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Calculations of some weakly bound diatomic molecular negative ions
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We examine the existence of stable bound states of some diatomic molecular ions where the neutral mol-
ecule itself is either unbound or barely bound. Two bound states have been found for theidtekven
though HeH is known to be unbound. We have found no bound states §or élen though*He, is known
to have one bound state. The predicted binding energies for Hatd of the order bl K and depend
sensitively on the isotope combinations. Other weakly bound negative ions such asaNdiArH™ have also
been investigated. These weakly bound molecular ions are good candidates for cold collision experiments.
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PACS numbd(s): 31.10+z, 36.90+f, 31.15.Ja

[. INTRODUCTION nal structures ofA and B are not expected to be important.
Thus the three-body system is modeled to consist of pair
The search for weakly bound simple atomic and molecuinteractions betweenA+B), (A+e), and B+e). Each
lar species is a fascinating subject. The stability of theséair interaction has an attractive part but the strength may be
systems depends sensitively on the interaction potentials arf@do weak to form any bound states, or just strong enough to
the relative motion of the particles which is generally under-support one or a few bound states. Consider the specific ex-
stood as the correlation or the many-body effects of the sysample, (HetH+e), or HeH . The pair (He+H) or (He
tem. Quantum symmetry is also known to play an essentiat-€) have no stable bound states, butE) has one bound
role [1] and the stability of the system depends critically onstate, the H ion, with binding energy of about 0.75 eV. The
the masses of the constituent particles. Simple well-knowrguestion we want to address is whether ¢He+ e) together
rules for the binding of molecules which are valid for the can form some bound states, or, equivalently, is HeH
more tightly bound systems cannot be applied to draw constable? As a second example, consider-He+e. The pair
clusions for the weakly bound molecular systems. For ex{He+He) is known to have one bound state with binding
ample, He dimers and Hg trimers have been predicted to energy of about one millidegree Kelvif2,6,8, but (He
exist [2—-8] and have also been confirmed experimentally+e) has no bound states. The question is whether{(He
[9-12], yet their existence cannot be anticipated based on the €) can form stable He bound states.
conventional theory of chemical bonding. The existence of stable bound states for Heliths been
For three identical particle$\;, there are two peculiar predicted recently by Bendazzei al.[20]. They performed
situations that have been well investigated theoretically, esfull ab initio calculations for the Born-Oppenheimé&O)
pecially in nuclear physics. One is the so-called halo statepotential curves including all the four electrons in the system
(or the Borromean statesvhich are defined for the bound using the general quantum chemistry package. Since the
states of a three-body systeiy when its two-body system wave function of the outermost electron is rather diffuse and
A, does not have any bound stafd$,14]. Another is the the primitive orbitals are Gaussian functions, the calculations
Efimov stateg 15,16 where the three-body system supportshave to be carried out with a very large basis set. They pre-
an infinite number of bound states when the two-body syséicted two bound states, with energies at about 0.8 K and 0.1
tem supports only one bound state with zero binding energyK, respectively, below the He H™ dissociation threshold.
No known examples of halo states or Efimov states for thre&ince the binding energies are very small, they showed that
identical particles have been found in atomic and moleculathe results depend sensitively on the basis functions used. In
systems, although the second state of the helium trimer aghis paper we do not perform pui@ initio calculations.
pears to have properties similar to those of an Efimov staténstead we model the HeHion as a three-body system and
[2,17,18. calculate the binding energies also within the BO approxi-
When the three particles are not all identical, there aremation. The effective interactions between each pair of par-
new possibilities for the existence of stable two-body andicles are taken from what we consider to be the best avail-
three-body bound states. For the Coulomb three-body sysble in the literature. From the calculated BO potential
tems an extensive literature exists on the condition for theurves we then calculate the binding energies for the HeH
stability of the three-body systeni49]. In this article we ions, including the isotope dependence. Similar calculations
address examples from the “standard” simple diatomic mo-have also been carried out for the Neldnd ArH™ systems
lecular systems, in particular, diatomic molecular anionswhich are shown to have many more bound states.
which can be approximated as three-body systems consisting We also performed calculations to look for the possible
of two atoms and one electron. These three-body systems aegistence of stable He ions. Interestingly one cannot use
denoted a#\Be, wheree stands for the electron aklandB ~ the BO approximation to calculate the potential curves for
are atoms which can be identical or different. We will studythis system. In the BO approximation the dissociation limit
very diffuse or weakly bound systems only where the interconsists of an atom and a negative ion. However, there is no
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TABLE |. Comparison of phase shifts calculated from the 8 T
model potentials with those from the accurateinitio calculations ;
for the e-H ande-He collisions. Only the low energy phase shifts ak !
are shown herga) From the model potential of Laughlin and Chu :,
[21]. (b) Schwartz[23]. (c) From the model potential of Reid and — E
Wadehrg 24]. (d) Variational calculation of Nesbgf5]. 5 o i
=1 :
Energy(a.u) Phase shift 4 \
e-H (@ (b)
-8 L 1 " 1 .
0.05 2.5532 2.5530 0 10 20 30
0.020 2.0666 2.0673 R
0.045 1.6970 1.6964 (au)
e-He © (d) FIG. 1. The ground-state Born-Oppenheimer potential curves
for HeH and HeH . The former is adopted from the suggested data
0.021 2.8374 2.8672 of Meyer and Frommbholdi26] and the latter is obtained from the
0.045 2.6984 2.7386 present calculation.
0.055 2.6519 2.6939 . N .
0.080 25590 2 6029 there are no “three-body” forces. This is expected to be a

reasonable model for the diffuse molecular system where the
core electrons in He and in H are well separated and thus

_ h th assumed to be unperturbed. This is also the model adopted in
He  bound state. Instead, Hdias a bound state such that o vically all studies in helium trimer studies. For the latter,

He,” would be dissociated to an electron and a heliumy,g «three-hody force” has been shown to affect less than
dimer. For this system we performed the calculations in hy- o, o the ground-state energg2].

perspheriqal coordinates yvithin the gdiabatic approx.imati.on. We solved the one-electron diatomic molecular ion prob-
The resulting hyperspherlcal potential curve does dissociat@, within the BO approximation. Using spheroidal coordi-
to the correct limit of an electron and a Heimer. From the a5 the resulting two-dimensional eigenvalue equation at
calculated hyperspheflqal potential curve we conclude thalach  internuclear separatioR is solved using two-
there are no stable e ions for any isotope combinations. gimensionalB-spline basis functions. This method has been
used previously to obtain very accurate potential curves for
Il. THEORETICAL METHODS AND RESULTS the H,* ions[27] and we followed essentially the same nu-
merical procedure for the present system.
In Fig. 1 we show the calculated HeHpotential curve
To calculate the BO potential curves for the Helén we  and compare it with the HeH potential curve of Meyer and
first have to adopt the best model potentials describing thErommhold[26]. Note that HeH has an attractive potential
interactions between the pairs of particlesH, e-He, and  well with the minimum atR=6.66 a.u. where the depth is
He-H. For the model potential between the electron and thé.97 cmi . The calculated HeH potential has the minimum
atomic hydrogen, we adopted the one from Laughlin anditR=11.5 a.u. and the well depth of 4.99 ch While the
Chu[21]. This potential was fitted to reproduce the binding well depths do not differ much between the two systems, the
energy of the ground state of Hand the low energy'S®  position of the minimum is shifted and the width of the po-
elastic scattering phase shifts and has been used to study ttential well for HeH is much broader. The difference is due
multiphoton detachment of H Table | compares the phase mostly to the asymptotic potentials. For HeH, the interaction
shifts obtained from this model potential with those obtaineddetween two neutral atoms at large distance is described by a
from the accurate variational calculations of Schw@®3].  van der Waals potential which decreases & Bt largeR.
For the model potential between the electron and the heliurfror HeH™, the system separates into He and,Hhus the
atom, we adopted the one from Reid and Wad¢Bdd The  asymptotic interaction is the induced dipole potential which
quality of this potential is checked by comparing the elasticdecreases at a slowerRE/ rate. Thus the potential well for
phase shifts calculated from this potential with those fromHeH™ is much broader and the increased strength permits
the accurate variational calculations of Nesp2b] (see the formation of stable bound states for HeHn contrast to
Table ). For the effective interaction between He and H, wethe HeH potential which supports no bound states.
adopted the potential from Meyer and Frommh@6]. This From the calculated BO curve for HeEHwe looked for
potential was obtained from quantum chemistry calculatiorthe possible existence of bound states. For these weakly
and fitted and adjusted so that it describes accurate He-Bound systems, the binding energies depend very sensitively
scattering data at thermal energies. One comment has to @ the mass of the constituent particles. PéteH™, we
made on the-He model potential: This potential supports anfound one bound state at 1.37 K fd=0 and one bound
unphysical bound state &= —0.316 a.u. This unphysical state at 0.566 K forJ=1. (1 K=0.6950387 cm’
state is viewed as theslstate of the helium ion which is not =8.617 38510 ° eV.) We found no other bound states. In
excluded from the solution within the model potential ap-Fig. 2 we show the vibrational wave functions for these two
proach. states. The sizes of these two states, as measured by the
Within this one-electron model we assume that the HeH expectation valueéR), are 17.9 a.u. and 20.2 a.u., respec-
potential surface consists of the pair interactions only andively. They are definitely among the largest diatomic mo-

A. Calculations of the bound states of HeH anions
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FIG. 2. The vibrational wave functions for the=0 andJ=1 0 10 20 30 20

states for the potential curve given in Fig. 1 for téeH™ system. Ria)
a.u.

lecular ions. Their large size is related to the small binding F|G. 3. The three lowest BO potential curves calculated for the

energies. _ HeH™ system using the model potentials described in the text. The
The existence of stable bound states for Helrbs been lowest curve results from the unphysical bound state in Igee-

predicted earlier by Bendazzddit al. [20] where they ob-  dicted by the model potential adopted. This lowest curve is ignored.
tained the lowest BO potential curve using the general quariFhe second curve is the one shown in Fig. 1 in an expanded scale.
tum chemistry codes. While their approach is essentially exThe third curve is completely repulsive. The inset gives an ex-
act in principle, theab initio calculation including all the panded view of the third curve.

four electrons is a much more difficult and challenging task.

Our model potential calculation certainly provides an inde-“bound state,” has the potential minimum at about 2 a.u.
pendent check on their results. The binding energies obtaineznd it is well separated from the curve of interétbe second
from Bendazzoliet al. range from 0.4344 K to 1.3136 K for curve). Note also that the second curve appears very shallow
J=0 and from 0.0005 K to 0.5255 K far=1 depending on in the scale shown in Fig. 3. The third curve, as shown in
the basis sets used. However, we agreed with their concldiner scale in the inset, is completely repulsive and supports
sion that there is only one bound state eachJfer0 andJ no bound states. Thus there are no other stable bound states
=1, respectively. for HeH™ than the two reported above.

Within the BO approximation we also have calculated the
binding energies of the different isotope combinations for the
HeH™ systems. The binding energies for these different iso-
tope combinations are listed in Table Il and compared to th(?n
results of Bendazzokt al. It should be pointed out that the

results quoted from Bendazzddit al. were obtained using only one bound state fotHe,, with binding energy of about

one of their better basis setsom Table 6 of that paper :
. . . . 1.3 mK[6-8]. These calculations further showed that other
We did not calculate the adiabatic corrections to the BO. ass combinations of the helium dimers do not have any

potential energy curve. This was estimated by Bendazzo ound states. While the binding energy 4e, has never

et al. and found.to b? ;maller than 0.01 K to the BO CUVe een directly measured, its existence has been confirmed in
near the potential minimum. Such a small correction is no tom interferometer experiments,10] and its size has also
important at the level of accuracy pursued in this paper. been deduced from the experiment to be £2B a.u.[12]

AS 'pomted out earlier, there is an unphysmalfl—laao_und which is in good agreement with the theoretical value of
state in the present model potential approach. In Fig. 3 WEhout 100 a.u

show the first three BO potential curves calculated for Having established the existence #fle,, we ask if an

HeH". The second curve was use(_:i to obtain the resu_lts Mlectron can attach itself to such a diffuse system to form a
ported above. The first curve, which approaches the He

bound state. It is known that stable Héons do not exist.
Thus any bound states of FHevould dissociate into an elec-
tron and a He molecule. This is an interesting molecular
system where the standard Born-Oppenheimer approxima-
tion cannot be applied since the dissociation limit is not char-
acterized by large internuclear separations, but rather by the
large distance between an electron and a molecule.

B. Search for possible bound states in He

The existence of Hewas not expected based on the com-
on chemical bonding mechanisms. However, many theo-
retical calculations have predicted the existence of one and

TABLE II. Binding energies for HeH anions. There are two
bound statesJ=0 andJ=1) for each isotope combination listed.
The quantum chemistryQC) calculations are from Bendazzadt
al. [20]. The binding energies are given in degrees Kelvin.

Pr:segt work oc Presengwjrk ac We_investiga}ted t_his system us_ing hyperspherical coordi-

nates in the adiabatic approximation. This method was used
“HelH™ 1.37 0.575 0.566 0.1 previously to study helium trimer§2] and other weakly
“He?H~ 2.23 1.1017 1.26 0.6639 bound systems such as Hieand He,Na[28], as well as the
3HelH™ 1.26 0.5156 0.445 0.0085 bound states formed by a positron and[29]. Using mass-

3He2H~ 2.06 0.9898 1.40 0.5284 Weighted hyperspherical coordinates as described in Esry

et al. [2], we calculated the hyperspherical potential curves
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with R, but at large hyperradius thg,) is nearly at a constant
value of about 90 a.u. which is roughly the distance between the
-0.0016 . L L . two helium atoms for the Hemolecule.(b) The average distance of
Y 400 800 1200 the electron from the midpoint of the line connecting the two he-
R(a.u.) lium atoms. Note thap,) grows linearly withR, indicating that the

electron is moving further out with the distance between the two
FIG. 4. The hyperspherical potential curve for thde,” sys-  helium atoms more or less fixed as the hyperradius is increased.

tem. The potential is not attractive enough to support any bound
states. the mass-weighted hyperradius is varied. In Fig. 5 we show

the averaged internuclear separatign) and the averaged
in the adiabatic approximatioB-spline basis functions were distance(p,) of the electron measured from the midpoint of
used to solve the equations involving hyperangles. For theéhe interatomic line. For a typical stable molecule, the aver-
present two heavy and one light three-body system, the page valuegp,) and(p,) are of the same order. The results
tential surface has wells concentrated in a small range ah Fig. 5 show thatp,) is much larger thap,). Further-
hyperangles. The parameters in #epline functions were more, at large hyperradiugp,) remains nearly constant,
carefully adjusted to check the convergence. Since the comwhile (p,) scales linearly wittR. This implies that the elec-
vergence is more difficult to achieve at large hyperradiugron on the average is far away from the,Haolecule. The

where the eigensolutions are more localized, we know thelectron does not stay close to the two helium atoms to form
converged result is accurate when it reproduces th@ound states.

asymptotic energywhich is the binding energy ofHe,).

For the *He,™ system, the electron-helium model poten-
tial used is the same as before. The He-He model potential
was obtained from Aziz and Slam#80]. Other newer po-
tentials have been proposed recei8,32, but they do not  and ArH™ anions within the BO approximation. To do these
differ much from the one employed here. calculations we first need to adopt the effective potentials

The hyperspherical potential curve that approaches thpetween each pair of particles. For the effective interaction
He, limit asymptotically is shown in Fig. 4. The potential potentials between Ne-H and between Ar-H, we used the
curve has the minimum at the hyperradi®&=203 a.u. potentials given by Tang and Toenn[&8]. These potentials
From this potential curve we searched for the bound statesire more attractive than the potential for HeH. As shown in
but none was found. Note that the potential well is veryFig. 6b) the well depth for NeH is 12.20 cnt and for ArH
shallow. We calculated the phase is 38.34 cm *, which are to be compared to the depth of 4.97
. cm! for HeH. Due to the deeper potential wells and the

(D:J [2[E-U(R)J}*2dR, larger masses these two systems can support bound states.
re For 2°NeH there is oned=0 bound state with binding en-
ergy at —5.42 2 K. For “°ArH, there exist three bound

whereE is taken to be the energy at the dissociation limitstates: at-12.09 K forJ=0, at—9.411 KforJ=1, and at
andr.=127.8 a.u. is the inner classical turning point. This —4.260 K forJ=2.
integral was calculated to be 0.0094 which is much For the interaction potentials betweerNe and between
smaller than the value@4 needed, according to the WKB e-Ar, we used the ones from Reid and Wade[4]. The
theory, to support a bound state. Clearly this conclusion willinteraction potential betweee-H was again adopted from
not change for any reasonable modification to the model pokaughlin and Chu. With these effective pair interactions cho-
tential used and we can conclude that there are no boursen we solve the BO potential curves for the Neldnd
He,” ions for any isotope combinationgNote that He™ ArH™ systems and the results are shown in Fi@).6Note
does exist when the He is in the excited states. that the potential wells for these two systems are signifi-

It is interesting to examine the electron’s distribution, orcantly much deeper as compared to HeH'he well depth
its relative position with respect to the two helium atoms asfor NeH™ is 613 cm ! and for ArH is 1034 cm . The

C. NeH™ and ArH ~ anions
We have also calculated the binding energies of the NeH
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800 TABLE lIl. Calculated binding energies for ArHand NeH
| anions. The binding energies are given in¢m
4001 ’ ArH™ NeH"
0 [ J=0 J=1 J=0 J=1
TE —0.1084 —0.01598 —1.128 —0.7022
% -400 }+ i —2.470 -2.107 —15.55 —14.02
—-13.95 —-13.12 —75.91 —-73.07
300} i —49.04 —47.60 —206.0 —202.0
—124.2 —122.2 —415.2 —410.2
—248.5 —245.9 —-712.3 —706.3
200, — "0 15 20 —426.1 —423.0
—659.2 —655.6
R(a.u.) —948.9 —944.8
—1295 —1290
20— T
present all the eigenenergies fd+=0 andJ=1 states. For
ol higherJ up toJ=14, there exists at least one bound state for
20NeH™ and forJ up toJ=24 there exists at least one bound
- state for*°ArH ™. The energies of these highkstates can be
,_E, obtained from the authors directly. We note that the energy
5 -20 - levels are of the order of hundreds of cifor the lower
states. Determination of the spectroscopy of these anions will
be an area of experimental challenge.
40} 4
4 6 8 10 12 14 IIl. SUMMARY
R(a.u.)

In this paper we calculated the binding energies of several
weakly bound diatomic anions. Compared to the weakly
FIG. 6. (a) The calculated BO potential curves for the ground bound van der Waals molecules which are electrically neu-
state of NeH and of ArH™. (b) The empirical potential curves tral, the weakly bound molecular ions may be easier to detect
between Ne-H and between Ar-H. experimentally. For HeH we found two bound states de-
spite the fact that the van der Waals molecule HeH has no
stable bound states. For the heavier Nedthd ArH™ anions,
deeper wells are partly due to the larger dipole polarizabilwe found a few bound states with binding energies in the
ities for Ne (2.66 a.u) and Ar(11.1 a.u) than for He(1.38  order of a few hundreds of cit. These molecular states are
a.u). However, the large increase in the well depth is mostlyrather diffuse and it would be interesting to look for them
due to the strong model potential betweehe and between experimentally. It would also be interesting to speculate
e-Ar. Note that the model potential adopted supports unwhether these ions play any role in the cold interstellar mo-
physical bound states in each system. In reality, such bounlgcular clouds, in particular, the two bound states in HeH
states are not allowed since they are already occupied gince both H and He are the most abundant elements in the
core electrons. Thus we caution that the calculated results famiverse. In the meanwhile we have searched for the possible
NeH™ and ArH  may be more questionable. On the otherexistence of Hg™ anions but our calculations showed that
hand, full quantum chemistry calculations including all thethey do not exist.
electrons for these two systems may be difficult to reach the
precision needed for spectroscopy. In view of the lack of any

predictions on these two systems, we chose to present the ACKNOWLEDGMENTS
results from this model calculation to guide future experi-
mental search and to stimulate further work. This work was supported in part by the U.S. Department

From these potential curves we calculated the binding enef Energy, Office of Science, Office of Basic Energy Sci-
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