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Singly-excited singlet-triplet pairs of states of two-electron spherically symmetric systems, that are degenerate in the absence of inter-electronic
repulsion, are revisited. In addition to the obvious two-electron atom we consider the two-electron quantum dot confined by either a harmonic
potential or by an infinite spherical well, the confined two-electron atom, and three variants of an atom immersed in a plasma, modeled by the
screened Coulomb (Debye) potential. The validity of Hund’s multiplicity rule is confirmed, and the contribution of the interparticle repulsion
energy to the singlet-triplet splitting is examined. One feature that all these systems share is that the triplet wave function is contracted relative
to that of the corresponding singlet. This feature, which is a consequence of the virial theorem, affects both the behavior of the outer electron
ionization energies and the relative magnitudes of the inter-particle repulsion energies in the singlet vs. the triplet. Whereas in atomic highly
positive ions the interelectronic repulsion is lower in the triplet than in the corresponding singlet state, this ordering is reversed in neutral
atoms. Such reversal does not take place in quantum dots. Confined and screened systems exhibit more nuanced behavior. The analysis utilizes
appropriate variants of the virial and Hellmann-Feynman theorems.
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1. Introduction

The earliest theoretical framework allowing an interpretation of Hund’s heuristic rules [1] concerning the
energetic ordering of atomic open-shell multiplets, and examination of their validity, was developed by Slater [2]. A
generalization of Hund’s rules that is consistent with Slater’s treatment was developed by Morgan and Kutzelnigg [3,
4]. Slater’s treatment assumed that the different states to which each electronic configuration gives rise can be
treated in terms of a common set of one-electron orbitals. Within this scheme, the differences among the energies
of these different states is entirely due to the corresponding differences in the magnitudes of the interelectronic
repulsions. Hence, the virial theorem is violated, with different states having a common kinetic energy but different
total energies.

Going beyond this frozen orbital approximation, an intriguing feature is observed. While the splitting of
the states within a common configuration is driven by the interelectronic repulsion term in the Hamiltonian, the
order of the calculated expectation values of this term is sometimes reversed relative to the order of the total
energies. This reversal was reported for the first time by Davidson [5], studying singly excited states of He within
the Hartree-Fock framework, in which the orbitals are optimized for each term individually. Later Hartree-Fock
calculations [6] confirmed that the interelectronic repulsion energy is higher in the P than in the 'P state for all
group II atoms (Be, Mg, Ca, Sr and Ra), where one of the two outermost ns electrons is excited into the np
orbital. Similar observations had been reported in the late sixties and early seventies with respect to other atoms as
well as to open shell molecules. An interpretation emphasizing the role of the virial theorem and of the interaction
between inner and outer shells was presented in [7] and reviewed in [8]. It was argued that correlation (i.e.,
beyond Hartree-Fock features) does not play a qualitatively significant role in this context. Moreover, the absence
of an inner shell in systems such as doubly excited He in which the two electrons are specified by means of the
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same principal quantum number, was argued to exclude a reversal of the relative magnitudes of the interelectronic
repulsion energy between states corresponding to common configurations of this type (such as (2s2p)"*P or
(2p)%'D 3P 1S). Some evidence supporting this claim was presented. Progress in the treatment of doubly excited
states within the He isoelectronic sequence allowed, many years later, a study that suggested that correlation does
play a significant qualitative role, yielding a reversal in the magnitudes of the interelectronic repulsion energies
towards the low end of the isoelectronic sequence [9], despite the claim mentioned above. A comprehensive study
of multiplets of neutral atoms within Hartree-Fock theory was undertaken by Koga and Koshida [10], establishing
the rather universal validity of the reversal of the high- vs. low-multiplicity interelectronic repulsion in neutral
atoms. Although positively charged atomic ions have not been studied nearly as extensively, we can conclude on
sound theoretical grounds that the ordering of interelectronic repulsion energies must reverse into the “naively”
expected one (the interelectronic repulsion is smaller in the lower energy state) upon increase of the nuclear charge,
along isoelectronic sequences.

Application of the virial theorem suggested, rather early on, that reversal of the relative magnitudes of the
interelectronic repulsion energies in different multiplicity states belonging to a common configuration is possible [7].
The proof that this reversal is inevitable was only proposed many years later [11].

During the last decade or two, growing interest in electrons “trapped” within nanoscale cavities in solids,
referred to as “quantum dots”, has drawn attention to the spectroscopic properties of such systems. Evidence has
been accumulating that these systems typically satisfy Hund’s rule, higher spin states tending to be lower in energy
than corresponding lower spin states within a common configuration. However, unlike atoms, evidence has been
presented indicating that these systems do not exhibit a reversal of the magnitudes of the interelectronic repulsion
energies. Indeed, such reversal does not take place in the two-electron harmonically confined quantum dot [12,13],
a fact that could also be accounted for analytically [11].

The two-electron atom in a spherical cavity was recently explored, interpolating between the free atom and
a pair of electrons in an infinite spherical well [14]. Atomic-like behavior (reversal of the singlet vs. triplet
interelectronic repulsion energies) was observed at large cavity radii, where the Coulomb nuclear attraction regulates
the extension of the wave function, whereas no such reversal takes place in smaller cavities.

This issue was also explored for open-shell screened atoms, in which the Coulomb potentials were replaced
by Debye (Yukawa) type potentials [15]. Three variants of the two-electron Debye atom were considered:

1. The fully-screened (FS) two-electron Debye atom, whose Hamiltonian is:

1 —-A —-A —A
Mo = 5 (V1 V) - 2 (BRI S SR, 1)
2 T T2 T12
where )\ is the screening constant.
2. The screened nuclear attraction (SNA) Hamiltonian:
1 exp(—Ar exp(—Ar 1
Hdz—(v§+v§)—z( p(=An) , exp( 2))+, ©)
2 r1 T2 r12
3. The screened interelectronic repulsion (SIR) Hamiltonian:
1 1 1 exp(—Ar
Hintz—(V§+V§)—Z(+>+p(12). (3)
2 L T2 T12

The aim of the present article is to provide a synthetic overview of all these studies. We start by presenting
rigorous relations between the interelectronic repulsion energy and derivatives of simple functions of the total
energy, depending linearly on the latter. These relations follow by application of appropriate versions of the virial
and the Hellmann-Feynman theorems. The linear dependence mentioned above means that the same relations hold
for the energy differences between different states of the pertinent system. Homogeneous potentials are dealt with
in Section 2, allowing the treatment of the free Coulomb atom and the harmonic quantum well as well as the
infinite spherical well. Inhomogeneous potentials are treated in Section 3. These include the confined two-electron
atom as well as the systems that involve Debye screening of the nuclear attraction, the interelectronic repulsion,
or both. These relations are of particular interest for pairs of states for which the corresponding function of the
energy difference is non-monotonic, yielding a vanishing first derivative (i.e., reversal in the sign of the difference
of interelectronic repulsion energies) somewhere along the isoelectronic sequence. By considering the asymptotic
behavior of the energy differences at both the high and low ends of the isoelectronic sequence, we show that
such non-monotonicities generically arise within open-shell atomic isoelectronic sequences. On the other hand,
confined few-electron systems (“quantum dots”), that remain bound in the weak attractive potential limit, do not
give rise to such non-monotonicities. This provides a “kinematic” interpretation of the sign reversal of differences
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of interelectronic repulsion energies, as opposed to the “dynamical” interpretations (right or wrong) that have been
proposed. This analysis leaves open the possibility of reversal of interelectronic repulsion energies in the weak
attractive potential limit of non-confining quantum dots, such as the Gaussian or finite spherical well, that exhibit
analogues of a lower critical charge at which the system ceases to be bound.

Computational results for the various systems specified above are reviewed in Sections 4-8, confirming
the analysis briefly reviewed above. For details of the computational procedures used we refer to the original
publications.

Finally, we emphasize that the formal relations presented in sections 2 and 3 have a much broader relevance
than the applications actually considered; the analysis of the He isoelectronic sequence is an illustration that can
be extended to any open-shell, many-electron atomic isoelectronic sequence. Hence, our analysis establishes that
the reversal of the relative magnitudes of the interelectronic repulsion energies in atomic multiplets corresponding
to a common configuration is inevitable, while the absence of such reversal in many-electron quantum dots with
confining potentials is equally universal.

2. The virial and Hellmann-Feynman theorems for homogeneous potentials

We consider the two-electron Hamiltonian:

’H:—;(Vf+V§)+;+i((2>y+(z>y>, @

noting that the generalization to IV electrons is straightforward. For an eigenstate ¥ the energy components are:

The kinetic energy T= f%<\1'| (Vi+V3) ),
The one-body potential energy H= %, where h = <\I/’ (%)V + (%)V ‘\I’> ,
The interelectronic repulsion energy C' = (\Il| i|\1/> .
The total energy is:
E=(U|H|¥)=T+C+H. (5)

Coordinate scaling, followed by minimization of the energy with respect to the scaling parameter, yields the virial
theorem in the form:

21 +C —h=0. (6)
The Hellmann-Feynman theorem, applied to the parameter R, yields:
dE
h=-R—. 7
IR (7)

Combining (5), (6) and (7) we obtain:

v+2 dE v+2_ 2 d 2
Rop = B g (R E) ®

We assume that AFE, the difference between the energies of some pair of eigenstates of the Hamiltonian (4),
is known as a function of the parameter R (in practice, this amounts to knowing it for a sufficiently dense set
of values of R). Then, the differences between the interelectronic repulsion energies, AC, can be evaluated by

applying (8) to AE. For a pair of related states whose difference of energies satisfies AE > 0, if it can be shown

C=2E+

that (RUQTV2 AF') is non-monotonic as a function of R then the interelectronic repulsion difference reverses sign at

the value of R at which (Rv% AE) is extremal.

We shall consider the following special cases:

2.1. The Coulomb potential, v = —1

In this case R can be identified with Z, the nuclear charge. We obtain:

T = -—-F,
dE

H = Z7—
az’
and

_ _pd(E
C = ZdZ<Z2>. 9)
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2.2. The harmonic potential, v = 2

. . . 1 .
In this case we relate R to the harmonic force constant k via k = ik and obtain

4 d E
T = L (2
’ dk<ké>’

dE
H = -2k—
dk’
and
s d E
C = -4k dk<\/E) . (10)

The expression for C, the expectation value of the interelectronic repulsion, can be written in terms of the frequency
w, related to the force constant via & = w?. One obtains:

E
= 2,29 <> . (11)
dw \w
2.3. The infinite spherical well, v = oo
Taking the limit ¥ — oo we obtain:
d
T = ——(RE
dR ( ) )
H = 0,
and
1 d
C = —— (R*E). 12
RdR ( ) (12)

These expressions are consistent with 7'+ C' = E.

3. The virial and Hellmann-Feynman theorems for inhomogeneous potentials
3.1. Two-parameter Hellmann-Feynman systems

Consider the Hamiltonian:

1, ) 1 1 r \"
H = 2(V1+V2)+T12+Va<(Ra> +

b 7,2 Vp
* <R> ) (1)

Here, the potential is manifestly inhomogeneous.
The scaling argument yields the virial theorem in the form:

2T+ C —hg —hy =0.

T and C are the kinetic energy and the interelectronic repulsion energy, respectively, and

r )\ r2 ha
he = (V| | — = Uy, H,=-12%,
< ‘ (Ra) - (Ra> > Va
1 Vp ro Vp
hy = (0| = =
’ < <Rb> " <Rb>

h
\1:> . Hy=-t.
The Hellmann-Feynman theorem can be applied to each of R,, R} individually, yielding:

Up

oF
ha = _Ra ’
OR,
OF
hy = —Ry—.
b b@Rb

Using these relations we obtain:

Vg + 2 oF vw+2 _ OF
C=2F R, Ry——.
+ Vg oR, + Vp baRb
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3.2. The confined two-electron atom

For particles in a Coulomb potential confined by an infinite spherical well of radius R [16] (and references

therein) we have v, = —1, R, = Z and v, — o0, Ry = R. We obtain,
OF OF
=2F—-7— +R— 14
¢= 0z R(“)R (14)
or

C=_-z7" Mzaa (Z“ZE)—i-Rl unaa (RHRE)

where urp — puz = 2.
Choosing 11z = 0 we obtain:

oFE 1 0
C=-Z—+—--=(R’E 15
oz * mor FE) (15)
and choosing up = 0,
o (FE OF
—__73 7 [ = il
C= ZaZ(Z2>+R8R‘ (16)
3.3. The one-electron Debye-screened atom
The one-electron Debye Hamiltonian is:
1 —
hdz—fVQ—ZM. (17)
2 r
Let ¥ be an eigenfunction with eigenvalue e. Let:
oo
t = —
(27
S _Z<exp(—/\r)> ’
T
e = t4+wv,
u = AZ{exp(—Ar)),
where (O) = (1)|O|1b). The virial theorem:
20+v=2e—v=u, (18)
yields:
t = —e+tu,
v o= 2e—u.
The Hellmann-Feynman theorem with respect to Z yields
Oe
J— =
0z
and the Hellmann-Feynman theorem with respect to A yields
de wu
-~ _Z 19
ox A (19)
Using equations (18) and (19) we obtain:
de de
2~ Aox — Z—m = 20
““roax oz =" 20)
hence,
Oe de a (e
=z = As =X (= 21
V=287 = o 7 () @1
and
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3.4. The two-electron Debye screened atom

3.4.1. Screened nuclear attraction Hamiltonian, H4. Let U be an eigenfunction of the two-electron Hamiltonian,
equation (2).
FE is the corresponding eigenvalue. Let:

1
T o= (-5 (7EV).
I - _z <exp(—)\r1) . eXp(—)\Tg)> 7
1 T2
1
- ().
T12
V = L+C,
E = TH+L+C,
U = M {exp(—=Ar1) +exp(—=Ar2)) . (22)
The virial theorem [17-19] yields:
T = —-E+U, (23)
V = 28U,
the Z-Hellmann-Feynman theorem is
OF L
0z 7’
and the A\-Hellmann-Feynman theorem is:
o8 _U
ox X7
It follows that the two components of the potential energy are given by:
oE oF
= 2E-)\—+—-7— 24
¢ oA 0z’ @4
oF
L = Z—.
0Z
Subtracting (20) from (24) we obtain:
Oe Oe
= %+ A\—+ 77—
C €+ B\ + 97

where € = e — E is the first ionization energy of the two-electron system.

3.4.2.  Fully screened Debye atom, Hp. We follow the path described in the previous subsection, specifying only
the expressions that require modification. The expectation value of the two-electron term becomes:

C:<eXp(_)‘r12)>.

T12

Equation (22) should be replaced by:

U=\ <Z<exp(—/\7“1) + exp(—)\rg)> - exp(—)\rlg)> .

3.4.3.  Screened interelectronic repulsion, H;,:. In this case:

U = —X(exp(—Ari12)) .
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4. The two-electron atom

4.1. The (1s2p)"® P states of the He isoelectronic sequence

The energies calculated by Accad, Pekeris and Schiff [20] for Z = 2,3,--- , 10, along with the fact that the
singlet-triplet energy difference vanishes at the critical charge Z = 1 [21] yield,

0.0544423 n 0.0081415)
VA Z? '

AE ~ (Z —1) (0.0344887 - 25)

1
This expression resembles the E-perturbation expansion [22-25]

224
AFE = @Z — 0.0840286 + - - - = 0.034141137Z — 0.0840286 + - - -

AE
and the two leading coefficients crudely agree. Since, at large Z, AFE grows linearly in Z, it follows that —7

AFE
which vanishes at Z = 1 (since AE does), also vanishes asymptotically as Z — oo. Hence, —- must obtain

a maximum, which is found to be at Z = 3.78. From (9) (applied to AF) it follows that AC is negative for
Z = 2,3, and positive but small at Z = 4.
Substituting (25) into (9), we obtain:

0.1877513  0.0325661

AC =~ 0.0344887Z — 0.1778618 + 7 72

(26)

The differences between the ab initio values of the interelectronic repulsion energies in the P and the ' P
states [20] are consistent with the values obtained by evaluating equation (26).

4.2. The (1s52s)">S states of the He isoelectronic sequence
In complete analogy with the treatment of the (1s2p)"® P sequence in the previous section, we notice, using

AFE
the energies calculated by Accad, Pekeris and Schiff [20] for Z = 2,3,--- , 10, that 7 obtains a maximum (at
Z = 2.6), which implies, because of (9), that AC is negative for Z = 2. This is in agreement with the AC' values

obtained using the 21-order 7 variational perturbation theory expansion [26]. The value of AC at Z = 2 agrees
with the ab initio value, —0.018514 [27].

5. The two-particle harmonic quantum dot: (1s2p)1’3P states

Using the relative-motion energies €(n,¢) evaluated by Prudente, Costa and Vianna [28] we note that the
energies of the lowest > P pair, (0,1),.(0,0)z>P and (0,0),.(0,1)z" P, are given by:

E(GCP) = (0,1)(w)+ gw,
E(*P) = ¢(0,0)(w)+ gw,

respectively. Fitting the numerical values we obtain:

E('P)— ECP)

1.
~1++Vw <0.00166828 - 009793 ) ,

0.283907 + /&

in agreement with Hund’s first rule, £(*P) > E(*P). Obviously, lim0 (E(*P) — E(*P)) = 0, as each energy
w—
individually vanishes in this (no confinement) limit. As expected, the calculated energies are consistent with
E(P
lim EE3 P; = 1. Using (11) we obtain the difference between the 'P and the 2P interelectronic repulsion
w—r00
energies. The ratio — is clearly monotonically decreasing as a function of w. Consequently, the interelectronic

w
repulsion energy in the singlet is higher than that in the triplet for all the values of w considered.
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6. The two-particle infinite spherical well: the 3§ states

The two-electron atom with nuclear charge Z, confined in a spherical well of radius R, interpolates between
the free two-electron atom (R — o0) and the spherical quantum dot (Z — 0) [14].

A careful analysis of the nodal structure of the various two-electron wave functions suggests that the lowest 39
state, which corresponds to the configuration (1s2s), should be compared with the third 1S state, which corresponds
to the same configuration. The lowest 'S state corresponds, in complete analogy with the He-like atoms and the
two-electron Hooke’s atom, to the ground configuration 1s%. However, in the present case the following 'S’ state
corresponds to the (2p)2 configuration.

Indeed, the 3'S and the 135 states are rather close in energy (the latter being lower, in conformity with
Hund’s rule). The interelectronic repulsion energy is rather significantly lower in the latter than in the former

. . C(3%S)—-c(13s .
state. Extrapolation yields: }131310 EE?’ T S; — EEl 3 S; = 1. Over the range of values of R available, R* (E(3 19) —
E(13S)), whose first derivative is related to C(3'S) — C(139), is a monotonically increasing function of R,
approaching zero in the limit R — 0. This is consistent with C'(31S) — C(135) > 0.

7. The confined two-electron atom: the (1s2p) 3P states

A principal distinction between the atomic isoelectronic sequence and the harmonic quantum dot is that in the
former the singlet-triplet energy difference vanishes at some positive nuclear charge, below which the outermost
electron is not bound. In view of the confining nature of the harmonic potential, the coincidence of the singlet and
the triplet energies only takes place when the harmonic force constant vanishes. Since the infinite spherical well is
even more remote from the Coulomb potential — more confining — than the harmonic well, it is safe to anticipate
no reversal, as a function of the radius of the confining sphere, in the latter system as well.

To understand the transition between these two types of behaviour we consider confined open-shell many-
electron atoms. The multiplet structure suggested by the single configuration — frozen orbitals treatment of the
systems that we actually study agrees with that specified by Hund’s rules. Furthermore, we deliberately avoid

systems that exhibit asymptotic degeneracies as — — 0. We follow the behavior of pairs of states that correspond

to a common configuration, say, the singlet and triplet states that correspond to the (1s2p) configuration of the
two-electron atom. In free space, the interelectronic repulsion is higher in the singlet for higher Z, and higher in the
triplet for lower Z. Confining the system into a sphere of radius R and setting Z = 0 we still get a singlet-triplet
pair, the triplet being lower in energy, but having a lower expectation value of the interelectronic repulsion, for all
R. Our aim is to trace the transition between the case R > 0, Z = 0 and the case R = o0, Z > 1.

For R — oo AFE is independent of R, so we obtain from (16):

.0 [AE
_ _ 73 2 | ==
AC = ZaZ(Z2>' @7

Since % vanishes at Z = Z,, the critical charge at which the outer electron ceases to be bound, as well as at
Z — o0, and is positive in between, it must possess a maximum at some intermediate value Z,,. Hence, AC < 0
for Z. < Z < Z,,, and AC > 0 for Z > Z,,.

For Z = 0 we obtain from (15):

1 0, 5,
AC*R.E)R(R AE). (28)

Near-Hartree—Fock wavefunctions and energies were obtained for the singly excited pair of states (1s2p) L.3p,
over a range of nuclear charges and confining radii. In all cases, the total energy is lower in the triplet than in
the singlet. The most interesting aspect is that the difference between the expectation values of the interelectronic
repulsion of the singlet and the corresponding triplet states. One notes that the interelectronic repulsion is higher
in the singlet except at low Z and high R.

For low R the difference of the interelectronic repulsions between the singlet and the triplet is a decreasing
function of Z. This is because when Z increases for a constant R the wavefunction contracts and the boundary
becomes less significant. Since the singlet is more expanded, the boundary affects it more significantly, increasing
the singlet-triplet difference of interelectronic repulsions. At high R, including the free atom (R = o0), the
difference of interelectronic repulsions increases with increasing Z. This is a trivial consequence of the fact
that the difference of interelectronic repulsions is, asymptotically, equal to 2K[1s,2p|Z, where K[ls,2p] is the
exchange integral. A minimum in the singlet-triplet difference of interelectronic repulsions as a function of Z is
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noted at intermediate R. For Z above this minimum the high R behaviour is manifested, whereas for Z below
the minimum one is in the low R regime. The location of the minimum shifts to lower Z upon increase of R.
Noticing this trend helps understand what would otherwise look to be a suspicious sequence of interelectronic
repulsion differences at R = 5. The difference of interelectronic repulsions is always a decreasing function of R,
for constant Z. This trend is due to the fact that the confinement affects the singlet — that is more expanded —
more than the triplet, increasing the singlet interelectronic repulsion upon lowering R.

8. The Debye-screened two-electron atom: the (1s2s)3S states

Finally, we consider the fully-screened (FS) two-electron Debye atom, (1), the screened nuclear attraction
(SNR) Hamiltonian (2), and the screened interelectronic repulsion (SIR) Hamiltonian (3) [15]. We refer to the

exp(—Ar . . . . . . .
term M either as the screened interelectronic repulsion or as the interparticle repulsion. The operator
T12

— 1is referred to, as usual, as the interelectronic repulsion. We say “particle” to emphasize that the interaction is

r
mlo2diﬁed, although the properties (mass, spin, statistics) are those of an electron. The expectation values of these
operators are referred to as the interparticle or interelectronic repulsion energies, respectively.

We find that the methodological standpoint taken by Lin et al. [29], allowing the effect of the Debye screening
of the one- and the two-particle terms to be distinguished from one another, is helpful when dealing with the
excited states as well. The fact that in Hp both the one-electron and the two-electron potential energy terms are
screened leads to unexpected trends in the behavior of the triplet vs. the singlet interparticle repulsion energies.
We expect H, to behave more similarly to the confined two-electron atom. A complementary picture is offered by
Hint. Upon increasing the Debye screening the interelectronic repulsion is quenched and the system approaches
two non-interacting hydrogen-like electrons in the (1s2s) configuration, with the A\ — oo asymptotic energy

Oe Oe 30 (e
V=257 =2 Azl = -\ m(ﬁ)’ (29)
and
B de , 0 (e

The differences between the singlet and the triplet energies for the FS, the SNA and the SIR models have

been examined as functions of —, for Z = 2,3,4,5. The singlet is always higher than the corresponding triplet,

the difference increasing with increasing Z. From the different versions of the A-Hellmann-Feynman theorem

it follows that the initial slopes of the singlet and the triplet energies, at 7= 0, are equal. Hence, AFE starts

horizontally, with a vanishing slope.

For the SNA atom both the singlet and the triplet energies are higher (lower in absolute value) than those of
the FS atom. This is due to the higher interparticle repulsion in the former systems. The singlet-triplet energy
differences are smaller for the SNA atoms than for the FS atoms.

A
For the SIR atom the singlet-triplet energy difference increases at low 7 because the triplet energy is lowered

more rapidly by the enhanced interparticle screening. This energy difference reaches a maximum (roughly at

Am  0.65 . . A
2 —Z), vanishing asymptotically at 7 — 0.

NG
8.1. The interparticle repulsion energies

For Z = 2 the interparticle repulsion energy is lower in the singlet over the whole range of values of the
screening constant for both the FS atom and the SNA atom. For the SIR atom the difference between the singlet
and the triplet interparticle repulsion energies rises, becoming positive above a certain screening constant. For
Z > 3 the interparticle repulsion in the FS atom is lower in the triplet at low screening (up to A ~ 0.096 at Z = 3,
A~ 0.17at Z =4 and A =~ 0.208 at Z = 5), but higher in the triplet for higher screening. This reversal takes
place at lower values of the screening constants for the SNA atom. While the SIR singlet interparticle repulsion

energy is always higher than that of the triplet, they both vanish, asymptotically, at 7 — 00, where the screening

quenches the interparticle repulsion. Like the ionization energy, the triplet interparticle repulsion energy approaches
the asymptotic value considerably more rapidly than the singlet.
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Finally, Debye screening of the nuclear attraction enhances the reversal of the magnitudes of the singlet vs. the
triplet interparticle repulsion energies by effectively lowering the nuclear charge, whereas Debye screening of the
interparticle repulsion acts in the opposite direction. This behavior is due to the fact that the singlet wave function
is more expanded, so that it samples the interparticle repulsion operator at higher values of r15, at which the effect
of the factor exp(—A\rj2) is more pronounced.

9. Conclusions

The behavior of the interelectronic repulsion energy in two-electron systems with a range of one-body potentials
was reviewed. Particular attention was paid to the relative magnitudes of the interelectronic repulsion energies
within pairs of states which, in the limit of vanishing interelectronic repulsion, belong to a common electronic
configuration. Expressions for these differences of interelectronic repulsion energies in terms of derivatives of
simple expressions involving differences of corresponding total energies were derived, using appropriate versions
of the virial and Hellmann-Feynman theorems. In the atomic case the expressions to be differentiated were shown
to be non-monotonic by considering their behavior for both Z — oo and for Z — Z, (where Z, is the critical
charge below which the outermost electron is not bound). Hence, their derivatives yield an inevitable sign reversal
in the difference of interelectronic repulsion energies, for some Z that satisfies Z. < Z < oc.

In the confined systems the behavior at the high correlation limit of the isoelectronic sequences (when k& — 0
for Hooke’s atom and when R — oo for the infinite spherical well) implies a monotonic behavior of the energy-
related quantities that need to be differentiated to obtain the corresponding difference of interelectronic repulsion
energies. Hence, no sign reversal is expected. These conclusions are confirmed computationally, for appropriate
pairs of states.

Careful analysis indicates that the ordering and structure of electronic configurations in Hooke’s atom, and
even more so in the infinite spherical well, are sometimes very different from those in the atomic case, due to
different degeneracies and configuration mixing. Such distinctions are important to keep in mind when trying to
draw meaningful comparisons.

The lowest 3P pair exhibits remarkable robustness in the following sense: this is the only pair of states
in which both members are lowest within the subspaces of their respective symmetry types, being reasonably
well described by the (1s2p) configuration. The (1s2s)'3S pair suffers from the fact that the singlet is not the
lowest of its symmetry type, which makes a treatment in terms of a single configuration approximation somewhat
delicate. The !3D states are even worse. They are nicely described in terms of the single configuration (1s3d)
in the atomic case, but each member of the pair belongs to a different limiting configuration (the singlet being
(2p)? and the triplet (1s3d)) in the infinite spherical well. Even in Hooke’s atom the lowest 'D state involves a
linear combination of two configurations that are mutually degenerate in the non-interacting limit. In view of this
robustness of the 1'®P pair, the single most pertinent recommendation for further study is that this pair of states
should be examined more carefully for spherically symmetric quantum dots with a range of shapes and strengths,
including, in particular, non-confining potentials such as a finite well or a Gaussian potential. This is the context
in which the least ambiguous results are likely to emerge.

The lowest energy pair of singly-excited states, (1s2s)'35, is investigated for three types of two-electron
Debye Hamiltonians. The reversal in the relative magnitudes of the singlet vs. the triplet interparticle repulsions
has been charted for the three models over a reasonably broad range of the pertinent parameters [15]. The overall
behavior is in agreement with earlier results on the unscreened two-electron atom, showing interesting distinct
features.

Singlet-triplet splitting was studied for two confined open-shell atomic systems as a function of the nuclear
charge and of the radius of the confining sphere. In all the cases considered the total energy was confirmed to be
lower in the triplet. The interelectronic repulsion was found to be lower in the singlet when the nuclear charge
is low enough and the confining radius is large enough. The difference of interelectronic repulsions between
the singlet and the triplet (denoted AC") was found to be a decreasing function of the radius of the confining
sphere, at a constant nuclear charge. However, as a function of the nuclear charge at a constant confining radius,
this difference increases for large confining spheres, and exhibits a minimum at intermediate confining spheres.
For tightly confining spheres AC' decreases with increasing nuclear charge in the two-electron 1s2p system, but
increases with increasing nuclear charge in the four-electron 1s°2s2p system. This distinction can probably be
understood as a consequence of the fact that the 1s and the 2p orbitals are very differently affected by the confining
sphere, which is not the case for the 2s and 2p orbitals. While the contrast in the behavior of the difference between
the singlet-triplet interelectronic repulsions in the free and in the confined atom follows from the analysis in [11],
the transition between these two types of behavior is now clarified.
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In both systems studied R < 0 (the energy decreases — increasing in absolute value — with increasing R).

3R‘ decreases with increasing R, vanishing at large R. More remarkably, it is higher in the singlet than in the
triplet, due to the fact that the triplet wave function is more contracted, hence less affected by the confining sphere.

E
Similarly, 37 < 0. Like the absolute value of the derivative with respect to R,

07z

decreases with increasing R,

N
remaining finite at R — oo where it is equal to the expectation value of E —, NN being the number of electrons.
— T
i=1

As a function of Z, increases. This is obvious, at least at large R, reflecting the contraction of the wave

oE
07

function upon increasing Z. The contraction of the triplet wave function relative to the singlet is also reflected in

0Z
Investigation of the effects of milder confining potentials, such as a finite spherical square-well or a Gaussian
potential, are worth-while extensions of the present study.

OFE| . . .
the fact that " is larger in the former than in the latter.
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