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Abstract

We have completed our previous study on small (3He)N -Br2(X) clusters [J. Chem. Phys. (Com-

munication) 125, 221101 (2006)] by using larger one-particle basis sets and an enhanced imple-

mentation of the full-configuration-interaction nuclear orbital treatment to calculate ground and

excited “solvent” states of small doped 3HeN clusters [J. Chem. Phys. 131, 194101 (2009)]. Due to

the inherent hard-core interaction problem owing to the strong He-He repulsive potential at short

distances, very large one-particle basis sets are necessary to get converged results. Very similar re-

sults to those found for clusters with Cl2(B) as the dopant species have been found, owing more to

the rather similar anisotropic T-shaped character of the used He-dopant potential energy surfaces

than to the dominance of the He-dopant attractive interaction over the He-He one in both cases.

The results of the numerical testing by modifying the strength of the He-He potential interaction

provides further evidences into the microscopic interactions holding the clusters together.

∗ Author to whom correspondence should be addressed. E-mail: delara@imaff.cfmac.csic.es
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I. INTRODUCTION

Recently, Helium nanodroplets have proven to be an ideal matrix in which to conduct

high-resolution molecular spectroscopic experiments at very low temperatures, extracting

remarkable information about the quantum nature of the environment as the manifesta-

tion of 4He (3He) superfluid (normal fluid) effects [1] and highlighting the key role of Boson

(Fermi-Dirac) statistical effects. In particular, the recovering of a structured molecular spec-

trum after adding a few tenths of 4He atoms to 3He nanodroplets with OCS as the dopant

species [2], was considered as the first experimental evidence for the onset of microscopic su-

perfluidity, and motivated further high-resolution spectroscopic experiments of rather small

doped He clusters, showing similar effects already for just four 4He atoms [3]. These inves-

tigations could be aided by coordinated experimental and theoretical spectroscopic probes

of molecules in small 3He clusters. Accurate theoretical simulations of small and medium-

size doped 4He clusters have been provided by quantum Monte Carlo (QMC) type methods

[4–6]. In contrast to the 4He isotope, doped 3He clusters are difficult to address with QMC

simulations because one has to struggle with the fermion sign problem, and the associated

fixed-node approximation, in such a way that these studies are barely in existence [7, 8].

As an alternative, Quantum-Chemistry-like approaches, which consider the 3He atoms as

“fermions” (i.e., pseudo-electrons) and the atoms composing the dopant species as “pseudo-

nuclei”, replacing electron-electron and electron-nucleus Coulomb interactions by He-He and

He-dopant pair potentials, were firstly proposed by Jungwirth and Krylov [9]. The merit

of these approaches is that all fermionic symmetry effects are automatically included [10].

Furthermore, since the wave-function is provided, two-particle properties that are necessary

to build the spectrum of a molecular dopant can be extracted [11]. It is worth mentioning

that in the case of 4He2-diatomic clusters, inherent approximations (i.e., the decoupling of

the dopant rotation, the adiabatic approach for the stretch diatomic mode, and the neglec-

tion of potential three-body and higher order terms in the total potential energy function)

have been recently assessed for heavy as well as light diatomic dopant species using mixed

one/two-particle basis sets [12–15]. Major difficulties in applying standard electronic struc-

ture methods, by using common one-particle basis sets comprising spherical harmonics and

radial He-dopant (i.e., Gaussian) functions, are caused by the hard-core He-He potential (i.e.,

giving rise to unphysical Hartree-Fock solutions aside the highest spin-symmetry cases). In
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Hartree-Fock implementations, this problem was overcome by truncating the He-He inter-

action at short distances [16, 17]. Although, this “healing distance” obviously introduces an

element of semi-empiricism into the theory, Hartree-Fock results obtained for Br2 and ICl

as dopant species were able to explain one of the key experimental results (i.e., the unstruc-

tured spectrum of the guest molecule for doped 3He nanodroplets in contrast to the sharp

profile in the 4He ones) as caused by the high-energy degeneracy for the lowest “solvent”

spin states [16, 18]. Truncated He-He potentials are also used in Density Functional Theory

(DFT)-based approaches (for a recent review see [19]) and applied to very large 3He and

4He nanodroplets with atomic dopants where the truncation parameter is added to those

of approximated exchange/correlation and kinetic energy functionals in orbital-free DFT

treatments [20]. It is worth mentioning that currently these different approaches to deal

with doped 3He clusters/nanodroplets are constrained to describe only ground “solvent”

states. It is important to assess the reliability of these approaches as well as to establish

benchmarks in the development of new ones for the description of excited “solvent” states.

With this goal in mind, we have recently optimized a full-configuration-interaction nuclear

orbital (FCI-NO) treatment [21] as a benchmark method for hard-core interaction problems

by using an iterative Jacobi-Davidson (JD) eigen-solver [22]. This technique was initially

applied to (3He)N -Br2(X) clusters (N ≤ 4), showing that a hard-core repulsion presents

no serious difficulty provided the standard Davidson algorithm [23] of diagonalization for

Quantum-Chemistry applications is replaced by a JD algorithm [21, 24]. The computa-

tional treatment was very recently enhanced and applied to a microscopic description of

(3He)N -Cl2(B) clusters [11] including an increasing-orbital-space technique to accelerate the

convergence, the possibility of calculating one- and two-particle properties and of using

much larger basis sets. This study made clear that very large basis sets are necessary to

describe subtle effects in the energetics and structures of these clusters due to the hard-core

repulsion, weak He-He attractive interaction, and floppiness of the system. In this way, the

present work is mainly devoted to extend and improve our previous study by considering

Br2 as the guest molecule, using larger basis sets and presenting additional results as pair

density distributions. Moreover, we have performed additional calculations by modifying the

strength of the He-He interaction to gain further insight into the microscopic interactions

within these clusters.
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II. OUTLINE OF METHODOLOGICAL AND COMPUTATIONAL ASPECTS

As in electronic structure problems, we first solve the Schrödinger equation for the N 3He

atoms clustering a diatomic molecule, AB, at fixed values of its bond-length, r;

[

H(N) − E
(N)
Λ,S (r)

]

Φ
(N)
Λ,S({Rk}; r) = 0 (1)

where S is the total spin angular momentum of the He atoms. H(N), the analog to the

electronic Hamiltonian can be written as:

H(N) =
N

∑

k=1

(

Kk(Rk) + V AB−He
k (Rk; r)

)

+
∑

k≤l

V He−He
kl (|Rk − Rl|) −

h̄2

mAB

∑

k<l

∇k · ∇l (2)

where Rk are the vectors from the diatomic center of mass to the different He atoms. H(N)

thus comprises one-particle kinetic, Kk, and potential energy terms, V AB−He
k , as well as two-

particle potential, V He−He
kl , and kinetic energy coupling, ∇k · ∇l, terms. In order to solve

Eq. 1, we have applied the FCI-NO method presented in [21] and extended in our recent

paper [11], to which interested readers may refer to. The convergence threshold for the total

energy was set to 10−9 cm−1. As in our previous work of (3He)N -Br2(X) clusters [21], the

V Br2−He potential energy surface (PES) was taken as a pairwise addition of Morse-type He-

Br pair interactions whereas the He-He interaction was described by the semiempirical Aziz

and Slaman’s potential [25] instead of the model potential used in [21]. The He-Br2 PES is

rather anisotropic with a T-well minimum of about −39 cm−1 (Req=3.64 Å), which gradually

decreases up to ∼ −21 cm−1 (Req=4.92 Å) at linear conformations. This anisotropy is clearly

reflected in the one-particle distributions in Fig. 1. The details to get the numerical radial

functions are the same as those presented in [11]. Similarly, the basis sets comprise spherical

harmonics Yℓm with 7 ≤ lmax ≤ 9 and |mmax| = lmax, and nmax = 4 numerical radial

functions (i.e., up to 400 orbitals). We used mBr=78.91830 amu, and m3He=3.01604 amu.

III. RESULTS

The FCI energies of the (3He)N -Br2 clusters are displayed in Table I. The different states

have been classified according to the number of fermions (N), the total spin (S), and the

irreducible representations within the D2h symmetry group. The states that are symmetric

(antisymmetric) under reflexion on a mirror plane perpendicular to the dopant molecular
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axis have been marked with κ = 1 (κ = −1). Table II lists the occupation numbers τ of the

relevant effective “nuclear” natural orbitals (NOs) (i.e., the eigen-vectors of the first-order

reduced density matrix) for the lowest-energy states of the different (N , S) manifolds. In

Table III we also show the kinetic 〈K〉 and potential contributions to the total energy of the

lowest-energy states for any cluster size, separating the latter in its dopant-helium 〈V He−Br2〉

and helium-helium 〈V He−He〉 contributions.

As mentioned above, in Fig. 1 we display the angular and radial (inset panel) one-particle

helium density distributions around the guest molecule, whereas Fig. 2 shows pair densities

as a function of the interparticle distance, R12, in the lowest-energy states for each (N ,S)

manifold. The pair densities associated to the lowest-energy spin states for N=2 and 3 and

the He-He potential multiplied by five are shown in the inset of Fig. 2. Finally, we plotted

the probability density distributions D(cosγ12), as a function of cosγ12 = R1 ·R2/R1R2 (i.e.,

the angle between the position vectors of two helium atoms) for the same states in Fig. 3.

A. FCI Energies

By comparing total energies for ℓmax=8 and 9, we can see that they are converged to

within 0.20, 0.31, 0.53, and 1.13 cm−1, at worst, for N=1, 2, 3 and 4, respectively (i.e.,

less than 2% of the ground-state energies for any N -sized complex). By comparing with

the values displayed in Table I from [21] the lack of energy convergence for N=4 by using

a basis set with mmax=3 is apparent. We also remark that the radial basis functions used

in this paper are better converged since a narrower angular region around the T-shaped

minimum (see above) has been selected for their calculation. As discussed in [11], this lack

of convergence is a consequence of the incompleteness of the basis set to span the azimuthal

region when mmax < ℓmax. Thus, for example, although the ground-state symmetries are

correctly identified, the lowest-energy quintet state is assigned to a 5Σ+
u one for mmax=3,

whereas for mmax=ℓmax the 5∆g state has the lowest-energy of the quintet manifold. In fact,

due to both the hard-core and weak attractive region of the He-He potential, very high mmax

values are essential to properly describe the long wave-function tails (see Figs. 2 and 3).

In short, if the basis representation does not contain these high m functions, the hard-core

interaction is overcome by preferential He promotion to orbitals where the He-He repulsion is

spatially suppressed. As clearly shown in Fig. 1, this is the case for the high energy κ = −1
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orbitals, which present small overlap with the lowest energy κ = 1 orbitals. Therefore, states

with dominant configurations containing these κ = −1 orbitals filled, as in the case of the

5Σ+
u one, become lower in energy than when κ = 1. As for the case of Cl2(B), we can also

see in Table I that the lowest-state energies present a quasi-linear dependence on the cluster

size, becoming more apparent as the basis set increases. Therefore, as anticipated in [11],

the deviation from the rather linear behavior using mmax=3, and the suggested formation

of a sub-shell for N=3 was also a consequence of the basis set incompleteness. However,

important aspects, due to their reflection in the diatomic spectrum, as the high energy

degeneracy attained by the lowest-energy spin state are also obtained by using smaller basis

sets. In general, the larger the basis set, the higher the degree of degeneracy. Thus, whereas

for ℓmax=8 and mmax=3 the energy differences among the lowest states of each multiplet are

less than 1.0 cm−1 [21], all these states are within just 0.5 cm−1 for ℓmax=9 and mmax=ℓmax

(see Table I), as found for Cl2 as the dopant [11]. Also, the larger the cluster size, the more

dense the energy spectrum. In Table I we can see that the number of states within the low

end of the spectrum with an energy window of 0.5 cm−1 increases from two for N=2 to five

for N=4. Obviously, this should contribute to the congestion of the diatomic spectrum in

3He nanodroplets. It is also worth mentioning that the higher the projection of the total

angular momentum on the molecular axis Λ, the higher the excitation energy, for the three

lowest energy states and irrespective of the number of He atoms.

Due to the T-shaped character of the He-dopant PES, the κ = −1 states have a rather

high energy. Thus, the promotion energy from the lowest κ = +1 state to the lowest κ = −1

one is ∼ 6 cm−1 for any N , showing a slight decrease as ℓmax and cluster size increases.

The energy difference between states with the same spatial symmetry and different spin

multiplicities is within only 0.8 cm−1 for κ = −1 eigenfunctions, becoming quasi-degenerated

in many cases. Again, this is due to the rather small overlapping between “atomic” orbitals

located at two lateral rings around the molecular axis and at the central ring. All the

energies of κ = −1 states are within an energy window of 0.7 cm−1 at the most. As for

κ = +1 states, the lowest-energy state always correspond to Λ=0, whereas states with Λ=2

involve the highest energies.

We can now compare the FCI energies obtained with the largest basis sets used in this

work (i.e., with ℓmax = 9) with the Hartree-Fock values for N=2 and 3 presented in Table

II of [10]. Hartree-Fock energies are clearly underestimated, the relative errors oscillating
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between 2 and 12%. Since the correlation between 3He atoms with parallel spins is included

in the Hartree-Fock approach, a better agreement is generally reached for the highest spin

symmetry cases. Thus, for example, the ground-state state for N=2 is identified as the

3Π state instead of the 1Σg one, the singlet-triplet splitting being overestimated (1.14 vs.

0.15 cm−1). In most cases, the energy ordering of states within the same (N ,S) manifold

is correctly identified by the Hartree-Fock treatment, the promotion energies agreeing to

within about 1 cm−1 with the FCI values.

B. Natural Orbitals

Focusing on Table II, we can see that the sum of the listed τ values for any cluster size

represents more than 99% of N , showing again the validity of the nuclear orbital approach

for the helium wave-function [11, 21, 24]. Individual τ values of Cl2 (Table II of [11]) and Br2,

using the basis set with ℓmax = 8, differ by 0.04 as much. This is not significant considering

that the maximum differences between the values attained for ℓmax = 8 and 9 are of the

same order of magnitude. As in the Cl2(B) case, due to the highly anisotropic He-dopant

interaction, the lowest NOs are roughly rotational energy levels of a rigid rotor on a reduced

one dimensional model (i.e, involving rotations on the plane perpendicular to the molecular

Br2 axis) which implies only the azimuthal angle. The energy difference between the lowest

(ℓz=0) and the excited (ℓz > 0) states could be thus approximated by Beff ℓ2
z, with Beff being

the expectation value 〈 1
2µR2 〉 on the 1σg state. We also stress that the radial one-particle

density distributions (compare insets of Fig. 1 and Fig. 5 of [11]) have very similar 〈R〉

values for Br2 and Cl2 as dopants (4.31 vs. 4.11 cm−1). In this way, the energy difference

between the 1σg and the 1πu, 1δg, and 1φu orbitals are of 0.46 (0.44), 1.45 (1.57) and 3.38

(3.56) cm−1 for the Br2 (Cl2) diatomics. Therefore, it can be understood that the τ values

are so close in the two cases. On the other hand, the appreciable departure of τ values

for the lowest-energy NOs from 2 (reflecting the high multiconfigurational character of the

wave-functions) is mainly caused by the hard-core region of the He-He potential, which is

obviously the same for the two dopants. Overall, however, converged results show that the

dominant reference configuration and the symmetries of the lowest-energy states in both

cases are the expected ones according to the energy spectrum of the independent-particle

Hamiltonian and fermionic statistics, as in electronic structure problems.
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C. Density distributions and global structural and energetic aspects

We now focus on the spatial one- and two-particle densities presented in Figs. 1−3.

As expected from the high anisotropy of the He-dopant potential and wide amplitudes of

the relative He-Br2 motions, the helium atoms in the low-energy κ = 1 states are located

on a broad “belt” encircling the dopant. Obviously, the more He atoms, the broader the

“belt”. The densities are slightly broader in 3HeN -Cl2 complexes, reflecting that the He-Br2

interaction is more anisotropic. For the same reason, the two lateral rings attained by N=1

anti-symmetric states, κ = −1, are closer for Br2 as the dopant (40◦ vs. 60◦). As the cluster

size increases, the two-side-peaked structure becomes masked by a broader “belt” around

the dopant for κ = −1 states. As expected, the radial helium densities become more diffuse

and more biased towards larger He-dopant distances as N increases. Also, the pair density

distributions are very close to those presented for Cl2 as the dopant [21]. Thus, the radial

pair densities, D(R12), are all peaked at about 2Req, and develop a secondary maximum at

∼ 2Req× sin(γ12

2
) (γ12 = 70◦), correlating with the second maximum or shoulders located

at cos(γ12) ∼ 0.35 in the angular density distributions (see Fig. 3). For the sake of clarity,

we have not presented pair densities of excited “solvent” states, as they are very close to

those displayed in Fig. 8 of [11] although sligthly biased towards larger R12 values as the

equilibrium value for the He-dopant interaction. As in the Cl2 case, these distributions

suggest that the most stable structure for N=2 is planar with two He atoms located on the

equatorial plane perpendicular to the Br2 molecular axis and at opposite ends of a vector

of length 2Req. This result is easy to understand taking into account that this structure

allows to maximize the interaction of two He atoms with the dopant, at the same time

suppressing their mutual hard-core repulsion. Thus, the He-dopant energy contribution in

N -sized complexes can be approximated to better than 2% to the one of N triatomics in the

zero-energy level as clearly demostrated by the results shown in Table III. The hard-core

repulsion is suppressed by promotion to one-particle excited rotational states (see τ values

in Table II), raising the expectation value 〈K〉 with respect to N He-dopant triatomics. On

the other hand, for N=4, the 3He atoms clearly occupy unequivalent positions around the

dopant within the equatorial “ring” plane, in contrast to the classical “picture” of 4He atoms

being approximately equally spaced on the “ring” plane [26]. In fact, the distributions for

N=4 fermions indicate the formation of two 3He-3He pairs at opposite sides on the broad
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“belt” encircling the dopant. The secondary feature at small R12 enters into the minumum

region of the He-He potential as clearly shown in Fig. 2. As a consequence, the He-He

interaction become increasingly more atractive (see Table III). It is worth mentioning that,

as in the Cl2 case, we have found a clear linear behaviour of the He-He potential contribution

per He-He pair. Here the expectation values 〈V He−He〉 are slightly lower. This is attributed

to the fact that the equilibirum value for the He-dopant interaction is slightly smaller in

the Cl2 case, allowing a closer He-He approach (see above). Of course, this linear behaviour

should be broken with a larger number of Helium atoms because of saturation and screening

effects. Overall, this negative He-He potential contribution somehow compensates the raising

of the average kinetic energy. As a result, the total energy despicts a global quasi-linear

dependence with the number of 3He atoms, despite their fermionic character. It is also

remarkable that the pair density distributions of the lowest-energy spin states are nearly

indistinguishable (see Figs. 2 and 3). Therefore, since the He-potential energy contribution

is also very similar, major differences in the total energies (i.e., between the Σg and the

∆g states for N=4 or between the 1Σg and the 3Πu states for N=2) come from the kinetic

energy contributions. Moreover, a further analysis of the wave-function structure in terms of

a reduced dimensional model that decouples the azimuthal degrees of freedom from the rest

(similar to the one presented in [27, 28] for two 4He atoms) show that these states resemble

overall rotations around the Z axis with an excitation energy approximately given by BeffΛ2

2
.

As regards to higher energy states, it is worth mentioning that the He-potential con-

tribution can be approximated to better than 3% to the one of N independent He-dopant

triatomics in the 1σg state for κ = +1 states and the sum of N − 1 lowest-state triatomics

and one excited triatomic in the 1σu state for κ = −1 states. Therefore, the He-dopant

potential energy contribution is maximized, whatever the state symmetry or the cluster size

be. Also, the He-He contribution varies very little between different excited states with the

major differences attained by states that involve He-He bending excitations within the equa-

torial plane perpendicular to the Z axis [27, 28]. In view of the very similar He-He potential

contributions for the different spatial and spin-symmetry states (being almost identical for

the lowest-energy spin states) and that the He-potential contribution is maximized, we can

better understand the qualitative good agreement between the Hartree-Fock and FCI en-

ergies (see above) despite the key role of short-range correlation effects attained by these

systems.
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D. Tailoring the strength of the He-He interaction

Additional calculations were carried out by modifying the strength of the He-He inter-

action with the aim of analyzing to what extent the larger He-dopant attractive interaction

over the He-He one in clusters with Br2 and Cl2 as dopant species are key in determin-

ing global aspects. For example, would the labeling of the independent-particle He-dopant

Hamiltonian states be “respected” (e.g., providing a zero-order approximation for the sym-

metries of the lowest-energy states, the dominant reference configurations and the excitation

energies and degeneracy degree for the lowest spin states) even when the He-dopant inter-

action does no longer dominate over the He-He one?. Although it is not possible to answer

this question in general terms, it is worthwhile to run numerical tests. For this purpose we

have multiplied the He-He interaction by five, thus obtaining similar depth wells for both

He-He and He-dopant interaction potentials. For the sake of clarity, we only show the pair

density distributions obtained for the lowest spin states with N=2 and 3 (see the inset of

Fig. 2). A very interesting result is that the He-potential energy contribution, irrespective of

the number of particles and spin-symmetry of the state, remain to be very close (to within

1%) to that obtained with the original potential. The same holds true for the one-particle

density distributions, which are hard to be distinguished from the ones obtained with the

true He-He interaction. Previous conclusions, as the high energy degeneracy for the lowest-

energy spin states also remain valid, all these states being within an energy window of only

0.5 cm−1. In short, athough the individual He-He potential contributions are obviously much

more negative (up to a factor of 40), the individual values attained by the lowest-energy spin

states are very close, as can be inferred from the indistinguishable pair density distributions

shown in the inset of Fig. 2. By comparing the pair densities associated to the modified and

original He-He potentials, we can see that the shoulder of the distribution for N=2 turns

out to be the maximum when the He-He depth well is intensified. In the NOs picture, this is

reflected by the lowering of the τ value attained by the 1σg (ℓz=0) state (from 1.54 to 0.88)

and the raising of τ values associated to NOs with very high ℓz values (i.e., the τ value for

the 1φu NO is about 0.2). We have also checked that the symmetry of the ground-state, and

excitation energies to the different spatial and spin-symmetry states are highly unperturbed

(i.e., they are mainly determined by the energetic spectrum of the N=1 independent-particle

Hamiltonian and Fermi-Dirac statistics). We can also see in the inset of Fig. 2 that the pair
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density distributions for N=3 are more similar to the ones of the original He-He potential

than in the N=2 case, the shoulder (maximum) becoming the global (secondary) maximum

with the modified He-He interaction. This could be understood taking into account that

we are somehow “favoring” the saturation of the He-He attractive interaction and that the

short-range region of the potential is even more repulsive. Therefore, the pair density “re-

flects back” from the He-He repulsive wall for N=3. Indeed, we have checked that the He-He

energy per pair scales inversely with the number of 3He atoms (as a power of N−1/2) instead

of the linear scaling found with the true He-He interaction.

IV. CONCLUDING REMARKS

In this paper we have improved our previous results on (3He)N -Br2(X) clusters [21] by

using an enhanced version of the FCI-NO approach that was recently applied to (3He)N -

Cl2(B) clusters [11], allowing the use of much larger basis sets. Provided that the calculations

are converged upon increasing the one-particle basis representation, the results become very

similar to those obtained for the case of Cl2 as the dopant species. This is attributed to the

very similar anisotropy of the used He-dopant T-shaped potential functions. As in (3He)N -

Cl2(B) clusters, results show that the favored clustering of 3He around the dopant species in

the ground and in low-energy excited states is such that the He-dopant potential interaction

is maximized, taking also advantange of the very weak He-He attractive interaction (as found

in [7]), the global He-He interaction per pair being negative and scaling linearly with N .

Short-range 3He-3He correlation effects are found to play a key role in determining global

energetic and structural aspects as, for example, a quasi-linear scaling of ground state total

energies with the number of particles or the formation of two He pairs at both sides of the

broad “belt” encircling the dopant for N=4. The He-He contribution is found to be very

similar for the ground and low-lying excited states, the excitation spectrum being mainly

determined by the independent particle N=1 Hamiltonian. The results of the numerical

tests by modifying the strenght of the He-He interaction help to corroborate some of the

main conclusions reached in this work. Long-range 3He-3He correlation effects are expected

to play a major role to hold together doped 3He clusters characterized by extremelly weak

He-dopant interactions as found experimentally [29] and in DFT and QMC simulations

[8, 29].
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FIG. 1: (color online) One-body angular He density distributions of Br2(X)-(3He)N clusters in their

ground and low-lying excited states (from N=1 up to N=4) using the ℓmax=8 (mmax = ℓmax) basis

set. The densities are normalized as
∫

D(θ)dθ = N . Inset: One-body radial density distributions

normalized to the number of helium atoms.
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N S ℓmax κ = +1 κ = −1

Ag B3u/B2u B1g B1u B2g/B3g Au

1 1/2 7 -15.42 (σg) -15.24 (πu) -13.93 (δg) -9.33 (σu) -8.70 (πg) -7.80 (δu)

8 -15.70 -15.24 -14.25 -9.33 -9.07 -7.80

9 -15.70 -15.38 -14.25 -9.50 -9.07 -8.00

2 0 7 -30.81 (1Σ+
g ) -30.17 (1Πu) -30.25 (1∆g) -24.59 (1Σ+

u ) -24.45 (1Πg) -24.08 (1Σ−
u )

8 -31.26 -30.50 -30.43 -24.94 -24.77 -24.48

9 -31.35 -30.68 -30.65 -25.11 -24.94 -24.66

1 7 -29.35 (3∆g) -30.70 (3Πu) -30.25 (3Σ−
g ) -24.59 (3Σ+

u ) -24.43 (3Πg) -23.95 (3Σ−
u )

8 -30.03 -31.03 -30.64 -24.95 -24.75 -24.39

9 -30.12 -31.20 -30.95 -25.11 -24.93 -24.62

3 1/2 7 -45.41 (2∆g) -45.80 (2Πu) -45.41 (2∆g) -39.64 (2Σ+
u ) -39.55 (2Πg) -39.66 (2Σ−

u )

8 -45.99 -46.38 -45.99 -40.29 -40.13 -40.25

9 -46.30 -46.69 -46.30 -40.62 -40.48 -40.58

3/2 7 -44.02 (4∆g) -44.59 (4Φu) -45.97 (4Σ−
g ) -38.98 (4∆u) -39.56 (4Πg) -39.59 (4Σ−

u )

8 -44.74 -45.37 -46.48 -39.75 -40.14 -40.18

9 -45.27 -45.69 -46.87 -40.10 -40.55 -40.56

4 0 7 -59.71 (1Σ+
g ) -57.07 (1Πu) -59.53 (1∆g) -53.36 (1Σ+

u ) -53.61 (1Πg) -54.00 (1Σ−
u )

8 -60.94 -58.45 -60.59 -54.61 -54.73 -55.00

1 7 -58.04 (3∆u) -59.61 (3Πu) -59.87 (3Σ−
g ) -53.49 (3Σ+

u ) -53.73 (3Πg) -53.50 (3Σ−
u )

8 -59.32 -60.84 -60.97 -54.60 -54.91 -54.76

2 7 -59.13 (5∆g) -56.31 (5Πu) -59.13 (5∆g) -52.81 (5∆u) -53.30 (5Πg) -53.79 (5Σ−
u )

8 -60.47 -58.17 -60.47 -54.26 -54.55 -54.98

9 -61.28 -59.30 -61.28 -55.08 -55.35 -55.73

TABLE I: FCI energies (in cm−1) of (3He)N -Br2(X) clusters using 7 ≤ ℓmax(= mmax) ≤ 9. The

states are classified according to the number of fermions (N), the total spin (S), and the symmetry

within the D2h point group (the corresponding D∞h symmetry is indicated in parenthesis). Values

in boldface correspond to the lowest-energy states within a given (N , S) manifold.
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(N , S)

(ℓz) ǫ(cm−1) (2,0) (2,1) (3,1/2) (3,3/2) (4,0) (4,1) (4,2)

τ (NO occupation numbers)

1σg(0) -15.70 1.54 0.99 1.25 0.98 0.95 1.13 0.94

1πu(±1) -15.24 0.39 0.99 1.40 1.89 1.93 1.73 1.82

1δg(±2) -14.25 0.07 0.01 0.27 0.04 0.79 0.79 0.96

1φu(±3) -12.32 0.01 0.04 0.05 0.18 0.24 0.14

1γg(±4) -9.94 0.01 0.03 0.10 0.06 0.09

1ηu(±5) -6.54 0.02 0.02 0.03

TABLE II: Natural orbital (NO) occupation numbers, τ , greater than 0.005 associated to the

lowest-energy states of (3He)N -Br2(X) clusters at each (N,S) manifold using ℓmax(= mmax)= 8

(values with ℓmax = 9 between parenthesis). First column indicates D∞h symmetries of the NOs

(ℓz is the orbital angular momentum projection on the Z axis) whereas orbital energies, ǫ, are

tabulated in the second column.

(N , S)

(1,1/2) (2,0) (2,1) (3,1/2) (3,3/2) (4,0) (4,1) (4,2)

Etot (cm−1) -15.70 -31.26 -31.03 -46.38 -46.48 -60.94 -60.98 -60.47

-15.70 (-31.35) (-31.20) (-46.69) (-46.87) (-61.28)

〈K〉 8.86 17.93 18.03 27.59 27.50 38.25 38.13 38.68

(8.86) (18.45) (18.26) (27.99) (27.94) (39.20)

〈V He−Br2〉 -24.56 -48.98 -48.84 -73.19 -73.14 -97.18 -97.15 -97.16

(-24.56) (-49.16) (-49.21) (-73.77) (-73.84) (-98.12)

〈V He−He〉 -0.21 -0.21 -0.78 -0.84 -2.01 -1.96 -1.98

(-0.23) (-0.25) (-0.91) (-0.96) (-2.36)

TABLE III: Total, kinetic, and potential energy contributions associated to the lowest-energy

states of (3He)N -Br2(X) clusters at each (N,S) manifold (using ℓmax(= mmax)= 8). 〈V He−He〉

expectation values in parenthesis indicate results using ℓmax(= mmax)= 9
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FIG. 2: (color online) Two-body density distributions as a function of the He-He distance, D(R12),

in the lowest-energy states of (3He)N -Br2(X) clusters [using ℓmax=8 (mmax = ℓmax)]. The VHe−He

interaction (in cm−1) is also shown. The densities are normalized as
∫

dR12D(R12)=







N

2






. Inset:

D(R12) distribution obtained for N=2 and 3 by using the VHe−He interaction multiplied by five

(see text).
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