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Abstract. Calculations of the quantum structures describing the initial solvation shells of bosonic helium
atoms around a polar, ionic system like LiH+ are reported, together with the corresponding quantum
energies. The calculations were carried out using the Diffusion Monte Carlo (DMC) approach and para-
metric trial functions. Its final radial and angular distributions for clusters of varying size are analysed
and discussed. The solvation of this ionic dopant is shown to occur in a way which is strongly affected by
the orientational induction forces between the latter molecule and the solvent atoms, indicating the onset
of “snowball” structures at the location of the dopant and the clear distinction between “heliophilic” and
“heliophobic” regions of microsolvation.

PACS. 36.40.-c Atomic and molecular clusters

1 Introduction

Since its discovery in 1954 [1] matrix isolation in crystals
has become a powerful experimental technique which is
particularly useful in studies of transient species, such as
molecular radicals, and ions [2]. Seeded supersonic beams
provide another technique which has been used to cool free
molecules and to produce free molecular complexes and
clusters. Recently, a combination of the two techniques
led to the development of a new experimental approach,
the isolation of species in ultracold (T = 0.37–0.15 K) he-
lium droplets, which are made of up to 103 to 108 helium
atoms [3–6]. The fluid helium droplets can readily pick
up atoms and molecules and can form complexes from
the species embedded in their interiors, or on their sur-
faces, thereby providing unique experimental opportuni-
ties: extensive experiments conducted in the last 10 years
have, in fact, demonstrated helium droplets to be the ul-
timate matrix for the ‘ultracold’ experiments. They are
characterized by extremely low temperatures, little ma-
trix broadening, and offer unique possibilities to synthe-
size new molecular complexes [7]. It is therefore the fun-
damental difference in the behavior of classical liquids or
solids and the quantum liquid helium, respectively, that
determines the extraordinary differences in their proper-
ties as spectroscopic matrices.

In the case of liquid 4He, impurities quickly coagulate
to form clusters that either rise to the surface or fall to the
bottom of the reaction vessel. Contemporary methods of
immersing foreign atoms into bulk liquid helium usually
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involve laser induced ablation of metals into the liquid [8].
This method makes it possible to obtain rather large
transient concentrations of ‘metal atoms’ in the liquid,
although, to date the successful implantation of species
other than metals, in particular of intact molecules, into
bulk liquid helium has not been possible. One recent ex-
perimental development involves first embedding the for-
eign species inside large helium droplets formed in a pulsed
beam and then directing the beam at the surface of the
helium bath [9]. The fact that also ions can be captured
inside helium nanodroplets opens the way to a new class
of experiments which will provide a unique opportunity
for testing the accuracy of the microscopic theories [10].

As mentioned above, laser ablation of in situ metals
has recently made it possible to immerse a large num-
ber of different metal atoms and ions and small clusters
of metal atoms in liquid helium, hence studying their
absorption and emission spectra in the visible region.
Atoms and molecules are also readily picked up by large
(N = 108 atoms) He droplets, and their spectra are sensi-
tively detected through the use of either beam depletion
following absorption or laser-induced fluorescence [3].

A charged impurity is expected to strongly modify the
local environment of the liquid or of the droplet: some
impurities like an electron or H− are believed to form a
cavity as an effect of the repulsion which arises from the
Pauli Exclusion Principle [9]. Other impurities like the al-
kali metal ions should form a region of increased density
due to electrostriction, which means that the ensuing lo-
cal density has been estimated to become so large that
some kind of solid order is expected to be present. This
is the so-called snowball model [11] that has been widely
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used to interpret the experimental data. On the basis of
this phenomenological model, the snowball formation is
at the basis of the explanation of the very low mobility of
a positive ion, which is seen experimentally, as compared
with that of a neutral species such as 3He. Experimen-
tally the mobility is known to depend on the identity of
the core ion. Whereas electrons form bubbles of 34 Å di-
ameter [12,13] positive ions are surrounded by many He
atoms that are strongly compressed as a result of elec-
trostriction and smaller structures are formed. The result-
ing core is thought to be solid, with a diameter of about
11 Å containing about 35 He atoms: it is referred to as a
snowball [14,15]. The large effective mass of the electron-
containing bubbles is considered to be due entirely to hy-
drodynamic backflow effect [14], while the smaller mass of
the snowballs is mainly that of a sort of solid core. Thus,
the large diameter of the bubble formed around an elec-
tron could be explained by the strong exchange repulsion
between the electron and the surrounding He atoms and
can also be seen for anions [12,13]. These models have
also been adapted to snowball structures to explain sim-
ilar cavities formed by alkaline earth ions in liquid he-
lium [15], but in such cases the radii of the bubbles are,
however, smaller (5 to 6 Å) because of attractive electro-
static and polarization forces with the ion cores, so that
the properties of such bubbles can be calculated by min-
imization of the total energy of the system. One of the
consequences of the snowball formation is the presence of
a rather low mobility in the superfluid solvent of the posi-
tive ion compared to that of a neutral dopant like 3He [16].
Hence, mobility measurements can give estimates of snow-
ball radii for species like K+ (8.3 Å) and Cs+ (8.4 Å) [16]
with the mobility observed to decrease as the atomic num-
ber of the ion increases. There is, however, still a basic lack
of microscopic models which can realistically describe the
presence of local “solid” order within the liquid ‘container’
far from the ion [17] and which can also describe its de-
pendence on the chemical species, especially in the case of
the more complicated dopants provided by ionic molecular
partners.

The aim of the present paper is therefore that of pre-
senting detailed quantum calculations based essentially on
an ab initio approach to the quantum dynamics and to the
description of the quantum forces. In particular, we have
chosen a polar molecular ion, LiH+, at its equilibrium ge-
ometry of 4.142 a.u. and in its ground electronic state
X2Σ+, and studied the adaptive formation of a snow-
ball structure around the ionic dopant within a cluster
of 4He atoms.

Next section briefly outlines the employed modelling of
the interaction forces while Section 3 describes the quan-
tum dynamics we carried out to obtain structural data.
Section 4 presents our results and Section 5 summarizes
our conclusions.

2 The interaction potential

In the case of weakly interacting systems, e.g. when neu-
tral dopants are embedded in He droplets, the full in-

teraction between the dopant molecule and the solvent
adatoms, together with the interactions between helium
partners, is usually represented within the so-called “sum-
of-potentials” approximation [18], whereby one can write

V (R, s) =
N∑

i=1

VM−He(Ri) +
∑

i<j

VHe−He(sij) +O(V3B)

(1)
where (R, s) represent collectively the vectors defining the
distances between the dopant M and each He atom and
the vectors defining the distances between solvent atoms,
respectively. To disregard the additional effects due to
three-body (3B), V3B, forces has therefore become one
of the cornerstones for the most accepted modelling of
such intermolecular forces within the droplets formed by
He atoms.

In the case of ionic impurities, however, the marked in-
crease in the strength of the intermolecular forces makes
the above approximation less convincing. On the other
hand, our recent study on the LiH+–Hen systems using
ab initio methods for the smaller clusters [19] has clearly
shown that the many-body (MB) effects are present in
such system but that their contributions to equation (1)
are fairly small, at least for small n values, and there-
fore that the corresponding structures of the most stable
bound states can be realistically described by the use of
equation (1). We will thus follow the same procedure dur-
ing the calculations presented here.

The terms in the first sum on the r.h.s. of equation (1)
represent the highly anisotropic interaction between the
ground electronic state of LiH+ and each partner atom.
The calculations [19] were carried out using the GAMESS
package [20] for the ground (X2A1) and first excited
(22A1) electronic states of the (LiHHe)+ system using a
CASSCF molecular orbital optimization followed by an
MRCI expansion. The atomic basis set for Li was that
optimized in reference [21], whereas the one for H was
that optimized in our earlier work and was reported in
reference [19]. The atomic basis set for He was the aug-cc-
pVQZ standard expansion [20] and the MRCI wave func-
tions use single and double excitations out of a CAS ref-
erence space which includes 4 active orbitals and 5 active
electrons [19].

We computed a total of 480 points given by 15 dif-
ferent ϑ and 32 R values for each of them. The ground
electronic state, with the LiH+ bond kept fixed at its op-
timum value of 4.142a0 (found by us with the same ba-
sis set of above for the isolated molecule and using the
CASSCF plus MRCI procedure) exhibits its global energy
minimum in the collinear configuration with ϑ = 180◦ and
an R value of 4.125a0.

There is very little charge migration exhibited by the
dopant ion bound to the He atom since we found that
beyond about 6 bohr the positive charge is localized on
the Li atom by ∼95% and by about 5% on the H atom,
with no residual charge on the He atom. The strong ori-
entational anisotropy is shown by the angular behavior
of the interaction potential Vmin(Rmin, ϑ) values reported
by Figure 1 from reference [19]. The results shown in the
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Fig. 1. Computed angular minimum energy path for the
LiH+–He intermolecular potential employed in the present
work [19]: see text for details. The orientation ϑ = 0◦ cor-
responds to the H-side of the molecular ion.

figure clearly underline the marked energetic gain of the
He partner when moving from the H-side to the Li+ side
of the dopant ion, as expected because of the strong in-
duction forces existing in the system. We also see that
the energy gain starts over a broad angular region, i.e. as
the He atom moves beyond the T-shaped configuration
towards the Li+ nucleus the stabilization energy increases
by a factor of seven over a range of less than 30◦. We shall
further see below how such orientational energetics affects
the adaptive structuring of the solvent around the title
molecule.

We have also carried out a multicenter numerical fit-
ting of the present potential energy surface (PES), as de-
scribed in detail in our earlier work [19], and finally ob-
tained an analytic representation of the full interaction.
The He–He potential energy curve was the one already
employed by us before [18] and described in detail by
Aziz et al. [22]: its maximum well depth is about 70 times
smaller than the corresponding ionic interaction with one
of the He solvent atoms.

3 The quantum Monte Carlo simulation

The implementation of the diffusion Monte Carlo ap-
proach, and its application to molecular systems such as
molecular impurities in 4He droplets, has been already dis-
cussed several times in the current literature [23–31], and
we therefore only summarize here the main features of the
method employed by us.

The time-dependent Schrödinger equation can be writ-
ten in the familiar form

−�
∂ψ(r, t)
i∂t

= (Ĥ − E)ψ(r, t) (2)

where r denotes collectively all the particle coordinates
and E shifts the absolute energy scale of the problem at
hand. As we have said above, the Hamiltonian is made up

from pairwise potentials as given by equation (1) and can
be written via equation (3)

Ĥ =
∑

j

− �
2

2mj
∇2

j + V (r). (3)

We can now use it in expression (2) to obtain the diffusion
equation for the wave function by replacing the time t with
the imaginary time τ = −it/�

−∂ψ(r, τ)
∂τ

= −
∑

j

Dj∇2
jψ(r, τ) + [V (r) − E]ψ(r, τ) (4)

where Dj = �
2/2mj are the diffusion coefficients. The

second term on the right-hand side (rhs) of equation (4)
[V (r) − E] is the “rate constant” or branching term. Ig-
noring the branching term transforms equation (4) into
a simpler pure diffusion equation. It is well-known that
better efficiency in the solution of equation (4) is attained
if one uses importance sampling [26] that consists in con-
structing an analytical trial function ψT (r, τ) which ap-
proximates the true ground-state wave function and then
solving the diffusion equation (4) for the mixed distribu-
tion f(r, τ) = ψ(r, τ)ψT (r, τ), which satisfies the equation

∂f(r, τ)
∂τ

=
∑

j

[Dj∇2
jf(r, τ) −Dj

�∇ · (�F · f(r, τ))]

+ [EL(r) − E]f(r, τ) (5)

where �F = �∇lnψT is a drift force proportional to the
gradient of the trial wave function. EL is the local energy
defined as

EL(r) = ψ−1
T (r)ĤψT r) = ψ−1

T (r)T̂ ψT (r) + V (r). (6)

A random walk technique is used to solve equation (5),
whereby a large number of random walkers is propa-
gated with time steps ∆τ starting from an arbitrarily cho-
sen initial distribution. The random displacements of the
walkers when moving from τ to τ + ∆τ is subjected to
the drift force and to a Metropolis-type acceptance algo-
rithm [24,26,27,30]. The ground state energy E0 is ob-
tained by averaging EL(r) over the final mixed distribu-
tions f(r, τf ) = f(r) as long as the trial function ψT is
not vanishing in spatial regions of significant contribution
to the ground-state wave function ψ0:

〈EL〉 =
∫
EL(r)f(r, τf )dr∫
f(r, τf )dr

=
∫
ψ0(r)ĤψT (r)dr∫
ψ0(r)ψT (r)dr

= E0. (7)

Expectation values of position operators Â(r) are also
given by averaging over f(r). The Monte Carlo walk con-
verts the integrals over f(r) into simple averages over the
ensemble of walkers {wj}:

〈Â〉 =

∑
j wjÂ(rj)∑

j wj
. (8)
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Direct averaging over the weighted configurations can
lead, however, to mixed average 〈ψ|Â|ψT 〉, which can con-
tain some bias for operators Â �= Ĥ .

The potential acting within each cluster was expressed
as a sum of pairwise potentials as in equation (1). The trial
function used here for the He–He pairs is a product of trial
wave functions

Ψt =
∏

i,jεHe

ϕt(rij) (9)

where the ϕts for the He–He pairs in each cluster were
given by

ϕt(rij) = exp

[
−

(
p5

r5ij
+
p2

r2ij
+ p1 · rij + po · ln(rij)

)]

(10)
and the parameters were those employed in our previ-
ous work on ionic systems [32]. The trial function for the
LiH+ − (He)n system was also given by a product of trial
wave functions, each of which was given as:

χM−Hei (ri) = exp

{
(2 + cosϑi)

×
[
−

(
a5

r5i1
+
a2

r2i1
+ a1 · ri1 + a0 · ln(ri1)

)] }
(11)

where ri1 = ri cosϑi. All the parameters employed in our
work are available on request from the authors.

We have propagated the diffusion equations using time
steps ∆τ of 0.5 atomic units and employed a number of
steps around 7,000 a.u.−1, reaching a number of blocks
that varied, for each cluster, between 300 and 400. The
binding energy found for one He atom compared well with
the value obtained using our own Discrete Variable Rep-
resentation (DVR) approach [33] for the same calculation:
the difference was found to be about 1 cm−1.

4 Discussion of results

4.1 Computed binding energies

The computed energy values obtained from the DMC cal-
culations are reported in Table 1, where cluster sizes up to
N = 30 are presented. All values are given in cm−1. The
corresponding pictorial view of the total binding energies
as a function of N is further given by Figure 2.

It is interesting to note that the qualitative behavior of
the binding energies is very similar to that provided by our
earlier, classical calculations for n up to 7 [19] which are
shown for comparison in the inset of the left-side panel.
The data of Figure 2 indicate, in three different panels,
several aspects of the energetics of the ionic impurity. One
sees clearly an increase of the total binding energies almost
linearly with N up to N = 5, with a marked change of the
slope of the rate between N = 6 and 30 where a steady
decrease is shown in the upper-right panel. Such changes

Table 1. Computed total binding energies Ebind (left column),
evaporative energies Eevap (central column) and average bind-
ing energy per He atom (right column) from present DMC
calculations. All values in cm−1.

N Ebind (cm−1) Eevap (cm−1) Ebind/N (cm−1)

1 –483.230 ± 1.36 483.230 ± 1.36 –483.230

2 –954.624 ± 1.78 471.394 ± 3.13 –477.312

3 –1404.005 ± 2.98 449.381 ± 4.76 –468.002

4 –1752.652 ± 3.58 348.647 ± 6.55 –438.163

5 –2089.423 ± 5.29 336.771 ± 8.86 –417.885

6 –2194.036 ± 5.83 104.613 ± 11.13 –365.600

7 –2226.288 ± 8.85 32.252 ± 14.69 –318.041

8 –2264.435 ± 8.80 38.147 ± 17.65 –283.054

9 –2294.687 ± 7.93 30.252 ± 16.73 –254.965

10 –2337.538 ± 6.94 42.851 ± 14.87 –233.754

12 –2407.077 ± 6.73 34.769 ± 13.67 –200.590

15 –2493.914 ± 1.08 28.945 ± 7.81 –166.261

17 –2538.303 ± 1.11 22.194 ± 2.18 –149.312

20 –2601.122 ± 4.71 20.940 ± 5.82 –130.056

25 –2704.247 ± 7.90 20.650 ± 13.61 –108.170

30 –2797.963 ± 7.59 18.743 ± 15.49 –93.265

Fig. 2. Computed total binding energies (right upper panel),
evaporative energies (left panel) and average binding energy
per He atom (lower right panel) from present DMC calcula-
tions. All values in cm−1. The inset on the left compares the
present findings with the classical results of reference [19].

are likely to correspond to selective structuring of the sol-
vent around the molecular ion, i.e. to a sort of allocation
of the core of the “snowball” inside the larger droplet, as
it could be also gleaned by examining the left-side panel
in Figure 2. One sees there, in fact, that the evaporation
energy, Eevap, remains nearly constant for the first three
adatoms and changes by about 30% for the next two, while
substantially reducing by about one order of magnitude
when going to the N = 7 cluster. The further addition of
He atoms up to N = 30 is seen to return a slowly changing
value of Eevap that diminishes from around 30 cm−1 down
to around 20 cm−1 for the larger clusters: the system is
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clearly undergoing some sort of structural transition for
n values beyond 6–7. The analysis of the corresponding
radial and angular distributions will help us to clarify this
point, as further discussed in the next subsection. The
actual energy values, together with their error bars, are
explicitly given by Table 1.

4.2 Radial and angular distributions

The radial and angular Pair Distributions (PDs) are very
useful correlative observables which help us to better un-
derstand the spatial collocations of the adaptive solvent
around the central dopant atom.

They are defined as:

Prad(R) =
1
N

n∑

i=1

〈
δ(|R̄|i − |R̄|)

R2

〉

walk

(12)

from which one obtains the spherically averaged radial
density distribution of a given atom ρ(R̄):

ρ(R̄) =
N

4π
Prad(R̄). (13)

The same procedure further attains the cosine distribu-
tions associated with any of the possible angles between
the molecular center of mass and two of the He atom
positions, Ptot(cosϑ), or the direct angular dependence
Ptot(ϑ), both satisfying the normalization conditions:

∫ 1

−1

Ptot(ϑ)d cosϑ = 1 (14)

or: ∫ π

0

Ptot(ϑ)dϑ = 1. (15)

The normalized PD’s for the radial and angular distribu-
tions of He atoms with respect to the molecular center-
of-mass are reported by the various panels of figures that
we shall discuss below, as well as the corresponding PD’s
functions for the He–He correlated distributions.

By looking at the radial and angular distributions of
the initial He adatoms with respect to the center-of-mass
located on the molecular dopant (Fig. 3) we can clearly
make the following considerations:

1. up to N = 6, the He atoms appear to be essentially
equivalent and radially located at about 2.5 Å away
from the dopant (the snowball core), with the strongest
binding energies to it as reported by Table 1 and in
Figure 2;

2. the corresponding angular distributions favor initially
the angular regions near the Li+-end of the dopant
but become rapidly more diffuse, thus starting to form
an additional area with solvent atoms in the region
around the T-shape configuration.

Such an highly orientational behavior can also be seen,
even more pictorially, by looking at the isolines of the
density distributions presented by Figure 4. We report

Fig. 3. Computed radial and angular PD functions for the
He adatoms with respect to the molecular center of mass. Left
panels: radial distributions; right panels: angular distributions.
All quantities are normalized to unity.

Fig. 4. Density distributions isolines plotted on the (x, y)-
plane from the previous values of Figure 3. The locations of
the Li+ atom (black ball) and of the H atom (grey ball) are
clearly indicated. The symmetric planes around the molecular
axis are shown for clarity.

there, in fact, the density levels of such distributions in the
(x, y)-plane with respect to the dopant molecular atoms,
which are also indicated in each panel of that figure. The
cylindrical symmetry of the real phase space is underlined
by showing the 4He density behavior both above and be-
low the molecular axis. Only theN = 2 andN = 6 clusters
are shown.

The density distributions of Figure 4 help us to better
visualize the strongly structured nature of the 4He atoms
which locate themselves around the ionic dopant. For ex-
ample, we can say that the initial two He atoms have
largely equivalent binding energies and are placed off axis
and on the ionic side of the dopant, as expected. On the
other hand, as we progress to N = 6, we see that the ad-
ditional adatoms force the distributions to split into two
separate basins of collocation: one nearly collinear and the
other still around the T-shaped configuration.
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Fig. 5. Computed radial and angular PD functions as in Fig-
ure 3, but for larger values of the number of He atoms in the
clusters.
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Fig. 6. Computed isolines of PD functions for the solvent
atoms surrounding the dopant ion, with cluster sizes of N = 10
(upper panel) and N = 20 (lower panel).

The results shown by Figure 5 continue the analysis
of the 4He atom radial and angular distributions for the
larger clusters, where we see that an additional, outer layer
of atoms appears further away from the dopant and in-
creases for N values up to 12. The corresponding angular
distributions become even more diffuse in the sense that
we now see some nonzero density distribution values to
appear for the T-shaped structures, as discussed earlier.

The larger clusters beyondN = 12 shown in that figure
further indicate the formation of as yet a third layer of
adatoms which begins to show beyond about 7 Å from
the dopant center-of-mass. Their corresponding angular
distributions show a further density accumulation at the
Li+ center, following the growth of an highly structured
region of the snowball near the linear geometry.

The data reported by Figure 6 extend the analysis of
the PD isolines around the dopant ion to the larger clus-
ters by showing such distributions for N = 10 and 20. The
presence of a highly structured region for N = 10 is seen
rather clearly, with the formation of three distinct basins
of collocation of solvent adatoms around the ionic “head”

Fig. 7. Computed radial PD functions between any two He
atoms in different cluster sizes. See text for further details.

of the dopant (top panel in the figure) which clearly shows
its “heliophilic” character. As the number of solvent atoms
further increases, however, we see that yet an additional
area, also on the H-end of the dopant, begins to get filled
by solvent atoms up to about N = 20, where one sees the
near completion of a solvent “cap” around the ionic end
of the dopant.

The analysis of the He–He PD functions, obtained by
integration over all other variables, might help us to better
understand the adaptive clustering in the present system:
such quantities are reported by Figure 7 for some of the
systems analysed in the present work. The presence of
an initial area of closely packed helium atoms could be
gleaned from the top two left panels in the figure, where
we see such distributions up to N = 4. The addition of
the next two He atoms leads to the formation of a sec-
ond shoulder in the distributions, indicating the presence
of additional atoms which locate further away from each
other.

Around N = 10 we then see the appearance of another
shell of strongly structured atoms at distances around
10 Å, while the further indication of a third basin of bound
He atoms begins to be given for N = 20 and beyond.

Another way in which we can analyse the strongly
orientational distributions offered by the solvent atoms
within the snowball region is given by the data shown in
Figure 8. We report there, in three different panels, the rel-
ative increase of the number of He atoms within arbitrary
chosen angular regions around the dopant molecular ion.
The lowest panel shows the large-angle region where the
ionic head of the dopant is located: we clearly see there
that it is only from N = 5 that the He adatoms start
to occupy nearly collinear positions along the molecular
axis, remaining there in constant number till the shell of
N = 12 is completed. Then, one can clearly notice that an
increase of He density is occurring along the quasi-linear
collocation with respect to the LiH+ molecule in order to
close the “cap” structure mentioned before.

The intermediate range of angular values (middle
panel) shows nearly unit density of adatoms till the clus-
ters complete what appears like the first snowball shell
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Fig. 8. Partial angular sectors of density distributions of He
atoms with respect to the Jacobi angle referred to the dopant
molecule. The ϑ = 180◦ orientation corresponds to the
collinear region at the Li+ end of the molecule. The darkened
sectors in each panel show the angular ranges.

(N = 6). Afterwards we observe a steady growth of non-
linear collocation of He atoms with respect to the molec-
ular axis. The top panel of Figure 8 shows helium density
allocation closer to the T-shape, i.e. well off the collinear
orientation. One sees there preferential positioning of the
initial He atoms till the initial core is effectively com-
pleted, while for larger clusters the angular regions closer
to the collinear arrangement are preferentially populated.

One interesting consideration could be had by link-
ing the present findings to our earlier calculations of the
energies and spatial distributions of all the bound states
of the smallest cluster of (Li+HHe) [7]. We had found
there that the lowest bound state had clearly a collinear
shape but the He adatom was symmetrically delocalized
around the C∞v axis, mapping an angular region simi-
lar to that of the top panel in Figure 8. Furthermore,
those calculations [7] had found that the next higher
bound state was a “bending” configuration with the He
atom located at around 180◦: this seems to suggest that
a pseudosingle particle description of our smaller clusters
could be profitably obtained by considering each He atom
as nearly independently occupying that bent state avail-
able in the monomer. Such virtual excitation would come
about because of the additional He–He repulsive interac-
tion that removes the energetic gain of occupying only the
monomer’s linear ground state by more than one adatom.
The corresponding many-particle wavefunction, however,
will have to be constructed as a nodeless entity since it
describes the ground state of the droplet atoms and is not
given by the nodal structure of the single-particle states.

The highly structured nature of the initial “core” of
the snowball formation could be understood by looking at
the pictorial representation of the latter given in Figure 9.
We show there, in fact, a cup-like area of an initial set
of more strongly bound solvent atoms located around the
ionic head of the dopant, followed by a less dense region of

Fig. 9. (Color online) Pictorial representation of the “snow-
ball” structure of 4He atoms located around the ionic head
(Li+) of the dopant molecule.

solvent atoms which represent the less perturbed droplet
environment.

The classical structure optimizations of the same series
of small cluster (with N up to 6) which we have also car-
ried out earlier on [19], further confirm such a picture. We
have shown in that work, in fact, that the two adatoms
of the LiH+(He)2 cluster are strongly off axis with nearly
C2v symmetry, as indicated by our earlier Figure 4. Fur-
thermore, we showed that, from N = 3 to N = 5, the
clusters grow by placing the additional He atoms invari-
ably off the collinear orientation and increasingly at angles
close to 90◦ from it. Thus, the classical structures support
the quantum results, albeit with the simplified language
of describing well localized He atoms, a feature that the
more correct quantum DMC results indicate to be miss-
ing because of the strong delocalization properties of this
quantum solvent.

Beyond N = 5, our results of Figure 8 suggest an in-
creasing presence of He atoms within the more collinear
basin of acceptance in the clusters. The classical calcula-
tions indicate also that theN = 6 andN = 7 clusters show
minimum energy structures with one and two He atoms
nearly along the collinear configuration, thus confirming
the present findings.

One additional way of looking at the present results
is given by Figure 10, where we show the radial densities
of the solvent atoms evaluated from the LiH+ center of
mass. The corresponding density in pure helium bulk is
also shown. One clearly sees there the marked presence
of the ‘electrostriction’ effects around the ionic dopant,
where a marked increase of helium densities is visible from
calculations. On the other hand, one also sees the presence
of a nearly “normal” density beyond the initial core, with
the appearance of a second maximum for the density dis-
tributions in the larger clusters. Thus, one may say that
the initial “snowball” structure corresponds to a closely
packed ensemble of nearly 12 4He atoms with the outer
rims of such core more effectively exchanging with the
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Fig. 10. Computed radial 4He densities, measured from the
LiH+ center of mass, for clusters of different sizes. All values
in atomic units.

bulk structure. However, because of the quantum behav-
ior of the solvent atoms (which invariably show spatial
delocalization and symmetry equivalence) we see that the
next shell, before completing the one with 12 adatoms,
starts already to become populated: e.g. see top second
panel from left in Figure 10.

5 Present conclusions

The calculations reported in our work have tried to anal-
yse in some detail the nanoscopic quantum structures,
and their corresponding quantum energetics, of a series
of 4He clusters structured around an ionic dopant. The
scope was to extract further information on the behavior
of this quantum solvent once an ionic molecular impurity
is considered to be solvated.

We employed a fully ab-initio, post-Hartree-Fock set
of calculations to generate the interaction between the
LiH+ ion, taken as a rigid rotor structure, and one He
atom and further constructed the full interatomic forces
within clusters of arbitrary size by employing the sum-of-
potentials approximation. The latter had been found in a
previous study [19] to provide a realistic description of the
forces at play in the cluster environment.

The quantum, ground state wavefunctions at T = 0◦
were obtained using the DMC approach, the details of
which were given in the previous section. We found the
following specific features for the clusters with size of N
up to 30:

1. the initial 5–6, atoms form a sort of “harder core”
of solvent around the cationic part of the dopant
molecule, with further 5–6 atoms also closely packed
around the molecular ion;

2. the further addition of atoms up to N = 30 shows the
formation of a sort of “cap-like” structure around the
heliophilic part of the dopant ion, while the heliopho-
bic head (the H atom) remains on the outskirts the
solvated region, at least for the range of small clusters

examined here. The second solvation shell appears to
complete around 12 adatoms;

3. the stronger ionic interaction thus appears to drive
a marked orientational behavior of the helium atoms
which are seen to “crowd” themselves around the Li+
cationic head of the dopant molecule, thereby forming
there a more structured region of the cluster, as also
suggested by experimental findings on ionic species [5].

This marked distinctions between the strongly solvated
ionic head and the rest of the dopant molecule (albeit
shown for a somewhat simple case) could perhaps be of
help in selecting possible dopant species that can be used
to control the cryomatrix time-of-flight by further cooling
its translational motion using laser manipulation within
“Coulomb crystal” configurations [34]. Thus, it could be
conceivable to use the “surfactant” ionic dopant as an ad-
ditional “ionic flag” which would allow velocity manipu-
lation of the He droplets for a more detailed probing of
their structures [35].
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