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A resonance state with three equivalent electrons and one proton has been identified. Large scale
calculations have been performed in the framework of the complex-rotated Hamiltonian and indicate
strong correlation effects in this system. The findings are rationalized by comparing with bound doubly
charged anions and calculations in the infinite dimension limit. [S0031-9007(96)00636-9]

PACS numbers: 31.25.—v, 32.70.Fw, 32.80.Dz

Singly charged negative ions in the gas phase havié was claimed that the observed resonance phenomena
attracted considerable attention over the past decadespuld not correspond tBl>~ [15]. Among the arguments
whereas the existence of free doubly charged negativeresented are calculations which show that the theoreti-
ions has remained a curiosity and only recent experieal results in Refs. [13] and [14] are most probably arti-
mental and theoretical studies have definitely shown thatacts of a too small basis set. Furthermore, the resonance
small dianions may exist as isolated entities [1]. Surprisstructures had been detected at energies slightly above the
ingly, many dianions which are well known in solids or threshold for complete breakup of the system into a proton
solutions cannot permanently bind two extra electrons irand three free electrons, which contradicts Simon’s theo-
the gas phase, and, in contrast, many systems which arem [15,16]. (Simon showed that, in any many-particle
found or predicted to form stable free doubly charged ansystem experiencing only Coulombic forces, resonances
ions are not known in classical chemistry. In view of thecannot exist above the threshold for complete disintegra-
Coulomb repulsion between the two extra electrons théion of the system.) The authors conclude that there are
question “Which is the smallest molecular or atomic sys10 H>~ resonances above the triple-escape threshold, and,
tem that can bind two additional electrons?” has drawrthus, there are no indications whatsoever for a long lived
substantial interest. Out of the many findings that havestate ofH>~ in the literature.
been recently reviewed [1,2], let us briefly mention two Nevertheless, from our experience with bound dianions,
outstanding examples. Doubly charged carbon clusterse would expect aH?~ state with three equivalent
C,>” (n = 7-28) with lifetimes >10"° s have been ob- electrons to be a promising candidate for a “long”
served in a mass spectrometer [3] and dianions of the typéetime. This criterion is fulfilled for the2p3)*S° state,
MX;?>~ (M = Li,NaK; X = F,Cl) have been predicted which has been found to be unbound as mentioned above
theoretically to form stable dianions [4]. [7,8]. But, the same state is bound féfe™ [8], i.e.,

The simplest doubly charged negative iorHi$". This He™ (2p?)*S° is bound with respect to H&p?)*P.
system has been a matter of controversial debate in th&/e thus decided to study th&S° state, treating the
literature, and here we briefly outline its “history.” The nuclear charge&Z as a parameter. Starting frofh = 2
H?~ ion possesses no bound electronic state, i.e., no stafele, bound) we reduced@ and followed the*s’ state
which is stable with respect to electron autodetachmentis it became unbound and moved into tpZep)

On the one hand, it has been proved that one protonontinuum. In the following, we describe briefly the
cannot permanently bind three electrons [5], which is a&heoretical techniques employed to calculate the resonance
special case of Lieb’s more general theorem [6], and omparameters for differenf values. We then discuss our
the other hand, high qualitgb initio calculations [7,8] results and draw connections with isoelectronic species as
have shown thaH?~ has no excited bound state, i.e., well as related dianionic systems to elucidate the nature
states which are bound with respect to the correspondf the metastabl@l?~ ion.

ingly excitedH ™ ion and a free electron. These findings In this study the complex-rotation (CR) method [17-
restrict potentially long livedH?~ states to shape or core- 21] has been used to describe the resonance state theo-
excited shape resonances (using the notion of [9]). Moreretically. In this method the electronic coordinafe$ of

over, the observation of a pronounced structure irethe  the Hamiltonian are rotated into the complex plane, that
H~ — H + 2¢ collision process has been interpretedis, H({r}) — H({e!’r}) = H(#). If the rotation angled

as the formation of two metastable statestbf~ [10— s large enough, the wave function of the resonance state
12]. Stabilization calculations which determined tW®?  vanishes as any of the electronic coordinates tends to in-
resonances at roughly the energies observed supportédity, and, thus, the wave functions of both the bound
the experimental findings [13,14]. Twenty years later,and resonance states are represented by square integrable
however, these interpretations have been questioned, afhctions and can be expanded in a standdrbasis. The
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resonance parameters can then be obtained by solvingfaonce the resonance is uncovered (see Fig. 1). There, its
complex symmetric eigenvalue problem, where the comvelocity |dE/d#| is smaller by at least 2 orders of mag-
plex energyE.., = E — iI'/2 gives the resonance posi- nitude than that of all the other trajectories. Within the
tion E and lifetime1/T". In practical calculations it has basis sets studied, the existence of the resonance state is
been observed that the resonance eigenvalue rotates tmeyond doubt. Further details regarding the basis sets and
ward the resonance position, slows down, and then rapidlthe computational procedure will be described in a forth-
rotates away when is increased,; i.e., there is@, for ~ coming publication.
which the finite basis set describes the resonance state inWe now turn to the discussion of our numerical results.
an optimal way, and the best value for the resonance erfo give an impression of the energy changes involved
ergy is found by inspecting the complex spectrum of than going from Z =2 to Z = 1, we have plotted the
Hamiltonian matrice${(#) at various angles. total energies of three states which are essential in the
Since, in theH?~ system, the nuclear potential “felt” present context (see Fig. 2). The continuous and dashed
by the electrons is weaker than the interelectronic reeurves show the energy for th@p!)?P° and (2p?)3P¢
pulsion, electron correlation may be expected to be exstates, respectively. The energy of the former state simply
tremely important. Thus, we employed the multireferenceequals—Z2/8, whereas the data for the latter state have
configuration interaction (MRCI) approach to constructbeen computed at the FCI level of theory employing the
the three-particle basis functions for the complex-rotated8p basis. Clearly, the two-electrotP¢ state is bound
Hamiltonian. The underlying one-particle basis sets confor Z = 2, but in going to smaller nuclear charges the
sist of uncontracted Cartesian Gauss type orbitals (GTO)2p?) and (2p') energies approach each other, and for
and in this Letter we present data for basis sets comprisZ = 1 the two states have virtually the same energy.
ing 18p and 7s18p5d functions, respectively. Further- In fact, the (2p2)’P¢ state of H~ is bound by only
more, the effects of one or two additiorfatype functions about 0.00035 a.u. [25]. For comparison, the real part
are examined foZ = 1. The configuration space was of the complex energy of the investigated three-electron
then generated by all single and double excitations rel(2p3)*S° state obtained at the FQISp level of theory is
ative to a set ofl8 (np?)-type reference configurations. also shown in Fig. 2 (dotted curve). As mentioned above,
By this means, a full-Cl (FCI) expansion within tipeor-  this state is bound with respect to electron lossAor 2;
bital space is obtained, and all excitations of one or twchowever, ifZ is decreased it becomes rapidly unbound
electrons into the, d, or f orbitals are taken into account. and moves into thé2p?ep) continuum. Decreasing
The real and imaginary parts of the so-defined Hamilfurther, the(2p3)*S° state becomes unbound even with
ton matrix were computed using theLCAS package of respect to thé2p!)?P° state aZ slightly below 1.4, i.e.,
programs [22] in conjunction with th®Rcl program of the channel to th&p'epe’p) continuum opens. Despite
Engels, Pless, and Suter [23]. Subsequently, a band Lanthat, atZ = 1, the energy of th€2p3)*s° state is still
zos algorithm [24] adapted to the case of complex symelearly negative {0.063 a.u.), i.e., below the threshold
metric matrices was employed to calculate the complexf the complete breakup of the system, and thus Simon'’s
spectrum. The trajectory of the resonance in the completheorem is not violated. We note that the real part of
energy plane shows a pronounced stability with respect tthe energy of the's° state is decreased t60.071 and
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FIG. 2. Total energy of three different electronic states dis-
FIG. 1. The eigenvalue trajectories of the resonance and fiveussed in the text. Continuous line, one-elect@p!)>P°
typical other states in the complex energy plane for rotatiorstate; dashed line, two-electra@p?)®P¢ state; dotted line,
anglesl4®° = @ = 42° in steps of 2. The 7s18p5d basis set three-electror(2p?)*S° state. For the latter state, the real part
has been used. of the complex energy is shown.
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—0.072 a.u., if d- and f-type functions are added to the results will stimulate the search for tH&>~ resonance.
basis set, respectively. It is pointed out that this state would not be seen in
Let us now examine the corresponding lifetimes of theelectron scattering from thd ~ ground state. We propose

(2p?)*se state. Our results obtained with different basisinstead to scatter from th@p?)’P¢ state, a challenging
sets are displayed in Fig. 3. Two trends catch the eyexperiment indeed.
immediately. First, the lifetime does not decrease in a How can the existence of a long liveH?™ state
smooth way with decreasirify the curves exhibit a “cusp” be rationalized? Consider for comparison the ;EiF
aroundZ = 1.3. We attribute this effect to the opening dianion [4], which may be thought of as thrde"
of the(2p'epe’ p) two-particle breakup channel. Second, anions bound to a [Li cation resembling in this way
for any particularZ value the lifetime increases as the three “heavy” electrons and one proton. 3iF is stable
basis set is enlarged; e.g., far= 1, the imaginary part with respect to electron autodetachment and metastable
of the energy of the resonance state is increased fromith respect toF~ loss, thus representing a very long
—0.043 a.u. for the18p basis set t0—0.034 a.u. when lived resonance of the corresponding four-particle system.
s and d-type functions are added, and t60.032 a.u. if  The reason for its stability is the triangular geometrical
additional f-type functions are included. Thus, in going configuration D3, symmetry) which allows the Coulomb
to larger basis sets, the resonance state is stabilized attraction between the central "Lication and the three
two respects: its energy is decreased and its lifetimes iB~ ligands to overcompensate the Coulomb repulsion
increased. Furthermore, for the18p5d basis set, the in the system. An analogous effect may stabilidé,
cusp in the lifetime curve is shifted to smallgrvalues. if the electronic motion is correlated in such a way
This indicates a later crossing with tfizp!)?P¢ state, and as to maintain an approximately triangular configuration
thus also reflects the stabilization of th§° resonance around the nucleus. There is some evidence for such a
state. These tendencies further exclude the possibilitgorrelation in the literature. Nicolaidest al. calculated
that our findings are numerical artifacts due to basis sethe expectation value for the angle between two electrons
limitations. Let us note that the particular values for thewith respect to the nucleus for several bouimgh?)*S°
lifetime depend only weakly on the respective numberstates of Li [26,27]. Forn = 2, an angle of 90 is
of additional d- or f-type functions (i.e., one function obtained which might be expected for (a°) electron
suffices as long as the corresponding exponent has amnfiguration. For largen values, however, the angle
appropriate value), in contrast to the behavior of thencreases and tends to a limit of 120Thus, the more
complex energy as a function of the rotation angle extended the system becomes, the closer a situation
Here, only if sufficiently many basis functions of a given analogous to LiF*~ is approached. The same tendency is
angular momentum are included is the basis set able tobserved when studying the system in the large dimension
approximate the wave function over an appreciaBle limit. Instead of solving the Schrddinger equation in the
range, and consequently yields a greater stability of theeal three-dimensional space, one solves it in the infinite-
complex eigenvalue with respect@o As our final result, dimensional space and extrapolates the results to the real
we predict a long livedH?~ state at an energy of about space by a suitable expansion [28,29]. In general, the
1.4 eV above the€2p?)’P¢ state of H~ with a lifetime  solution in the large dimension limit is much simpler to
of about/i/1.7 eV = 3.8 X 107'® s. We hope that these obtain, and the results qualitatively reflect those of the
original Schrédinger equation [30]. In this limit, in which
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FIG. 3. The imaginary part of the complex energy of the Nuclear Charge

(2p)*se state is shown. The curves give the results for
different basis sets. Squarelp basis; diamonds7s18p5d FIG. 4. Angle between two electrons with respect to the
basis; triangle7s18p5d2f basis. nucleus of a three-electron atom in the large dimension limit.
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