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Electron affinities are calculated with a procedure in which the change in the total corre-
lation energy associated with the added electron is modeled by the interaction of the at-
tached electron in a polarization potential of the atom. The single-configuration relativistic
Hartree-Fock method, which by itself yields completely unsatisfactory affinities, is modi-
fied here by the addition of a single polarization potential with two parameters, the static
dipole polarizability a and the size of the core rq, which are determined independently of
the affinity data. Results for halogen atoms are in excellent agreement with experimental
data and with results of much more involved computations, where these have been success-

fully implemented.

INTRODUCTION

The elements with an almost closed p shell (halo-
gens: F, Cl, Br, and I) are well known to possess
positive and relatively large values of electron affin-
ities.! It is also well known' that the restricted
Hartree-Fock method yields completely unsatisfac-
tory values of these electron affinities, at least for
fluorine and chlorine, for which the results have
been available. The explanation can be found in the
more extended calculations>~# which, in contrast to
the restricted Hartree-Fock method, include correla-
tion effects. First, a large part of the energy stabil-
izing the negative ions (roughly 60% for F~ and
30% for C1™) comes from the change in correlation
energy upon addition of the extra electron. Second,
this change appears to be small for a p electron as
long as empty orbitals are still available on the neg-
ative ion, but it is much larger when spins are being
paired as in systems in which the added electron
completes an np (Ref. 6) shell. This both accounts
for the large electron affinities and explains the
failure of the restricted Hartree-Fock approach. A4b
initio calculations of electron affinities which in-
clude correlation contributions are rather complex
and have mainly been restricted to light elements.
In the case of the halogens, they have been mostly
confined to the electron affinity of fluorine. No
such calculations exist, to our knowledge, for bro-
mine and iodine. Even the semiempirical results
obtained with such methods as isoelectronic extra-
polation and horizontal analysis refer almost ex-
clusively to the first two periods of elements.!
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The aim of this study is to calculate the electron
affinities of the halogens fluorine through iodine.
The approach employed is based on the classical
picture in which the additional electron can be
bound to a neutral atom because of the dipole and
higher-order multipole moments induced in the
neutral atoms by the electron, and the resulting at-
tractive potential (polarization potential V) has
the asymptotic behavior —a/2r* at large r, where
is the dipole polarizability of the atom. In this ap-
proach, the change in the total correlation energy
upon the addition of an extra electron is replaced by
the polarization interaction experienced by the at-
tached electron. From the success of our previous
calculations’™!! with core polarization, we had
reason to expect that this approach might yield
values of electron affinities comparable to those ob-
tained with extremely laborious and complex calcu-
lations which evaluate the change in the total corre-
lation energy of the systems involved. A major ad-
vantage of the approach is that it retains the simple
single-configuration character of the restricted
Hartree-Fock method.

CALCULATIONS

The relativistic Hartree-Fock computer code of
Desclaux,'? modified by the authors to accommo-
date a polarization potential if desired, has been em-
ployed in this study. The polarization potential in-
cluded in the one-electron Hamiltonian is of the
form’
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TABLE 1. Parameters used in the calculations. Comparisons of electron affinities for halogens obtained in
RHF + APII computations employing two different sets of atomic dipole polarizabilities with experimental data. (Atom-

ic units are used.)

RHF+APII
Process ro o' (Ref. 14) greommendd (Ref, 13) a=a'F a=q™°"mendd  Eyperiment (Ref. 1)
FCP;,,)—F~('Sy) 1.087 3.58 3.76 0.12180 0.12569 0.12491+0.00007
CICP;,,)—Cl7(!Sy)  1.843 17.63 14.70 0.147 12 0.13776 0.1328 +0.0001
Br(*P;,,)—Br—(1S,) 2.118 25.67 20.60 0.13524 0.12546 0.1236 +0.0001
ICP; ) —17(1Sp) 2.518 42.62 26.00 0.12221 0.10555 0.1125 +0.0001
1
Vpol=—;ar2(r2+r(2))_3 . 1) 8P =e(nps,,)—€*F(nps ) . 4)

Values of static dipole polarizabilities & of neutral
atoms recommended by Miller and Bederson'® are
used here, although in order to assess the sensitivity
of the electron affinities to the choice of a, calcula-
tions are also performed with the set of a values
computed by Fraga et al.'* in a Hartree-Fock ap-
proximation. The cutoff radius ry is set to the
mean radius of the outermost orbital (nlj) of the
neutral atom. The values of parameters used are
summarized in Table I.

Three types of computation of the electron affini-
ties have been performed. In the first (labeled
“RHF” for relativistic Hartree-Fock) the electron
affinity of X, ARHF(X), is simply given by the
difference between the total relativistic Hartree-
Fock energies ENOF of the ground states of parent
atom X and its negative ion X~ (the Breit interac-
tion is included in the total energies through a
first-order perturbation treatment'?):

ARHF(x) = EREF(y)  pRHF(y—) )

A positive electron affinity means that a stable neg-
ative ion is predicted to exist. Because these calcu-
lations neglect correlation effects entirely, the
values ARHF(X) are expected to be much too low.
They are presented only for reference and for as-
sessing the influence of correlation.

In the second type of computation (RHF + API)
the contribution arising from the dipole moment in-
duced in the atomic core by the attached electron is
included as a correction 84F! to the RHF electron
affinity 4RFF of Eq. (2):

ARHF+API(X)=A RHF(X)+6API . (3)

The atomic polarization (AP) correction 82F! is
evaluated from the difference between the one-
electron energies of the extra np;,, electron in the
negative ion computed without (¢) and with (%)
the polarization potential (1), i.e.,

As discussed further below, the error inherent in the
one-electron approximation is largely canceled when
the difference between atomic and ionic energies is

~ calculated, and thus calculation of ARHF+API nypy

prove quite useful, particularly for heavier systems.
The values of 847! are presented in Table II.

Finally, in the third type of computation
(RHF + APII), the electron affinity is again com-
puted as the difference between total relativistic
Hartree-Fock energies of the parent atom and its
negative ion, but now the polarization potential (1)
is included in both the atomic and ionic systems:

A RHF+AP II(X) - E&E‘IF—FAP(X)

—ERIF+AP(x—) |

(5)

Here, the two contributions to the electron affinity
which are simply added in Eq. (3), namely, the
change in total relativistic Hartree-Fock energy of
the system upon addition of the extra electron and
the effect of the polarization of the atomic core by
the additional electron, are simultaneously calculat-
ed. The inclusion in the parent atom of the same
polarization potential as in the negative ion means,
through the cancellation of other contributions, that
the polarization interaction between the atom and
the additional np;,, electron constitutes the entire
correlation contribution to the electron affinity in
the RHF + APII computations. This correlation
contribution 87! is simply the difference between
electron affinities obtained in the RHF + AP II and
RHF computations:

SAP H=A RHF+AP H(X)_A RHF(X) . (6)

We have found such a modeling of correlation ef-
fects by a polarization potential to be highly suc-
cessful in related calculations.’—!!

In a frozen-core calculation, in which the same
atomic orbitals are used in both the atomic and ion-
ic computations, the polarization contributions 47!
and 8T would be identical. However, in our cal-
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culations the orbitals are allowed to “relax” as the
additional electron is removed, and the difference
between 82T and 8AF! arises only from the change
in relaxation energy when polarization is included:

SAPII=8API+(Ar_Ae) , (7)
where
A, =—enps ) —[ERIF(X)— ERIF(x )]
=—€(nps,) —ARE (8)
and

A‘,’= — €AP(np3/2)
_[E&?F-}-APH(X)_E:}){'IF+APII(X—— )]
— —EAP(np:;/z)—A RHF+APII (9)

are the relaxation energies of the negative-ion core
relative to the neutral atom in its ground state
without and with polarization included, respective-
ly. In the “frozen-core” approximation A, =A?=0
and consequently 8AFPT=8§APL Of course, the
“frozen-core” approximation is in our case entirely
unrealistic since both A, and A? are by no means
negligible in comparison with both € and AE,.
The values of A, and A are 0.13064 and 0.121 63,
0.05520 and 0.05165, 0.04373 and 0.04104, and
0.03322 and 0.03168 for F, Cl, Rb, and I, respec-
tively, and they are of the same order of magnitude
as € and AE,,,. However, the difference A, —A? is
one order-of-magnitude smaller than A, or A? and,
except for fluorine, also one order-of-magnitude
smaller than the difference in the one-electron ener-
gies of the attached np;,, electron, e(np;,;)
—e*¥(np;,,) =8AFL Therefore, the difference usu-
ally may be neglected; this leads to the RHF + API
computations which do not include the change in
the relaxation energy of the negative-ion core in the
presence of the polarization potential V.

DISCUSSION

Table I demonstrates the dependence of the re-
sults obtained in the RHF + APII approach on the
dipole polarizabilities. It may be seen that compu-
tations with the “recommended”! values of static
dipole polarizabilities of neutral atoms are in better
agreement with experiment than those with the
Hartree-Fock (HF) values of Fraga et al.!* The
values recommended by Miller and Bederson'? for
F, Cl, and Br have been computed by Werner and
Meyer" and Reinsch and Meyer'®!” who applied
the method of finite perturbation of Cohen and

Roothaan,!® with wave functions obtained from the
pseudo-natural-orbital configuration interaction
(PNO-CI) and the coupled-electron-pair approxima-
tion (PNO-CEPA) of Meyer.!° The accuracy of
these data is estimated at +2% by the authors.
The value of polarizability for I is scaled from
self-consistent-field Hartree-Fock calculations of
Thorhallsson et al.?® by forcing agreement with
better values where available, and the accuracy of
the resulting polarizability is estimated to be 50%.
The values of polarizabilities computed in the
Hartree-Fock approximation by Fraga et al.'* are
slightly (5%) lower than the recommended value for
F, 20—25% higher for Cl and Br and as much as
64% larger for I. However, even the 64% change
in the dipole polarizability used for I causes only a
16% change in the computed electron affinity.

In Table IIT we have compared the calculated and
measured electron affinities for halogens. The re-
sults ARHF+APT 5pq RHF+APIL 50ree remarkably
well with the experimental data. The largest
discrepancy (for iodine) does not exceed 8% and is
very probably due to the rather inaccurate value of
dipole polarizability discussed above, since for
remaining systems, where much more accurate po-
larizabilities are available, the agreement is con-
sistently better. Indeed, when the polarizability
a=36 a.u. determined by the empirical method of
Atoji?! is used, with the 7, of Table I, the calculated
affinity for iodine lies within 3% of experiment.
The overall agreement with experiment is slightly
better for values obtained in RHF + AP II compu-
tations, but the difference between results of the two
approaches decreases with increasing number of
electrons in the system. We shall return to this
point later.

Electron affinities of F and Cl obtained from oth-
er calculations which include correlation effects are
also presented. Since these calculations are all non-
relativistic and thus give electron affinities with
respect to the term center of gravity of the parent
atoms, the original values are given in parentheses
and values corrected for the experimental energy
difference between the ground 2P;,, state and the
term center of gravity are presented as the first en-
tries. It can be seen that our electron affinities are
well within the range of theoretical values from the
different approaches which include correlation.

In the first part of Table II the correlation contri-
bution to the electron affinities of halogens as cal-
culated by different authors in nonrelativistic ap-
proaches are compared with the so-called “experi-
mental”! correlation contribution 4% computed
from the nonrelativistic Hartree-Fock electron af-



TABLE III. Comparison of calculated and measured electron affinities for F, Cl, Br, and I (in atomic units).

Experiment

Other theory

0.1324(0.1331) (Ref. 2)
0.114(0.115) (Ref. 3)
0.127(0.128) (Ref. 4)

RHF RHF + API RHF + APII

0.04901

Process
F(2P3/2)—>F_( 1S()) .

(Refs. 1,25)

0.12495+0.00007 (Ref. 26)

0.12491+0.00007

0.12569

0.11668

0.1279 (Ref. 27)

0.133 (Ref. 28)
0.1275 (Ref. 29)
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0.123(0.124) (Ref. 5)

0.1263(0.1269) (Ref. 22)
0.118(0.119) (Ref. 23)
0.123(0.124) (Ref. 7)

0.105(0.105) (Ref. 24)
0.138(0.139) (Ref. 6)

0.1328+0.0001 (Ref. 1)

0.13776

0.13420

0.09279

CICP; ;) —Cl=('Sp)

0.1293(0.1306) (Ref. 8)

0.1125+0.0001 (Ref. 1)

0.1236+0.0001 (Ref. 1)

0.12546
0.105 55

0.12277
0.10400
(0.11341)*

0.087 30

Br(2P3/2 )—Br—( lSo)

0.08030

ICP; ) —1-(1S,)

(0.11550)*

36 a.u., is used together with the r, given in Table 1.

*Values resulting when the static dipole polarizability of iodine as given by Atoji (Ref. 21), namely a

finities and the experimental values of the energy
difference between term centers of gravity:

AR = A [X (PP)—X('8)]
— AT X 2P X~ (15)] . (10)

In the second part of Table II the corresponding ex-
perimental correlation contribution evaluated in the
relativistic approach,

AS = APP[X (PP;,,)—>X ~(1S))]
—ARHF[X (P, )X~ ('So)] (11)

is compared with the contribution of the polariza-
tion effect on the attached np;,, electron as calcu-
lated in the present paper from one-electron ener-
gies (6*F1) and from the RHF-APII and RHF elec-
tron affinities (8A7™). Since, as judged from the
comparison of relativistic and nonrelativistic experi-
mental correlation contributions, the relativistic ef-
fects are small, the calculated polarization contribu-
tions can be compared directly to the correlation
contributions found by other authors. Both 8AF!
and 8AP! contributions agree to within 13% with
experimental correlation contributions except for
iodine where the relative difference reaches 26%.
They also agree very well with calculated correla-
tion contributions available for fluorine and
chlorine. The considerable discrepancy for iodine is
reduced to 10% when Atoji’s value of a is used.

As mentioned in the previous section, the differ-
ence 82T 1_8AP! corresponds to the change A, — AP
in the relaxation energy of the negative-ion core in
the presence of the polarization potential V. It is
seen from Table II that the influence of polarization
on relaxation energy decreases with an increasing
number of electrons present in the system, and this
brings the results of both RHF + AP1I and II com-
putations together. From the values of A, and A?
given in the previous section, not only the change in
relaxation energy due to the polarization, but also
the relaxation energy itself decreases with increasing
number of electrons in the system and tends to zero
for systems with an infinite number of electrons,
where the difference between the frozen- and
relaxed-core approximations disappears. Therefore,
it might be tempting to use the frozen-core approxi-
mation and Koopmans’ theorem to evaluate the
electron affinities’® for heavier systems. However,
the resulting neglect of the total relaxation energy
A, is much more severe an approximation than a
neglect of the difference A,—Af. Evidently, the
very good agreement obtained for the electron affin-
ity of iodine in the frozen-core approximation by
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Synek and Grossgut® is rather fortuitous, because
if the relaxation energy of the core is taken into ac-
count, the result is roughly 30% lower than the ex-
perimental value.

We conclude that the approach presented in this
study, in which the correlation contribution to the
electron affinity is replaced by the additional polari-
zation interaction seen by the extra electron, yields
electron affinities in very good agreement with both
experiment and the most sophisticated theoretical
calculations. Virtually no additional computational
effort is required beyond that for the restricted rela-
tivistic Hartree-Fock computations, even though
the latter by itself yields completely unsatisfactory

results. The present approach does require a
knowledge of static dipole polarizability a of the
parent atom, but as may be seen for the case of
iodine for which we are lead to suggest that Atoji’s
value?! may be an improvement on the value recom-
mended by Miller and Bederson,'* the accuracy re-
quirements for a are rather low.

ACKNOWLEDGMENT

This work was supported by the Natural Sciences
and Engineering Research Council of Canada.

*On leave from the Institute of Physics, Jagellonian
University, 30-059 Krakow, Poland.

IH. Hotop and W. C. Lineberger, J. Phys. Chem. Ref.
Data 4, 539 (1975).

2V. Staemmler and M. Junger, Theor. Chim. Acta 38,
303 (1975).

3F. Sasaki and M. Yoshimine, Phys. Rev. A 9, 26 (1974).

4A. W. Weiss, Phys. Rev. A 3, 126 (1971).

5C. M. Moser and R. K. Nesbet, Phys. Rev. A 4, 1336
(1971).

6C. M. Moser and R. K. Nesbet, Phys. Rev. A 11, 1157
(1975).

7E. Clementi and A. D. McLean, Phys. Rev. 133, A419
(1964).

8E. Clementi, A. D. McLean, D. L. Raimondi, and M.
Yoshimine, Phys. Rev. 133, A1274 (1964).

9). Migdaiek and W. E. Baylis, J. Phys. B 11, L497
(1978).

10, Migdalek and W. E. Baylis, J. Phys. B 12, 1113
(1978).

113, Migdalek and W. E. Baylis, Can. J. Phys. 59, 769
(1981).

12), P. Desclaux, Comput. Phys. Commun. 9, 31 (1975).

13T, M. Miller and B. Bederson, Adv. At. Mol. Phys. 13,
1 (1978).

148, Fraga, J. Karwowski, and K. M. S. Saxena, Hand-
book of Atomic Data (Elsevier, Amsterdam, 1976).

ISH.-J. Werner and W. Meyer, Phys. Rev. A 13, 13

(1976).

16E.-A. Reinsch and W. Meyer, Phys. Rev. A 14, 915
(1976).

I7E.-A. Reinsch and W. Meyer, Mol. Phys. 31, 855
(1976).

18H. D. Cohen and C. C. J. Roothaan, J. Chem. Phys.
43, S34 (1965).

19W. Meyer, J. Chem. Phys. 58, 1017 (1973).

203. Thorhallsson, C. Fisk, and S. Fraga, J. Chem. Phys.
49, 1987 (1968).

2IN. Atoji, J. Chem. Phys. 25, 174 (1956).

22M. F. Schaeffer III, R. Klemm, and F. E. Harris, J.
Chem. Phys. 51, 4643 (1969).

230. Sinanoglu and I. Oksiiz, Phys. Rev. 181, 42 (1969).

24A. Kancerevidius, Fourth International Conference on
Atomic Physics, Abstracts of Contributed Papers,
Heidelberg, 1974, edited by J. Kowalski and H. G.
Weber (unpublished), pp. 150—153.

25R. Milstein and R. S. Berry, J. Chem. Phys. 55, 4146
(1971).

26H.-P. Popp, Z. Naturforsch. 22a, 254 (1967).

27D. Cubicciotti, J. Chem. Phys. 31, 1646 (1959).

28T. L. Bailey, J. Chem. Phys. 28, 792 (1958).

291. N. Bakulina and N. I Ionov, Dokl. Akad. Nauk
SSSR 105, 680 (1955).

30M. Synek and P. Grossgut, Phys. Rev. A 5, 2684
(1972).



