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Delocalization and fragmentation of collective modes in doped *He drops
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We have investigated the fragmentation of collective modes in doped *He drops in the framework
of a finite-range density-functional theory, as well as the delocalization of the impurity inside the
cluster. Our results indicate that the impurity is gradually delocalized inside the drop as the size
of the latter increases. As an example, results are shown in the case of Xe-*Hen systems up to

N =112.

In a recent paper! we have presented a systematic
study of the response of doped *He drops within the
frame of finite-range density-functional theory (FRDFT).
Although, generally speaking, the results for pure *He
drops are comparable with either those obtained from
standard zero-range density functionals? or with varia-
tional or diffusion Monte Garlo calculations,® the major
interest of FRDFT resides in the ability of such func-
tionals to describe inhomogeneity details such as the sur-
face tension? and dynamical consequences of nonvanish-
ing momentum transfer like the dispersion relation of zero
sound in liquid *He.5% In this respect, FRDFT overcomes
one of the most important criticisms on the applicabil-
ity of density functionals to quantum liquids® associated
with the underlying contact interaction.” Prior compu-
tations of the structure of doped *He drops have been
carried by Barnett and Whaley employing variational®
and both variational and diffusion® Monte Carlo meth-
ods and by Dalfovo!? resorting to the finite-range density
functional of Ref. 4.

In Ref. 1, we have observed several consequences of
contaminating *He clusters with rare gas (Xe) impuri-
ties. In particular, it was noticed that the collective [
= 2 energy is a decreasing function of the atom number
in the drop. The N = 300 cluster is already unstable
against a quadrupole excitation, and no further discus-
sion of this issue was there pursued. Very recently, Chin
and Krotsckeck!! have investigated the onset of multi-
polar instabilities in doped droplets using an optimized
variational approach. In particular, they have pointed
out that the collapse of the dipole mode for a given clus-
ter size is a signature of the delocalization of the foreign
atom which, in the calculations of Refs. 1, 8, 10, and 11
is fixed at the center of the cluster. As discussed in Ref.
11, there are two possible scenarios for the appearance of
these instabilities: (1) The center of the cluster is a rela-
tive energy minumum for any given particle number, but
for large enough N this minimum is very shallow, so that
the impurity becomes delocalized inside the drop. This
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scenario would show up as a gradual convergence of the
dipole energy towards zero.!! (2) The center of the clus-
ter is a relative energy maximum beyond a given value of
N. In this case, the spherical symmetric state becomes
unstable and the dipole energy should cross zero at the
N value corresponding to the limit of stability. The find-
ings of Ref. 11 seem to be consistent with this second
scenario.

The purpose of this paper is to investigate the extent
to which the FRDFT of Ref. 1 can cope with impurity
delocalization and destabilizing effects in “He droplets,
and if possible, to ascertain which of the above scenar-
ios is likely to occur within FRDFT. For this sake, we
have computed the [-mode strength corresponding to the
density functional
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The finite-range interaction is a soft-core Lennard-Jones
(LJ) potential
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with

33 (8 b
bLy = ry [geLJ + m] . (5)
The parameter values are given in Ref. 1.

The atomic orbitals arise from a Hartree calculation
where, in addition to the mean field, a central Xe-He
potential has been incorporated.!? The Xe impurity is
assumed to be a classical object standing at the center of
the cluster. The collective modes of the doped drop are
calculated in the random-phase approximation (RPA).%+2

The results for the energy of the lowest-lying | = 1,
2, and 3 are shown in Fig. 1 as a function of the num-
ber of helium atoms, whose chemical potential is also
displayed.!® For N larger than 124 the dipole excitation
is so small that we have not been able to find a stable
solution of the RPA equations. Higher multipolarities
survive longer as the particle number increases; even con-
sidering, say, N = 112—]last point depicted in Fig. 1—as
a stability cutoff for the present calculations, this num-
ber is substantially larger—about a 50%—than the one
encountered by Chin and Krotscheck!! for Xe-doped he-
lium drops. It is important to remark that the shape
of the dipole energy as a function of IV is also different
from the variational one, since the prediction of FRDFT
presents no inflection; this fact then seems to support sce-
nario (1). The transition densities corresponding to this
dipole excitation are depicted in Fig. 2 for the N = 40,
70, and 112 clusters (dashed lines) together with the cor-
responding particle densities (solid lines). In agreement
with Ref. 11, the height of the particle density peak be-
comes larger as N grows. In addition to corroborating
the surface character of these oscillations, we can appre-
ciate the increasing delocalization evidenced in both the
outwards drift and the broadening of the peak in the
transition density.

An interesting feature of the present calculations is
that all collective modes are fragmented in small clusters.

0 40 80 120
N

FIG. 1. Collective energies of the lowest lying { = 1, 2, and
3 modes of Xe-*Hey drops as a functions of the atom number.
The absolute value of the chemical potential of the drops is
indicated by triangles.
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FIG. 2. Particle density (solid lines) and transition density
(dashed lines) (in arbitrary scale) of the first dipole collective
state of Xe-*Hen clusters for N = 40, 70, and 112.

To illustrate this fact, we consider the various transition
densities for the N = 20 droplet, which can be essen-
tially regarded as a single-layered shell surrounding the
impurity at a distance close to the minimum of the Xe-
He interaction potential. It is worthwhile noticing that
neither the finite-range density functional of Ref. 4 nor
the present one yields enough binding in an ideal sys-
tem consisting of a pure *He planar surface distribution
for densities above 0.01 atom/A2. This was already ob-
served by Clements et al.l* who presented such a model
calculation for the density functional of Ref. 4. In spite
of this drawback, it is clear that for the restricted geom-
etry of the single-atom orbitals in the spherical shell, the
presence of the impurity at its center makes room to a
bound Xe-*Heqq cluster. It is also convenient to remark
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FIG. 3. Transition density in arbitrary scale of the first
three monopole collective states of Xe-*Hezo. The solid line
corresponds to the particle density in the cluster, and the
dotted and short- and long-dashed lines to the first, second,
and third excitations, respectively.
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FIG. 4. Same as Fig. 3 for the first and second dipole ex-
citations.

that the chemical potential of a Xe impurity predicted
by this density functional approaches a limiting value
of ~ —240 K for N = 112, quite similar to the figure
obtained by Chin and Krotschek through an optimized
variational calculation.!!

The fact that for such a small drop the clear distinc-
tion between bulk and surface almost disappears gives
rise to the features depicted in Figs. 3— 5. In these fig-
ures we show, in addition to the doped cluster density
given in solid lines, the transition density for the more
intense collective modes with [ = 0, 1, and 2, respec-
tively. The profiles for | = 3 are quite similar to those
for | = 2. The location and strength, characterized by
the exhausted percentage of the enery-weighted sum rule
(EWSR),! of the corresponding peaks are displayed in
Table I. The situation for the monopole mode (Fig. 3) is
simple to understand; while the lowest-lying mode com-
presses the whole mass of the droplet to the expense of
a dip at the surface, as the energy of the collective os-
cillation increases, the appearance of nodes in the outer
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FIG. 5. Same as Figs. 3 and 4 for the three lowest-lying
quadrupole modes.
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TABLE 1. Collective energies (K) and relative strengths of
the lowest lying I = 0, 1, and 2 modes for *Hexo.

! hw (K) EWSR (%)
44 38

0 7.1 54
17.5 8

1 2.1 70
5.0 10
3.1 54

2 5.5 12
10.2 12

region of the cluster pushes the already existing ones from
the surface towards the center. As a consequence, inside
the droplet bulk, neighboring layers support a counter-
phase oscillation.

The dipole oscillations in Fig. 4 are somehow more in-
teresting; while the peak at the lowest energy corresponds
to a motion of the surface, the second excitation exhibits
a motion of the inner edge of the shell in counterphase
with respect to the outer edge. This is a consequence
of the peculiar shape of this cluster, whose thin width is
comparable to the He-He interaction range, thus allow-
ing a strong coupling between both sides of the spherical
atomic layer. Considering the quadrupole mode, we see
in Fig. 5 that the location of the induced density is pro-
gressively displaced from the surface to the bulk with
increasing collective energy, the highest mode here dis-
played possessing a transition density quite close to that
of the lowest monopole excitation in Fig. 3.

In conclusion, we have shown that FRDFT is also able
to display the dipole unstabilities of center-doped He
drops, a phenomenon overlooked in our previous work?!
that has been interpreted in Ref. 11 as a signature of the
impurity seeking a noncentral location inside the drop.
We have indeed checked that for alkali-metal impurities,
which have a positive solvation energy when the impu-
rity is located at the center of the drop (see Ref. 10, for
example), the response equation has no stable solution
even for Na-Heyo and | = 3. For small Xe + “Hen
drops, the strength is very fragmented, and the whole
drop is involved in building up high-energy modes. We
have found that for these collective excitations the in-
nermost and outermost density surfaces oscillate out of
phase. Besides some qualitative differences with varia-
tional calculations in small drops that can be attributed
to the poor description of two-dimensional pure He sys-
tems by current finite-range density functionals,* our
results show up as a quite distinct scenario with respect
to that of Ref. 11: The Xe impurity, rather than hav-
ing the tendency to be localized off center [scenario (2)],
moves almost freely inside the drop [scenario (1)] for large
enough systems. From the experimental point of view,
there are evidences in favor of scenario (1) for large “*He
clusters doped with SFg.1® To confirm or discard that
possibility, new experimental data are called for.
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