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Theoretical study of even- and odd-parity states in La and Ac
Evidence for the uniqueness of La
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Density-functional-theory calculations predict that (i) La is a unique negative ion in that it
has bound states of both even and odd parity in the configurations [Xe]5d 6s and [Xe]5d 6s 6p,
respectively, and (ii) the ground state of Ac is of odd parity in the configuration [Rn]6d 7s 7p
while the even-parity state [Rn]6d 7s is unlikely to be bound. The dominant relativistic effects
have been included perturbatively and are essential for these predictions.

In recent years it has become evident that most atoms,
including those with closed subshells such as Ca, Sr,
and Ba, can bind an extra electron to form a negative
ion. ~ However, no negative ion has yet been identified
with bound states relative to the neutral atom ground
state (i.e. , stabLe against autoionization) of both parities.
Moreover, a study of the spectra of neutral and singly ion-
ized atomss shows that the energy separation between
their ground and first excited states of opposite parity is
greater than 0.5 eV and thus is not close to being degen-
erate. The main purpose of this Brief Report is to present
strong theoretical evidence that La is a unique system
possessing both of these characteristics (i.e. , nearly de-
generate even- and odd-parity bound states in the con-
Figurations [Xe]5d26s2 and [Xe]5d 6s 6pi). A system
with such an electronic structure is likely to have un-
usual properties, e.g. , a large electric dipole polarizabil-
ity and Stark effect. It should also be useful in parity-
nonconserving studies that have received much attention
recently.

On the basis of semiempirical (SE) analyses, the ac-
cepted view is that La and Ac are stable1'8-12 in con
figurations [Xe]5d26s2 and [Rn]6d~7s2, respectively, the
latter with a very small binding energy (BE). La has
been observed, but no measurements of its quantum
numbers have been reported. There have been no obser-
vations of Ac . Thus another unexpected result from our
analysis is that the ground state of Ac is of odd parity
in the configuration [Rn]6di7s~7pi while the presently
acceptedi~ even-parity ground state, [Rn]6d~7s~ (hence-
forth the noble-gas portion will be dropped), is unlikely
to be bound.

There is experimental evidence that once a bound
configuration occurs in a column of the Periodic Table
it usually is stable for all cases with higher atomic num-
ber below it (e.g. , groups IIA and VA). This rule holds
for negative ions even when the ground states of the neu-
tral atoms in a column have different configurations, e.g. ,

groups VB, VIB, and VIIIB. Thus noting the experimen-
tal discoveryi4 of stable Sc and Y with the electron
configurations (n l)di ns2npi (n = 4—and 5), it would be
most unusual for La and Ac not to be bound in similar

odd-parity states with n = 6 and 7. From this viewpoint
our results for even-parity La (bound) and Ac (un-
bound) are most surprising. The real question that must
be answered is what causes even-parity La to be differ-
ent from the other group IIIB even-parity negative ions.
In this respect, the SE analysis of the (n —1)d ns con-
figurations by Zollweg is noteworthy since it predicted
an abrupt changes of the electron afFinity (EA) in going
from Sc and Y (unbound) to La (bound). However,
the analysis gives very little insight into what causes La
to be different from the others. A first-principles expla-
nation of this anomalous behavior is given in the present
work. To corroborate the validity of our conclusions, we
show that the experimental sd interconfiguration ener-
gies (ICE's) of these elements have a similar anomaly
for La and then combine these results with calculations
to support our direct calculations for the EA's of the
(n —1)d2ns~ states.

Our predictions are based on calculations of energy
differences, b,E—:E(A) —E(A ), for the pertinent mul-
tiplets of the neutral atoms and negative ions. The en-
ergy of the nonrelativistic (NR) Hamiltonian is calcu-
lated using density-functional theory (DFT) to which the
J-independent relativistic contributions (mass-velocity,
Darwin terms, and spin-spin contact) are added pertur-
batively, denoted by AE«~. The sensitivity of the rela-
tivistic contributions to d orbital occupancy makes them
essential for producing the unique character of La as
well as the observed ground-state configurations of La
and Ac. Vosko, Lagowski, and Mayer4 (VLM) found
that relativity unbinds the (n —1)d ns configurations
in Ba and Ra (n = 6 and 7). VLM show that this
perturbative treatment is adequate for p- and d-electron
removal from neutral Sc, Y, La, and Ac by a compar-
ison with Dirac-Hartree-Fock (DHF) calculations. This
demonstration is extended to their negative ions in Ta-
ble II.

The accurate determination of the NR AE is very dif-
ficult because of the importance of correlation in select-
ing the physical ground-state configuration due to its
large fractional contribution to both the total binding
energy and the "efFective potential" that acts on the ex-
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tra electron. An example is the observed ~ odd-parity
configuration in both Sc and Y where bound np or-
bitals do not exist in the Hartree-Fock (HF) approxima-
tion but do exist for the (n —l)d orbitals in the unstable
even-parity configurations. In the present work, this diK-
culty is overcome by using the HF-system method of DFT
which includes correlation while maintaining the simple
single-particle picture of HF theory. In this method, the
NR ground-state energy is written as

E„fnl, nl j = E„ fnl, nl j + E,[nl, ni ],

where E„[nl,ntj is the HF energy functional,
E,fnl, nij is the correlation energy functional, and n (r)
is t"e spin-up (-down) density «r ~r =t (l). E [nT nlj is
determined by minimizing it with respect to the n (r).
An appealing feature of DFT is that the introduction of
E, [nl, nij in (l) combined with the variational principle
for E„[nl,ntj results in the addition of a local single-
particle correlation potential, n, (r), into the usual self-
consistent single-particle HF equations, DFT-HF equa-
tions. The potential v, (r) is instrumental in binding rele-
vant orbitals which are unbound in HF theory. The exact
E,fnl, nlj is not known and must be approximated. With
the recent veri6cations of the DFT predictions of sta-
ble Ca, Sr and Ba, it is evident that this method,
with some of the presently available correlation energy
functionals, is suitable for such systems. To show that it
can also handle more complex systems such as La and
Ac where there are two electrons outside of a closed

subshell, it will be calibrated against the accurate ex-
perimental results for the multiplet structure of Sc
and Y . We have also tested the method for calculat-
ing energy differences in more relativistic systems and
found it to be adequate for our purposes. Lagowski and
Voskois have analyzed five forms for E,[nl, ntj currently
in use and found that the Stoll-Pavlidou-Preuss (SPP)
form underestimates the EA's of all negative ions with
Z &30. Also, it does not bind the np states of Ca
Sr, and Ba . Thus it can be regarded as representing a
lower limit to the true E,[nl, nl] for these problems and
as such is useful for establishing the existence of stable
negative ions. The results of the Perdew form are also
presented to give an example of a stronger E,fnl, nij and
verify that the even-parity states in Sc, Y, and Ac
are not unstable just for the SPP form. The calculations
were done using the general HF program modified to
include n, (r) and calculate E„.

For the odd-parity configurations (n —l)di ns2npi,
the possible multiplets are I"', D', P', F', D',
and P'. Only the i D' (ground state 4

) and sD'
have been observed in Sc with BE's of 6.95+0.73 and
1.54+0.73 and in Y with BE's of 11.32+0.44 and
6.06+0.92 (all energies are in mhartrees). Efforts were
made to obtain converged solutions to the DFT-HF equa-
tions for all of the above multiplets using both the Perdew
and SPP forms of E,. The Perdew form gives bound
converged solutions to the DFT-HF equations for all four
ions in the F', D', and D' terms, while the SPP form

TABLE I. OFT results for the contributions to the BE s of the negative-ion states for Perdew and SPP functionals where
AEeel = EEHF + AE, + AE„i are compared with experimental (expt) and semiempirical (semi) values from Refs. 1, 12, and
14.

Sc
Perdew SPP

3d14824+1 3go
Perdew SPP

3d'4s 4p D (1 54)'" '
Perdew SPP
3d'4s 4p' 'D (6 95)'" '

Perdew
3d24 2 3 +6

SPP
( 26)Semi

~EDF
AE,
AE„i
AEt, t

—10.9
16.5
—0.3

5.4

—10.2
16.9
—0.5

6.1

—7.6
22.0
—0.3
14.1

—6.4
13.6

6.8

—48„1
26.9
—4.5

—25.6

—47.4
12.5
—4.4

—39.3

4d15 25 1 3Fe ( 6)expe 4d'5s 5p' D (6.06)'"p' 4d 53 5p' 'D (11.32)'"P' 4d25 2 3Fe ( 17) emi

~EDF
AE,
AE„i
&Rot

—5.6
17.0
—0.4
11.0

—4.8
5.7

—0.5
0.4

8 4
16.7
—1.6

6.6

—2.7
22.5
—0.8
19.1

—1.6
14.1
—0.7
11.8

—26.2
25.8

—11.4
—11.8

—25.5
11.0

—11.2
—25.7

5d 68 6p I" d1 682 6p1 3 Do 5d16 26 1 1 Do 5d2 6 2 3 Fe (1 9)Semi

~EDF

AE,
AE„i
AEt t

—2.9
16.9
—1.4
12.6

—2.5
5.9

—1.5
1.8

—4.2
17.2
—3.2

9.8

—2.7
6.4

—2.9
0 ' 8

1.3
22.2
—1.8
21.6

1.7
13.7
—1.8
13.5

25.6
26.0

—25.0
26.6

25.8
10.7

—24.9
11.6

Ac 6d 78 7p I" 6d1 7827+1 3 Do 6d17 27 1 1Do 6d 73 F' (ll+ll)"
—1.2
16.8
—2.8
12.7

—1.0
5.8

—3.2
1.5

—1.5
17.0
—7.0

8.5

6.4
—6.9
—1.9

1.7
22.0
—4.3
19.4

3.3
13.5
—4.1
12.7

31.6
25.6

—55.5
1.6

31.5
10.4

—55.3
—13.4
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failed to do so for the sF and sD' terms in Sc and the
3D term in Y emphasizing its characteristic weak v, .
To obtain AE, the neutral-atom energies were calculated
for the experimental ground states (n —1)dins2 ~D'. The
results for the AE's are summarized in Table I along with
those for the (n —l)d2ns2sF' term. The importance of
correlation and relativity in producing binding or unbind-
ing is shown by separating LE„ into a "density-functional
HF" part, AEHDF, and a correlation part, AE„which are
compared to AE„],.

A study of the results for Sc and Y in Table I shows
that DFT captures the major physics and is in reasonable
agreement with experiment. Namely, the D' is their
ground state and since it is favored by LEHF, it would
persist if a more accurate Ee[nl, nt] was available. (We
have found that AEHFF favors the iD' state in each of
the five forms for E,[nf, nt] discussed in Ref. 15.) The
agreement between the SPP form and the iD' experi-
ments is particularly good. Thus it is natural to extend
this form to La and Ac . The Perdew form can be
calibrated against Sc and Y by subtracting 7.5, re-
sulting in BE's of 14.1 and 11.9 for La and Ac, which
are in close agreement with SPP. Even if the EE„i is
more negative by 2 (see VLM's Table V), La and Ac
would still be stable in the D' state. Therefore we are
confident that the D' state is bound in both La and
Ac and is their lowest-energy odd-parity state.

The interpretation of the D' results is more difficult
because the discrepancies between the Perdew form val-
ues and experiment are markedly diferent in Sc and
Y . However, any reasonable calibration of the Perdew
form would bind the sD' state in La and Ac with
a smaller BE than the iD' state This. conclusion is
supported by the existence of converged solutions of the
DFT-HF equations with the SPP form for La and Ac
with very small and negative, respectively, BE's. The
situation for the F' state is unclear because it is very
unlikely to be bound in Sc and a definitive identifica-
tion in Y is yet to be made. 4 If it exists in Y, its
BE is expected to bei4 ~o 6+1. Since each form of E,
gives very similar BE's for Y, La, and Ac (although
depending on the form of E,), we conclude that if the
F' state is bound in Y then it is bound in La and

Ac with a similar BE.
The results for the F' state in Table I are in qualita-

tive agreement with the SE analysess i2 except for Ac
where our results strongly suggest it to be unstable (note
the SE resulti2 is ll+ll, so that the disagreement is not
so severe) leaving La as the only stable even-parity sys-
tem. This unique property is produced by the competi-
tion of two opposing contributions: The LEHFF makes an
abrupt change in sign (negative to positive) in going from
Sc and Y to La and Ac. The AE„,~

is always negative
but, rapidly becomes more so in going from Sc to Ac (by
a factor of 12). The net result is that AEHF + AE, i is
positive only for La. When the nearly constant positive
LE, is added, it produces substantial binding in La, but
is not large enough to reverse the negative contribution

TABLE II. A comparison of EE's for a (n —1)d electron
removal from I'"' using DHF and HF + perturbative E„~.

+EHF
AE„)
~EDHF

rel

Sc
—46.9

4 4
—5.3

—25.1
—11.2
—11.9

26.3
—24.6
—25.5

32.1
—54.7
—56.4

Extrapolated from Z =89.1, 89.08, 89.06, 89.04 to Z =89.0.

TABLE III. Comparison of experimental (Refs. 5 and 6)
with DFT-HF results for s —d ICE's, AP, g.

La Ac
~Eexpt

861 52.4 49.9 43.4

~EDF
~EPerdew

C

AE„)
~Etot8'

37.6
4.0
4.7

46.3

16.2
6.3

13.2
35.8

—35.l
2.8

26.2
—6.1

—40.2
2.7

58.8
21.3

~EDF
~EsPP
EE„)
~Etot

SCg

37.4
15.9
4.7

58.0

15.8
18.7
13.1
47.7

—35.6
14.9
26.1
5.4

—41.2
14.7
58.3
31.8

of EEre~ for Ac. Since AE„~ is so important for this spe-
cial property, the accuracy of the perturbative treatment
is corroborated by comparing it with DHF calculations
(see Table II). The special feature of Ac is already evi-
dent in that converged DHF solutions for F' do not exist
for the real nuclear charge Z = 89 (i.e. , Ac 's result is ex-
trapolated from higher Z). The accuracy of AE„i can be
seen by comparing it with BED& (= KE„ t.

—EEHF),
the maximum discrepancy being 2.

The abrupt change in the BE of the sFe state in go-
ing from La to Ac is so unexpected that it deserves
corroboration (since the available E, [nT, nt]'s are not as
reliableis for d electron removal (as can be seen from the
larger spread of AE between Perdew and SPP for sF').
Independent evidence, based on analysis of experimen-
tal data, that La is special will now be presented. The
neutral-atom experimental (2J + 1) averaged s-d ICE's,
~E«P& —E[(& I)d2&sl 4Fe] E[(& 1)dl&s2 2De]
are compared with the DFT-HF results in Table III.
From the AE, &p it is clear that La is special in that
it can accommodate two d electrons much more read-
ily than the others. This property is reproduced by
the DFT-HF calculations albeit with substantial errors
in the Perdew form. Because the SPP errors for b,E,d

are smaller we favor its results for the F' term in Ta-
ble I. It is important to appreciate that this special
property of La is due to the same opposing contribu-
tions discussed above, namely, AEHF and LE«~ whose
values are not in doubt and are insensitive ((10%) to
the inclusion of u, in the DFT-HF equations. (Note the
sign change in Tables I and III because we are using
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the standard definition of AE, ~ ).AF, &

" can be used
to give a qualitative explanation as well as a more reli-
able estimate of the BE's of the I"" term. Instead of
adding an (n —l)d electron to the ~D' ground state,
add an ns electron to the I"' excited state with BE
AF„, —:E[(n —1)d2ns' F'] —E[(n —1)d ns2 F'] If.
AE„, —LE,dp' & 0, the I"' state will be stable. Thus
for La to be stable LE6, must be greater than 13 while
for the others it must be on the order of 45 to 55. An es-
timate of AE„, for ~ = 4, 5, and 6 can be obtained from
the experimentali EA's of K, Rb, and Cs (18.4, 17.9,
and 17.3) (Ref. 22) which are nearly constant, 2s suggest-
ing that the AE„, 's corresponding to Sc, Y, La, and
Ac are nearly constant and greater than 17 which is
sufBcient to make I"' La stable. To put this picture
on a more quantitative basis, DI"T results for AE„, are
presented in Table IV. If we use the average values for
AE~ combined with LE g, we arrive at BE's of —33,
—27, 6, and —23 for the I"' state of Sc, Y, La, and
Ac . Since this picture avoids the errors in E,[nf, nl] for
d-electron removal we believe these values to be our best
estimates for these BE's with an uncertainty of 4.

In suiiimary our results predict the following: (i) La
and Ac have the bound odd-parity states iD' (BE
in the range 10—15), D' (BE in the range 5—8) and
likely F' (BE in the range 4—8); (ii) only La has a

TABLE IV. BE's of ns electrons in the ' I' state, AE„,.

~EDF
~EPerdew

C

QE„)
AE„.

Sc
—10.5

30.9
0.2

20.7

—10.0
32.1
1.8

24.0

—9.5
28.8
1.2

20.5

—8.6
28.3
3.3

22.9

~EDF
~ESPP

C

EE„i
EE„.

—10.0
28.4
0.3

18.7

—9.7
29.7
1.9

22.0

—9.8
25.6
1.2

17.0

—9.7
25.1
3.0

18.4

bound even-parity sF' state (BE in the range 4—10). It
should be emphasized that these BE's are estimates only.
The important aspect of our predictions is that La has
nearly degenerate stable states of both parities which is
likely to produce interesting physics. Because of the deli-
cate nature of these systems, careful experimental studies
will be necessary to confirm our predictions. It is hoped
that this theoretical analysis will stimulate such work.
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18.7, 18.8) and SPP forms (15.4, 14.8, 14.0) bracket the
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of the corresponding AE, .
Unfortunately, an EA for Fr is unavailable. However, the
ionization potentials of Ca, Sr, Ba, and Ra are similarly
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