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Nature of the repulsive Coulomb barrier in multiply charged negative ions
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The repulsive Coulomb barri¢RCB) for electron emission is a general property of multiply charged anions.
When an electron is emitted from a multiply charged anion, the electron experiences short-range attraction by
the nuclei and long-range repulsion from the remaining negatively charged system, giving rise to the RCB.
Although the RCB is dominated by the electrostatic forces present, it is argued that the exact potential the
electron experiences is nonlocal and energy dependent. The theory of the RCB is outlined and related to the
theory of Green'’s functions. Since it is complicated to compute a nonlocal and energy-dependent potential,
approximation schemes are introduced that allow convenient calculation of local energy-independent RCB
potentials. Three approximation schemes of complementary nature are proposed. The physical meaning of
these schemes, the underlying approximations, and their possible weaknesses are discussed in detail. The local
approximation schemes are used to calculate the RCB of atomic diarfioms& G~ and of the linear carbon
cluster dianions £~ (n=2,4,6,8). The atomic dianions serve as convenient objects to study the basis-set
dependence of the local approximation schemes. The computed local potentials of the carbon dianions are used
to calculate their lifetimes in the framework of Wentzel-Kramer-Brillouin theory. We found that the lifetime of
the linear carbon dianions grows markedly when going frosi @ G2, and that the latter should be the
only species observable in a mass spectrometer. This agrees with the available experimental findings.

DOI: 10.1103/PhysRevA.63.012501 PACS nuntber33.15—e

[. INTRODUCTION as well, for instance, imv decay of nucleisee, for example,
[1]). An « particle that departs from a radioactive nucleus
When an electron is detached from a neutral atom or molexperiences a potential barrier analogous to that described
ecule a positively charged ion is formed, and thus the interabove, although the energy scales and lengths are entirely
action between the outgoing electron and the residual catiodifferent. The short-range binding of theparticle is due to
is attractive due to their strong Coulomb attraction. Detachthe strong interaction and at large distances the electrostatic
ment of a singly charged anion results in an electron and gepulsion between the residual nucleus and ¢hearticle
residual neutral system, whose long-range interactions ar@ominates.
usually weak but also mainly attractive in nature. The situa- Multiply charged anions are well known in solids and
tion is different for detachment of multiply charged anions.solutions. The question whether small multiply charged an-
When an electron is detached from a multiply charged anioiions exist as free entities, i.e., in the gas phase, and what
the residual system is still negatively charged and, thereforeglectronic and structural properties they may exhibit has at-
the long-range interaction between the outgoing electron anttacted attention for a long time. New experimental tech-
this system is dominated by electrostatic repulsion. Combinniques and theoretical considerations have made the discov-
ing this long-range electrostatic repulsion with the short-ery of various kinds of free multiply charged anions possible
range binding energy of the electron, a repulsive Coulomiand created an attractive and active field of resef2efi]]
barrier(RCB) emerges which has to be passed by the outgo- In the context of multiply charged anions, the RCB ap-
ing electron during its detachment process. peared in the literature for the first time when Compton and

The existence of a repulsive barrier can also be rationalethers examined multiply charged fullerene anions

ized from the different point of view of electron scattering [12,13,3,14,15 Although the theoretically predicted values
from a negatively charged target, a point of view that will for the electron affinity of g, have negative valugd4—
play a role in the present work. Being spatially far away from17], i.e., Gy, cannot bind a second electrong& has been
the target, the projectile electron experiences only the totdiound to be a long-lived gas-phase dianion with a lifetime
charge of the target, which is negative. Since the long-rangnger than 10°s[18—20. This inconsistency between ex-
interaction is mainly electrostatic repulsion, the potential enperiment and theory could be qualitatively explained by the
ergy increases as the electron approaches the target. Fronegistence of the repulsive Coulomb barrier, which the outgo-
certain distance on, the electrostatic attraction between thieg electron has to pass during its emission. In the case of the
nuclei of the target and the scattered electron overcomes thigllerene dianion the energy of the electron lies above the
repulsion, and the potential energy of the system decreasethreshold for detachment but far below the top of the RCB;
Combining the long-range repulsion and short-range attraghus detachment of this electron embodies an unlikely tun-
tion, the scattering potential that the electron experiences is meling process. The fullerene,& is therefore a metastable
repulsive Coulomb barrier. long-lived dianion.

Repulsive Coulomb barriers play a role in other processes Recently, very important and fundamental progress in the
experimental examination of multiply charged anions was
made by Wang, Ding, and Wang, who managed to measure

*Email address: andreas.dreuw@tc.pci.uni-heidelberg.de the first photoelectron spect(RES of multiply charged an-
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ions. They used the electrospray ionization technique to gerto the repulsive Coulomb barrier. To corroborate these
erate the free anions, and after mass selection the negatiganple qualitative arguments and to get an idea of the height,
ions were intercepted by a laser beam, and the kinetic energyidth, and shape of the RCB we first examine the interaction
of the photodetached electron was measured with &nergy between a negative point charge antdald nega-
magnetic-bottle photoelectron analyZ@d]. Using this new tively charged sphere, the center of whichZdold posi-
technique, they investigated, for example, dicarboxylate ditively charged N>2Z). This primitive model system roughly
anions ~OOGC—(CH,),—COO (n=2-6) [22-24, reflects the electrostatic characteristics of the electron-anion
MLg2™ dianions(M =Re, Os, Ir, Pt,L=Cl, Br) [25], and the ~ system described above, especially when the target anion is
tetra-anion of copper pthalocyanine tetrasulfonit6,27. atomic.

When examining the PES of the copper pthalocyanine tetra- The interaction potential between a negative point charge
sulfonate tetra-anion, Warej al. observed a negative bind- and this model sphere is given by

ing energy of the excess electrons, i.e., they measured pho- ,

todetached electrons with higher kinetic energy than the V(r)=—z+ p(r’) d3r 1)
energy of the laser beam. This observation is a direct experi- r [r—r’| '

mental proof of the existence of the RCB, since the excess

electrons of the tetra-anion are unbound but metastable wittyhere the first term describes the electrostatic attraction be-
respect to emission. Their emission is hindered by the repufween the point charge and ttfold positively charged
sive Coulomb barrier. A similar observation of a negativenucleus of the sphere, while the second is the interaction
binding energy may of course also be possible when the PESNergy between the point charge and the exact charge distri-
of the above described fullerene dianion is measured. bution of theN negative charges of the sphere. Obviously,

From a theoretical point of view, the appearance of theV(r) depends on the choice of the charge distribution, and
RCB is clearly dominated by the electrostatic interaction bethere are several possibilities to model a distribution, but
tween the outgoing electron and the residual anion. Nevetere we concentrate on the following two.
theless, the exact RCB is, in analogy to scattering potentials, The first model is a “hard” sphere in which tHg¢ nega-

a nonlocal energy-dependent potential, and, for this reasofiye charges are homogeneously distributed over the volume
neither straightforward to compute nor depictable in natureof a sphere with radiuR. Its charge distributiopy(r) reads

The aim of this work is to illuminate the nature of the repul-
sive Coulomb barrier of multiply charged anions, to discuss
its general appearance, and to introdabeinitio calculation
schemes, which allow computation of local approximations
of the exact RCB. where® (R—r) is the well-known step function.

This paper is organized as follows. In Sec. Il we outline A sécond and more realistic model for the charge distri-
the theory of the RCB, where we first consider the interacPution is a “soft” sphere, where the charge distribution de-
tion energy between a point charge and a charged modé&feases exponentially. This charge distributig(r) is given
sphere to illustrate the qualitative arguments made above fdty
the existence of the RCB. Then we present an exact theory N
for the RCB, which is based on the Green’s-function formal- p(r)= —3exr{ — L)_ (2b)
ism. In the subsequent subsections we introduce local ap- 8ma a
proximation schemes with the help of which one can )
straightforwardly compute energy-independent local rRcgHere, « represents a strength. parameter of the exponential
potentials. A theoretical analysis of these potentials is giverjecrease of the charge. Substituting these two equaans
in terms of multichannel scattering of distinguishable par-2nd(2b) into Eq.(1) and solving the integration, one readily
ticles. These local approximation schemes are used in Se@Ptains the potentials experienced by the point charge in both

IIl to calculate the repulsive Coulomb barrier of atomic andModel cases. They are
molecular dianions. We focus here on the atomic dianions of

3N
pr(r) =7z O(R-T), (29

fluorine and oxygen as well as on the molecular dianions of N_Z, r=R
the linear carbon clusters,& (n=2,4,6,8). Furthermore, V()= r 3
we make use of the computexb initio RCB potentials to h(r)= Z N/r\?2 3N (3a)
. . . . I _ r< R
estimate the lifetimes of the metastable species. p ZR(R) + SR’
Il. THEORY OF THE REPULSIVE COULOMB BARRIER for the hard-sphere case and
POTENTIAL
limi iderati Vv N=Z2 1112 3b
. ry=— X —_— f— JE—
A. Preliminary considerations o) ; e T 24 (3b)

In the Introduction we rationalized the existence of the
RCB by considering the electrostatic forces that an electroffor the soft-sphere case.
experiences when it is emitted from a multiply charged anion To plot these analytical potentials we have choZen3
or, equivalently, scattered from an anion. These forces arandN=9, which are the nuclear charge and electron number
long-range repulsion and short-range attraction, combiningf an oxygen anion. The potentials that we obtain are then
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30]. Numerous successful applications have been performed
12 for solids[31,32, nuclei[33,34], and atoms, molecules, and
" —— static ab initio potential clusterg35—39. In connection with scattering theory, a par-
U hard" sphere potential V,, . . .
10 ---- "soft" sphere potential V, ticularly useful result has been obtained for the one-particle
Green’s function, which is the simplest in the hierarchy of
the Green’s functions. The kernel of this functitsee be-

low) is anexactone-particle potential for a scattering elec-
tron [40]. As we have argued in the Introduction, the RCB
can also be seen as the potential that an electron experiences
when it is scattered from a negatively charged target. For this
reason, we can use the one-particle Green’s function to
evaluate the RCB.

The Green’s functions are defined as thkelectron
ground-state expectation values of a time-ordered product of
creation and annihilation operators. The one-particle GF that
describes an elastic scattering process reads

energy in eV

= N W A N O

distance in a.u.

PN N Trgr N
FIG. 1. Analytical RCB potentials of the hard- and soft-sphere Gap(tit’)= |<‘lf0|T{ba(t)b5(t )HWo), (4)

models for G~ are shown together with thab initio local static N
RCB potential of 3~ (obtained with the local static approach at the whereW, is the exact-electron ground state of the target,

T ' . . .
level of the coupled-cluster singles plus doubles method; see Sep.a(t) apd pﬁ(t _) de”F’te 'annlhllatlon and creation Operators
IIl). The zero point of the energy scale corresponds to the energy dP! Projectiles in projectile stateg, and ¢4, respectively,
the free monoanion Q andT represents Wick'’s time-ordering operaf@s,29. This

one-particle GF is subject to the well-known Dyson equa-
approximate pictures of the RCB for detaching an electrortion, which after Fourier transformation from time into en-
from an atomic oxygen dianion. Furthermore, we have takerrgy space reads in matrix notation
R as the experimental value of the radius of Qwhich is
known from crystallography to be 140 pm, i.e., 2.65 a.u. G(E)=G'”(E)+ G (E)X(E)G(E). ®

(atomic unitg. Introducing this radiug into the hard-sphere () . :
model and adjusting the strength parameter of the soft-spheEere.’ G . (E). is the GF (_:alcglated_ with the_ unperturb_ed
amiltonian, i.e., the Hamiltonian without particle-target in-

model, @, such that the maxima of both potentials are at thet " E is th f1h tteri i Th
same position, one obtains the potentials shown in Fig. eraction. IS the energy of the scattering system. 1he

. tion5) relates the GF's for inelastic scattering
The model potential®/,(r) and V¢(r) are plotted together yson equa T o
with the local staticab initio RCB of &7, which will be ~ C(E) to the free GF's via its kemek(E), which is called

introduced later and discussed in detail in Secs. IIC ancﬁhe self—enc_argy. The D_ys_on equation can be formally solved
A, exactly by inversion, giving

While the positions of the maxima of the model potentials G(E)=[El-e-3(E)] % (6)
and of theab initio static potential are in good agreement,
the barrier heights are markedly different. It is clear that theThe unit matrix1, the diagonal matrix of projectile energies,
barrier of the hard-sphere model must be higher than the, and3(E) are matrices in projectile space.
barrier of the soft-sphere model, since the negative charges The self-energy represents an effective, in general com-
are strongly localized around the nucleus in the case of thplex, energy-dependent one-particle potential caused by cor-
hard sphere. Thus, the attraction of the nucleus is shieldeglation effectd40]. If we neglect these correlation effects,
more strongly by the negative charges of the hard spherghe self-energy reduces to the well-known static-exchange
than by the soft sphere. The barrier height of the stalic potential [41] evaluated with respect to the Hartree-Fock
initio potential is even smaller than that of the soft-sphergHF) potential. The self-energy consists of a static Arb)

model due to the great diffuseness of the charge distributionot depending of and a dynamic part depending Erj38]:
of the oxygen anion.

Summarizing our short preliminary considerations, we 2 (E)=2%(%)+M(E). (7)
have obtained analytical expressions for the interaction en- . , ) . )
ergy of a negative point charge with a charged sphere. Thes-laqe static part has a_3|mple interpretation. In spatial repre-
potentials are only simple approximations of the RCB inSentation it can be written as
multiply charged anions, but give us an idea of the height
and width that we have to expect when we investigate the — 3(r,r’ ,0)=W+ 5(r—r’)f
RCB usingab initio approaches.

p(f,F)  p(r,r’)
—di— T
[r—r] [r—r’]

®

wherep is the exact one-particle density of the ground state

of the target(here, of the anionand W is the interaction
Green's function§GF’s) provide powerful tools to inves- potential of the projectile with the nuclei. The static part can

tigate properties of many- and several-body syst¢@8&-  thus be seen as the static-exchange interaction of the incom-

B. The exact potential
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ing electron with thecorrelatedtarget. An analysis of the electron, we call this method of calculating the RCB the
physical origin of the dynamic part of the self-energy hasdianion-frozen-orbital static approackDFOSA). This ap-
been given in Refl42]. The self-energy. (E) represents the proach is closely related to the static approximation without
exact potential experienced by a projectile, e.g., an electrorexchange and polarization, which is widely used in scattering
when it is elastically scattered from a target, e.g., an aniortheory. Strictly speaking, if we used in E) the optimized
All inelastic scattering channels are contained in the elastiorbitals of the monoanion instead of those of the dianion, we
> (E) by losses of the elastic scattering cross sedé®. In  would exactly make such a static calculation for the scatter-
the case of anionic targets we can obviously identify theng of an electron from the corresponding monoanion.
self-energy with the repulsive Coulomb barrier. Applications A second possibility for calculating the RCB in a straight-
of the self-energy to scattering of electrons by neutral molforward and natural way is to compute the total energy of the
ecules can be found in Refgl4-4§. monoanion in the presence of a negative point charge, which
In conclusion, there exists an exact theory for the RCBmay represent the outgoing electron. If the negative point
based on the one-particle Green'’s functions. Unfortunatelycharge is placed at varying distanaeom the monoanion,
the exact self-energy, i.e., an exact RCB, is not straightforone readily obtains a complete potential-energy surface,
ward to compute. Furthermor&,(E) is energy dependent, which reflects the repulsive Coulomb barrier. The RCB is
nonlocal, and probably complex, and, for these reasons, ndihen given by the simple equation
easily depictable. Calculations Bf(E) are, of course, desir-
able, but out of range at the moment. Since we want to illus- Vpem(r)=Eq(r)—Eg. (10
trate here the nature of the RCB and make systenadiic
initio calculations, we have to introduce some approxima,
tions to circumvent the energy dependence and the nonloc%
character of the RCB.

ere,Eq(r) corresponds to the total energy of the monoan-
n in the presence of the negative point charge at the dis-
tancer, while Eg is the total energy of the free monoanion,
i.e., in the absence of the negative point charge. Using this
C. Local approximations of the RCB potentials approach to calculate the RCB, one takes account of electron

In this section we discuss three local approximationt€laxation and can easily apphb initio methods beyond
schemes with the help of which one can easily compute ap- artree-Fock. Itis, for example, possible to use the coupled-
proximateab initio RCB potentials. Two of these schemes Cluster singles plus doubld€CSD method, which makes
have been introduced very recently and applied to comput&o”elat'on between thd electrons of the monoanion acces-
the RCB of the dianion Beg~ [47]. See also an application sible. Furt_hermore, the_ exchange energy between thbs_e_
of the second scheme to the metastable BtCtianion in electrons is also taken into account. On these grounds, it is
[11]. All three schemes possess the great advantage of yiel§lear that the\-electron system is described correctly by the
ing local potentials that are depictable. These local potential2®int-charge mode(PCM) at large distances between the

will help us to get a better understanding of the nature of th&Cint charge and the monoanion. The PCM reveals the cor-
repulsive Coulomb barrier. rect shape of the RCB far away from the monoanion. At

In the first approach, the RCB is calculated directly byshort distances this method, of course, possesses weaknesses

using the Hartree-Fock ground-state wave function of thdS€€ also Sec. lll A For example, the monoanion is allowed
dianion. Let the dianion havdl+1 electrons. We use the © polarize statically when the electron approaches. If this is

molecular orbitals of the dianion and take out one electror@PPropriate at all, it is only when the detaching electron
from the highest occupied orbital, the orbital from which the MOVeS Very fast, which may not necessarily be correct. Thus,

electron is emitted. Then we calculate the electrostatic poterf€ quality of the RCB obtained can be poor at shorter dis-

tial by summing up the nucleus-electron attraction and@1¢€s-
electron-electron repulsion via Comparing the DFOSA method and the PCM, the latter

reveals the correct shape of the RCB at large distances be-
K Z N dF &, tween the residual anion and the outgoing electron, because
a J | I
+2
i=1

Vorosa(l)=— > —d7. (99 the anion is described correctly for this situation. The
a=1|r=Ry| r=ril DFOSA vyields a more reliable RCB in the inner region,
when the detaching electron is close to the anion, since the
In this equation the first term of the right-hand side describegrhitals of the dianion are used within the DFOSA approach.
the electrostatic attraction betwemuclei and the outgoing The two methods seem to Comp|ement one another to give a
electron while the second term corresponds to the electracomplete picture of the repulsive Coulomb barrier.
static repulsion between the outgoing electron and\tre- The third approach to the RCB consists of computing the
maining electrons in the molecular orbitals of the dianion.|ocal contribution of the static self-energy directly. Neglect-
Using this approach, we make several approximations. Weng in Eqgs.(7) and(8) the dynamic part and the exchange of

circumvent the energy dependence of the exact RCB by forthe electron with the target anion, one obtainsltual static
mally setting the energy of the outgoing electron to the negapotential

tive of the electron detachment energy. Furthermore, we ne-

glect the exchange interaction between the outgoing electron K 7 .

and those of the residual anion. Since we use the molecular Viea(h)=— > a p(rr) dr (12)
. L. . . . . LSA 7|

orbitals of the dianion, which do not interfer with the emitted &1 Ir—Ry| |r =
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The one-particle density of the anion can be computed with Since|W¥;r) obeys the Schidinger equation
any ab initio method(see also Sec. 11 D)2 The response of ' _
the target’s density to the projectile electron included in the [Hrtvedr) Tvi(N][Woir)=Eo()|Woir), (14

PCM is, of course, absent MLSA(T)‘ However, it W'".be whereH+ is the Hamiltonian of the target anion, one can use
shown below that the latter potential has advantages in that Hﬁis equation to eliminatB,(r) in Eq.(13), which now takes

does not suffer from some basic weaknesses of the oth%rn the following appearance:
schemes.

Finally, we _vvould like to mention that in aII_three I(_)cal Veer(N|Wo;r)=[Hr+vedr) +vk(r)—Egl|¥o;r).
approaches discussed above the exchange interaction be- (15)
tween the electron and the anion can, in principle, be taken o )
into account by using local approximations like those used if1ere,vedr) anduvg(r) are the electrostatic interaction en-
density-functional theories. To be specific we have refraine@rdies between the point charge at positicand theN elec-
from applying these approximations in the present work. trons and nuclei of the monoanion, respectively. They read

K

1 z,
o K0 2 R (49

N
D. Analysis of the point-charge potential Ve = 2
In the following subsections, we analyze in detail the =t
PCM discussed in the preceding subsection and outline itgxpanding|¥,;r) in the state§®;} of the free monoanion,
relation to multichannel Green's-function theory to obtainj e in the eigenstates ¢fr,
insight into the physical meaning of this attractive approach.
Contact will be made with the local static potential. It will be
shown how the latter can be computed wathinitio or other [Woir)= Ej: Cjol Pj), (17)
methods that do not provide the one-particle dengity

and inserting into Eq(15), we get
1. The point-charge matrix and point-charge potential

Within a local theory it is assumed that when an electron VPCM(r)E Cjol @)

is emitted by a multiply charged anion, say a dianion, the ]

Hamilton operator for the outgoing electron reads

=[Hr+ Uadr) +vk(r) —Eq] 2 Cjol®)).
H=h(r)+V(r), (12) .

(18)
whereh(r) represents the kinetic energy of the electron, and o . ]
V(r) is the potential that the electron experiences, whichBY multiplying by (@;| from the left and integrating over the
corresponds to the repulsive Coulomb barrier. In the point!@rget electrons, we obtain the matrix eigenvalue equation
charge model the RCB is calculated via the equation (P—Vpeyl)c=0 (19)

Veem(T)=Eo(r)—Eg for the eigenvalued/pcp(r). Obviously, there is a point-
charge potential associated with each of the target electronic
(see Sec. IIG where Ey(r) denotes the energy of the states. In Eq(19) 1 represents the unit matrig,is the matrix
monoanion in the presence of the point charge, while of expansion coefficients, and the matrix element® afre
corresponds to the energy of the free monoanion. Multiply-defined by
ing by the ground-state wave functionVy;r) of the

monoanion in the presence of the point charge fabm the Pij(r)=(®i|Hr+vedr) +vk(r)—Eo|®;). (20
right gives
g The matrixP, which we refer to as the point-charge matrix in
Vpem(1)|Wo;r)=[Eo(r)—Eg]|¥o;r). (13)  the following, takes on the following appearance:
|

Aoo Aor Aoz Aom

Ao Ant(E1—Eo) A1z

Az Az Azt (Ex—Ep)

P=| . , . (21)

Awmo Aumt(Em—Eo)
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The point-charge matrif can be split into two matrices, Dividing by 7, the equation reads in the limit ofj—0

P=A+E. (22 1
lim—VEcu(r) =Agor). (27
E is a diagonal matrix with the elemenis—E, along the -0
diagonal, whereg; is theith energy of the free anion. The ] ] ] ] )
matrix elements;;(r) of the matrixA are defined as Tht_a local static potentl$oo(r), which des_c_rlbes the inter-
action between a full point charge at positioand the free
Aij(r):<q)i|vele(r)+UK(r)|(I)j>- (23 monoanion in its ground state, can be calculated by perform-

ing a PCM calculation using an infinitesimal point charge.
The diagonal element4;;(r) are the so-called local static For brevity, we call this tricky modification of the point
potentials. A;(r) is the interaction energy between a point charge model the local static approa&lsA) in the follow-
charge and the exact charge density of the monoanion in thieg. This approach is of general applicability, since every
state ®;. In particular, Agy(r) is identical with the local electronic state of the target can be used in the calculation to
static potential introduced in the preceding subsecfg®e generate the local static potential for the corresponding state.
also Eq. (8)]: Visa(r)=Ag(r). These potentials corre- The infinitesimal point charge can be negative as well as
spond to the exact static potentials for scattering an electropositive, and everab initio method that yields a total energy
from the monoanion, including the exchange and correlatiorran be applied.
of all electrons of the monoanion but without the exchange
between the scattered electron and the target electrons. 3. Relation to multichannel scattering Green’s-function theory
When diagonalizing the point-charge matfxwe obtain In Sec. Il B the one-particle Green’s function for elastic
the eigenvalue¥pcy(r), which are the result of the point- gcattering was introduced and an exact theory for the repul-
charge model calculation, one RCB for each state of thejye Coulomb barrier outlined. Since we use a point charge
monoanion. 'These potentials take account of the response #f the PCM to approximate the outgoing or, equivalently, the
the monoanion on the presence of the point charge, i.e., thgattered electron, this “electron” is distinguishable from
monoanion is allowed to polarize. The matfxconnects the e electrons of the target. To analyze the PCM in terms of
static potentials to the point-charge model potentials. Green’s functions, we have to compare the point-charge
model with the Green’s-function theory for scattering of
nonelectronic particles from electronic targéfs], i.e., the
Evaluation of the static potentials is straightforward whenscattered particle is distinguishable from the electrons of the
the one-particle density of the target anion is known. How-target.
ever, this density is not explicitly available in some computer As usual, the total Hamiltonian for a scattering process
codes forab initio methods beyond Hartree-Fock. One canreads
easily circumvent this difficulty by a tricky modification of
the point-charge model. When we do not use a full point H=H:+h+Hp, (28
charge in the PCM calculation but an infinitesimal point
charge , no response of the monoanion is expected. ThevhereH is the targe{free monoaniopnHamiltonian,h rep-
interaction potentiaM”(r) between the infinitesimal point resents the projectile Hamiltonian, and the interaction be-

2. The point-charge matrix and static potential

charge and the monoanion then reads tween projectile and target electrons is
N K
1 z Hrp=vedr) +vk(r) (29
V()= 7y §| . (24

ri—rl &4 |Ra—r||
tlri=rl &= IRa ] [see Eq(16)]. Using this total Hamiltonian and the inelastic

Thus, the point-charge matri takes on the following ap- ©ne€-Particle GF, it has been shown in Ref3] that a gen-
pearancdsee Eq(20)]: eralized Dyson equation can be obtained, which reads in ma-
trix notation

7A00 7A01 7A02
G(E)=G9(E)+G9(E)AG(E). (30)
7 oA nAnt+(E1—Eop) nA12
B nA% nA5, A+ (Es—Ep) ' This generalized Dyson equation relates the inelastic GF's
. G(E) to the free GF'SG(9)(E) via a supermatrid, which is
(25) given by
. . . K
Its eigenvalues can be evaluated using perturbation theory, Z, 1
and the first eigenvalue, for example, is given by Aij(r):<q)i|_a§1 |R,—r| +i21 Iri—r| @) (31)
M Agn(N)AL(T) h . . . .
V7o (P = nA() + 72 On ot o). T e sgatterlng gmplltudefs,k(r), which fuI_Iy describe the
pou 1) = 7Awd1) + 77 ; (En—Eo) (7) inelastic scattering procesk,—®;, are given by the fol-

(26) lowing set of equations:
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2 {[E-h=(E-EQ)l&—-Aj}fu()=0, (32 ™
J 13 — DzP
12 ...... DZP+Sp
. . . ---- DZP+2s2p
whereE is the total energy of the projectile-plus-target sys- 11 —— DZP+3s3p

tem. In analogy to Eq(19), this set of equations can be 10
written as a matrix vector multiplication and takes on the
following appearance:

energy in eV

(R—1E)F=0, (33)

wherel is the unit matrix,F is the matrix of scattering am-
plitudes, and the elements of the matRxare defined as

- N W R OO N ® O

Rij(r)=A;j(r)+[h+(E—Eo)]d; . (34) L I
1 2 3 4 5 6 7 8 9
Equation(33) is an exact equation, i.e., its solutions are exact distancein 2.

scattering amplitudes, which give exact elastic and inelastic FIG. 2. Basis-set study of the local static RCB potentials®of F
scattering cross sections. Comparing the maRiwith the  (upper pant and G~ (lower par) obtained with the LSA. Both
point-charge matriXP of Eq. (19), we easily see that these RCB potentials are essentially converged as a function of basis set
matrices are identical apart from which appears only in when the DZP-sp basis set is used. The energy of the free
R. h represents the Hamiltonian of the projectile particlemonoanion is set to zero. Note that the angular momentum barrier
and, loosely speaking, corresponds to its kinetic energy. Sepas been added to théOpotentials(see text

ting h fomally equal to O, i.e., neglecting the kinetic energy
of the scattered electron, the matRxis equal to the point-
charge matrixP. We have thus shown that the PCM repre-
sents the adiabatic approximation of the exact theory for As a first step we have studied the RCB of the atomic
scattering a distinguishable particle from an electronic targetdianions B~ and G~ with special emphasis on the basis-set
In reverse, the PCM can be used to calculate the eigenvaluggpendence of the local approximation schemes. We have
and eigenstates of the exact multichannel matrix in the adiachosen atomic dianions merely as practical objects. The cal-
batic approximation. Subsequently, the Hamiltorlieof the  culation times are short, and highly diffuse basis sets are
free particle can be added and a multichannel scattering caéasily employed.

culation beyond the adiabatic approximation can be per- We have computed the repulsive Coulomb barrier of the

A. Atomic dianions and the induced electron detachment
by the point charge

formed. F?>~ and G dianions with the help of the DFOSA method at
the level of restricted open-shell Hartree-Fd8OHFP and
IIl. CALCULATION OF THE REPULSIVE COULOMB restricted Hartree-FockRHF) approximations, respectively.
' BARRIER POTENTIALS The PCM and LSA calculations were performed using the

coupled-cluster singles plus doubles methé@]. The basis-

In this section we present our results obtained fram set dependence of the RCB of the dianions was checked by
initio calculations on the repulsive Coulomb barrier of mul- starting with the standard double-zeta plus polarization
tiply charged anions. Here, we want to make first estimate$DZP) basis set comprising Dunning[¢9] contractions of
of the barrier potentials in the framework of the local ap-Huzinaga's primitive set$50], which were gradually aug-
proximations introduced in the previous sections, althoughmented with one (DZPsp), two (DZP+2s2p) and three
we know that the exact barrier potentials are nonlocal an¢DZP+3s3p) sets of diffuses- and p-type functions. The
energy dependent. As we have shown above, the exact pinitial exponents for the diffuse- and p-type functions for
tentials can be obtained with Green’s-function methods, bufiuorine were 0.085 and 0.074, respectively, and 0.068 and
these are, unfortunately, so far not straightforward to com©.045 for oxygen. The second and third sets of diffuse func-
pute. For this reason, we use the DFOSA, the PCM, and thigons where added in accord with the even scaling [&l8.

LSA introduced in Sec. IIC and analyzed in Sec. IID to The use of basis sets of triple-zeta quality is not necessary,
calculate the RCB'’s of various dianions. since their effect on the RCB is negligible.

Results on the atomic dianiong Fand G~ and on the The local static RCB potentials obtained using the local
linear series of the carbon cluster dianions?T (n static approach as described in Sec. Il C are displayed in Fig.
=2,4,6,8) are shown. In Sec. lll A we study the atomic di-2. To plot the actually three-dimensional spherically sym-
anions, discuss the basis-set dependence of the local approrietric potentials in one dimension, one has to respect the
mation schemes, and outline their possible weaknesses. Seangular momentum of the outgoing electron. Since the out-
tion 111 B deals with the examination of the moleculag’C  going electron from the © dianion is ap electron, one has
dianions. There, we use the local RCB potentials to calculat& add the angular momentum barrier to the RCB potential to
detachment lifetimes for the carbon dianions in the frame-obtain the correct one-dimensional RCB plot. For the fluo-
work of WKB theory. rine dianion there exists no angular momentum barrier, as

012501-7



A. DREUW AND L. S. CEDERBAUM PHYSICAL REVIEW A63 012501

19
- 1mE
17 — DzZP — DZP
............ DZP+Sp 10 E DZP+Sp
s ---- DZP+2s2p ---- DZP+2s2p
——- DZP+3s3p 9t —-— DZP+3s3p
13
3 2 8
e M £
) 5/
g ® 2
[} o B F
7
5 E
5
4 F
3
3 E
1
1 2 3 4 5 6 7 8 9 1 2 3 4 5 & 7 8 9
distance in a.u. distance in a.u.
FIG. 3. Basis-set study of the RCB potentials &f Fupper pat FIG. 4. Basis-set study of the DFOSA potentials éf Fupper

and G~ (lower par} obtained with the PCM. The RCB gradually par) and G~ (lower par). While the B~ potentials converge to the
decreases with increasing diffuseness of the basis set within thecal static RCB with increasing diffuseness of the basis set, the
PCM calculations, i.e., the PCM is strongly basis-set dependent. RCB of &*~ vanishes.

the outgoing electron is aselectron. <14.395(EDE), wherer is given in A and EDE in eV.
One can see in Fig. 2 that the static potentials for&d  Clearly, we detach the excess electron of iy approaching
O’ have already essentially converged as a function of basi$ with the point charge. The detachment of @an be “ob-
set when the DZP sp basis set is used. From a theoretical served” during a PCM calculation at the Hartree-Fock level
point of view, the local static RCB potential has to be basis-n the orbital energy of the anionic electron. When the point
set independent once the target anion is properly describedharge is farther away than 10 A, the orbital energy is nega-
because the static RCB depends only on the charge distribtive, i.e., the electron is bound, and when the distance be-
tion of the target aniofsee Eq(11) in Sec. Il Q. Obviously, comes shorter, the orbital energy becomes positive, i.e., the
this is already the case for these atomic dianions when thelectron is unbound. This induced electron detachment is the
DZP+ sp basis set is used. major weakness of the point-charge model, because, inde-
In Fig. 3 the RCB potentials forF and G are dis- pendently of how strongly the anionic electron is bound, i.e.,
played as calculated with the point-charge model. Thevhat kind of system we examine, the detachment of the an-
RCB'’s of both atomic dianions decrease with increasing difdonic electron is always induced when the point charge is
fuseness of the basis sets and seem to disappear in the linsjpatially close enough to the anionic target. Then the anion—
of an infinite basis set. In the PCM a negative point charge ipoint-charge system represents an unbound resonance state.
brought up to the target anion, and for this reason the heigHReturning to the basis-set dependence of this model, it is
and width of the RCB are determined by the ability of the now clear that the height of the barrier decreases as the basis
system to react to the presence of the point charge. When @et describes this unbound resonance state in more detail,
electron approaches an anion, the target anion polarizes and.g., as the basis set becomes more diffuse.
weakly bound anion may also be ionized. Due to the strong Finally, we have examined the basis-set dependence of
electrostatic repulsion between the point charge and the extthe DFOSA method, and the DFOSA potentials that were
electron of the anionic target, electron detachment of thebtained for B~ and G are displayed in Fig. 4. The RCB
anionic target electron ialwaysinduced within a PCM cal- of F>~ decreases markedly when the first set of diffuse func-
culation below some position of the point charge. This is, tions is added, but increases again with the addition of the
of course, physically not correct and is the major weaknessecond and third sets. This behavior of the RCB can be un-

of the point-charge model. derstood when one analyzes the DFOSA method and%he F
To make this induced electron detachment by the pointlianion. In a DFOSA calculation like that described in Sec.
charge clearer, we consider the PCM calculation for& |l C, we use the Hartree-Fock orbitals of the dianion to sum

the target. O possesses a bourfP, ground state that up the electron-electron repulsion and the nucleus-electron
has an electron detachment ene(BYE) of 1.461 eV[52]. attraction. The Hartree-Fock orbitals are generated in the
When a point charge approaches the round state, the framework of the ROHF method, becaus& Fs an open-
state becomes unbound due to the electrostatic repulsion bghell system. When the unbound Fdianion is calculated
tween the excess electron of the anionic target and the pointith the bound-state ROHF method and the basis set em-
charge. This happens when the Coulomb repulsion is largeployed is getting more and more diffuse, the method tends to
than the binding energy of the electron. For the oxygen aniomlescribe a bound Fanion and an unbound electron. Hypo-
this is the case when the distance between anion and poithetically, using an infinite basis set, we would get the exact
charge is smaller than about 10 A, according to HF orbitals of F and an unbound electron with zero kinetic
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energy. Using these orbitals of the monoanion, i.e., its corl’ the decay width7=#/T" is the lifetime of the resonange
rect one-particle density at the Hartree-Fock level in thg53,54. In the present context the appropriate technique will
DFOSA calculation, we would, of course, obtain the locallead to complex DFOSA and PCM potentials to take account
static RCB at the theoretical level of HF. That means that thef the possible losses due to the induced ionization by the
RCB of an open-shell multiply charged anion calculated withpoint charge. Another possibility is to view the resonance as
the DFOSA method converges toward the local static RCBa discrete state embedded in the continuum. This discrete
with increasing diffuseness of the basis set. state can be computed using stabilization techniques employ-

In contrast to that of the open-sheft Fdianion, the RCB ing compact basis sets5]. In the present context the
of the closed-shell & dianion vanishegFig. 4) in the  scheme for choosing an appropriate compact basis set for
framework of the DFOSA, when more and more diffuse ba-DFOSA and PCM calculations is in line with the stabiliza-
sis sets are used. Again, we describe an unbound resonangén technique.
state with the bound-state RHF method. Because the RHF
method treats electrons witla and B spins equally, i.e., all
orbitals are doubly occupied, the bound-state calculation can
converge only to solutions in which electron pairs are re- In the previous subsection we saw that exchange is im-
tained. Therefore, the solution of the RHF calculation forportant for spatially small atomic systems and, since ex-
O?" using an infinite basis set can only be a neutral O aton¢hange is neglected in the local approximation schemes, the
and two unbound electrons with zero kinetic energy. ConseRCB's obtained provide only crude estimates of the “true”
quently, the RCB disappears when we use these orbitals iIRCB’s. In this subsection we turn to the examination of mo-
the DFOSA calculation. lecular dianions. These systems are more extended and ex-

Summarizing the basis-set dependence of the local aghange plays a minor role, and we expect that the use of the
proximations, only the LSA is basis-set independent, oncéocal approximation schemes will yield reliable RCB’s here.
the basis set is sufficiently large to appropriately describe the We have examined the repulsive Coulomb barrier of the
anionic target. The PCM and the DFOSA methods ardinear carbon dianions £~ (n=2,4,6,8), of which G
strongly basis-set dependent, since within these schemes uwas observed experimentally in 1990 by Schaeteail. [56].
bound states are calculated with bound-state methods. Ofe chose these dianions for two reasons. On the one hand,
these grounds, the use of the PCM and the DFOSA methodbey are experimentally and theoretically well studied and
makes sense only when not too diffuse basis sets are erample data are available in the literatyf,39,58,59 On
ployed. A good choice of the basis set is of general importhe other hand, there is still a puzzle concerning CAl-
tance in any quantum-chemical calculation, and thus one habough the peak of & is one of the most abundant in the
to define a basis-set selection criterion for the approximatiommass spectrum of the carbon dianions, it has been found to
schemes. The only reasonable criterion is the basis-set indbe adiabatically unstable with respect to electron emission by
pendence of the local static approach. For this reason, thabout 0.1 eV[57]. In contrast, G, which is the smallest
first basis set for which the local static approach is convergedbserved carbon dianion, possessdssg starlike structure
should be the basis set in all further RCB calculations. Hereand is electronically stablgs8,59, but its peak in the mass
it was the DZP+sp basis set, since this is the smallest basisspectrum is less intense than that gf C
set for which the local static RCB’s of?F and &~ con- The RCB potentials of the linear carbon dianions have
verged(see Fig. 2 been calculated using all three methods discussed in Sec.

To apply the local approximation schemes successfulljl C. The PCM and LSA were employed at the CCSD level
one has to reflect the underlying approximations and the syssnd DFOSA at the level of restricted Hartree-Fock. All ge-
tems that are to be examined with these methods. Becausgnetries of the carbon dianions examined were optimized at
we neglect exchange between the extra electron and the tahe CCSD level using the DZPsp basis set and were held
get(monoanionin all three schemes and exchange is impor-fixed in the RCB calculations. In analogy to the case of
tant for spatially small atomic systems, we may not expectatomic dianiongSec. Il A), we checked the basis-set depen-
guantitative accuracy in our calculations on atomic dianionsdence of the RCB of the molecular dianions. As an example,
But nonetheless atoms are reasonable objects for studyinge computed the RCB of £ using all three local approxi-
the weaknesses and the limits of applicability of the localmation schemes starting with the DZP basis set. The basis set
approximation schemes. Furthermore, we may suggest theas then gradually augmented with one (BZ&p) and two
use of density-functional theoryDFT) within the models, (DZP+2s2p) sets of diffuses- and p-type functions, the
because exchange is approximately contained in the DF&xponents of which were 0.040893 and 0.027 188, respec-
method. tively.

In view of the above findings concerning the PCM and As for the atomic dianions, the local static approach is
DFOSA, one may ask whether these physically appealinglready converged when the DZRp basis set is used, i.e.,
methods make any sense at all. As discussed above, the syse monoanion is appropriately described by this basis set.
tem can be viewed as in an unbound resonance state afithe DZP+sp basis is therefore chosen to be the standard
several techniques are available to compute such resonandessis set for calculations of the RCB’s of all carbon dianions
[53-53. By analytic continuation into the complex energy examined. As expected, the RCB of the closed-shefl C
plane, the energy of the resonance beconigs—=E, gradually decreases when the DFOSA method and the point-
—iT'/2, whereE, is the real part of the resonance energy andcharge model are applied and more and more diffuse basis

B. Molecular dianions: C,*~ (n=2,4,6,9
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FIG. 5. Two-dimensional picture of the RCB o€ calculated FIG. 6. Comparison of the RCB potentials of the linear carbon

in the framework of the DFOSA. The potential is strongly aniso-dianions G2~ (n=2,4,6,8) along the minimum-energy path for
tropic, and as one can easily see the minimum-energy path foglectron emission calculated with the DFOSA method using the
electron emission from the dianion is along the horizontal mirrorDZP+ sp basis set. The vertical electron detachment energies of the
plane of theD.,;, symmetric dianion. Contour lines are projected on dianions computed at the level of CCSD/(DZBp) are indicated
the xy plane for several heights of the barriezee legend The by horizontal bars, on which the corresponding calculated lifetimes
energy is given in eV, and the lengths are given in angsto for vertical electron detachment of the respective dianions are given
in seconds. The lifetimes have been calculated in the framework of
. . . semiclassical WKB theorysee text. The zero point of the energy
sets are used. ltis WO!’th n'otlng that the .bass_set deDef‘d?’TSéame corresponds to the energy of the respective monoanions.
of these local approximation schemes is much less signifi-
cant for the molecular £~ than for the atoms. While the 5
RCB of O~ decreased by about 5 and 3.5 eV in the DFOSA P=exp( — _f 2‘/2m[E—V(r)]dr ,
and PCM calculations, respectively, when going from the il
DZP to the DZPr sp basis set, the decrease is only 0.55 and .
0.3 eV for G2~. Thﬁs makes us confident of obtai};ing reli- whereE is the energy of the electrok/(r) the RCB, and',

able potentials for extended systems like molecular dianionandrz defme_the_ width Of. the barrier at energy 'I_'he life-

. . fime of the dianion can finally be calculated using the for-
with the help of local calculation schemes. mula

The RCB potentials are, of course, three dimensional, but
rotationally symmetric for the linear £ dianions. For il- 2
lustration, a two-dimensional picture of the RCB of’C ™ by’
obtained using the DFOSA method is shown in Fig. 5. The
RCB is highly anisotropic. The maxima of the potential areyhere  is the frequency with which the electron hits the
at the endS of the £7 molecule, Where the excess ChargeSRCB_ This frequency can be obtained by So|ving the equa_
are located. The minima are placed along the horizontal mirtion of motion for the electron with the assumption that the
ror plane of the molecule. These minima correspond to th@otential in the inner region is dominated by the electrostatic
minimum-energy path for electron emission from th¢ C  attraction between the nucleus and the outgoing electron, i.e.,
dianion. The RCB'’s of all linear even-numbered carbon di-the potential has the shapemf!. The use of this semiclas-
anions possess this typical shape, but the shorter the chagical approach is limited to one-dimensional potentials and
length the higher is the RCB in all directions, due to theactually the RCB is, as already mentioned, three dimen-
increased electrostatic repulsion between the excess charge®nal. We solve this conceptual problem by assuming that
A comparison of the RCB potentials of the linear carbonthe electron leaves the dianion via the minimum-energy path
cluster dianions along the minimum-energy path for electroroutlined above. A three-dimensional calculation of the life-
emission is shown in Fig. 6. These potentials have been catime would be desirable to improve the reliability of the
culated with the DFOSA method using the DEBp basis  numbers, but this is beyond the scope of this work. Here, we
set. As expected, the height of the RCB decreases systemadire interested only in estimating the lifetimes and investigat-
cally with the size of the system. We find a decrease bying their dependence on the chain size. A tedious three-
about 2.5 eV from & to G5*~. dimensional calculation would certainly be justified when

We have used the RCB potentials of the carbon dianionsising a more accurate potential like the one discussed in Sec.

to calculate the tunneling probability and the lifetime of I B.
these systems in the framework of semiclassical WKB To study the influence of the potential on the lifetime, i.e.,
theory. The tunneling probability is given by the formula  how the lifetime depends on the approximation schemes
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For completeness, we have calculated the tunneling life-
times for G°~, C,2~, and G>~. Since the specific local ap-

—~
(S0

14 N\ — gi;sp proximation scheme used plays only a minor role in deter-
13 / N\ ---- DZP+2s2p mining the lifetime, we have used the DFOSA potentiag.
12 / N | =~ DZP+3s3p| 6). In contrast, the quality of the calculation of the energy of

e
-

the outgoing electron is of great importance; thus we have
used the vertical electron detachment energy calculated at the
level of CCSD (DZP-sp) by subtracting the computed total
energy of the dianion from that of the monoanion. These
vertical detachment energies o’C, C,2~, and G~ are
—3.81,—-2.12, and—0.77 eV, respectively. The correspond-
ing vertical energy of @ has been calculated to be 0.33 eV
at the CCSD level of theory, i.e.,¢€ is stable with respect
to vertical electron emission and has an infinite lifetifire
contrast to the case of adiabatic electron emission, see
above. The lifetimes obtained for the linear carbon dianions
for vertical electron emission arexal0™ %5 1.5x 10 %2 and

FIG. 7. In the upper part the computed lifetimes of thg ¢~ 1.7x10 %s for G?~, C,*, and G*, respectively. From
dianion are displayed as a function of the energy of the emittedhat point of view, all three dianions are too short lived to be
electron. For the calculation of the lifetime we have used the LSAObservable in a mass spectrometer, which is in agreement
(full line), DFOSA (dotted ling, and PCM(dashed lingpotentials. ~ with the experiments.
These potentials are displayed in the lower part. Although the po-
tentials are quite different, the computed lifetimes are quite similar
and vary at most by a factor of 2. For electron energies below 0.35 IV. SUMMARY AND CONCLUSIONS

eV (ingi[cat_ed py the horizontal line in the lower paitie lifetime of In this paper we have examined the repulsive Coulomb
the & d'an'.on.was found to be '.Onge.r than 0s for all three barrier for electron emission from multiply charged anions.
potentlals..A lifetime of about 10 s is typ!cally needed to observe The RCB is a general phenomenon in multiply charged an-
a system In a mass spectrometer experiment. . . . . . .
ions: it arises due to the combination of long-range repulsion
between the emitted electron and the residual anion and
used to compute the potential, we have calculated the lifeshort-range attraction of the nucleus. Although the RCB is
time of G~ for energies between 0.1 and 2.0 eV using thedominated by the electrostatic forces present, it is a nonlocal
LSA, DFOSA, and PCM potentials. The calculated lifetimesenergy-dependent potential, which is neither easy to compute
are displayed together with the corresponding potentials imor depictable in nature. Since the RCB is closely related to
Fig. 7. The investigation shows that the lifetime dependsscattering potentials, there exists an exact theory for the RCB
much more strongly on the energy of the outgoing electrorthat is founded on the Green’s-function formalism for scat-
than on the potential. Although the shapes of all three potentering processes. We have shown that the RCB can be related
tials are quite different, the results for the lifetime at a givento the self-energg (E). The self-energy is an optical poten-
energy are quite similar and vary at most by a factor of 2. Itial connecting the Green’s function for scattering with the
seems that the errors embodied in the different approximafree Green’s function according to the well-known Dyson
tion schemes are canceling each other when calculating thequation.
lifetime. This encourages us to assume that the lifetimes ob- SinceX (E) is so far not straightforward to compute, we
tained are more reliable than the potentials themselves. Fuhave introduced local approximation schemes. These are the
thermore, one can see that for electron energies below 0.3fianion-frozen-orbital static approximation, the point-charge
eV, which corresponds to an electron detachment energy afiodel, and the local static approach. In a DFOSA calcula-
—0.35 eV, the dianion lifetime is markedly longer than tion, the nucleus-electron attraction and the electron-electron
10~°s, which is the limit for experimental observation in a repulsion are summed up using the frozen orbitals of the
mass spectrometer. dianion. In the PCM calculation a full point charge is
Watts and Bartlet{57] found that the @ dianion is  brought up to the anion, and the total energies of the anion—
vertically stable with respect to electron emission but adiapoint-charge system and the free anion are subtracted to ob-
batically unstable by about 0.1 eV. Assuming 0.1 eV to betain the RCB. In contrast, the local static potential is ob-
the energy of the outgoing electron, we obtain a tunnelingained as the interaction of a point charge with the correlated
lifetime of about 2x 10'!s for the GZ~ system; thus no sig- electron density of the anion. Technically, this potential can
nificant electronic decay should be observed in the experibe obtained within the derived LSA. In the LSA method an
ment. Since the linear isomers of the carbon dianions ar@finitesimal point charge approaches the anion and after-
thermodynamically more stable than the branched isomenward the potential obtained is scaled up to a full point
like, e.g., G*, it is now clear that the abundance of the charge.
peaks of G~ and G2~ in the mass spectrum is determined A thorough theoretical analysis of the PCM and LSA
by the thermodynamically determined generation rate andhethods has proved their relation to multichannel-scattering
not by the electronic stability of these dianions. Green’s-function theory. While the PCM represents an adia-
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batic approximation to the exact theory of scattering a discant role. This makes us confident of obtaining local poten-
tinguishable particle from an electronic target, the LSAtials that are more reliable estimates of the exact RCB. Ex-
method yields the local static potential of the target anionamination of the RCB potentials of the linear carbon
which corresponds to a diagonal element of the scatteringianions G2~ (n=2,4,6,8) has shown that the molecular
matrix. These approaches are of general applicability sSincBFOSA and PCM potentials are much less basis-set depen-
every ab initio method can be employed, including those dent than those of atomic systems. Not surprisingly, the re-
methods that do not compute or do not explicitly provide thepulsive Coulomb barrier decreases the larger the carbon di-
one-particle density of the monoanion. anion becomes, due to the decreasing electrostatic repulsion

We have applied the local approximation schemes to ineof the excess charges. This lowering of the barrier is accom-
vestigate atomic and molecular dianions. The atorfiicdhd  panied, however, by an increase of the electron binding en-
O?" dianions are reasonable objects to use to study the basisrgy of the excess electron. Using the calculated RCB poten-
set dependence of the local schemes. While the DFOSA artthls we have estimated the lifetimes of the metastable carbon
PCM potentials strongly depend on the basis set employedlianions with the help of semiclassical WKB theory. We
the LSA has been found to be basis-set independent at sufiave calculated the tunneling lifetime along the minimum-
ficiently large basis sets. We have used the LSA to define anergy path for electron emission, which is along the hori-
criterion for basis-set selection for the other methods. Theontal mirror plane of th®.,;, symmetric systems. We have
smallest basis set for which the LSA converged is chosen téound that the lifetime for vertical electron emission grows
be the one used in all other local RCB calculations. Thismarkedly from 9<10 ° to 1.5x10 *® and 1.% 10 °s
criterion as well as the behavior of the various potentials as awhen going from ¢~ to C,2~ and G2~. The dianion G~
function of basis-set size are understood and discussed theig-vertically stable, but adiabatically unstable. We have esti-
retically. mated its lifetime with respect to adiabatic electron emission

The atomic dianions serve merely as study objects. Since be very long (2 10's), however. On these grounds,
exchange between the electron and the target anion is nenly Cg2~ should be experimentally accessible in a mass
glected in the local schemes, and this interaction is importargpectrometer, and no relevant electronic decay should be ob-
for the spatially compact atomic systems, the calculated RCBerved. This is in agreement with the experimental findings.
potentials for B~ and G~ are only crude estimates of the
exact RCB. To remedy the situation we suggest using a local
approximation to the exchange, as is common in DFT calcu-
lations. The authors would like to thank Professor Nimrod Moi-

Turning to larger systems, the underlying local approxi-seyev, Rainer Schork, and Alexander Thiel for helpful dis-
mations become less severe, since the exchange interactionssions. Computer time was generously provided by the
of the electron with the extended target plays a less signifiRechenzentrum der Universiteleidelberg.
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