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Long-Lived States ofN,
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Stimulated by very recent mass spectrometric observations, we discuss the characteristics of
possibly long-lived states of N and investigate the most promising candidates. Two dthtes are
identified that exhibit lifetimes several orders of magnitude longer than the fafidysresonance.
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PACS numbers: 33.20.-t

The N, anion is one of the most studied metastablesociative potential curves and are consequently expected
systems to be extensively investigated experimentally at show only short lifetimes. More promising candidates
well as theoretically (see, e.g., various articles in [1]).were the'Il,, and42; states that are derived from the N
Its famous’IT, resonance state represeite standard  statesa®s.* andB*Il,, respectively. The associated elec-
example for shape-type resonances and shows a lifetimifonic configurations are
of aboutl.6 X 10~ sec. In spite of the vast knowledge 4 4 5 ) ) 3 e
that has accumulated over the last decades, only recently ~ 1lu: (€0r&"(1o,)"(10,)"(207)"(17m,)" (177,)",

a far longer Iivgd I\J. state hag beqn observed i_n a mass 42;; (00@4(1%)2(1%)2(2%)1(17Tu)4(177;)2’
spectrometer, implying a lifetime in excess i > sec

[2,3]. In other words, there exists a resonance state,of Ni-€., in the*Il, and*S " state the holes are in ther,

that lives at least 10 orders of magnitude longer than th@nd2o, orbitals, respectively, and in both,Nstates the
211, resonance. In the following we will discuss possiblelowest antibonding orbital 7; is doubly occupied. We
candidates for this long-lived state and investigate theieoncentrate here on the quartet states, where the two-
potential energy curves (PEC) and lifetimes. electron autodetachment processes are spin forbidden.

Let us begin with some general considerations what The PEC of the anioni¢Il, and*S, states and their
a long-lived state of N has to look like. Since the associated N parent states have been computed at the
addition of one electron to the ground state of ives  highly correlated coupled-cluster single-double and per-
rise to only short-lived shape resonances [4], one majurbative triple excitations level of theory [7] using the
assume that the observed, Nstate is derived from an correlation consistent valence tripteene particle basis
electronically excited neutral parent state. Indeed, it haset augmented with atspdf) set of diffuse functions
been pointed out in [3] that in the mass spectrometrica(AUG-cc-pVTZ) [8,9],i.e., d5s4p3d2f]set of contracted
experiments excited states of, Mind N, are likely to  gauss-type functions placed at both nuclei. Our results are
be produced. The excited;Nstate must then exhibit displayed in Fig. 1. The equilibrium bond lengths of the
long lifetimes with respect to autodetachment via ongwo N, parent states are 1.2902 S, ") and 1.2177 A
and two electron processes as well as with respect t611,), respectively, in correspondence with experimental
dissociation. Owing to the latter requirement we restrict
our investigations to states derived from the lowest
excited states of the parent,N Moreover, in recent r
investigations of dianionic resonance states of atomic and 2k
molecular systems it has been established that systems
consisting of a positively charged center andquivalent
electrons or ligands, respectively, promise especially long
lifetimes [5,6]. Transferring these ideas to the Bystem,
we add the extra electron to the same orbifdl the i
excited electron of the Nparent state occupies; therefore, Lo
the corresponding N states read

-1 #\2 I . . . . L
(N2) ™ (o), Ry 13 ) 5 T6 17
where(N,) ! denotes one hole in the;Nground state. By R in Angstrom

this means the resulting;Nstates call to mind the picture ;5 1 potential energy curves of tAdS" and 8’11, states

of two equivalent glectron_s “bound” to 39+N0n core. . of N, (dashed lines) and the associatd#l, and*S ; states of
We have examined various;Nstates of the described N; (full lines). The lowest vibrational level of each potential

type, but most have been found to possess purely disurve is indicated.
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and otherab initio data (see, e.g., [10]). In the anionic possess a long lifetime and may consequently be invoked
states the excess electron occupies the antibondjngr-  to explain the recent experiments [2,3].
bital, and consequently the bond lengths are found to be If—despite the expected stabilizationAE, is slightly
distinctly longer, 1.4298 A*I1,) and 1.3540 A*S ), re-  negative, the'Il, state can, nevertheless, exhibit a long
spectively. Regarding the electronic stability, both anionidifetime, since its bond length is notably longer than
states are found to be stable with respect to vertical autdghat of its neutral parent, and, consequently, the Franck-
detachment by 0.28 and 0.20 eV, respectively, but the adidGondon factor for the detachment process will be small.
batic electron detachment energies are negati®el1 and  In other words, the region in coordinate space where elec-
—0.32 eV, respectively. Since all these values are close toron detachment is possible and the region experienced
zero, the zero-point correction can play an important rolein the zero-point motion of théll, state barely overlap
but before we discuss our findings in detail let us introducdFig. 1). We have, consequently, studied the lifetimef
some notation. We refer to the energy difference betweethe *II, state in dependence &E,. For positiveAE,
the minima of the neutral and the associated anionic PEC adectron loss is obviously not possible, and= . For
AE, and to the corresponding zero-point corrected quannegativeAE,, however, the vibrational state is turned into
tity, i.e., to the difference between the lowest vibrationala resonance and in the following we aim at giving a lower
levels of the associated potential curveshds,. The lat-  bound for its lifetime provided ousb initio data were
ter will be called binding energy of the anion throughoutcorrect. Moreover, our study will reveal for which values
the paper. of AE, < 0 the detection in a mass spectrometer is still
Itis, in general, extremely difficult to compute accuratepossible. In the subsequent paragraphs we will outline the
binding energies of atomic or small molecular anions [11]theoretical background needed to compute the detachment
At the employed level of theory the errors are expectedifetime = and discuss the results for thH,, state.
to be less than a few tenths of an eV, but changes of It is well known that resonances can be viewed as dis-
this size decide on the very stability of the investigatedcrete states embedded in and interacting with a continuum
species. Especially for tHdl, state the binding energy is [12—15]. This interaction converts the discrete state into
very close to zeroAE, = —0.08 eV, AE, = —0.11 eV), a resonance, and the vibrational motion in the resonance
and we expect both anionic states to be further stabilizedtate is described by an energy-dependemtiocal com-
at even higher theoretical levels and more extended basjgex potential [16,17]
sets. For example, the addition of a sec@sel/f) set of _ 1.
diffuse functions to the AUG-cc-pVTZ basis set yields a Vi =Va+ AE — Ho.R) = 3il(E — Ho.R), (1)
slightly less negativeAE, (—0.098 eV). Moreover, the whereV, is the potential for the vibrational motion in
bond length of the anionic state is increased by 0.002 Athe discrete state that acquires a widikE, R) and is
whereas that of thﬁ; parent state is virtually unchanged. shifted byA(E, R). E is the kinetic energy of the incident
Thus, despite using the large AUG-cc-pVTZ basis theelectron (the energy of the target is chosen to beffy),
neutral states are still clearly favored by the basis set. Ois the Hamiltonian describing the vibrational motion of
the other hand, in the anionic states the number of electroribe target state and, thus, the width and the shift are not
is by one larger than in the corresponding neutral speciesimply functions ofE and R, but depend on the nuclear
and, thus, there is more correlation energy in the formerkinetic energy operator.
Hence, our results can be viewed as a “lower bound” to Instead of the nonlocal potentiaf,,, the approximation
AE,. Neverth4e|ess, we can conclude only that the bindingf alocal complex potential
energy of the'll, state is close to zero, but we cannot _ 1.
decide on its sign. Far more costly computations would Vi=Va+ AR) - 5il(®), (2)
be needed to settle this issue and we doubt that presentivhich depends on the internuclear distange only,
any practical method is able to accomplish this task. has been introduced [18-19]. The local approximation
So far we have established two excited Ntates clearly breaks down close to threshold, but so far direct
that are stable with respect to dissociation and verticatomparisons of local and nonlocal potentials are rare
electron loss. For both states decay via two-electrofi2l], and to our best knowledge the threshold behavior
processes is spiand symmetry forbidden, and we expect of a single vibrational resonance has not been studied for
the corresponding lifetimes to be sufficiently long for all realistic systems.
practical purposes. Regarding adiabatic electron loss we Let us return to théll, N, state and the quantities char-
cannot draw any final conclusions, since the associateaicterizing its vibrational motion.V, is just the potential
energy differences are in the order of or less tharturve shown in Fig. 1. The level shift functiodsE, R)
0.1 eV, respectively, which is beyond the accuracy of anyand A(R) are expected to be small and negative at thresh-
presently available method. Especially thd, state is old [20,21]. Thus, the level shift will only slightly stabilize
found to be at the threshold of stability, and we expecthe resonance state, and we will neglect it subsequently.
it to be further stabilized if higher theoretical levels are The local width functiorl’(R) has been computed employ-
employed. Thus, the N *II, state is very likely to ing the complex absorbing potential (CAP) method. This
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method has been described in [22] and allows us to comwhere R(E) < R. corresponds to the nuclear distance
pute the lifetimes of electron scattering resonance states imhere the energy gap between the neutral and anionic PEC
the fixed-nuclei picture. A CAP can, in principle, be usedequalskE. The I'(E) values obtained in this way have
in conjunction with any theoretical method [23], and ourthen been fitted to an analytic expression given in [21] that
CAP calculations for théIl, state have been performed exhibits the correct threshold behavior
at a static-exchange-like level. That is, only the t.wp T(E) x E5 for E— 0. @)
electrons have been treated explicitly, whereas thedw
core has been frozen. At this level the lifetime is expected’he obtained energy-dependent width function is shown
to be considerably underestimated, since the core of thé the lower panel of Fig. 2. Clearlyi’(E) is only an
target cannot adapt to the incoming projectile. Our result@pproximation to the width functionin Eq. (1) that depends
for the local width function are shown in the upper panel@lso onR. However, one may expect tikedependence of
of Fig. 2, where thek value forI'(R) = 0 has been taken I'(E,R) to be much weaker than ifs dependence [20,21],
as the crossing poitR, of the*II, and*>* potential en- and in the present conteXi(E, R) is needed to close to
ergy curves in Fig. 1. threshold where th& dependence is expected to dominate
From the local width functiofi’ (R) we have obtained an inany case. The latter factis reflected by the siRatinge
energy-dependent width functid®(E) that was then used (<0.3 A), whereI'(R) > 0 and that is experienced in the
in our nonlocal calculations zero-point motion.
Having established a local and a nonlocal width func-

I'(E) = T'(R(E)), ©) tion, we now turn to the vibrational motion described by
"V, and V,. In the local calculations a standard discrete
variable representation (DVR) of the vibrational wave

0.4 )
i function has been used [24]. For the nonlocal calcula-
L tions the eigenfunctions of th& " parent state have been
03 | computed first (using the DVR), and the wave function of
C the anionic state has been expanded in these eigenfunc-
% X tions to facilitate the evaluation of the matrix elements
g8 o2 I'(E — Hy). The lifetime of the vibrational levels is then
2 - obtained from the imaginary parts of the respective eigen-
= r values. This procedure has been repeated for different
0.1 |- AE, values, i.e., the N potential energy curve has been
S shifted vertically, which entails a corresponding shift in the
C I'(R) andI'(E) functions. The results for th&E, depen-
0.0 >4 dent lifetimesr; (local) andr, (nonlocal) are displayed in
i Fig. 3. As expected, only the nonlocal lifetime exhibits the
R in Angstrom correct threshold behavief, — « for AE, — 0. In con-
03 trast,7; tends to a constant corresponding to the imaginary
i potential that even foAE, = 0 is experienced by the ex-
i ponentially vanishing tail of the vibrational wave function.
02 -
T
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FIG. 2. In the upper panel the local width functidi(R) of 10
the *II, state is shown. The value fdF(R) = 0 has been l . ‘ ) 8
taken as the crossing point of th&* N, and the*II, N3 state 10°  10° 100 10°  10° 10" 10"
(Fig. 1) and the continuous line represents a cubic spline. In AE. in eV

the lower panel the associated energy-dependent width function
I'(E) is displayed. Here the continuous line represents the fiFIG. 3. AE, dependent lifetimes of the lowest vibrational
to an analytic form that exhibits the correct threshold behaviorlevel of the*Il, state. Note the logarithmic scales.
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Nevertheless, for values &fE, > 0.2 eV, which can still I'(E) computed at a static-exchange-like level of theory,
be considered to be close to threshold, both the local anhe lifetime of the*I1, state is abou2 X 1072 sec. This
nonlocal approaches yield lifetimes of the same order o¥alue represents a lower bound to the lifetime, hence, the
magnitude. Thus, even if only one or two vibrational states'I1,, state lives far longer than any,Nstates known so
of the neutral parent are accessible the local approximatiofar in the literature. Moreover, our findings show that
can provide reasonable lifetimes. In the present contexg stabilizing shift of the anionic PEC, which is expected
however, only the nonlocal theory provides an adequaté higher theoretical levels are employed, will lead to a
description. lifetime sufficiently long to allow detection in a mass

Taking the binding energy obtained from cap initio  spectrometer. From our findings and the experience with
calculations (AE, = 0.08 eV =~ 690 cm™!), we find a small anions, we conclude that thH , state is by far the
lifetime of 7, =2 X 1072 sec. This lifetime is far most likely candidate to have been observed in the recent
longer than that of the famOLFSHg resonance state but experiments [2,3].
clearly too short to allow the detection in a mass spec- The authors thank H. Gnaser for a preprint prior to
trometer. Remember, however, that th&, value from  publication and H. Hotop and A. Jackle for valuable dis-
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