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Sharp and window resonances in the 4d photoabsorption spectrum of Eu¿ ions
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We have studied the 4d photoabsorption process of Eu1 ions by the linear-density-response theory with the
density-functional theory and an optimized effective potential and self-interaction correction. Different from
the recent experimental observation, which found that the 4d photoabsorption spectrum of Eu1 ions is almost
the same as that of neutral Eu atoms, our calculated 4d photoabsorption spectrum of Eu1 ions shows many
sharp and window resonances, which do not appear in case of neutral Eu atoms. The discrepancies between the
experimental observation and our calculation are due to the experimental energy resolution. The convoluted
spectrum with the experimental energy resolution is in good agreement with the experimental observation.
Moreover, we predict the 4d photoabsorption spectra with several given energy resolutions, which call for a
further higher-resolution experiment.
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I. INTRODUCTION

The 4d giant resonance in photoionization process of r
gas has been interested in for a long time@1,2#. The broad
resonance of the 4d-photoionization cross section for rare
gas atoms can be explained being due to the elect
electron dynamic correlation and the double-well poten
for the final f partial wave@2,3#. Increasing the ionization
degree, the evolution of the giant resonance is explained
‘‘orbital collapse’’ of the f partial wave@2,4,5# and the reso-
nance structure disappears for highly charged ions@6,7#.
There are also many experimental studies@1,8–10# of the 4d
photoionization cross sections for rare-earth atoms.
shape of giant resonance of rare-earth atoms is different f
that of the rare-gas atoms due to the occupation of 4f elec-
trons. The giant-resonance shape of Eu atoms is a typ
example of the rare-earth atoms since the 4f orbit is half
filled. Experiments@8,10# show that the width of giant reso
nance for Eu atoms is narrower than that of the rare-
atoms and the line profile of the resonance is strongly as
metric, similar to the Fano profile@11# of the autoionization
state. Such features can be understood being due to a b
resonance of 4d spin-down electrons interaction with a sh
resonance~quasibound state! of 4d spin-up electrons@12# if
we fill all the 4f electrons in the spin-up state. Recent
experiment@10# shows that the 4d-giant resonance spectrum
of Eu1 ions is very similar to that of Eu atoms. Encourag
by our previous studies on Eu atoms@12#, we have investi-
gated the 4d photoabsorption spectrum of Eu1 ions. Surpris-
ingly, we found a lot of sharp resonances as well as wind
resonances in the 4d photoabsorption spectrum. By convo
luting our calculated results with the experimental ene
resolution, our results are in good agreement with the exp
ment in Ref.@10#. Several convoluted spectra have been p
sented to call for further experimental studies. To investig
the mechanism of the sharp and window resonances, we

*Email adddress: tong@hci.jst.go.jp
1050-2947/2001/64~3!/032716~6!/$20.00 64 0327
e

n-
l

by

e
m

al

s
-

ad
rp

,

w

y
ri-
-

te
ve

decomposed different orbital contributions to the photo
sorption and identified that the very sharp resonance co
from 4d→np transition interaction with 5p to continuum
transition, while the relative broad and window resonan
come from 4d→n f transition interaction with 5p to con-
tinuum transition. Such interactions of a bound-bound tr
sition with a bound-free transition result in a typical Fa
profile @11#. Most of the calculated sharp and window res
nances have been identified.

We will give a brief description of our theoretical metho
in Sec. II, and present our results and a discussion in Sec

II. THEORETICAL METHOD

The theoretical method used in the present calculatio
the same as in Ref.@12# with some modification in the nu
merical procedure to improve the numerical accuracy for
Green function near zero-energy region. For discussing c
venience, we will repeat the theoretical method here w
emphasis on the formulas we will use in the discussion.

The photoexcitation or photoionization cross sectio
from an initial stateu is& to a final stateu js& can be expressed
as~atomic units\5m5e51 are used throughout unless e
plicitly stated otherwise!

s is~v!5
2v

3

2p2

c
nis(

js
~12njs!u^ jsur u is&u2

3d~v2« js1« is!, ~1!

where u is& and u js& are the solutions of the following one
electron Schro¨dinger-like equation

F2
1

2
“

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

HereVs
e f f(r ) is a spin-dependent effective potential ands, is

the spin index~spin-up↑ or spin-down↓). For photoioniza-
tion processes, the final states are unbound solutions of
~2! with e is replaced by1

2 k2, wherek is the photoelectron
©2001 The American Physical Society16-1
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momentum andnis andnjs are the occupation number of th
initial and final states, respectively. Such an independent
ticle approximation~IPA! does not take the electron dynam
correlation into account and the calculated photoionizat
cross section near the giant resonance can not fully re
duce the experimental observations@13#. Meanwhile, the IPA
model does not take into account the interaction between
photoexcitation and the photoionization from different she
which results in the Fano profile. The electron dynamic c
relation ignored in the IPA model can be taken into acco
by linear-density-response theory@13–17#, which considers
the effect of a weak time-dependent perturbation field on
electron density. The frequency-dependent induced den
dr(r ,v) can be obtained by the Fourier transformation
the time-dependent 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
following relationship

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

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
03271
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Vs
SCF~r ,v!5Vext~r ,v!1E dr~r 8,v!

ur2r 8u
d3r 8

1
]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. However, an alternative and sim
procedure 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
d3r 9

1
]Vxc~r !

]r↑~rW !
uro(r )x↑

IPA~r ,r 8,v!

K↓↓~r ,r 8!5E x↓
IPA~r 8,r 9,v!

ur2r 9u
d3r 9

1
]Vxc~r !

]r↓~rW !
uro(r )x↓

IPA~r ,r 8,v! ~10!

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.

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

SCF(r ,v) can be readily solved by
discretion in the r space. Substituting the results o
Vs

SCF(r ,v) into Eq. ~7!, we obtain the induced densit
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!

3Vs
SCF~r 8,v!d3rd3r 8. ~12!
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The key issue here is how to calculate the susceptib
based on the IPA potential. Since the susceptibility c
be written as a summation over all the orbits, we can ca
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late the contributions of the susceptibility by the Gree
function 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!
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and then calculate the Green’s function exactly the same
as in Ref.@12#. With the calculated Green’s functions, we c
construct the susceptibility from Eq.~13!. Once the suscep
tibility is determined,Vs

SCF(r ,v) is obtained by the solution
of Eq. ~9! and the cross section can be calculated by E
~11! and~12!. The linear-response method is usually referr
to as a time-dependent technique. If we useVext instead of
Vs

SCF(r ,v) in Eq. ~12!, we reproduce the cross-section e
pression for the independent particle approximation. The
dependent particle approximation Eq.~1! will be referred to
as the time-independent method since it does not take
account the time-dependent field-induced density correct

The improvement of present method over the previo
linear-density-response theory with the density-functio
method@13# is that we use optimized effective potential
Eq. ~2!. Such optimized effective potential has taken in
account the self-interaction correction@19#. With the opti-
mized effective potential, we can describe the photoioni
tion process better than the previous method.

III. RESULTS AND DISCUSSION

Based on the linear-density-response method, we can
culate the photoabsorption~photoexcitation and photoioniza
tion! cross section. Moreover, we can investigate the mec
nism of abnormal behaviors, namely, the giant resonanc
the photoionization process by decomposing each orb
contribution in Eq.~13! by including or excluding the orbital
Figure 1 shows our calculated photoabsorption cross sec
of Eu atoms and Eu1 ions around the 4d ionization thresh-
old. ~Note that we assume that all the seven 4f electrons are
filled in the spin-up state.! For comparison, Fig. 2 shows th
corresponding experimental spectra of Eu atoms@8# and Eu1

ions @10#. Figure 1~a! shows that there are two groups
shape peaks (4d→np, n f), which correspond to the two 4d
ionization limits~spin-up and spin-down!, locate in the lower
energy side of the giant resonance for Eu atoms. As rem
ing one outer shell (6s)electron, the 4d ionization threshold
increases and the two groups of the bound-bound trans
move into the giant resonance region for Eu1 ions as shown
in Fig. 1~b! while the experimental spectra of Eu atoms a
ay
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Eu1 ions ~as shown in Fig. 2! are very close to each othe
Our calculation seems contradiction with the experimen
observations@8,10# as shown in Fig. 2. In the experiment o
Eu1 ions the energy resolution (E/DE) is improved from
130 to 350, only a tiny difference near the giant resona
peak is observed. Is the high experimental energy resolu
good enough to observe the sharp and window resona
predicted in our calculations? To compare with the expe
mental spectra, we can;~1! convolute our calculated spectr
with the experimental energy resolution and the energy re
lution profile, namely, Gaussian or Lorentzian line profile
~2! calculate the spectra directly withh in Eq. ~6! as the
energy resolution, which corresponds to Lorentzian profi
The equivalent of~1! and~2! has been checked in our calcu

FIG. 1. The calculated 4d photoabsorption cross sections for~a!
Eu atoms and~b! Eu1 ions.
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lations. Note that the advantages of scheme~2! are, ~a! we
can consider the experimental energy resolution directly
the calculation;~b! we can use relative large energy step
the calculation without losing sharp peak contributions. F
ure 3 shows the convoluted spectra with different ene
resolutiont ~half-width at half-magnitude HWHM! for Eu
atoms and Eu1 ions. It shows that the 4d giant resonance
spectrum of Eu atoms does not strongly depend on tht,
except for a few sharp resonances in the lower energy sid
the giant resonance. For Eu1 ions, the 4d giant resonance
spectrum strongly depends on thet. For lower energy reso
lution (t5300 meV), our calculated spectrum is in goo
agreement with the experiment one@10#. With increasing the
energy resolution fromt5300 meV to t5200 meV or
even tot5100 meV, the pattern of the giant resonance
Eu1 ions does not change dramatically, but more sharp re
nance appears in the lower energy side of the giant reson
and more clearly peak splitting appears on the top of
giant resonance. With better energy resolutiont
550 meV), clear window resonances can be observed,
no accompany sharp resonance appears as shown in
1~b!.

It is very interesting to compare the 4d photoabsorption
of Eu atoms and Eu1 ions with the 4d photoabsorption Xe-
like isoelectronic sequence@5#. In both cases, from neutra
atom to charged ions, bound-bound transitions become m
pronounced in the spectra as they move closer to the pea
the 4d giant resonance. To study the detailed mechanism
the 4d giant resonance of Eu1 ions, we will decompose eac
individual orbital contributions in the following discussion

FIG. 2. The experimental 4d photoionization spectra for~a! Eu
atoms@8# and ~b! Eu1 ions @10#.
03271
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Figure 4 shows the photoabsorption cross section
spin-up or spin-down states, which means that we set
susceptibility of spin-down or spin-up as zero in Eq.~6!.
Note that we assign the half-filled 4f electrons in the spin-up
orbital. Meanwhile, for given bound stateis with partial
wave l in Eq. ~13!, the partial wave of the Green functio
should bel 61 due to the dipole selection rule. In the calc
lation, we can include bothl 61 ( f 1p) or include only l
11 ( f only!. Overall, we can see that two resonance grou
from 130 to 137 and 138 to 143 eV are due to the 4d spin-
down and 4d spin-up orbitals to the excited states. For t
spin-up case, the transition ton f forms window resonance
while the transition tonp forms sharp resonance. The d
tailed interactions between thep state andf state also influ-
ence the pattern of the spectra as shown in Fig. 4~a!. Differ-
ent from the spin-up case, the transitions for the spin-do
state to bothn f or np states form resonance peaks. T
width for the transition tonp is much narrower than that to
n f . All these imply that the interaction ofn f with the con-
tinuum is stronger than that ofnp with the continuum. In
Fig. 4~a!, we see that the broad resonance~dashed curve!
moves to the lower energy part~solid curve!, while the po-
sition of window resonances does not change when we
into account the transition to thep partial wave. In Fig. 4, we
clearly see that the 4d→np,n f transitions for the spin-up
state locate into the 4d photoionization region for the spin
down state. If we compare the 4d photoabsorption of the
spin-up or spin-down state for Eu atoms and Eu1 ions, the

FIG. 3. The convoluted 4d photoabsorption spectra for~a! Eu
atoms and~b! Eu1 ions. The HWHM used in the convolution are 5
meV ~dotted line!, 100 meV~dashed line!, 200 meV~long dashed
line! and 300 meV~solid line!, respectively with Lorentzian profile
The photoabsorption spectra are offset by 10, 20, 30 Mb, res
tively, for clearly comparison.
6-4
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giant resonance moves close to the bound-bound transit
similar to the 4d photoionization in the Xe-like isoelectroni
sequence@5#. Due to the interaction between the transition
the 4d spin-up state and the 4d spin-down states, the Fano
profile resonance is formed in the giant resonance reg
Therefore, the physical mechanism is similar to that of gi
resonance in the Eu atom@12#.

Now, we will ask whether the occupied 5p orbital plays
an important role or not. Figure 5 shows the calculated p
toabsorption spectra with 5p orbital or without 5p orbital in
Eq. ~13!. Comparing Figs. 5~a! and 5~b!, we see that the
spectral pattern, especially the window resonance, cha
dramatically without 5p orbital. Without 5p orbital, 4d
→n f transitions show sharp resonance pattern as show
Fig. 5~b!. So, we can conclude that the window resonanc
due to 4d→n f bound transition interaction with 5p to con-
tinuum transition, which results in a typically Fano profile

Based on the above discussion, we can also assign
calculated spectra of Eu atoms and Eu1 ions as we did for
the Xe-like isoelectronic sequence. Figure 6 shows the
signment of the calculated spectra for~a! Eu atoms and~b!
Eu1 ions. Here we label the transition from 4d spin-up state
as np or n f and the transition from 4d spin-down state as
np8 and n f8. In Fig. 6~a!, we see that there is non f state
observed in Eu atoms since all then f states are located in th
outer potential well@12#. The strength of the transition tonp
state decreases as the principle quantum numbern increases.
In Fig. 6~b!, we see that the transition ton f states has bee
observed in Eu1 ions. Different from the transition tonp
state of Eu atoms, the transition strength to then f8 reaches

FIG. 4. The 4d photoabsorption spectra of Eu1 ions for ~a!
spin-up electrons and~b! spin-down electrons. The solid line (f
1p) means the transition to bothl 61 partial waves and the dashe
line (f only! means the transition only tol 11 partial wave.
03271
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FIG. 5. The 4d photoabsorption spectra of Eu1 ions calculated
~a! with 5p orbital and~b! without 5p orbital.

FIG. 6. Spectral assignments of Fig. 1 in the sharp and wind
resonance region for~a! Eu atoms and~b! Eu1 ions. Inset is an
enlarged part of the transition to 5f 8 for Eu1 ions.
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maximum at 5f 8 or 6f 8, and no 4f 8 observed. This can be
understand as that the 4f orbital is still pushed into the oute
potential well and the 5f 8 or 6f orbital collapse into the
inner potential well. All the other peaks are assigned
shown in Fig. 6. Since thenp8 peak position is quite close
to the f 8 states, we have enlarged the 5f 8 peak in the inset of
Fig. 6~b! and found the 7p8 state next to the 5f 8 with a
narrow width. The 8p8 state is quite close to the 6f 8 peak
and so on.

Since our calculation is based on a nonrelativistic lo
spin-density functional theory, to compare with the expe
ment, we have to consider the spin-orbital splitting as we
in the Xe-like isoelectronic sequence. Meanwhile the spin
and spin-down is not a good quantum number even in
nonrelativistic theory. We know that the 4d electron of Eu
atoms has two ionization limits,9D and 7D. As a matter of
fact, the photoionization of 4d spin-down electron of Eu
atoms corresponds to9D channel and 4d spin-up electron
corresponds to the mixture of the9D and 7D channels~spin
.
ra

:

.
n

.

03271
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contamination!. We cannot decompose them in the linea
density-response calculation. But the general featu
namely, the sharp and window resonances in our predicti
should still hold.

IV. SUMMARY

The 4d photoabsorption process of Eu1 ions has been
studied by the linear-density-response theory with
density-functional theory and optimized effective-potent
method. The discrepancies between the calculated and
experiment spectra are well explained being due to the
perimental energy resolution. The mechanisms of the sh
resonance as well as the window resonance have been
explained by decomposing individual orbital contribution
The resonance peaks in the calculated spectra are assi
The calculated spectrum of Eu1 ions call for a further
higher-resolution experiment, which will be performed in t
near future@21#.
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