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Stability and production of positron—diatomic molecule complexes
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The energies at geometries close to the equilibrium forethieiF and e* BeO ground states were
computed by means of diffusion Monte Carlo simulations. These results allow us to predict the
equilibrium geometries and the vibrational frequencies for these exotic systems, and to discuss their
stability with respect to the various dissociation channels. Since the adiabatic positron affinities were
found to be smaller than the dissociation energies for both complexes, we propose these two
molecules as possible candidates in the challenge to produce and detect stable positron—molecule
systems. Moreover, low-energy positron scattering on LiF and BeO targets may show vibrational
Feshbach resonances as fingerprints of the existence of stable ground sedtei=aind e BeO.
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Despite the wide diffusion of positron and positronium medium and large systems. Nevertheless, accurate results
(P9 based analytical techniques to study sofigmlymers?  can be obtained by employing the frozen-core approximation
solutions® and organic molecules in the gas ph&se, direct  for atoms and moleculés.
observation of the compounds between the positron and an In our ongoing project to study positronic compounds as
atom or a molecule is still lacking. In fact ti&,, annihila-  a way to understand matter—antimatter interactions and to
tion rate from positron annihilation lifetime spectroscopy andpredict the existence of a bound state for positron—atom or
angular correlation annihilation radiation are the only stanpositron—-molecule complexé$;*®> we employ the fixed
dard measurements carried out during the interactiomode diffusion Monte Carl¢FN-DMC) method'® This tech-
positron-matter. The prediction of these observable is renique is known to be able to recover most of the correlation
quired to infer the formation of the positronic compounds, aenergy between electrons and between electrons and a
task that appears complex, especially for heavy atoms angositron!®=1>1"-1°Although FN-DMC is a powerful tech-
ions or large molecules, due to the high accuracy that isique, it is not easy to reduce the nodal error introduced by
needed for the wave function that describes the complexesthe fixed node approximation. This result might be achieved

The theoretical work on positron-containing systems isin principle by employing more accurate trial wave functions
scarce, and probably this is due to the difficulty in describingor resorting to the nodal release technique, but both ap-
accurately the electron—positron correlation using standargroaches do not easily apply to large systems, i.e., more than
guantum chemistry methods like self-consistent field, conten electrons, due to their computational cost. Nevertheless,
figuration interaction, and coupled cluster methbds. the FN-DMC method has given accurate positron affinities,

Two more approaches have been pursued during the laas well as electron affiniti€€,for systems up to twelve elec-
few years, namely density functional theotpFT)” and  trons, both atoms and molecules, exploiting the cancellation
variational calculations based on explicitly correlated Gaussef nodal errors?
ian (ECQ) trial wave function$® They also suffer from In the quest for stable positronic complexes, we studied
practical drawbacks. Although DFT methods have a convethe potential surface foe"LiH by FN-DMC calculationé
nient scaling of the computational cost versus the systerand found that the equilibrium distance and the vibrational
complexity, the exact exchange—correlation potential betransitions are different from those of LiH, opening the pos-
tween electrons and the correlation potential between elesibility for a spectroscopic detection of this compound. How-
trons and positron are only approximately known. As far asver, the LiH adiabatic positron affiniAPA) is larger than
ECG wave functions are concerned, two grétipshowed the dissociation energyDE), and a third body would be
that accurate results can be obtained even for positrorrequired to dissipate the excess energy. We suggested to start
containing systems. Unfortunately, the ECG wave functiongrom a van der Waals complex of LiH with a rare gas, and to
suffer from the fast increase of the computational cost withattach the positron to this so that the rare gas should dissipate
the number of particles, therefore preventing their use fothe excess energy. Similar consideration can be extracted

from the work of Mitroy and Ryzhikii? where they em-
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TABLE I. Total energy at various internuclear distances. All values are inTABLE II. Equilibrium properties fore™’Li*°F, e"°Be'®0, “Li'%, and

atomic units. %Be'®0. Adiabatic(APA) and vertical(VPA) positron affinity of LiF and
BeO. Energies for the two lowest dissociation thresha@d#!+X, and
R (E) PsX+M*, and dissociation energ{DE) for e"LiF and e"BeO. All quan-
T tities are in atomic units.
e " LiF 2.955 —107.42488)
3.200 —107.42918) et TLiloF et 9Bel%0 Lit%F 9Belf0
3.400 —107.424910)
3.500 ~107.41769) Ein —107.429010) —89.810816) —107.40699) —89.785413)
. Re 3.18 2.53 2.955 2.51%
e BeO 2.30 —89.797513) we (cm™Y) 1073 1537 910.34 148752
2.40 ~89.808915) R, 3.20 255
2.51 —89.810818)
2.75 —89.799814) APA 0.0221) 0.0252)
VPA 0.0171) 0.0252)
DE 0.07711) 0.0902)

e"M+X —107.24993) —89.72084)
can find a molecule whose APA is smaller than the DE. ThiPsx+M* —107.35188) —89.642%5)
might allow the positron to remain temporarily attached 03 crerence 27,
the molecule in a metastable state, or to increase the chances
of forming the positron complex with the intervention of a

third body. If the spectroscopic properties of the positroniccrease oR, is similar to the one we found fae" LiH (Ref.
compound dlffer_ from those of.the parent molegule, it COUIle) and can be rationalized by invoking the repulsive inter-
be a good candidate for experimental observation. action of the positron with the nuclei, the increase of stiff-

We have performed accurate calculations of the total enpegg of the two bonds is an unexpected result. However, it
ergy fore”BeO ande’LiF systems at various internuclear st pe pointed out that the computed wave numbers have
distances by means of FN-DMC. These results allow us tQ, estimated statistical accuracy of the order of 10%, and this
obtain the equilibrium distances for both molecules and tQqans that care must be taken in discussing the change of
compute the vibrational frequencies. this property.

In the FN-DMC algorithm we sample a distribution of |5 5 hrevious worl® we computed the total energies for

configurations in 8| dimensional space that represents| e [—107.40689) hartred and BeO[—89.785413) har-
oWy, whereW, is the ground state wave function having yeq 4t their equilibrium distances by means of FN-DMC.

Fhe sa}me'no.dal ;urfaces as'the trial wave functign US_‘ Together with theE,,, values for the positron systems
ing this d|str|but|qn we obtgln a M.C estimate of the fixed shown in Table II, these energies allow us to compute the
node energyg, using the mixed estimator adiabatic positron affinity(APA) for these two systems,
1 N 1 N HW¥(R)) namely 0.0221) hartree fore*LiF, and 0.02%2) hartree for
Eo=— > EegedR)= NE TR (1) e*BeO. These two values are smaller than the APA for the
=1 = ¥Ry e*LiH[0.0366(1) hartrek This result was already observed
In our calculations the trial wave functioli is for the vertical PA'2 and is in contrast with the fact that the
dipole moments of LiF¢=6.33D) and BeOg=6.26 D)
Wr=Det ¢,/ Defdgle” Q1 rp,), @ are larger than the one of Liki(=5.88 D) ?® This indicates
where ¢, z are orbitals an@V ("« is the electronic correla- that the dipole moment is not sufficient to predict a qualita-
tion factor used by Schmidt and Moskowitz in their works ontive trend in the PA, and that this value strongly depends on
atoms and ion&>?*We refer to our previous works *for  the specific features of each molecule.
the complete form of our trial wave functions and the details It is interesting to notice that the three stable complexes
of the optimization procedur&:?® e'LiH, e'LiF, and e"BeO give the two stable systems
All the FN-DMC simulations were carried out using a e"Be ande™Mg® in the united atom limit. Conversely, the
target population of 5000 configurations and a time step ofinbound? e"HF ande™H,O give in this limite* Ne that is
0.001 hartee!. A few more simulations employing a time also not bound. These facts seem to suggest a connection
step of 0.0005 hartréé were run to check for the absence of between the(un)stability of the positronic system in the
the time step bias in the mean energy values. The FN-DMQ@nited atoms limit and thegun)stability of a positron—
energy results for various internuclear distances6tiF  diatomic molecule complex. More specifically, one might
ande*BeO are shown in Table I. infer that if the complexe®A in the united atom limit is
We fitted these energy values by means of a secondstable, than the complex' MX coming from it is also stable.
order polynomial and computed equilibrium geometrical pa+for example, recalling tha¢™Mg, e*Ca?® e"zn,*° and
rameters and the fundamental vibrational wave numher e*Cd® are bound, it is easy to predict that NaH, e"KH,
for the two complexeg ™ ’Li'°F ande*°Be'®0. All the re- ande™LiCl should be bound due to the strong dipolar mo-
sults are collected in Table II. ment of the parent molecule. The systeeiBeS, e* CuH,
Comparing our results with the experimental valtfes, e”AgH, e"NeHe, ande* ArHe are more intriguing as these
also in Table II, for'Li*°F and®Be*®0, we note that after the are only slightly polar. Since™Be2 e"Cu*? ande™Ag*
addition of the positron both molecules have larger equilib-are bound, there are chances that &$8eS, e" CuH, and
rium distances and vibrational wave numbers. While the ine* AgH might be stable. Instead, neither Ne nor Ar are ex-
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TABLE IIl. Energy (in hartreg of the possible dissociation fragments for two systems one gets a DE of O @I hartree fore " LiF
+ + . )
e’LiF andeBeO. and 0.09(2) hartree fore* BeO. Both these values are larger
(E) than the APA, and this fact means that the two positron—
molecule complexes do not dissociate after positron addition

i+
:;L Li :;:gg g;g to the parent molecules. This outcome is different from what
e*Be —14.669 0490 we found for the addition o™ to LiH, where thee™LiH
Be —14.667 358 complex breaks up due to the excess of the APA with respect
O —75-051$4)z to the DE?! Therefore, it does not appear necessary for LiF
Eso :?g;i;gd and BeO to use a third body, and a simple positron addition
PsE _100'.07198)(1 will give birth to metastable complexes in rotovibrational

excited states.
[Reference 8, ‘Reference 36 : As previously stated, the possibility to produce these
Reference 34. Reference 11.

stable species could give the chance to experimentally detect
stable positron complexes. Roughly speaking, a mean anni-
hilation lifetime on the order of 10 s is expected for these
pected to bind a positron, so that binding, if anyginfNeHe  systems, and this may be large enough to allow a spectro-
and e’ ArHe could be due to the superposition of polariza-scopical analysis in the reaction chamber by means of Fou-
tion effects of the couple of atoms in the complexes. rier transform infrared spectroscopy. This outcome requests
As far as the dissociation of these complexes is conboth a sufficient concentration @& MX, and a frequency
cerned, care must be taken in choosing balanced values f6hift, with respect to the parent molecule, large enough that
the energies of the fragments for the possible dissociatiothe vibrational spectrum of the complex does not overlap
channels. with the neutral molecule one. Unfortunately, the large un-
For a positron—diatomic molecule complex MX, certainty inw, does not allow us a quantitative prediction of
where M=Li or Be and X=0 or F, the possible fragmenta- this frequency shift. Moreover, before we attempt such an
tions aree™M+X, MT+PsX, M+etX, and PsM-X ™. Al- experiment an estimate of the lifetime for the metastable
though not all the energy values of the fragments are knowrgtates ofe™ MX must be given.
one can safely assume that the PsKI' dissociation pattern Conversely, one could exploit these results by looking
has the highest energy with respect to the other possibilitiedor vibrational resonances during the positron—molecule col-
This is due first to the large ionization potential o X*5005  lisions in the energy ranggd, DE-APA] of the incoming
hartree for O and 0.6403 hartree foy,¥ at least twice as positron. In this range, the two molecules cannot dissociate
large as the positroniun@P9 ground state energy—0.25 and there are chances for the positron to be trapped in a
hartree; second, to the usually small binding energy of Ps toFeshbach resonance due to the existence of stable excited
metal atomgfor instance, the binding energy of Ps to Li in vibrational states of the*MX systems. Although this ex-
the PsLi complex is just 0.012 084 hartr&é* Moreover, we  periment appears feasible, it requests low-energy positron
believe it is reasonable to also discard the-®" X channel,  sources with a high degree of monochromaticity, and an ac-
since the possibility of obtaining binding between and X  curate theoretical prediction of the resonance positions re-
is hindered by the small polarizability of X. quires the development of new tools to deal with the scatter-
To support this conclusion, we stress the fact that eveing of positrons on complicated targets. Such a development
for HF and HO, both polar molecules, DMC did not show is under way in our laborator/.
binding with the positrort? Although this is not a proof, it Moreover, positrons having kinetic energy larger than
strongly suggests that O ande™F probably are not bound. the difference DE-APA can open the various fragmentation
Accepting these conclusions, we are left only with channels depending on the excess of their relative energies.
e"M+X and M*+PsX as possible fragmentations. To com-For instance, the collision between positron and BeO can
pute the total energy for both channels we use the ECG reproducee” Be and O as fragments, so that the annihilation of
sults fore'Li, e"Be, Li", and Be®** supplemented by the e™ with the electronic cloud of Be can be directly recorded
FN-DMC results for O, B8 PsO, and PsE The energy for from the 2 y photons. Moreover, it might be possible to
these systems is shown in Table Ill. Moreover, we estimateletect the stable state of PsF, a system that, differently from
the Be" energy(—14.3248 hartreesubtracting the ionization PsCl and PsBr, has not been prepared in soltition.
potential (0.3426 hartreg® from the total energy of Be. In conclusion, we have presented accurate APA and DE
Using these results, we end up with an energy offor e’ LiF and e”BeO systems computed by means of FN-
—107.24993) hartree fore®Li and F, and an energy of DMC. These results allow us to discuss possible mechanisms
—107.35188) hartree for Li” and PsF. This last fragmenta- of formation for metastable positron—molecule complexes by
tion, similar to the one found fag"LiH (i.e., Li* and PsH, direct attachment of* to the molecules, and the possibility
is primarily driven by the small value of the Li ionization to producee™M and PsX systems. It would be now interest-
potential. Stated differently, fore*BeO we obtain ingto compute thé’,, annihilation rate for these complexes,
—89.642%5) hartree for Bé& and PsO, and-89.72084) har-  in order to predict their mean lifetime aftef” addition. Un-
tree fore*Be and O, so that the most stable dissociationfortunately, more technical work on the method appears to
fragments present a positron bound to an atom. be necessary before these calculations can be carried out for
Using the lowest energy dissociation threshold for thethese large systems.
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