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Doublet and quartet states of Li−2
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Abstract. Electronic states of the molecular lithium anion are investigated by configuration-interaction
calculations. Comparison with the analogously computed potential energy curves for the lowest singlet
and triplet states of the neutral Li2 shows that in addition to the well-known stable ground state X2Σ+

u

there also exist metastable excited states of Li−2 . Within the quartet sector, two candidates for such long-
lived states are identified and their spectroscopic properties studied.

PACS. 31.15.Ar Ab initio calculations – 33.15.Fm Bond strengths, dissociation energies –
33.15.Dj Interatomic distances and angles

1 Introduction

Not all of the elements lead to stable atomic anions, and
even fewer homonuclear diatomic molecules are capable of
forming stable negative molecular ions. Since neither H−2
nor He−2 has a bound ground state, Li−2 is the smallest
homonuclear anion that exhibits stability. Theoretically,
the stability of the ground state X2Σ+

u of Li−2 was already
predicted in 1972 [1]; its experimental detection, however,
was not reported until two decades later [2]. The origi-
nal results [1] have been refined by a series of subsequent
calculations [3–11], so that currently for the ground state
X2Σ+

u there is a satisfactory agreement between the pub-
lished theoretical and published experimental data.

Less information, both quantitatively and qualita-
tively, is available for excited states of Li−2 . Usually, atomic
anions have no or only a very few bound excited states
below their electron detachment thresholds. In particular,
there are no excited bound states for Li−, and, if consider-
ing a general nuclear charge parameter Z, all bound states
of the four-electron atomic system will be absorbed into
the continuous spectrum if Z < 2.85e0 [12]. On the other
hand, the system that would arise in the united-atom limit
(UAL) of Li−2 , namely the carbon anion C−, enjoys two
bound states: in addition to its ground state 4So, the ex-
cited state 2Do is weakly bound by ≈ 0.036 eV [13]. These
facts already indicate that isolated (i.e. lying below the
continuum) excited bound states should be rather scarce
for Li−2 . Actually, previous studies [7–9] only predict the
lowest excited state 12Σ+

g to be bound for large internu-
clear separations R, viz. R > 6.5a0. Experimentally, the
resulting spectral properties render this state 12Σ+

g an
a Permanent address: IFISR, Freiheit 13, 31174 Schellerten,

Germany. e-mail: hogreve@rz.uni-hildesheim.de or e-mail:
hogreve@cpt.univ-mrs.fr

attractive candidate for dissociative electron attachment
measurements [14].

Although in principle quartet or higher spin states of
Li−2 could acquire a rather long lifetime, they have not yet
been discussed in the literature. A sufficiently small spin-
orbit coupling is one of the prerequisites for the metasta-
bility of such states. Another stability condition for a
spin S state of Li−2 is that its energy (or, more precisely,
a minimum of its associated Born-Oppenheimer potential
energy curve (PEC)) lies below the bottom of the corre-
sponding spin (S − 1) spectrum of Li2. If Hund’s case b
coupling scheme and thus the rule ∆S = ±1 for single-
electron detachment were strictly valid, that energy re-
quirement would entail not only metastability, but genuine
stability. In reality, however, states stabilized in this way
eventually decay, with their lifetime being determined by
the strength of the interaction terms neglected. The state
14Πu of N−2 discussed recently in reference [15] provides an
example for a quartet state that is energetically above but
much (> 107 times) longer lived than the lower doublet
states of N−2 .

Here, our main goal is to study the low-lying quartet
spectrum of Li−2 and to identify candidates for metastable
states. This also includes a reinvestigation of the relevant
ionic doublet and neutral threshold states.

2 Computational details

Due to the extra electron in Li−2 the anionic states can
be expected to be represented by spatially rather ex-
tended and diffuse wave functions. This motivates the
addition of appropriate polarization functions for build-
ing an adequate Li−2 basis from a given basis set for Li2.
The main impact of these polarization functions will be
an improved description of the loosely bound electron
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of the anionic wave function; therefore, application of a
basis set constructed in such a way to both the ion Li−2
and the neutral Li2 systems should allow a fairly consis-
tent determination of the stability properties of Li−2 .

Guided by these considerations and having exper-
imented with various basis sets, most of our calcula-
tions were performed using a Gaussian basis with sets
(14s7p5d2f) attached to each nucleus and amended by
a set (3s1p) at the bond centre. Since, to achieve maximal
flexibility, all functions were kept uncontracted, this yields
a total number of 176 basis functions and thus a basis of
much larger size than in previous investigations on these
systems [1,3–11,16–25]. The employed set of s-orbitals is
derived from Table 3.14.1 in reference [26]; apart from ad-
ditional p- and d-functions with exponents ζp = 45.0 and
ζd = 0.038, respectively, the p-, d-, and f -sets are identical
to the corresponding ones of the Li-basis in reference [27].

Our CI calculations adhere to the standard MRDCI
scheme [28]. Depending on the state and the actual geom-
etry, usually between 30 and 60 reference configurations
were specified and produced a set of several million sym-
metry adapted functions. Selection thresholds between 0.1
and 0.4 µhartree led to dimensions of the Hamilton ma-
trix ranging from 12 to 55 thousand. After computation of
its lowest eigenvalues and construction of the correspond-
ing natural orbitals, the CI procedure was repeated itera-
tively, usually with distinctly smaller selection thresholds.
In this way, the contributions

∑
n c

2
n of the reference con-

figurations to the final CI wave function were enhanced by
≈ 1−2%, reaching 98.8–99.4% for the CINO wave func-
tions of Li−2 or 99.2–99.6% for Li2. Here, and in the se-
quel, the notation CINO refers to results from MRDCI
computations with natural orbitals, and CINOQ will in-
dicate that in addition the generalized Davidson correc-
tion [29] was employed. Besides computations in which all
electrons are correlated, also calculations with frozen-core
1σ2

g1σ2
u have been carried out. For both the neutral and

ionic system, on the average, the resulting total energies
were ≈ 88 mHartree above the respective values from the
all-electron computations. As expected, freezing orbitals
increases the contribution

∑
n c

2
n of the reference sets to

≈ 99.9% for Li2 or 99.1–99.9% in the case of Li−2 .

3 Potential energy curves for Li2

In the context of studying Li−2 , a (re-)computation of
PECs for its neutral parent Li2 is desirable for two prin-
cipal reasons. First, the energies of certain Li2 states de-
termine the respective thresholds for electron detachment
from Li−2 ; hence, even though some relevant data are al-
ready available in the literature, calculations employing
the same basis and CI method for both the neutral and
the ionic molecule should provide more consistent and
thus more accurate stability information on Li−2 . Secondly,
comparison of our computed Li2 data with other precise
results allows some calibration and more reliable accuracy
estimates for our computed Li−2 quantities also.

Among the previous theoretical studies that cover the
required states, we should mention in particular the inves-

tigations by Kaldor [24] and by Schmidt-Mink et al. [23].
Kaldor’s results are purely ab initio, whereas for the data
in reference [23] a semiempirical effective potential is used
to include core polarization effects. Theoretical and ex-
perimental results are collected and compared with val-
ues from our computations in Table 1 for the three states
of Li2 that mark the considered Li−2 thresholds. For the
ground state X1Σ+

g the experimental spectroscopic con-
stants ωe and De are most closely reproduced by the re-
cent calculations of Evangelisti et al. [25]. The theoreti-
cal Re values from reference [6] or from reference [23] are
0.004a0 below or above, respectively, of the experimen-
tal equilibrium bond length Re; our CINO PEC yields an
equilibrium separation that is 0.006a0 larger than the one
from experiments. The CCPCI [23] and our CINO compu-
tations produce an identical result for the dissociation en-
ergy De, the predicted value being about 1% smaller than
the experimental De. With the exception of the anhar-
monicity parameter ωexe for which the CINOQ-PEC gives
ωexe = 2.80 cm−1, our Davidson-corrected CINOQ results
deviate less than 0.3% from the uncorrected CINO-values;
however, they are less consistent with the experiment. In
their CI calculations, Partridge et al. [6] observed that
freezing the orbitals 1σ2

g1σ2
u leads to an equilibrium sepa-

ration Re elongated by ≈ 0.04a0 with respect to the all-
electron treatment; the same phenomenon occurs in our
computations. For other quantities, we found that freezing
the 1σ2

g1σ2
u core results in smaller values, i.e., 0.7% for De

and 1.7% for ωe.
Since their associated PECs cross aroundRx = 4.82a0,

we have to consider two states, viz. 13Σ+
u and 13Πu, to

obtain the lowest triplet energies for Li2. These states
converge to different separated atoms limits (SALs); the
state 13Σ+

u dissociates into Li(2s 2S) + Li(2s 2S) and its
PEC is the lower one for R > Rx, whereas 13Πu produces
Li(2s 2S) + Li(2p 2P) as R → ∞. Experimental data are
available for the state 13Πu, but not for 13Σ+

u . As Ta-
ble 1 shows, for 13Πu most of the theoretical results agree
rather well with the experimental ones. The minimum of
the 13Πu PEC arises at a separationRe that is larger than
the crossing Rx. Hence, in the present context, only the
repulsive part R ≤ Rx < Re of the 13Πu PEC will be of
interest.

Probably due to its shallow well and smallDe, the state
13Σ+

u has not yet been observed in experiments. Those
weak binding properties are certainly also the reason for
a less consistent theoretical description of the 13Σ+

u PEC.
The deviations are most striking for the equilibrium sep-
aration Re, with CI results scattered between 7.55 and
7.90a0. Minor discrepancies exist for Te, but for De our
CINO value is about 20% smaller than the average of the
other CI values in Table 1.

4 Doublet states of Li�2

In the separated atoms limit (SAL), the channel with low-
est energy is characterized by the dissociation products
Li−(1Sg) + Li(2Sg). Only the two molecular states X2Σ+

u
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Table 1. Spectroscopic constants for those states of Li2 that are of relevance for the stability of the molecular anion Li−2 .
In addition to the standard abbreviations, the employed methods are indicated by: EXP: experiment; CINO: MRDCI with
natural orbitals; CCSD: coupled clusters with single and double excitations; CPP CI: effective core polarization potential and
full valence CI; BPP CI: Bardley’s pseudo-potential and valence CI.

state method reference Re/a0 Te/cm−1 ωe/cm−1 ωexe/cm−1 De/eV

X1Σ+
g EXP [30,31] 5.051 0 351.39 2.578 1.0559

CINO (a) 5.057 0 351.2 2.40 1.045

CAS CI [25] 5.042 0 351.96 - 1.0561

CCSD [24] 5.05 0 351 - 1.061

CPP CI [23] 5.055 0 351.01 2.586 1.045

MCSCF CI [6] 5.047 0 350.5 2.58 1.034

BPP CI [22] 5.002 0 356.9 3.66 1.078

13Σ+
u CINO (a) 7.55 8191 69.8 4.8 0.0329

CCSD [24] 7.65 8251 75 - 0.0380

CPP CI [23] 7.903 8144 63.73 3.202 0.0399

BPP CI [22] 7.687 - 66.4 3.11 0.0439

MCSCF [17] 8.001 - 61 3.2 0.0362

13Πu EXP [32] 4.894 - 345.6 1.890 1.5058

EXP [33] 4.896 11240 345.7 - 1.510

CINO (a) 4.893 11345 348.3 1.92 1.510

CCSD [24] 4.88 11090 349 - 1.533

CPP CI [23] 4.904 11257 345.88 1.980 1.5061

BPP CI [22] 4.828 - 354.1 2.52 1.5427

MCSCF [18] 4.974 - 339 2.5 1.4237

(a) this work

Table 2. Spectroscopic constants for stable or metastable states of Li−2 .

state X2Σ+
u dominant configuration 1σ2

g1σ2
u2σ2

g2σu

method reference Re/a0 ωe/cm−1 ωexe/cm−1 De/eV D0/eV

EXP [2] 5.847 232 - - 0.865

CINO (a) 5.819 232.2 2.30 0.844 0.830

CINOQ (a) 5.787 236.8 2.42 0.857 0.842

CAS CI [10] 5.85 230 - - 0.75 (0.83)(b)

CI [9] 5.813 231.3 2.36 0.7084 0.818

MP CI [7] 5.644 233.1 1.92 0.880 -

SDTCI [8] 5.840 230.4 2.15 0.794 -

MCSCF CI [6] 5.779 231.2 2.31 0.907 (0.836)(b) -

state 14Σ+
u dominant configuration 1σ2

g1σ2
u2σg2σu3σg

method Re/a0 Te/cm−1 Tv/cm−1 ωe/cm−1 ωexe/cm−1 EAa/eV

CINO 6.570 9335 9709 157.2 1.53 0.246

CINOQ 6.577 9309 9731 166.1 2.01 0.257

state 14Πg dominant configuration 1σ2
g1σ2

u2σg2σu3σg

method Re/a0 Te/cm−1 Tv/cm−1 ωe/cm−1 ωexe/cm−1 EAa/eV

CINO 5.901 10071 10074 191.9 2.01 0.156

CINOQ 5.899 10043 10047 198.7 2.48 0.163

(a) this work

(b) Davidson corrected value
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Fig. 1. PECs from CINO results (solid lines) for the ground
state X2Σ+

u of Li−2 and ground state X1Σ+
g of Li2. Inside of

the PECs the lowest twenty (for 7Li−2 ) or seven (for 7Li2) vi-
brational levels are indicated. For Li−2 , the CINO PEC is also
compared with the CINOQ results (dotted curve) or with (rela-
tive) energies from other calculations (circles: Ref. [7]; squares:
Ref. [9]). All PECs are drawn relative to their respective min-
imum.

and 12Σ+
g converging to that limit remain electronically

stable for large internuclear separations, because the first
excited SAL channel corresponds to Li−(3Pu) + Li(2Sg)
and Li−(3Pu(1s22s2p)) is not bound. In the UAL, the
two bound states 4So and 2Do correlate with the molecu-
lar states 14Σ−g and 12Πu, respectively. This implies that
in Li−2 the state X2Σ+

u must lose its ground state privi-
lege due to a crossing with 14Σ−g for small R. Our calcu-
lations, however, reveal that for internuclear separations
larger than ≈ 3a0 – and thus for the domain of primary
interest – the X2Σ+

u PEC is the lowest one. This PEC
together with the ground state X1Σ+

g PEC of Li2 is plot-
ted in Figure 1. Spectroscopic constants for X2Σ+

u from
our and other calculations are collected in Table 2. Com-
pared with the ground state PEC of Li2, the X2Σ+

u well
is rather shallow around its minimum. This explains the
less coherent CI results for Re between 5.65 and 5.85a0

in the case of Li−2 ; also the CINO and CINOQ values for
Re differ by ≈ 0.03a0. Nevertheless, the theoretical results
from references [8,10] and our CINO value fall within the
experimental error bars Re = 5.847± 0.028a0 [2].

The dominant configuration for X2Σ+
u is obtained by

adding an 2σu orbital to the ground state configurations
of neutral Li2. The fact that the extra electron occupies
an antibonding orbital is the reason for many of the dif-
ferences between the ground state PECs of Li−2 and Li2,
in particular the wider well for X2Σ+

u , the ≈ 20% smaller
well depth and the ≈ 0.8a0 larger bond length of Li−2 .
The theoretical values for the well depth, i.e., the dis-
sociation energy De, range from 0.71 to 0.91 eV. Sarkas
et al. [2] derived from their measured electron affinity for
Li2 the dissociation energy (including zero-point correc-
tion) D0 = 0.865±0.022 eV for Li−2 . The computed D0 in
Table 2 are smaller; only the CINOQ result hits the lower
boundary of the experimental error interval.

The vibrational levels indicated in Figure 1 show that
the v = 17 level of Li−2 closely approximates the v = 0 level

Fig. 2. Nondetaching doublet states and lowest quartet state
of Li−2 together with relevant threshold states of Li2. The dou-
blet continuum is indicated by shadowing, and inside the X1Σ+

g

PEC the lowest ten vibrational levels for 7Li2 are displayed.

of Li2. Hence, in addition to vibrational de-excitation, lev-
els of the anion with v ≥ 17 can also decay via electron
detachment into Li2(X1Σ+

g )+e−. The quantities of impor-
tance for electron capture of Li2 or electron detachment
of Li−2 are collected in Table 3.

Next, examining excited doublet states, the stability
of the state 12Σ+

g is lost for shorter internuclear sepa-
rations before an equilibrium geometry is achieved due to
the crossing of the 12Σ+

g PEC with the continuum thresh-
old curve X1Σ+

g of Li2 at Rx ≈ 6.5a0 (see Tab. 4 and
Fig. 2). In terms of vibrational levels, the crossing energy
corresponds to v = 6−7 of 7Li2. For Be+

2 , a local maxi-
mum of the 12Σ+

g PEC was observed around Rb ≈ 6.2a0

[27,34,35]; for Li−2 , the maximum is shifted to much larger
internuclear separations. The 12Σ+

g PECs from our com-
putations show a tiny hump around Rb = 13a0; whereas
existence of such a hump is independent of the employed
computational method, its precise location and size are
rather sensitive to details of the PEC.

Since the dipole transition probability X2Σ+
u ←−

12Σ+
g is nonvanishing, the state 12Σ+

g can decay by radia-
tive processes; for Rx < R < Rb, our computations yield
corresponding lifetimes between 0.5 and 3 microseconds.
For R < Rx, the state 12Σ+

g turns into a resonance. Some
of its properties were investigated by Michels et al. [9]. In
particular, the lifetime of this resonance is estimated to be
long enough to admit dissociative attachment processes
Li2(X1Σ+

g ) + e− −→ Li−2 (12Σ+
g ) −→ Li(2S) + Li−(1S)

provided the initial electronic ground state of Li2 is pop-
ulated by sufficiently excited vibronic levels. Our compu-
tations predict thresholds for the dissociative attachment
(relative to the X1Σ+

g minimum) of 3619 cm−1 (CINO),
or 3645 cm−1 (CINOQ), or the smaller frozen-core result
3457 cm−1. In all cases, these values fall between the vi-
brational levels v = 10 and v = 11 for 7Li2, consistent
with the experimental findings [14].
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Table 3. Adiabatic electron affinity EAa, vertical electron affinity EAv, and vertical detachment energy DEv for the ground
state of Li−2 .

method reference EAa / eV EAv / eV DEv / eV

EXP [2] 0.437 ±0.009 - 0.52

CINO (a) 0.402 (0.395)(b) 0.328 0.492

CINOQ (a) 0.416 (0.409)(b) 0.341 0.502

VCINO (a) 0.430 (0.423)(b) 0.341 0.500

CAS CI [25] 0.414 - 0.515

CI [9] 0.42 - -

BPP CI [22] 0.429 - -

SDTCI [8] 0.44 0.37 0.50

MCSCF CI [6] 0.43 ±0.02 - -

no entry means: value not reported

(a) this work

(b) values in brackets: without zero-point motion

Table 4. Crossing point Rx with X1Σ+
g PEC of Li2, energy Tx = E(Rx) − E(Re) at crossing relative to the minimum of the

X1Σ+
g PEC, position Rb of barrier and barrier height Eb for the state 12Σ+

g of Li−2 .

method reference Rx/a0 Tx/eV Rb/a0 Eb/cm−1

CINO (a) 6.56 0.2966 13.02 199

CINOQ (a) 6.51 0.2726 13.18 208

VCINO (a) 6.49 0.2551 13.20 126

VCINOQ (a) 6.48 0.2520 13.20 128

CI [9] 6.52 0.2730 12.21 201

BPP CI [22] 6.21 0.2186 13.14 93

SDTCI [8] 6.50 0.238 11.0 242

(a) this work

5 Quartet states of Li�2

The considerations of the preceding sections suggest that
on the R-interval decisive for molecular stability the quar-
tet states of Li−2 are within the electronic continuum
above the X1Σ+

g threshold. Assuming strict validity of the
Hund’s case b coupling scheme, the threshold for electron
detachment of quartet states, however, is determined by
the bottom of the triplet spectrum of Li2. On the other
hand, since the 13Σ+

u energies of Li2 converge to the same
SAL as its X1Σ+

g PEC, from the beginning it is clear that
for sufficiently large internuclear separations R all quartet
states must become electronically unstable even under the
strict spin-coupling assumption. Therefore, (meta)stable
quartet states of Li−2 can only be possible for small or
moderate bond lengths. The actual behaviour of the PECs
as predicted by our computations is displayed in Figure 3.

If ordered according to increasing energy, for the low-
lying quartet states of Be+

2 the sequence 14Σ+
u , 14Πg,

14Πu, 14Σ+
g was found [27,35]. Our results yield the same

energetic ordering also for the quartet states of Li−2 . The
global minimum of the discrete quartet spectrum of Li−2
occurs for the state 14Σ+

u at Re = 6.57a0. The domain

Fig. 3. Quartet states of Li−2 and threshold states of Li2 with
the quartet continuum indicated by shadowing. The short-
dashed curve represents the part of the 14Σ−g PEC below the
continuum.

of (meta)stability for this state, i.e. the R-interval on
which the 14Σ+

u PEC stays below the electronic quar-
tet continuum, ranges from Rx(14Σ+

u , 13Πu) = 4.25a0

to Rx(14Σ+
u , 13Σ+

u ) = 10.94a0. The resulting well-
depth Dxc = E(Re) − E(Rxc) = 0.281 eV relative
to the lowest crossing with the threshold curve (here,
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Rxc = Rx(14Σ+
u , 13Σ+

u )) approximately equals the elec-
tron affinity of 14Σ+

u . Its shallow well (ωe = 166 cm−1)
causes a relatively large spread between Re and R0 =
〈χv=0, R χv=0〉 = 6.64a0. Around the equilibrium, 14Σ+

u
is almost exclusively governed by the configuration that
arises from the ground state by the excitation 2σg → 3σg.
The adiabatic and the vertical electron affinities for 14Σ+

u ,
both taken relative to the “parent” state 13Σ+

u , are not
much different, viz. EAa(14Σ+

u ) = 0.246 eV (CINO) or
0.257 eV (CINOQ) and EAv(14Σ+

u ) = 0.274 eV (CINO)
or 0.281 eV (CINOQ). These values are slightly larger than
the electron affinity EAa(14Πg) = 0.233 eV of the lowest
metastable quartet state 14Πg of He−2 , also taken relative
to 13Σ+

u of He2 [36].
At its equilibrium, the state 14Σ+

u is located
8906 cm−1 or 1.10 eV above the corresponding bottom
of the doublet continuum (determined by the X1Σ+

g PEC
at Re(14Σ+

u )). For increasing R this vertical energy dif-
ference decreases (see Fig. 2) until just before the 14Σ+

u

state is absorbed into the quartet continuum the 14Σ+
u

PEC hits and tracks the X1Σ+
g curve within ≈ 100 cm−1

(i.e., within the absolute errors of the calculations). If only
limited by electronic decay via the quartet continuum, the
14Σ+

u PEC could support about 17 vibrational levels for
7Li−2 and rotational quantum number J = 0. However,
rather than by the electronic continuum, the vibrational
motion is affected more strongly by the crossing between
the 14Σ+

u and 14Πg PECs at Rx(14Σ+
u , 14Πg) = 5.43a0

such that for smaller R the latter PEC becomes the lower
one. As a consequence, vibrational 14Σ+

u levels with v ≥ 5
are destabilized by electronic dipole transitions to 14Πg.

Compared with the 14Σ+
u PEC, the well and the dis-

crete part of the 14Πg PEC is shifted toward shorter in-
ternuclear separations. In particular, the minimum of the
14Πg PEC is attained for a bond length Re = 5.90a0

that is about 0.6a0 shorter than for 14Σ+
u , and the 14Πg

state is absorbed into the quartet continuum at a dis-
tinctly smaller distance Rx(14Πg, 13Σ+

u ) = 8.20a0. This
is obviously related to the replacement of the 3σg-orbital
for 14Σ+

u by a stronger binding 1πu-orbital in the config-
uration governing 14Πg. According to the standard pre-
scription of populating molecular orbitals, for systems up
to and including N2 the 1πu-orbital would yield a lower
energy than the 3σg-orbital. For Li−2 these energy lev-
els are inverted, similar to the situation of He−2 in its
lowest quartet state 14Πg. For Li−2 , the electron affin-
ity of 14Πg (again relative to the parent state 13Σ+

u )
EAa(14Πg) = 0.163 eV is somewhat smaller than that
for 14Σ+

u , and the 14Πg PEC can support only 8 vibra-
tional levels below the quartet continuum. Nevertheless,
since the crossing with the 14Σ+

u PEC already occurs at
an energy Tx ≈ 113 cm−1 above the 14Πg minimum, only
the vibrational ground state of 14Πg escapes strong per-
turbations by that crossing. At the corresponding R0 =
5.93a0, our computations predict a relatively long lifetime
≈ 2×10−2 s of 14Πg against radiative transitions to 14Σ+

u .
The vibrational wave functions of excited states v > 0 ex-
tend beyond the crossing point Rx(14Σ+

u , 14Πg) into the
region where 14Πg is stable, thus causing a delay of the

vibronic transitions to 14Σ+
u . As already mentioned, also

the excited 14Σ+
u vibrational motion is perturbed by that

crossing; in additional to the usual decay via vibrational
cascading, for R < Rx(14Σ+

u , 14Πg) the nonvanishing
dipole transition probability with lifetimes from 10−2 to
10−4 s for 14Σ+

u also renders de-excitation via (repeated)
vibronic transitions (14Σ+

u , v
′′) ↔ (14Πg, v

′) possible.
The ordering 14Σ+

u < 14Πg < 14Πu with respect to in-
creasing relative stability was proposed by Meng et al. [35]
for the low-lying Be+

2 quartet states, where on the domain
of principal interest (R from 3 to 8a0) the 14Πu PEC
lies distinctly (≥ 0.5 eV) above the 14Πg PEC. Hence, it
should come as no surprise that – as a result of our com-
putations – for Li−2 this state does not exist as a discrete
state below the quartet continuum. A similar conclusion
holds for the purely repulsive 14Σ+

g PEC.
Finally, for separations R less than Rx(14Πg, 14Σ−g ) =

3.57a0, the other state displayed in Figure 3, namely
14Σ−g , supplants 14Πg as the energetically lowest quartet
state for Li−2 . For the cation, 14Σ−g was classified as a dou-
bly excited state with strongest relative binding reported
so far for Be+

2 [35]. In the case of Li−2 , the 14Σ−g PEC
emerges from the quartet continuum at a point in the im-
mediate vicinity of the crossingRx(13Σ+

u , 13Πu) = 4.82a0

between the triplet PECs 13Σ+
u and 13Πu of Li2 (cf.

Fig. 3). Whereas the shape of the 14Σ−g PEC indicates
that its minimum should not be far from the absorption
point, the part where 14Σ−g exists as a discrete state be-
low the quartet continuum is purely repulsive. The ra-
diative decay of 14Σ−g into 14Σ+

u or 14Πg is dipole for-
bidden; nonetheless, the interactions with the threshold
states of the quartet continuum can be expected to pre-
vent metastability of 14Σ−g . For sufficiently short inter-
nuclear separations, the 14Σ−g PEC represents the lowest
Li−2 energies, converging to the atomic ground state 4So
in the UAL.

From the low-lying quartet states of He−2 , the states
14Φg and 14Ig were predicted to be (meta)stable; both
states were characterized by configurations with two elec-
trons in orbitals of similar level of diffuseness attached to
a He+

2 ground state core. Also the Li−2 quartet states con-
sidered here can be expressed in an analogous way as a Li+2
ground state core 1σ2

g1σ2
u2σg plus two valence electrons.

An alternative interpretation starts from the Li2 triplet
core; then the states 14Σ+

u and 14Πg result from addition
of the bonding orbitals 3σg and 1πu, respectively, lead-
ing to positive electron affinities, whereas the state 14Σ+

g
arises from addition of the antibonding 3σu-orbital.

6 Conclusions

The prediction of possibly metastable quartet states 14Σ+
u

and 14Πg for Li−2 is the main result of our computations;
in particular, 14Σ+

u is a candidate for a long-lived state
that could be observable by mass spectroscopic methods.
The PECs for both quartet states have their respective
minimum below the quartet continuum, but are absorbed
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into that continuum for small or large internuclear sep-
arations. Furthermore, since they are embedded into the
doublet continuum, spin-orbit, spin-spin, or similar small
interactions not included in our calculations, prevent ab-
solute stability of these quartet states. Such interactions,
however, are usually rather small for anions and light nu-
clei. In addition, many intercombination transitions with
∆S = ±1 are also forbidden by other, approximate or
rigorous, selection rules; for instance, the rigorous rule
u←→ u does not allow electronic dipole transitions be-
tween 14Σ+

u and X2Σ+
u . The most important decay chan-

nel for 14Σ+
u will be pre-ionisation by interaction with

continuum doublet states of Li−2 . In particular, the lead-
ing order contribution should be the direct relativistic
term [37] of the Breit-Pauli matrix element between 14Σ+

u
and X2Σ+

u (interactions with 12Πu are not very favourable
because the real part of the PEC intersects the 14Σ+

u PEC
at Rx(14Σ+

u , 12Πu) ≈ 7.42a0 with small Frank-Condon
factors). Whereas this suggests lifetimes of order milli- or
microseconds as a crude estimate for the metastability of
the state 14Σ+

u , a precise quantitative treatment will be
an interesting task for future investigations.

Our theoretical predictions are based on the non-
relativistic Schrödinger equation, but the relativistic cor-
rections for the calculated spectroscopic quantities should
be distinctly smaller than the errors caused by incomplete
basis set, basis superposition error, size-inconsistency and
deviations in the extrapolation procedure of the employed
computational method. The discussion in Section 3 mo-
tivates the following error bars for Li2: ±0.01a0 for Re

(±0.2 in the exceptional case of 13Σ+
u ), ±0.02 eV for De,

±250 cm−1 for Te, or ±4 cm−1 for ωe (±6 cm−1 in the
case of 13Σ+

u ). Although in case of Li−2 the accuracy is
reduced, we do not expect error bars more than twice as
large as those for Li2. On the other hand, an improvement
of our results by independent calculations with enhanced
accuracy and employing computing sources beyond those
available for this study might be desirable. Also an inves-
tigation of higher spin states in Li−2 should be of interest.
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