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Optical and generalized oscillator strengths for valence and inner-shell excitations
on the Mg atom

Leila M. M. de Albuquerque Martins and Carlos E. Bielschowsky
Departamento de Fisico-Quı´mica, Instituto de Quı´mica, Universidade Federal do Rio de Janeiro, Cidade Universita´ria,

Rio de Janeiro, RJ 21949-900, Brazil
~Received 10 May 1996!

Theoretical results for the transition energies involving three Rydberg series, optical oscillator strengths
~OOSs!, and generalized oscillator strengths~GOSs! for valence and inner-shell electronic excitations are
presented for the transitions1P←X 1S0(3s→np, 2s→np, 1s→np e2pz→ns), 1S←X 1S0~3s→ns, 2s
→ns, 1s→ns), and 1D←X 1S0(3s→3d) in the magnesium atom. The influence of relaxation and correlation
effects on the excitation energy and OOS and GOS values is studied. For this purpose, the target wave
functions for each electronic state studied is determined independently at the Hartree-Fock and configuration-
interaction methods. The first Born approximation is used in the calculation of the GOS and the properties
between the nonorthogonal target wave functions are calculated with a biorthogonalization procedure.
@S1050-2947~97!03910-3#

PACS number~s!: 33.70.Ca, 34.80.Gs
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I. INTRODUCTION

A great deal of work has been devoted in the past t
decades to the study of valence excitations in the magnes
atom@1–6#. Among the reasons for this effort is the intere
related to astrophysical research@7# and the fact that the Mg
atom has, in the ground state, two correlated electrons in
3s orbit. When one of the 3s electrons is promoted to a
excited state, another kind of correlation takes place, suc
angular 3snp, 3s3d, or radial 3snscorrelations, depending
on the excitation process. This means that the correla
effects act differently for the ground and excited states.
this reason, the Hartree-Fock calculations do not predict
rectly the excitation energies and the optical properties. T
makes the Mg excitation process interesting for the disc
sion of the atomic electron correlation@8#.

Previous calculations of optical properties for valence
citations have taken into account the correlation by
configuration-interaction~CI! or multiconfiguration methods
within the frozen-core approximation, in which the same o
cupied and virtual orbitals are used to build the groun
and excited-state wave functions. In the present work,
have determined the excitation energy, optical osc
ator strength~OOS!, and generalized oscillator streng
~GOS! from CI calculations with the occupied and virtu
orbitals optimized for the ground state and each of the
cited states. The following valence excitations were c
sidered: 1P←X 1S0(3s→np), 1S←X 1S0(3s→ns), and
1D←X 1S0(3s→3d) with n54 – 6.

Very little effort has been dedicated to inner-shell exci
tions of the Mg atom. The calculation of inner-shell excit
tions must take into account the structural changes that o
in all the atomic orbitals when an inner-shell electron is e
cited @9#. For this reason, relaxation and correlation effe
should be considered in the theoretical description
these processes. In this work these effects were taken
account in the calculations of the excitation energy, OO
and GOS for the following inner-shell excitations of th
561050-2947/97/56~4!/2720~6!/$10.00
o
m

t

he

as

n
r
r-
is
s-

-
e

-
-
e
-

-
-

-
-
ur
-
s
f
to
,

Mg atom: 1P←X 1S0(2s→np, 1s→np e2pz→ns) and
1S←X 1S0(2s→ns, 1s→ns) with n54 – 6.

In order to study the influence of relaxation and corre
tion effects on the excitation energy and on the optical a
generalized oscillator strengths, different levels of calcu
tion were used. The target wave functions were determi
at the Hartree-Fock~HF! and CI levels, either using the
‘‘frozen-core approximation’’ or allowing all the atomic or
bitals to relax for each of the excited states. The electr
atom collision process was described within the frame of
first Born approximation~FBA! @10#. The theoretical values
for the excitations energies, OOS, and GOS have been c
pared to available experimental and theoretical results.

II. THEORETICAL METHOD

The calculations of the excitation energy, optical oscil
tor strength, and generalized oscillator strength were p
formed using either HF or CI wave functions expanded o
basis of Gaussian-type orbitals~GTOs!. The (17s,12p,5d)/
@4s,3p,2d# basis of Widmarket al. @11# was uncontracted in
order to properly describe the inner-shell excitations, ori
nating an (17s,12p,2d) basis. In order to describe the diffus
excited states,s, p, and d diffuse functions were added
originating the (20s,13p,6d) basis set used in the prese
calculation.

The FBA @10# was used to calculate the generalized o
cillator strength. In the calculations of the OOS and GO
the matrix elements between nonorthogonal wave functi
were done using a biorthogonalization procedure@12#. For
this purpose, unitary transformations are applied to the
sets ofN nonorthogonal molecular orbitals, turningN21 of
them orthogonal.

In order to discuss the influence of different effects
volved in the target description when a core or valence e
tron is excited~i.e., relaxation and electron correlation! four
different wave functions were calculated for each excitat
process and from these both the optical and the genera
oscillator strengths were computed. Briefly, the wave fu
2720 © 1997 The American Physical Society
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56 2721OPTICAL AND GENERALIZED OSCILLATOR . . .
tions used resulted from the following calculations.
~i! The HF-FC is a Hartree-Fock calculation in which t

atomic orbitals~AOs! optimized for the ground state are als
used for the excited state, that is, a frozen-core~FC! descrip-
tion.

~ii ! The HF-RE is a Hartree-Fock calculation with th
atomic orbitals for the ground and excited states indep
dently optimized, that is, a description where the orbitals
allowed to relax. In order to obtain the local minimum
energy related to a particular core electron excited state,
following procedure was used. During the calculation we
not allow the simultaneous variation of the following orb
als: 1s and 3p, 2s and 3p, 1s and 4s, 2s and 4s. They are
alternatively frozen and optimized up to the convergence
the wave function. After convergence they do not chan
when simultaneously optimized.

~iii ! The CI-FC is a CI calculation with single and doub
excitations based on the HF-FC orbitals. The occup
atomic orbitals optimized for the ground state of the tar
are used to generate the improved virtual orbitals~IVOs!
@13# for both the ground and excited state.

The IVOs are determined in the self-consistent field
N21 electrons, whereN is the number of electrons of th
neutral target. The virtual space for the Mg atom in t
ground and excited states was formed with 21 IVOs ofs(4),
px(4), py(4), pz(4), dxy(3), dxz(3), dyz(3), dx2(3), and
dz2(3) symmetries. The IVOs were calculated independen
for each series of excitation process corresponding to a
ticular Rydberg series. In this sense, nine different set
IVOs were determined to be related to the ground state,
1P←X 1S0(3s→np, 2s→np, 1s→np e2pz→ns) and
1S←X 1S0(3s→ns, 2s→ns, 1s→ns) Rydberg series, and
the 1D←X 1S0(3s→3d) excited state. This calculatio
takes into account correlation effects directly and relaxat
effects indirectly.

~iv! The CI-RE is a single and double~SD! CI calculation
with the atomic orbitals and IVOs for the ground and excit
states being independently optimized. The HF-RE orbi
are used to build the IVOs of each Rydberg series. The
tual space is formed with the same number of virtual orbit
used in the CI-FC calculation. This calculation takes direc
into account both correlation and relaxation effects.

In the determination of the excitation energies, OOS, a
GOS for the HF-FC and HF-RE calculations a HF wa
function was used for the ground state; for the CI-FC a
CI-RE calculations a CI-SD wave function was used for
ground state. By means of this procedure, we try to mak
balanced representation between the ground and ex
states@14#.

TABLE I. Excitation energies of the magnesium atom.

Valence
excitation

DE ~eV!

HF-FC CI-FC HF-RE CI-RE
Expt.
valuea

3s→3pz 4.19 4.25 3.90 4.25 4.4
3s→4pz 5.52 5.98 5.29 5.96 5.8
3s→5pz 6.36 6.79 6.18 6.78 6.6

aReference@1#.
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III. RESULTS

A. Effects of relaxation and correlation on the excitation
energies and OOS

1. Valence-shell excitations: Optical excitations

In order to discuss the influence of relaxation and cor
lation effects on the excitation energy, Table I shows
results obtained with the four different types of calculatio
for valence excitations, compared with the experimental
sults. Very few changes occur between the HF-FC a
HF-RE results where the differences between these calc
tions refer basically to relaxation effects. One concludes t
relaxation effects are not important in the determination
the excitation energy for valence excitations. On the ot
hand, comparing the HF-RE and CI-RE results, where
differences refer to correlation effects, one observes
these effects play an important role.

The importance of the correlation effects for these exc
tion processes was already expected once the magnesiu
the ground state possesses two electrons on the 3s orbital
firmly correlated. This double occupacion comes to an end
we excite one of these electrons. These effects have b
discussed extensively in the literature@3,5–8#.

Table II shows the OOS values for the 3s→np(1S-1P)
excitation process at various levels of calculation. The d
ference between the HF-FC and HF-RE results shows t
for OOS values, the inclusion of relaxation effects is impo
tant.

It is interesting at this point to mention the work of Chan
@3#, where these effects were analyzed within the frozen-c
approximation at HF and CI levels. This work emphasiz
the importance of correlation effects for both the excitati
energy and the OOS calculations. Nevertheless, this w
considered only orthogonal target wave functions~within the

TABLE II. OOS for the 3s→npz excitation in the magnesium
atom.

Excitation

OOS

HF-FC CI-FC HF-RE CI-RE Expt. value

3s→3pz 2.2033 1.7550 2.0133 1.7866 1.86,a1.83b

3s→4pz 0.3234 0.1146 0.3093 0.1252 0.180,a0.107c

3s→5pz 0.2545 0.0593 0.3346 0.0720 0.055,a0.022c

aReference@24#.
bReference@17#.
cReference@18#.

TABLE III. Inner-shell excitations energies 2pz→ns in the
magnesium atom.

Inner-shell
excitation

DE ~eV!

HF-FC CI-FC HF-RE CI-RE
Theoretical

valuea

2pz→4s 59.57 58.25 53.88 53.72 54.80
2pz→5s 60.85 59.63 55.21 55.99 56.27
2pz→6s 61.29 60.29 55.78 56.56 56.77

aReference@4#.
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2722 56de ALBUQUERQUE MARTINS AND BIELSCHOWSKY
frozen-core approximation! and was not able to separate t
relaxation and correlation effects independently. In t
sense, once the CI calculations of the frozen-core appr
mation include indirectly relaxation effects for the excit
state, it was concluded that correlation effects were esse
to calculate the OOS values correctly. The present w
shows that for the calculation of OOS values both relaxat
and correlation effects are important.

2. Inner-shell excitations from n52 orbitals

The excitation energies at various levels of calculatio
are presented in the Table III compared with experimen
results. Comparing the HF-FC and CI-FC results with
HF-RE and CI-RE results, one observes that relaxation
fects must be included carefully. In this sense, one can
use for inner-shell excitations predictions obtained with
valence-shell studies, where a CI-FC calculation has b
able to recover partially the relaxation effects. This has b
observed in other studies@15,16# and shows that for inner
shell excitations it is important to work with independent s
of atomic orbitals for the ground and excited states. Con
quently, the atomic orbitals used in the construction of
ground-state CI wave function are not orthogonal to th
used for the excited state. The difference between the HF
and CI-RE results in Tables I and III show that correlati
effects for inner-shell and valence excitations are similar
importance. Table IV presents the OOS results. Compa
the HF-FC and HF-RE results, we notice that for inner-sh
excitations both relaxation and correlation effects play
important role.

3. Inner-shell excitations from 1s orbitals

Table V presents the excitation energies and Table VI
OOS at various levels of calculation. As expected, relaxa
effects have a greater influence on this excitation proc
The CI-FC calculation was not able to account for the rel
ation effects, demonstrating that in this case it is necessa
work in the frame of nonorthogonal orbitals. This tab
shows that the orthogonal HF calculation presents a value

TABLE IV. OOS for the 2pz→ns excitations in the magnesium
atom.

Inner-shell
excitation

OOS

HF-FC CI-FC HF-RE CI-RE

2pz→4s 0.0082 0.0165 0.0281 0.0232
2pz→5s 0.0034 0.0039 0.0071 0.0087
2pz→6s 0.0074 0.0013 0.0064 0.0074

TABLE V. Inner-shell excitation energies 1s→np in the mag-
nesium atom.

Inner-shell
excitation

DE ~eV!

HF-FC CI-FC HF-RE CI-RE

1s→3pz 1329.51 1326.46 1303.69 1303.25
1s→4pz 1332.16 1329.63 1307.65 1307.86
1s→5pz 1332.75 1329.94 1308.56 1308.80
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the excitation process about 26 eV higher than the non
thogonal one, about three times the ionization potentia
the valence electrons.

B. Final results for excitation energiesDE and OOS

Table VII reports the final CI-RE results for the excitatio
energies and OOS compared with the available theore
and experimental results for the 3s→np excitation process
and Table VIII for the other process considered in the pres
work. The differences between the available experimen
values for the 3s→npz OOS prevent one from assessing t
correctness of the theoretical results, also divergent in so
cases, particularly for the 3s→3pz excitation.

It is interesting to note that all the calculations at t
Hartree-Fock@17–19# level show OOS values too high i
magnitude. As all the previous calculations use the froz
core approximation, the differences between the O

TABLE VI. OOS for the 1s→npz excitations in the magnesium
atom.

Inner-shell
excitation

OOS

HF-FC CI-FC HF-RE CI-RE

1s→3pz 0.0025 0.0022 0.0233 0.0207
1s→4pz 0.0013 0.0001 0.0016 0.0017
1s→5pz 0.0022 0.0011 0.0011 0.0010

TABLE VII. OOS for the 3s→npz excitation in the magnesium
atom.

Valence shell
excitation

CI-RE Experimental
value

Theoretical value

1.38,a1.42,a1.67b

3s→3pz 1.7866 1.86,c1.67d 1.76,e,f2.10g

1.83,h1.75i 1.91,b1.73j

1.81k 1.72,m1.75e

1.66g,2.36
1.76o 1.73,c1.72,n1.56n

0.092,a0.099a

3s→4pz 0.1252 0.18j 0.164,b0.11e

0.107p 0.34,g0.129b

0.125,f0.141q

0.116,q0.114e

0.023,a0.025a

3s→5pz 0.0720 0.055,c0.0227p 0.041,b0.026e

0.087,g0.036b

0.028f

aReference@9#. jReference@33#.
bReference@31#. kReference@23#.
cReference@24#. lReference@34#.
dReference@32#. mReference@35#.
eReference@5#. nReference@30#
fReference@19#. oReference@36#.
gReference@20#. pReference@18#.
hReference@17#. qReference@37#.
iReference@22#.
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56 2723OPTICAL AND GENERALIZED OSCILLATOR . . .
obtained with HF wave functions are probably due to
different basis set used.

The OOS values of Martin and Zalubas@4#, Amusiaet al.
@20#, and Clark, Csanak, and Abdallah@8# were determined
with correlated wave functions. The calculations of Amu
and Cherepkov@21# used the random-phase approximati
with relativistic effects to determine the target wave fun
tions within the frozen-core approximation and the calcu
tions of Froese Fisher@5# used the multiconfigurational self
consistent field method within the frozen-core approximat
to determine the target wave function.

One observes good general agreement among our
results, that is, with the CI-RE wave function~in which re-
laxation and correlation effects between valence and c
electrons are included!, the theoretical results of Froes
Fisher@5#, and the experimental results of Lundinet al. @22#,
Wiese, Smith, and Miles@23# and Smith and Liszt@24#.

Table VIII shows good general agreement for the exc
tion energies between our CI-RE results and the experim
tal results for several excitation process. The general ag
ment for both the excitation energies and OOS of v
distinct excitation processes~for example, between the
3s→3pz and 2pz→4s excitations@4#! shows that the basi
of GTOs used in the present work has the necessary flex

TABLE VIII. Final results for the excitation energies (DE) and
optical oscillator strengths~OOS! of the processes considered
this work. * denotes an optically forbidden excitation process a
** denotes no experimental results available to our knowledge

Transition DECI-RE ~eV! DEexpt ~eV! CI-RE OOS

3s→3pz 4.25 4.4,a4.34b 1.7866
3s→4pz 5.96 5.8a 0.1252
3s→5pz 6.78 6.6a 0.0720
3s→4s 4.50 5.3,a5.39b *
3s→5s 6.30 6.4a *
3s→6s 6.87 6.9a *
3s→3dz2 5.90 5.75,a5.753b *
2pz→4s 53.72 54.80,c54.799d 0.0232
2pz→5s 55.99 56.27,c56.28e 0.0087
2pz→6s 56.56 56.77,c56.78e 0.0074

56.8e

2s→3pz 91.72 ** 0.0657
2s→4pz 96.18 ** 0.0025
2s→5pz 97.11 ** 0.0016
2s→4s 94.65 ** *
2s→5s 97.07 ** *
2s→6s 97.64 ** *
1s→4s 1306.29 ** *
1s→5s 1308.77 ** *
1s→6s 1309.35 ** *
1s→3pz 1303.25 ** 0.0207
1s→4pz 1307.86 ** 0.0017
1s→5pz 1308.80 ** 0.0010

aReference@1#.
bReference@38#.
cReference@4#.
dReference@22#.
eReference@39#.
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ity for non-frozen-core calculations. Unfortunately, there a
no experimental results for the OOS of inner-shell excitat
processes.

C. Effects of relaxation and correlation on the GOS

Figure 1 shows the results for the GOS as a function
the squared transferred momentumk2 at various levels of
calculations for the valence 3s→3pz together with the avail-
able theoretical@2# results. Figure 2 shows the results for th
GOS as a function of the squared transferred momentumk2

at various levels of calculations for the valence 3s→4pz
excitation and Fig. 3 for the inner-shell 2s→3pz excitation.
The transferred momentumkW is defined askW5kW i2kW f , kW i

being the momentum of the incident electron andkW f the mo-
mentum of the scattered electron. Figure 4 shows the dif
ential cross section at 1 keV impact energy as a function
the scattering angle at various levels of calculations for
valence 3s→3pz excitation. Comparing the various levels o
calculations, one observes that, also for the GOS, it is imp
tant to describe the correlation and relaxation effects c
rectly, particularly for the inner-shell excitation process.

Figure 1 shows that for the valence 3s-3pz excitation pro-
cess, the CI-FC results for the GOS includes indirectly

FIG. 1. Generalized oscillator strength~GOS! as a function of
k2 for the ~a! 3s→3pz and~b! 3s→4pz transitions in the Mg atom.
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2724 56de ALBUQUERQUE MARTINS AND BIELSCHOWSKY
relaxation effects, a behavior discussed previously in S
III A 1 for the OOS results. This explains the agreement
tween the present CI-RE results with the FBA results
Robb @2# and Kim and Bagus@6#, both using CI-FC targe
wave functions.

There are no experimental results for the GOS at an
pact energy where the FBA is expected to describe the

FIG. 2. GOS as a function ofk2 for the ~a! 2s→3pz and ~b!
2s→4pz transitions in the Mg atom.

FIG. 3. GOS as a function ofk2 for the 1s→3pz transition in
the Mg atom.
c.
-
f

-
l-

lision process properly. The comparison between the theo
ical and experimental GOS results for electronic excitatio
in other targets@14# shows that the first Born approximatio
properly describes the collision between the electron and
target for large values of impact energy, except in the nei
borhood of the minimum of the GOS. The minimum of th
GOS is related to the nodal structure of the radial part of
atomic orbitals of the ground and excited states. This eff
has been observed before in several different electron-im
valence excitation process@25–29#. In particular, we have
shown previously@25# that, at the minimum of the GOS
higher-order terms in the Born expansion become impor
and, consequently, the minimum is overestimated in the
Born approximation calculations. As far as we know, this
the first time that such a minimum has been predicted for
inner-shell processes.

IV. CONCLUSION

Theoretical values for the excitation energy, OOS, a
GOS related to inner- and valence-shell excitations were
termined at four different levels of calculation for the atom
wave functions, with the electron-target collision process
ing described by the FBA. The comparison of the resu
obtained with the different target wave functions sho
clearly the importance of correlation and relaxation effe
on each property for each excitation process considered

As for the excitation energy for valence-shell electron
excitations, correlation effects seemed to be the most imp
tant effect. For the valence excitations the orthogonal CI c
culations were able to recover the minor relaxation effe
indirectly. In all cases of inner-shell excitation, relaxatio
seemed to be the most important effect and orthogona
calculations did not properly account for this effect.

The present results show that one must be careful in tr
ing the excited state. If important effects such as relaxat
and correlation are not taken into account, the ground-
excited-state wave functions may be treated in an unbalan
way. As a consequence, for instance, one may obtain res
in a poorer agreement with the experiment at the CI le
than at the HF level. This occurs, for instance, in the HF-
and CI-FC calculations.

FIG. 4. Differential cross section~DCS! as a function of the
scattering angle for the 3s→3pz excitation in the Mg atom at 1 keV
impact energy.
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When a comparison between the theoretical and exp
mental results was possible, good general agreement
found. This shows that when the frozen-core approximat
is not used, a Gaussian basis set can be sufficiently flex
to describe very different processes, such as the 3s→6pz
and the 2s→3pz excitations.

Unfortunately, most of the results obtained in this wo
cannot be compared with other experimental or theoret
results. The good agreement that we obtained in the diffe
cases where the comparison was possible makes us be
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that the methodology used in the present work is sufficien
describe the process considered. In this sense, they ca
used as reference whenever necessary.
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