SIC method.
wherer _(r-) refers to the smalleflargen distance of and  This finding is consistent with the other studies that have
r’. ji(r) is the partial wave solution of E§2) with energyE  compared the success of LSDA/OEP-SIC against TDLSDA/
and satisfies the proper boundary condition at the originOEP-SIC[21]. Hence, this result also underscores the point
Similarly, h(r) is the partial wave solution of Eq2) with  that the giant resonance itself is due to the dynamic electron
energyE and satisfies the outgoing boundary conditiorr as correlation and its reproduction depends crucially on incor-
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FIG. 3. Photoabsorption spectra f@) 1°* ions and(b) I°*

FIG. 1. (a) Photoabsorption cross sections af électrons from  jons. Experimental spectra are from Kjeldsetral. [7]. In (a), the
I ions using LSDA/OEP-SIC and TDLSDA/OEP-SI(®) Calcu-  theoretical spectra have been shifted upward by 15 Mb.
lated photoabsorption cross sections fof |17, 12*, and B*. Each
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(b), each successive theoretical spectrum has been shifted upward

by 10 Mb and 7 Mb, respectively.
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FIG. 2. Photoabsorption spectra f@ | atoms andb) I* ions.
The experimental spectra are from Kjeldstral. [7].
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100. mev anq 400 meMtb) enlargement. of the 68 eV 1o 85 eV into its 4ds, and 4d5,, components(b) Spectral assignments for the
region. Experimental spectra are from Kjeldstral.[7]. In (a) and I ion spectra. Thd-only spectrum has been shifted upward by

(b), each successive theoretical spectrum has been shifted upwa{ti Mb
by 30 Mb. '

25 . . r r T T
porating this effect. Figure(h) provides an overview of how @ 32;5 -------
the photoabsorption spectrum changes with an increase in
the atom’s degree of ionization. With higher degrees of ion-
ization, the shape of the atom’s photoabsorption spectra al-
ters from one characterized by a giant resonance to one char-
acterized by sharp discrete lines.

Figures 2 and 3 present the spectra for'|, P, and ™.
For species for which experiments have been conducted, our
cross-section values agree well with the corresponding ex-
perimental data. In particular, Fig(& indicates the largest
photoabsorption cross section for | at about 91 eV. This is in
agreement with the relative cross-section values obtained by
Nahon[4]. Figure Zb) shows our cross section values for |
together with the absolute experimental values obtained by
Kjeldsenet al. [7]. Figure 3a) shows our cross section for
I>* against their value$§7]. In both cases, our values fall
well within the range of experimetal err¢l0—15% that
Kjeldsenet al. give for their experimenf7]. Moreover, our
results suggest that the cross-section values obtained by
Amusia et al. [6] using RPAE overestimates the cross-
section values by about 30—40 %.

Figure 4 shows the experimental bpectra[7] together
with results of convoluting the theoretical spectra with 100
meV and 400 meV Lorentzian functions. Figure 5 shows the
same data for the2T ion. In addition to the excellent agree- FIG. 7. (a) Decomposition of the photoabsorption spectrazﬁf |
ment in magnitude and line shape of the theoretical and exnto its 4ds;, and 4ds, components(b) Spectral assignments for the
perimental spectra for both ions, the theoretical spectra sug2* ion spectra. Thd-only spectrum has been shifted upward by
gest that for both ions the experimental resolution may haves Mb.

Cross section (Mb)

60 70 80 90 100 110 120 130
Photon Energy (in eV)
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been insufficient to resolve some of the discrete lines. Thisn the figure$ were assigned in the systematic manner out-
discrepancy is especially clear from Figgbpand 5b). In  lined here. Using the formalism described in the theoeretical
particular, for I the theoretical spectrum employing 100 section, the d ionization thresholds for‘l and F* were
meV resolution indicates the existence of at least 7 peakfound to be approximately 71.1 eV and 80.5 eV, respectively.
between the 64—72 eV energy range, whereas the experi- Figure Ga) shows the decomposition of the photoabsorp-
mental spectra resolve clearly only two of these peaks. Fation spectra of T into its 4ds;, and 4ds;, components. Figure
1% the theoretical spectrum employing a 100 meV resolu6(b) shows the theoretical spectra for tonsidering thef
tion indicates the existence of at least eight peaks betweeandp partial wave contributions and the spectra due tofthe
the 70-80 eV range, but the experimental spectra resolvpartial wave alone. Using Figs(& and @b) together en-
clearly only four of these peaks. Though the experiment emabled determination of all the peaks seen in the theoretical
ployed a photon energy resolution that decreased at a rate spectra of T. Fig. 7 shows the same information as Fig. 6
E52 starting with 100 meV at 45 eV, these discrepanciesut for the P* ion. As seen in Fig. (&), decomposing the
suggest the need for an experiment employing a finer resghotoabsorption spectra of'l into its 4ds, and 4ds, com-
lution. Moreover, it should also be noted that the jaggednesponents yielded the expected monotonic decrease in peak
of the broad resonance seen in the experimental spectra is natensity in moving from the # to 6f peaks. Figures (8
reproduced in the theoretical spectra. This is because thend 4b) together also bring attention to the fact that the
jaggedness is partly due to multiple small transition probabil4ds,—5f peak and the d5,,— 6f peak are in the same po-
ity channels that are not considered in the current calculasition. This accounts for the five rather than the expected six
tion. peaksf peaks that one might expect due to the splitting of the
In addition to comparing the magnitude and shape of thetf, 5f, and & peaks. A similar situation is seen with regard
theoretical spectra to the experimental spectra, the spectrad the 4d;,—6p peak because thed4,,— 6p peak is in the
peaks were also identified. The assignments were made usisgme position as the much largeds— 4f peak. Hence,
a two-step process. First, the fine-structure splitting, whichthis accounts for why only thedi,— 6p peak is immedi-
was calculated using relativistic DHR2], was taken into ately identifiable from the splitting of thed4—6p peak.
account by separating the spectra into its4 and 4dg, In summary, we have calculated the photoionization
components. Fot* and 12" the fine-structure splitting was cross-section d electrons for I, T, 12*, and F* between 60
found to be 1.85 eV and 1.86 eV, respectively. Second, thand 130 eV using linear density-response theory and density-
same spectra were split into transitions to fhstates and functional theory with an optimized effective potential and
transitions tof states. In practice, contributions fostates self-interaction correction. Our results are in good agreement
alone were calculated by closing all transition channelg to with experiment and thereby suggest that the RPAE results
states. Transitions to states were determinied by comparing overestimate the cross sections by 30—40 %. In addition, the
the full spectra p+f) against thef-only spectra. Hence, peaks in the theoretical spectra 6fand P were identified.
lines present in the former but not in the latter were deducedFinally, the presence of some peaks in the theoretical spectra
as transitions to @ state. In this manner, any sharp peaksthat were absent in the corresponding experimental spectra
appearing before theddionization thresholddenoted by IP  suggests the need for a higher-resolution experirf@3it
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