J. Math. Fund. Sci., Vol. 45, No. 2, 2013, 105-113 105

Correlation and Relativistic Effects on the Level 8ucture
of Negative lons of Atoms with Hal-filled p Shell

Giilay Giinday Konan*, Leyla Ozdemir & Nurgiil Giindiiz Atik

Physics Department, Faculty of Science and
Sakary: University, 54187, Sakarya, Turkey
Email: ggunday@sakarya.edu.tr

Abstract. The level structure for negative ions (anions)afie atoms with ha
filled p shell have been investigated usthe multiconfiguration HartreBock
method with BreitPauli relativistic effects (MCHF+BP method). Thusg have
performed a systematic calculation including catieh and relativistic
corrections for negative ions of these atomic systelnvestigationsnto the
level structures of negative ions provide valuabkEght into the fundament
problem of manyody motion. The correlation and relativistic effedn
negative ions relative to neutral atoms and pasitdns are greatly expected.
this work, we also discuss calculations for these effects in view of f
MCHF+BP method.
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1 Introduction

The spectroscopy of necve ions has been an area of considerable inteue:
to the developments in theoretical methods and rerpatal technique:
Investigations intothe dynamics of negative ions (anions) provide afale
insight into the fundamental problem of m-body moton, which is critical foi
a detailed understanding of the electronic strecwir atoms and molecule
Negative ions are fragile atomic systems that diffem neutral atoms ar
positive ions in many important aspect-3]. The total energy E of an atc
includes the correlation and relativistic corregfioin added nc-relativistic
energy. Resultsvith improved accuracy from this form have befounc for
neutral atoms not only in the ground state but aidow-lying excited state, as
well as singly chaged cations and anions [4]. The binding energythsf
outermost electron is considerably smaller thathéisoelectronic atom due
the absence of the lo-range Coulomb attraction in negative ions. In dase
the electron correlation will be much re important,and negative ions a
suitable test objects for various atomic theori&}. [The influences c
correlation effects arvery important in negative ions relative to neutral .
positive ions.
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As determined in [3], the properties of most atomégative ions, including

their binding energies and electronic structures,rew well established. But,
some electron affinities and fine-structure splgd are not known with

complete accuracy. In contrast to the infinite nembf states in atoms, the
short-range potential of negative ions typicallgtains only a few bound states.
Fine-structure splittings of many negative ionsawerly determined.

In this paper we systematically report the corretafind relativistic corrections
to electron affinities of atoms with half-filled ghell, treating an approximate
Schrédinger form of the Breit-Pauli Hamiltonian asperturbation [5], and
investigate the fine-structure levels of the grostates of the anions of these
atoms. The calculations have been carried out ubm@ICHF atomic structure
package developed by Fischer [6]. The ground statence configuration of
neutral atoms with half-filled p shell is ¥, and the configuration of the
negative ions of these atoms is*i#p 1, with the lowest energy level being
J = 2, followed by J=1 and then J=0. We presenetbetron affinities and fine-
structure splittings for negative ions of nitrogand phosphorus, which have
ground states 2fP, and 3°P,, respectively, according to various configuration
sets [7]. For this reason, here we give only tieetebn affinities of arsenic (As,
Z=33), antimony (Sb, Z=51) and bismuth (Bi, Z=8apd the fine-structure
levels of the ground state for the negative ionthefe atoms (AsSb and BI,
respectively). We have made the large-scale cdionkaccording to various
configuration sets for considering correlation effe We present only one
calculation result for antimony and bismuth becatseextensive configuration
state functions are produced from other configaresets. In the calculation for
antimony and bismuth presented here, we have amesidhe configuration set
proposed by Biemont and Quinet [8]. The configuradi used in the
calculations for atoms (As, Sb and Bi) and negaitves (As, Sb and Bi) are
given in Table 1.

The data on half-filled subshell negative ions barfound on the NIST website
[9], and a review on structure, dynamics and doltis of atomic negative ions
is presented by Andersen [10]. The binding energigbe ground state in As
4p*P,, and the 4P, state have previously been determined using beoailb
tunable threshold spectroscopy by Feldmaginal. [11]. This measurement
yielded an electron affinity of 0.81(3) eV and aefistructure splitting\E (P,
-%P,) = 0.17 eV. Lippaget al.[12] used photoelectron spectroscopy to measure
the electron affinity of As to be 814(8) meV. Botli these studies also
determined the fine structure intervals in the tiggaon. The energies of the
fine-structure components 4p, and 43°P, of As have been determined
relative to the 4PP, ground state by Haeffleet al.[3], using photodetachment
electron spectroscopy. Fine-structure splittingdBfCP; — °P,) = 125(3) meV
and AE (P, — °P,) = 166(5) meV were obtained in [3]. This was tfestf
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experimental determination of the energy of thelllevel and an improvement
of the accuracy for the J = 0 level. Waltet,al. [13] measured the threshold
energies for detachment of each of the three finetsire levels of Agielding
the electron affinity of As and energy separatiohghe levels using tunable
photodetachment threshold spectroscopy. Kagaal. [4] found a negative
contribution of ionization potential for As.

The experimental study of the &mn by Scheergt al. [14] proved that a
combination of one-, two-, and three-photon detamfinexperiments can be
used to completely and accurately determine thegezseof the bound term3R
and 'D) and the fine-structure levels of tH@ term. This study clearly
demonstrated the potential of utilizing forbiddesmkitions in optical studies of
negative. In [14], the hyperfine-structure paramseteere also calculated using
relativistic configuration interaction calculatignshich yielded energy values
for the 3P, °P,, and'D, levels in good agreement with the experimentally
determined energy splittings as well. Feldmastral. [11] and Kogagt al. [4]
presented the same investigations for&&bwell as As

Feigerle,et al.[15] obtained the electron affinity of Busing photodetachment
electron spectrometry. Bilodeau and Haugen repotted results of high-
resolution infrared laser photodetachment thresbgjbriments on the negative
ion of bismuth [16]. The hyperfine structure of theutral and negative-ion
ground states is included in the threshold modeé @lectron affinity of*Bi is
determined to be 7600.66(10) ¢rfp42.362(13) meV]. The photodetachment
cross sections of Bi ion were also measured byrkah,et al.[11].

2 Calculation Method

In the multiconfiguration Hartree-Fock (MCHF) appimation [5], the

Hamiltonian is used for obtaining the best radiaidtions for the set of non-
relativistic energies of the interacting terms. Tieve function is expressed as
a linear combination of orthonormal configuratidate functions (CSFs) so that

WL el L9, D6 =1 )

In this expansio®();LS), y;, andc, represent configuration state function in

LS coupling, configurations, and mixing coefficientof configurations,
respectively. Then the non-relativistic energy esgion becomes

M
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If the interaction matrixH =(H;) and a column vector of the expansion

coefficients (or mixing coefficients) =(c,,...,q )}, the energy of system is

E=c'Hc. (3)

The energy functional will depend on bodkh (the column vector of radial
functions) andc, sinceH; depends on the radial functions. A solution of the
MCHF problem simultaneously requires the solutibthe secular equation and
the variation radial equations. If the secular pobis solved it is called a
configuration interaction (Cl) calculation. If amgdial function is optimized, it
is called a multiconfiguration Hartree-Fock caldida. Therefore it takes into
account correlation effects.

The Breit-Pauli Hamiltonian includes relativistiffexts. This Hamiltonian can
be written as

HBPZHNR+HRS+HFS' (4)

whereHwg, Hrs and H g are the non-relativistic many-electron Hamiltonian,
the relativistic shift Hamiltonian, and fine-struot Hamiltonian, respectively.
In atomic unitsHyr is

i“%ﬂz Dy (5)

i i i>] I]

Hrsis the relativistic shift operator and includings$s correction, one-and two-
body Darwin terms, spin-spin contact term and eoiit term in form

HRS:HMC+H[1+HDZ+HSSC+HO( (6)
where
2 N
S (W MRk 7)
8 =
(8)

:%i DZ)(_ 9)



Structure of Negative lons of Atoms with Half-filled p Shell 109

Hsscz_S%Z(s-Sj )o(r; 'rj)
i<j (10)

a? | p-p, (PP,
Hoo=_72{ r i 3 l}
ij

i<i i i

(11)
Fine-structure HamiltoniaHgs consists of the spin-orbit, spin-other-orbit, and
spin-spin terms,

HFS = H SO+ H SOO+ H S (12)

where

a’z & 1
Hso= > Z(ig)li'sl
=

(13)
Hsooz_a_zi " ><3p. (si+2s) (14)
25
HSS=aZZN:%{si.SJ—BW}. (15)
i<j lij i

The Breit-Pauli wave functions are obtained as@di combination of the form
M
W(IM) = oy L $ IM) (16)
i=1

where ®(yLSIM) arelLSJcoupled configuration state functions (CSFs), that
is,

P(YLSIM) = Y (LM SM| LSIN®D(y LM SN, 17

M Mg

and y; denotes configurations; the orbitaland the spir§ angular momenta

are coupled to give the total angular momentlurithe mixing (or expansion)
coefficientsc; are obtained by diagonalizing the Breit-Pauli Haomian. The
radial functions building the CSFs are taken frorpravious non-relativistic
MCHF calculation and only the expansion coefficserire optimized. The
matrix eigenvalue problem becomes

Hc=Egc, (18)
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whereH is the Hamiltonian matrix with elements
Hy =(4LS M| He [y L $ IM (19)

and c=(c,...,G, ) is the column vector of the expansion coefficieritbe

Breit-Pauli Hamiltonian is a first-order perturkmati correction to the non-
relativistic Hamiltonian.

3 Results and Discussion

We have presented the calculation values of elecaffinities for arsenic,
antimony and bismuth, and the fine-structure lexeérgy differences of the
ground state of the negative ions (anion) of thesens. The calculations have
been performed using the MCHF atomic structure cflebased on the
multiconfiguration Hartree-Fock method [5] withinet framework of the Breit-
Pauli Hamiltonian for relativistic effects in addi to correlation effects.

Table 1 Configurations selected in calculations.

Atoms/anions Configurations
AS4p’ + 4S”Ap’5p + 434pAd + 4s?Apaf
As + 4s 4P 4d +4s4p5d+ 4s4fBs + 4s4PpAdAf + 4p4F
48 Ap'+ 4S4pTsp+ A8Ap°AT+ AS4pTSf
As” + 4g4p’ad + 4s4B4ad+ 4s4fBs+ 4s4fBd

+ 4p'5d+ 4sapadat+ 43af
5¢5p° + 585p” 6p +585p5d°+ 5¢5paf+ 5s5p5d +

Sh 5s5p6d + 5s5p6s + 5p5d*+ 5s555d5f+ 5pAf
5¢5p" + 5¢5p°6p+ 545p°4f + 5$5p°5f
St + 5&5p°6f + 5$5p°5d? + 5s5(35d + 5s5(6s

+ 5@'5d? + 5s5p5d5f+ 5h4f
6S6p° + 6S6p°7p+ 636p6d + 6356p5F+656p6d

Bi +6s6p7d + 6s6p7s + 6p6cdf+ 656p6d6f + 65
6<6p" + 686p°7p + 636p°5f + 656p°6f
Bi~ + 656p°7f+ 66p°6d*+ 65683 6d + 656f7d

+ 6s6f7s + 6f6d’+ 656(6d6f+ 65

We have obtained the electron affinity values &702 eV, 0.6054 eV and
0.1466 eV for arsenic, antimony and bismuth, rebpely. These values
include only correlation effects. When the relaiia effects in addition to
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correlation effects were considered, the value9.8278 eV, 0.7305 eV and
0.5649 eV were found for these anions, respectivélye values are in
agreement with those in [13] for arsenic, [14] famtimony and [15] for
bismuth. The electron affinity for bismuth is sontet poor. Probably the
hyperfine-structure levels for this ion have to ibgestigated. This work is
restricted only to the fine-structure levels foe tground states of the anions
mentioned above.

Table 1 displays the configurations considereduinaalculations. We have also
used various other configuration sets, as giveffable 1. Due to computer
constraints and code limits, we did not use anyenmmfiguration sets. The
calculations for antimony and bismuth have beenfopmed using the

configuration sets given in [8]. These atoms ar@rtAnions have many more
electrons. It is well known that these atoms aridremhave half-filled p shells
in the ground state valence configuration. Thesdigorations produce many
more configuration state functions. Therefore weveharestricted our

calculations to the ground state configurationestanctions only.

Table 2 The energy differenceaE (in eV), between fine-structure levels for
ground state of As Sby, and Bi.

As Sb Bi~
Term
AEThiswork AEOlherworks AEThiswork AEOtherworks AEThiswork AEOlherworks
0.0544 - 0.1157 0.0144 0.3123
3P0_3P1
0.0473*
0.1135 0.12% 0.2457 0.33268 0.7877
% -%P, 0.1301* 0.1276 0.33957
0.127
0.1678 0.166 0.3615 0.347% 1.1000
0.1775* 0.17
3P, - %P,
0.1643
0.16f

*Haeffler, et al [3]; PFeldmannet al [11]; “Walter, et al [13]; ‘Lippa, et al [12]; °Scheeretet al

[14].

The energy difference\E (in eV), between the fine-structure levels foe th
ground state of As Sb and Bi are given in Table 2. In this table the values
denoted by the superscript * for Alsave been obtained using the configuration
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set 484p*, 4S4p°5p, 484p°Af, ASApPSE, AS4p’ef, AS4pPadt, 4S4p’5d, 4s4pad,
4s4135s, 4s4fbd, 4p°, 4p'sdl, 4s4padaf, 4g4f%, 4p'5f% An agreement is seen
for As'and Sb when our results were compared with other worke. heve
made the same calculations for nitrogen and phasglanions [7]. The energy
differences between the fine-structure levels fbogphorus anions are in
agreement with other works. This agreement canlde seen for As and Sb
anions, as shown in Table 2. Therefore we think tha results obtained for
bismuth anions are correct. As we know, there ardata on the fine structure
of the negative ion of bismuth in the literature.

4 Conclusion

The aim of this studywas to investigate the coti@meand relativistic effects on
the behavior of electron affinities of arsenic,imony and bismuth using the
MCHF method. Also, we have obtained the grouncediae-structure levels of
the anions of these atoms. It is noted in [17] thatcorrelation and relativistic
effects must be included in calculations, especiétir negative ions. In

addition, electron affinity has been regarded as ohthe hardest atomic or
molecular properties to reproduce in an ab initioargum mechanical

calculation. The electron affinity of an atom isn@asure of the stability of the
corresponding negative ion.
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