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Response of doped He droplets
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In the framework of a finite-range density-functional theory, we compute the response of He~
clusters doped with a rare-gas molecule. For this purpose, the mean field for the He atoms, their
wave functions and effective quasiparticle interaction, are self-consistently calculated for a variety of
particle numbers in the cluster. The response function is then evaluated for several multipolarities in
each drop and the collective states are consequently located from the peaks of the strength function.
The spectra of pure droplets approach those previously extracted with a similar algorithm resorting
to a zero-range density functional. The spectra of doped clusters are sensitive to the presence of the
impurity and are worth a future systematic investigation.

I. INTRODUCTION

Droplets of liquid He are unique manifestations of
confinement of a quantum Bose Quid to tridimensional fi-
nite shapes. Originated in supersonic beam expansions
or in &agmentation ofbulk He, they have attracted the
attention of theorists and during the last decade, a wealth
of theoretical descriptions of both ground state (g.s.)
properties, energy systematics, and excitation spectrum
became available in the literature. Two major viewpoints
can be encountered, the one founding the description of
the g.s. and energy systematics on either variational '

or exact ' wave functions, usually by resort to a Monte
Carlo algorithm, the other relying on the adoption of
a density functional ' within a self-consistent frame. In
spite of the large accuracy of calculations based on many-
body techniques, the agreement between Monte Carlo
and density-functional predictions of the g.s. for He~
clusters has been noticed by many authors as a major
achievement of density-functional theory as applied to
quantum fluids.

On the other hand, a goal currently pursued by a
branch of experimental research in the field of boson clus-
ters is to ascertain the appearance of superfluid phases
in these constrained finite geometries, however yet with-
out conclusive data concerning the droplet shape.
This search for superfluidity makes evident the neces-
sity of attaching weakly interacting probes to the bosonic
droplets, whose excitation spectrum, readily attainable
to measurement, could bring some insight into the Buid
nature of the host cluster. Among the variety of im-
purities that can be captured by He &agments during
their expansion, rare gases, ' alkali metals and alka-
line earths, and SF6 molecules ' are massive enough
to support a theoretical semiclassical treatment, consist-
ing in the addition of a helium-impurity potential to the
helium-helium mean Geld within the density-functional

approach. While the interaction potential between he-
lium and alkali atoms presents some uncertainties con-
cerning the role of the alkali electronic density, the inter-
action of bosonic helium atoms with rare gases as well
as with SF6 molecules is rather well established. How-
ever, according to recent experiments, '~ doubts exist
regarding the location of an SF6 impurity into a He~
drop and one cannot confidently ascertain that a central
helium-impurity potential will be appropriate for the de-
scription of the doped cluster.

Since in macroscopic systems a criterium for the pres-
ence of superfluidity is the existence of a finite veloc-
ity barrier for exciting the system, the spectrum of
excitations of the fluid is an important input for this
search. One also realizes that on the experimental
side, the spectrum is more easily amenable to measure-
ment than the g.s. and the cluster energetics, typically
through the dynamic structure function arising, for ex-
ample, from electron scattering on the helium clusters.
A major step in applications of density-functional the-
ory to finite quantum Quids has been achieved by Casas
and Stringari, who computed the density-density re-
sponse of HeN within the random-phase approximation
(RPA) for various multipolarities and atom number X in
the cluster, using a zero-range density functional. " The
agreement between the location of the collective states in
Ref. 21 and those obtained with variational and micro-
scopic approaches is noticeable; however, the density-
functional results usually underestimate the energy val-
ues of the collective modes to some amount. The density-
density RPA response of HeN clusters has also been
studied by Serra et al.22 and within a Quid-dynamical
approach in Ref. 23.

An alternative density functional that overcomes the
most current criticism posed on zero-range density
functionals, namely, their inability to account for finite

0163-1829/94/49(17)/12078(9)/$06. 00 49 12 078 1994 The American Physical Society



49 RESPONSE OF DOPED He DROPLETS 12 079

scale effects such as the free surface of the liquid
and drops, as well as the hard core interaction, was in-
troduced by Dupont-Roc et al. It combines the sim-
plicity of the zero-range ones with the possibility of,
for example, obtaining the right value for the surface
tension of the liquid without explicit inclusion of gra-
dient terms in the energy density. This finite-range
density functional (FRDF) has been employed to com-
pute a variety of g.s. and spectral properties of liq-

'd 3He 2 '28 liquid 4He 26'29 3~ 4He films 3 and 4HeN
clusters. We would like to point out in passing that
in their present form these FRDF do not reproduce the
two-dimensional equation of state, and consequently fail
to yield growing instabilities in He films on weakly at-
tractive substrates as those found in hypernetted-chain—
Euler-Lagrange calculations. ss s4

A description of the collective spectra of bosonic he-
lium droplets, either bare or doped with impurities, in
the frame of FRDF theory, is still missing, and this is
the purpose of the present work. For this sake, we have
built a modified version of the FRDF in Refs. 26—30 and
have computed the density-density response of the drops
in the spirit of Ref. 21. Such a modified FRDF, with the
proper parametrization, was already used in Ref. 35 to
calculate the zero sound spectrum of liquid He and the
structure of fermionic helium clusters, together with the

energetics of triplet pairing in those drops. We have
here considered bosonic clusters with rare-gas impurities
and more specifically, calculations have been carried for
Xe atoms for which the interaction potential with the
helium ones is well determined. A systematics in terms
of other impurities can be carried out and will be the
subject of a future work.

In Sec. II of this paper, we summarize the formal-
ism employed to compute the density-density response
function of the bosonic clusters, following the lines in
Refs. 21, 37. Section III is dedicated to discuss the den-
sity functional here proposed as well as the corresponding
self-consistent mean field and residual particle-hole (ph)
interaction. The results of our calculations for several
multipolarities and helium atom number are presented
and analyzed in Sec. IV, while Sec. V contains the final
summary and conclusions.

II. RESPONSE FUNCTION IN THE RPA

In this section we closely follow Refs. 21 and 37. The
elementary excitations of the system at zero tempera-
ture are given by the poles of the density-density Green's
function, 3 which in the RPA can be found by the solu-
tion of the integral equation

G (rr, rr, tr) = G )rr, rr, tr) +f drr dr4 G (rr, rr, tr) V (rr, r4 ) G (r4, rr td).

In this equation, Go(ri, r2, u) is the Hartree-Fock (HF) Green's function and VP" is the residual particle-hole inter-
action. Denoting the single-particle (sp) energies and wave functions by e„and P„, respectively, for a Bose system at
zero temperature one has

p ~ p rq p r2 „* r2 „ rq p r2 p rq „* rq „ r2
G rg, r2, ~ ——N g )

hu) —E„p+ie hu) + E„p+ ie

where e is a small energy parameter, N represents the
number of atoms in the drop, $0(r) is the sp wave func-
tion of the Bose condensate, E p is the energy di8'erence
between sp states P„and )t)o, and the sum runs over all
the excited HF sp states.

Once G has been determined, the RPA-induced
(transition) density b'p(r) corresponding to a one-body
excitation field V'"i(r ) is written as

dp(r, w) = f dr'r (r, r', tr) V'*(r')

and one can define the associated response function y(u)
as

y(tr) = f dr dp(r, tr) V' (r ). (4)

The poles of y(ur) yield the elementary excitations of
the system acted upon by V "t, and the imaginary part
of y(ur) is the strength function S(her) corresponding to
y ext.

S(hu) = ) I ( I

V'"'
I 0) I' b(h~ —E 0)

1= ——Imp(ur),

where
I 0) is the RPA g.s., and

I m), E s are RPA excited
states and energies, respectively.

The strength function presents sharp peaks at the en-
ergies of the excitations caused by the field V ", and
usually more than one resonant state appears in S(E).
Thus a criterium is needed to ascertain which are the
most collective states, a quite useful one being provided
by the energy-weighted mi sum rule (EWSR) defined as

mi = ).E 0 I (m I
V "'

I 0) I'

E S(E)dE,
0

since in general, the more collective the state is, the larger
the contribution of its neighborhood to the EWSR.

For r-dependent external fields, a closed RPA expres-
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sion can be worked out:

mq —— dr p(r ) (VV'"')
2m

where p(r ) is the HF g.s. The comparison of the results
obtained from Eqs. (6) and (7) constitutes a very strin-
gent test on the accuracy of the numerical procedure used
to calculate y(u), some details of which are presented in
Appendix B.

12 ~ 64"~ (-:) - (-:)
V(&) =

C

by~ 1 —(
—")' r &

The height bLJ of the core is Axed so that the bulk
properties of the Gnite-range functional be the same than
those of the zero-range functional out of which it is de-
rived. It yields

33 8 6
6LJ = CLJ +

8 9 4mo3

III. He DENSITY FUNCTIONAL
AND THE PARTICLE-HOLE INTERACTION

We have seen in the preceding section that the basic
ingredients of the Green's function method for describ-
ing the elementary excitations in He clusters within the
RPA are the sp wave functions and energies, as well as
a particle-hole interaction coming from the same He-He
effective potential. This self-consistency requirement is
essential for the application of the theory. 3

Collective excitations of He drops have been obtained
within the RPA (Ref. 21) using a local, zero-range He
density functional whose results for g.s. properties of liq-
uid drops compare well with other ones &om microscopic
methods. Finite-range and nonlocal effects are expected
not to change appreciably these results due to the long-
wavelength character (q 0) of the multipolar excita-
tions there studied, which correspond to external fields
of the kind V'"' r~Y~o(r) Differ. ences are expected
to appear for external probes involving finite momentum
transfer, such as exp(iq r ) or j t (qr) Yto(r), or in the case
of doped drops, due to the shell structure formed around
the impurity, ' which would not be predicted by a zero-
range density functional.

For the present study, we have built a new FRDF
largely inspired in Ref. 26 but with a hard core simi-
lar to that of Pines' polarization potentials (see also
Ref. 35). Accordingly, the density functional is written
as

s)pl f«p)p)=

We shall take the parameter values

eLg ——10.22 K,
0 = 2.556 A. ,

~(r ) = ) I 4'(r ) I' = &
I 4o(r ) I'

The kinetic energy density can thus be written as

r(r ) = ).I «'(r) I'= &
I
«o I'=

4

(14)

Varying E[p] —P,. e;
I P, I2 with respect to P,

* yields
the sp wave functions and energies:

bU
4, =e;4, ,

2m bp
(15)

where U[p) is the potential part of Eq. (8). It is worth
noting that the sp energy corresponding to the Bose con-
densate Po is the chemical potential of the drop.

We collect in Table I the results obtained solving Eq.

TABLE I. Ground-state results for several He~ drops
obtained solving Eq. (15). The values corresponding to the
homogeneous liquid are also given.

b = —888.81 KA. ,

c = 1.04554 x 10 K A

p = 2.8.

At zero temperature, all particles belong to the Bose
condensate and we have

+—p(r ) f dr'p(r')V() r —r' ))) .
F/N (K) ))), (K) r p (A) p. (1O-' A-')

~(l I) =
0 otherwise (10)

The finite-range interaction consists of a screened
Lennard-Jones (LJ) potential:

In this equation, p(r ) is the coarse-grained density intro-
duced in Ref. 26:

p(r) = f ~r'p)r')'Wl r —r'
l)

The weighting function 1pV(I r I) reads

8
20
40
70

112
168
240
330
728

-0.47
-1.40
-2.27
-2.97
-3.51
-3.94
-4.28
-4.56
-5.16
-7.15

-1.26
-2.62
-3.54
-4.16
-4.40
-4.74
-5.00
-5.20
-5.61
-7.15

3.71
2.87
2.60
2.48
2.41
2.36
2.33
2.31
2.27
2.22

1.09
1.82
2.09
2.19
2.23
2.26
2.27
2.27
2.27
2.19
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(15) for several 4He clusters. In this table, po is the
central density of the drop, p the chemical potential, and
E/N the energy per atom. As in Refs. 4, 7, the unit
radius ro is defined as

ro = —(r') N 'i'
,

5

3
(16)

where (r ) is the mean square radius of an N-atom drop.
Table I allows a sensible comparison with the results

obtained from the zero-range functional. The results are
quite similar for large clusters, whereas for small clusters,
the FRDF yields more compact and bound drops, thus
improving the agreement between density functional~
and variational Monte Carlo4 methods. The difFusion
Monte Carlo calculations of Ref. 6 for N = 40, 70, and
112 give stronger binding but similar ro(N).

The energies of the calculated clusters have been ad-
justed to a mass formula

0.05

0.03—

0.01—

0.06

A

\

I I

I

I
I

l
I

I
I

I

I

H el, o

10
r(A)

15

E = a„N + a,N ~ + (a, —sa, Kpo)N ~ + ao

where a„ is the energy per atom and (Kpo) the compress-
ibility of the liquid at saturation density po. It gives
a, = 17.77 K, a, = 7.25 K, ao ———28.0 K, and a surface
tension of 0.287 K A. 2, to be compared with the exper-
imental value 0.274 KA. 2.42 The latter one coincides
by construction with the theoretical value of Ref. 7, and
with that obtained in Ref. 26. At present, the commonly
accepted experimental value is 0.256 K A s.4s The small
disagreement between theory and experiment could be
fixed readjusting the parameters eLg and 0 in Eq. (11).
As we have indicated in Ref. 35, insofar as one is inter-
ested in extracting droplet properties, there is no fun-
damental reason for keeping the &ee-atom values in the
liquid regime.

Following Ref. 8, the impurity has been treated as a
classical object; i.e., we have added to E' in Eq. (8) the
term

0.04—

0.02—

1
II
II
)I
I

I

I
I

I

I
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I

I

I

I

I
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e728

10 20 30
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FIG. 1. Density profiles of pure He4o (a) and Heqzs (b)
drops (solid lines), and of the same drops with a Xe atom at
the center (dashed lines).

v, (. (18)

where Vi(r ) is the helium-impurity potential, so that the
efFect of the term Eq. (18), is simply to add VI(r) as an
external field in Eq. (15). Furthermore, we consider the
impurity to lie at the center of the drop.

Figure 1 shows the g.s. density of pure He4o and
4Her2s drops (solid lines), both with and without a Xe
impurity at the center (dashed lines). The structure
and binding energy systematics of doped He have been
throughly discussed by Dalfovo using the density func-
tional of Ref. 26. The results here obtained for these
quantities using the present FRDF follow the same sys-
tematics, although our functional yields weaker binding.
For example, we find that the chemical potential of Xe

px. ——E( HeN + Xe) —E( Heiv)

h'Eb j

hp(r)hp(r')

A straightforward calculation gives

(20)

approaches a value of —250 K when N increases,
whereas Dalfovo has found —300 K for this quantity.

Within the theory of quantum liquids, the particle-
hole interaction VP" is given by the second functional
derivative of the total energy with respect to densities
taken at the HF solution:

V~ (r, r') = V([ r —r'
~) + —(p+ 1)W([ r —r'

~) [p~(r) + p~(r')j
2

+—p (p + l) f dr "
p (r ")p r ' (r ") W {)r —r "

)) W() r "—r '
)) . (21)
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It is interesting to notice that the impurity does not
explicitly contribute to V ", since Eq. (18) is linear in

p(r ). However, it does affect V " throughout the changes
that it introduces in the density.

angular momentum decomposition of the functions ap-
pearing in the definition of the response function. Let
us define the multipolar ph interaction V& "(ri, r2) and
response G+& (ri, r2, cu) as

IV. RESULTS (rl r2) ) Vj (rl r2) Yi (rl )Yi (r2)
l,m

(22)

We have checked that the functional (8) reproduces the
static response of homogeneous liquid 4He to acceptable
accuracy. This is shown in Fig. 2, where we have plotted
the response y 1(q, ~ = 0) for the present FRDF (solid
line), as well as the results of Ref. 26 (dashed line) and
the experimental points (dots) of Ref. 44.

To obtain the response to external perturbations of
multipole type Vi'"i(r) = r'Yip(r), one carries out an

(rl r2 ~) ) Gi (rl r2 ~)Yg (ri)Y1 (r2)

A similar definition holds for GP&(ri, r 2, u), which can be
shown to be

N 1 1
G, (ri, r2, u)) = —) Rpp(ri)'Rpp(r2) . 'R„i(ri)R„i(r2),

4m hu —(e„i —ep) + i e hu + (e„i —ep) + i e
(24)

h2 OO

mi(t = 0) = 2— r p(r)dr,
m p

(25)

C)
C)

]
C)
CF

where the radial wave function 'R„i(r) is defined from

P„i(r) = R„i(r)Y„i(r), e„i is the corresponding sp en-

ergy, and the sum runs over all the excited HF states
of multipolarity l. The transition density is then natu-
rally decomposed into multipoles hpi(r, ur) Yjp(r) [see Eq.
(3)], and for each of them there is an associated response
function gi(u). Thus, for each multipole t the problem
reduces to solving the integral Eq. (1) to obtain the cor-
responding t

&
. We give in Appendixes A and 8 some

technical details concerning the computation of V&~ and
gRPA

Specific calculations have been carried out for the ex-
ternal fields Vp'"t = r2Ypp (l=0) and Vi'"t(r) = riYip(r)
with /=2 and 3. The associated mq sum rules are

OO

m (t g 0) = l(2t + 1) r p(r)dr
2m 0

(26)

For l=1, the latter equation reduces to

h 3mi(t=1) = —N .
2m 4x (27)

TABLE II. Collective energies (K) of selected HeN drops.

The l=1 mode corresponds to a translation of the drop
as a whole and should lie at zero excitation energy. We
have verified that this energy is always very small, in the
range of 0.05—0.1 K, and that the mq sum rule is fulfilled
in all cases to within a 5% or better.

We collect in Table II our results for the )=0, 2, and
3 multipoles corresponding to pure HeN drops with
N = 40, 70, 112, 240, and 728. For l=0, the strength
is shared by two states, one in the discrete (hu (~ y~ ~)

and another in the continuum part of the spectrum. Most
of the EWSR, actually, around 75/p and even more, is
concentrated in the first state. When the size of the drop
increases, the tendency of the l=0 strength is to concen-
trate in a single peak that almost exhausts the EWSR.
For /=2 and 3, the strength is concentrated in a single
state lying in the discrete region. The resonant states are
very narrow, even those lying in the continuum region.

0.5— l =3

h~1 Jo EWSR h~2 'Fo EWSR

0 I

0 2

q(A")

FIG. 2. Static polarizability of liquid He. The experi-
mental points (dots) are from Ref. 44. The solid line corre-
sponds to the present calculation, and the dashed hne to that
in Ref. 26.

40 3.04
70 3.22
112 3.27
240 3.16
728 2.69

73
73
73
82
95

5.32
5.35
5.37
4.77
4.33

25
23
24
16
3

1.35
1.11
0.89
0.62
0.35

2.19
1.96
1.62
1.19
0.71
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TABLE III. Chemical potential p and collective energies (K) of selected He~+Xe drops .

l=o l =3

huI % EWSR hu2 % EWSR % EWSR

40
70
112
240
728

-3.14
-3.35
-3.65
-4.16
-4.69

3.12
3.23
2.92
2.66
2.26

20
59
48
52
63

7.34
5.52
4.28
4.19
3.24

42
27
20
36
28

11.04
9.57
6.61
5.91
4.15

36
13
30
7
7

1.89
1.27
0.91
0.38

2.58
2.03
1.62
0.98
0.32

The results of Table II are in good agreement with
those of Ref. 21, thus confirming that the range of the ef-
fective interaction affects these modes only very slightly.
We obtain excitation energies systematically smaller than
those in Ref. 21, but rarely difFering by more than 10%.
In Ref. 6, the l=0 and 2 collective states of He~ with
N = 20, 40, 70, and 112 have been obtained using a Feyn-
man ansatz and the diffusion Monte Carlo g.s. wave func-
tion. The collective energies are higher than the present
ones, especially for the l=2 modes.

At this point, we would like to draw the attention on
the di6'erent behavior of both helium isotopes regarding
the position of the collective peaks in the spectrum of a
drop. The monopole strength of HeN lies in the con-
tinuum region, and so does the strength of quadrupole
modes for small drops. This is due to the low absolute
value of the chemical potential of the liquid, which is
even smaller for drops due to the positive surface con-
tributions, and to the repulsive character of the resid-

ual ph interaction. Above N 100, the situation is
reversed and the quadrupole mode lies in the discrete
region. Higher l modes are very &agmented and in the
continuum. 4s Opposite to these facts, all calculations of
4He~ spectrum so far reported yield modes that basically
lie in the discrete region, even if the residual ph interac-
tion is repulsive, the reason being the rather large value
of the 4He chemical potential.

We show in Fig. 1 how the presence of a Xe impurity
changes the density pro61e. It strongly in6uences the
spectrum of the drops, as one can see comparing the re-
sults collected in Tables II and III. The monopole mode of
doped clusters is more &agmented, and for small drops,
its strength lies in the continuum region (compare

~ p ~

and huq in Table III). The surface l $0 strength is still
concentrated in a single mode in the discrete part that
practically exhausts the EWSR, although a second I,=2
and l=3 mode carrying very little strength appears for
N = 40 in the continuum part of the spectrum with hu
=3.5 K and 5.4 K, respectively.

The N systematics of the low surface I modes is siz-
ably afFected by the presence of the Xe atom. For small

6x103—
4x 1Q6

4x 10

4
Hp

L=O
3x10 H p72s

l =0

2x1Q—

5
E (K)

I

I

I

i

I
I
a

l

10 15

LU
2x 1Q6—

1P6

iI

iI
ii

iI

i&

il
II
II

iI
il
I

~
I

I
I

E (K),

FIG. 3. Monopole strength in K A. of He4o (solid line)
and of He4o+Xe (dashed line).

FIG. 4. Monopole strength in K A of He72s (solid line)
and of Her2s+Xe (dashed line).
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H e728

30

FIG. 5. Transition density Spp(r ) in arbitrary scale of the
first monopole collective state of Heypp (solid line) and of
Her2p+Xe (dashed line).

20
& (A)

FIG. 6. Transition density bp2(r) in arbitrary scale of the
first quadrupole collective state of He24p (solid line) and of
Heq4p+Xe (dashed line).

clusters, the peak is pushed upwards in energy, but for
large clusters the energy decreases, collapsing to zero for
the quadrupole mode of the X = 728 drop.

Figures 3 and 4 show the monopole strength corre-
sponding to X = 40 and 728, respectively. The solid-Line

peaks are the collective states of pure drops, and the
dashed-line peaks, those of the doped clusters. The vol-
ume character of monopole states is apparent from the
transition density. As an exainple, we show in Fig. 5 the
transition density bpo associated with the first t=0 state
of the N = 728 drop (solid line) and of the He72s+Xe
drop (dashed line). Interestingly, the monopole transi-
tion densities display persistent oscillations of the kind
found in Ref. 6, which are missing in the total density.

The I $0 transition densities are peaked at the sur-
face, thus conferring a definite surface character to these
modes, and possess almost no structure. As an exam-
ple, we show in Fig. 6 the bpz transition density corre-
sponding to the first quadrupole state of the He24o and
Hez40+Xe drops.

V. SUMMARY AND OUTLOOK

In this work we have investigated the density-density
response of doped He droplets in the RPA frame. To this
end, we have constructed a He-He finite range efFective
interaction that reproduces with reasonable accuracy the
properties of the homogeneous liquid that are relevant for
the problem here proposed. Single-particle wave func-
tions and energies have been evaluated solving a mean
field equation and the effective quasiparticle interaction
has been extracted performing a twofold functional dif-
ferentiation of the total energy.

As an example, detailed results have been obtained for
the case of a Xe impurity placed at the center of the
drop. We have shown that the properties of the spec-
trum are largely affected by the presence of the impu-
rity, which pushes the monopole strength upwards and
the low-lying surface xnodes downwards in energy. As
a by-product, we have verified that the spectra of pure

droplets exhibit strong differences with respect to those
of the He~ clusters, concerning the energy location of
the low multipolarity modes.

Both the experimental and the theoretical knowledge
of these doped clusters is currently rather scarce. From
the theoretical point of view, the most systematic stud-
ies have been carried out for 4He~ drops within the den-
sity functional method. s 4s Variational Monte Carlo cal-
culations of Heiv+H2 (Ref. 47) and path integral Monte
Carlo calculations of sHe+N+Li (Ref. 48) for small N are
also available, as well as variational and diffusion Monte
Carlo calculations of He4+SF6, however only concern-
ing the properties of the g.s.

The feasibility of the density-functional method makes
it possible to investigate the eKect of different impurities
on the energy spectrum of doped He and He clusters
of any size. DiKerent noble gases interact with the he-
lium atoms with the same functional form of the poten-
tial in Eq. (18),i7 however with slightly modified scales;
thus no substantial variations are to be expected with
respect to the results here presented. Alkali atoms lo-
cated in the center of the cluster seem to push the he-
lium density outwards to a large extent, allowing one to
expect sizable efFects in the collective spectra; unfortu-
nately, the interaction field is not suf6ciently well estab-
lished and very qualitative features could be examined at
most. Molecules of SF6 may perhaps offer a rich perspec-
tive in view of their possibility of being captured in the
surface, rather than in. the center, of the cluster. ' A
strict treatment of these ixnpurities would then require an
anisotropic HF calculation in order to produce the major
ingredients for the computation of the RPA response. A
systematic study of these effects is now in progress and
will be presented in a forthcoxning article.
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APPENDIX A: MULTIPOLAR DECOMPOSITION
OF THE PARTICLE-HOLE INTERACTION

In this appendix we sketch how to decompose the
weighting function W(l r —r '

I) and finite-range potential
V(I r —r' I) into multipoles.

Introducing the step function 8, one can write

~(lr —r'I) =
4 $,8(lr —r'I) (Al)

and the problem reduces to obtaining ei(r, r') from

(2) If
I
r —r' I& o & r + r', then

(v+v')
+

~2

du V, (u) Pi (u)

du Vi,g (u) Pi (u) . (A7)

(3) If r+r' ( o., then

(A8)

V(I r —r'
I) =) Vi(r, r')Pi(r" r')

l

2l + 1 ("+"')'
Vi(r, r') =, duV, (u)Pi(u).4rr' („„i)g

All these integrals are analytical and yield W~(r, r') and

Vi(r, r') Sin.ce, for example,

+'
O, (r, r') = dx O(h —gr2 + r'2 —2rr'z )

2
=).2) IVi(r, r')&i' (r)&i (r'),

l,m
(A9)

xPi(x), (A2)

where x = r" r"' and P~ is a Legendre polynomial. One
can distinguish three regions.

(1) If h &I r —r' I, then

Oi(r, r') = 0 . (A3)

(2) If
I
r —r' I& h & r + r', then

+'
Oi(r, r') =

(7 ~+r' ~ —h~)/2V V'

(3) If r + r' ( Ii, then

2l+1
Oi (r, r') = dzPi (z)

—1

LO

dxPi (z) . (A4)

(A5)

+'
Vi(r, r') = dzVj, g(x)Pi(z)

2 —1

2l + 1 ("+"')'

477 (& &i )Q

duVi, J(u)Pi [z(u)] . (A6)

To work out similar expressions for the Gnite-range po-
tential V(I r —r' I), let us call Vi,g(l r —r'

I) its I ennard-
Jones part, and V, (l r —r' I) its core part. Defining
u = r + r' —2rr'x, we distinguish again three regions:

(1) If o &I r —r' I, then

using the preceding expressions it is straightforward to
obtain Vi~ in Eq. (22), from Eq. (21).

APPENDIX 8: SOLUTION OF THE RPA
INTEGRAL EQUATION

We have solved the HF equation (15) with a spatial
step Ar = 0.5 A. , the same used to solve Eq. (1). For
positive energy sp states, we have employed the standard
trick of enclosing the droplet in a sphere of large radius
Bo, and have required the sp wave functions to van-
ish at Ro. We have taken Ro ——30 A, except for the
largest cluster here studied, N = 728, for which we chose
Ro ——35 A.. We have checked that the final results are
not appreciably affected by changes in. Ar and Bo.

The small energy parameter e in Eq. (2) was fixed to
0.01 K, and the response was obtained in energy steps of
0.01 K &om zero to 10 K. Due to its special characteris-
tics, the monopole strength of He728+Xe was calculated
using a step of 0.02 K up to an energy of 20 K. The width
at half height of the resonant states is a few times e, and
the number of sp states considered in the evaluation of
G& was 10, which roughly corresponds to a maximum en-

ergy difference E„o between 15 and 35 K depending on
the size of the droplet and the angular momentum l.

For a given multipolarity, Eq. (1) has been written as

(B1)

The integrals have been discretized using a simple rect-
angular integration rule, and the one-dimensional Dirac's
function represented as M;i, —h; g —(b,r) ri, ) r Gi (r;,r, ur)Vi~"(r, rg) .

b(ri —r4) Pb RPA Odr4r4 — drsrs Gi(ri, rs, id) Vi (rs, r4) Gi (r4, r2, id) = Gi(ri, r2, id) .
+1~4

where

b(r; —r)=.b, ;
2 Ar (B2)

Thus, (B1) becomes the following matrix equstjon:

) M;i, G, (ri„r~, (u) = G, (r;, r , id), (B3).

(B4)
The matrix GiRP (r;, r~, id) is obtained from the matrix
product

G, (r;, r, (u) = ) (M );i, G, (ri„r, , cu) . (B5)
k
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