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We present a quantum Monte Carlo study of the structure and energetics of silver doped helium
clusters AgHen for n up to 100. Our simulations show the first solvation shell of the Ag atom to
include roughly 20 He atoms, and to possess a structured angular distribution. Moreover, the
2P1/2←2S1/2 and 2P3/2←2S1/2 electronic transitions of the embedded silver impurity have been
studied as a function of the number of helium atoms. The computed spectra show a redshift for
n<15 and an increasing blueshift for larger clusters, a feature attributed to the effect of the second
solvation shell of He atoms. For the largest cluster, the computed excitation spectrum is found in
excellent agreement with the ones recorded in superfluid He clusters and bulk. No signature of the
direct formation of the proposed AgHe2 exciplex is present in the computed spectrum of AgHe100.
To explain the absence of the fluorescentD2 line in the experiments, a relaxation mechanism
between the2P3/2 and the2P1/2 states is proposed on the basis of the partial overlap of the excitation
bands in the simulated spectra. ©2002 American Institute of Physics.@DOI: 10.1063/1.1518472#
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I. INTRODUCTION

Superfluid4He clusters represent a gentle environm
where high resolution spectroscopic studies of atoms, ato
clusters, and molecules at low temperature can be car
out.1 In such cold and fluid quantum systems many pertu
ing effects due to the temperature and solid matrices
absent, making easier the interpretation of the experimen
recorded spectra. Moreover, their superfluid behavior allo
interesting quantum effects to take place and to be exp
mentally probed~for instance see Refs. 2 and 3!.

Whereas the coupling of the rotational and vibration
motion of the molecules with the quantum motion of t
solvent is permitted by the similarity between energy leve
the electronic structure of an atom is characterized by ene
differences orders of magnitude larger than the ones nee
to induce excitation in the atomic motion. Although this d
ference might seem to work in the direction of simplifyin
the physical description of the electronic transition p
cesses, many important details still wait to be clarified. As
example, the fluorescentD2 emission line~i.e., the 2S1/2

←2P3/2 radiative transition! of single valence electron heav
atoms dispersed in superfluid helium is absent, while theD1

line (2S1/2←2P1/2 transition! is sharp and only slightly
shifted ~1–2 nm! to the blue.4 This is in contrast with the
large broadening and strong blueshift of the absorption lin
Moreover, some features of the LIF spectra of the disper

a!Electronic mail: Massimo.Mella@unimi.it
b!Present address: Laboratory of Inorganic Chemistry, ETH Ho¨nggerberg,

CH-8093 Zürich, Switzerland; Electronic mail:
Colombo@inorg.chem.ethz.ch

c!Electronic mail: Gabriele.Morosi@uninsubria.it
9690021-9606/2002/117(21)/9695/8/$19.00

Downloaded 13 Nov 2002 to 163.1.103.124. Redistribution subject to A
t
ic

ed
-
re
lly
s
ri-

l

,
gy
ed

-
n

s.
d

Ag were interpreted as signature of the AgHe and AgH2

exciplexes formation.5

The blueshift and broadening of the absorption lin
have been interpreted by means of a ‘‘bubble model.’’ He
the dispersed atom is enclosed in a spherical cavity du
the exchange repulsion of its valence electrons and the
ones. The liquid He around an atom is modeled by an i
tropic sharp-edge density profile with no atomic intern
structure. However, both the simple spherical bubble mod6

and the one where quadrupolar distortions of the spher
cavity are allowed7 neither quantitatively predict the absorp
tion spectrum of Cs and Rb, nor allow one to interpret t
small splitting of the RbD2 line. Reasonably, the lack of an
shell structure in the helium density profile, the absence o
full atomistic description during the excitation process, a
the physically incomplete description of the bubble distorti
by means of simple quadrupolar deformations may be h
responsible for this undesirable outcome.8

In order to gain a better understanding of the excitat
process and its dependency on the degree of ‘‘solvation’
the impurity, we feel a direct many-body simulation of th
excitation spectra to be mandatory. This also allows one
explore the change in the spectra upon the increase of
number of He atoms in the clusters, and, at the same time
test the validity of our theoretical approach.

With these goals in mind, we present a diffusion Mon
Carlo study of the2P3/2←2S1/2 and 2P1/2←2S1/2 absorption
spectra of silver doped helium clusters. The Ag spectru
both in bulk helium and in He clusters, has been dee
studied and well characterized5,9–11 showing that Ag is in-
deed solvated. Moreover,ab initio interaction potentials be
tween He and the excited2P1/2, 2P3/2, and2S1/2 states of Ag
are available.12 In principle, a thorough assessment of t
5 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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quality of these potentials for the AgHe dimer would requ
computing a few relevant quantities and comparing the
sults with experimental data. To the best of our knowled
no experiments directly probing the AgHe dimer propert
have been published so far, and this hinders a direct c
parison. However, on the basis of these potentials the b
band at 382 nm in the fluorescence spectrum was accur
reproduced and assigned to the AgHe and AgH2

exciplexes,5 and the solvatation of the Ag atom inside the H
clusters was correctly predicted. These two facts seem
indicate, although indirectly, the good accuracy of theseab
initio interaction potentials, so we chose to employ them
our many-body simulations.

II. METHODS

Pure and doped He clusters are characterized by t
highly quantum nature, a feature that manifests itself in
small total binding energy and in the anharmonic motion
both the doping impurity and the He atoms. These facts
out the possibility of using a semiclassical approach, tha
to define an equilibrium geometry, found by minimizing th
potential, whose energy is corrected for the zero point ene
of the harmonic motion. On the other side, the size of
clusters does not allow for a quantum approach exploitin
basis set expansion as commonly done for few-body s
tems. To tackle the atomic description needed to compute
excitation spectra, we believe the quantum Monte Ca
~QMC! methods are the best suited techniques. Since th
methods are well described in the literature,13 we restrain
ourselves from presenting long discussions, except for
technical details that are relevant to the present work. In
respect, we simply state that the QMC family of metho
could be partitioned into two branches with respect to
possibility of including or not including thermal effects i
the simulation. The path integral Monte Carlo~PIMC!
method allows one to sample the quantum thermal den
matrix r~R8,R,b!, so that finite temperature effects can
included, and to recognize more easily the onset of su
fluid behavior. Conversely, the variational Monte Ca
~VMC! method allows one to optimize a trial wave functio
CT(R) and to successively compute any expectation val
^O&VMC from it, while the diffusion Monte Carlo~DMC!
method corrects the remaining deficiencies of the variatio
description projecting out all the excited state compone
and samplesf (R)5C0(R)CT(R), or less commonlyf (R)
5C0

2(R). Here,C0(R) is the ground state wave function.
For the doped He clusters, the choice of a zero or a fi

temperature method is dependent on the relative importa
of the thermal excitation in the He atomic motion. Pure
clusters are usually very cold~their temperature is considere
to be roughly 0.3–0.4 K!. For example, for He10, whose
excitation gap between the ground and first vibrational
cited state is estimated to be 1.7 K~1.2 cm21!,14 the popula-
tion ratio is roughly 0.04. For the Ag doped clusters, w
anticipate that one should expect a larger gap with respe
the pure case on the basis of the AgHe interaction poten
well, roughly 11 cm21 ~15 K!, and of its total energy of abou
24.0 cm21 ~25.5 K!. If we made the conservative estima
Downloaded 13 Nov 2002 to 163.1.103.124. Redistribution subject to A
-
,

s
-

ad
ely

to

n

ir
e
f
le
is

y
e
a
s-
he
o
se

e
is
s
e

ty

r-

s

al
ts

te
ce

-

to
al

for the gap of 1.4 cm21 ~2 K!, the population ratio would
drop down to 0.007, therefore showing that thermal exc
tion, although present, should not modify substantially
results obtained by means of a zero temperature method
conclusion, we select DMC as our method of choice. Nev
theless, we mention that PIMC should be the prefer
method when one is interested in the local superfluid beh
ior around a dopant, or when structural properties could
modified by adding kinetic energy to the system due
heating.15

In atomic units, the Hamiltonian operator for our AgHen

clusters reads as

H52
1

2 S (
i

n
¹ i

2

m4He
1

¹Ag
2

mAg
D 1V~R!. ~1!

For the clusters with the silver atom in the2S1/2 electronic
ground state, we assume a potential of the form

V~R!5(
i , j

n

VHeHe~r i j !1(
i

n

VAgHe~r i !. ~2!

For VHeHe(r i j ) we employed the Tang–Toennies–Yiu~TTY!
potential,16 and forVAgHe(r i) we fitted the2S AgHe poten-
tial by Jakubek and Takami12 by means of the analytica
form

VAgHe~r !5A exp~2Br !1
C

r 101
D

r 8 1
E

r 6 , ~3!

where A53 870 264.2 cm21, B52.763 797 6 Å21, C
512 443 020 Å10cm21, D52 491 338 Å8 cm21, and E
567 213.355 Å6 cm21. Figure 1 shows both the TTY and th
VAgHe potentials in order to allow for a direct comparison. A
a test of our fitted potential, we computed the energy of
AgHe dimer by means of a grid method17 obtaining24.021
cm21: this value differs from the result of Ref. 12,24.000
cm21, by only 0.021 cm21. No bound excited states wer
found.

Whereas, in principle, the two-body potential is only
approximation to the many-body one, this choice is justifi
on the basis of the perturbation theory. Since only a sm
charge transfer is present in AgHe,12 the main component o
the interaction energy in the attractive region of the poten
is the dispersion one. Due to the small dipolar and quad
polar polarizabilities of He18 and to the short range depen
dency on the interatomic distances, the terms coming fr
three-body effects~e.g., induced dipole–induced dipole
induced dipole and induced dipole–induced dipole–indu

FIG. 1. He–He and Ag–He pair interaction potentials.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



9697J. Chem. Phys., Vol. 117, No. 21, 1 December 2002 Ag doped helium clusters

Downloaded 13 N
TABLE I. Total ~cm21! and evaporation energy~cm21/atom!, D1 and D2 absorption wavelengths~nm! for
AgHen clusters.

n EVMC(n) EDMC(n) D(n) EVMC /EDMC D1 D2

Free Ag 338.3 328.1
1 24.0243~2! 24.0212~9! 0.99
2 28.1724~3! 28.2333~5! 4.212~1! 0.99 344.5 334.8
3 212.450~1! 212.598~2! 4.365~2! 0.99 344.2 334.6
4 216.831~1! 217.112~1! 4.514~2! 0.98
6 225.966~2! 226.478~2! 4.683~2! 0.98 342.6 333.3
8 235.369~4! 236.259~4! 4.891~2! 0.97 341.3 332.3

12 254.213~7! 256.68~1! 5.105~5! 0.96 339.6 329.8
13 257.939~6! 261.78~1! 5.10~1! 0.94
14 262.184~8! 266.84~1! 5.06~1! 0.93
15 266.20~1! 271.61~5! 4.77~5! 0.92 338.3 328.5
19 278.60~4! 289.31~2! 4.43~1! 0.88
20 281.21~9! 293.17~3! 3.86~4! 0.87 337.3 327.6
24 294.28~8! 2107.14~4! 3.49~1! 0.88
25 296.80~5! 2110.3~1! 3.2~1! 0.88
29 2110.62~5! 2123.17~7! 3.22~3! 0.90
30 2111.86~4! 2126.11~7! 2.9~1! 0.89 336.2 326.6
40 2140.22~8! 2158.70~6! 3.26~1! 0.89 335.5 325.7
50 2166.4~1! 2191.3~3! 3.26~3! 0.87 334.7 324.9
60 2197~1! 2225.1~2! 3.38~4! 0.87 333.8 323.9
70 2220~1! 2259.9~4! 3.48~4! 0.85 333.4 323.6
80 2245~1! 2292.4~7! 3.25~8! 0.84 332.5 322.7
90 2270~1! 2326.2~7! 3.4~1! 0.83 331.9 322.0

100 2289~2! 2357.3~6! 3.1~1! 0.81 331.6 321.7
on
ar
a
a

pr

in

n

th
s

ca
v

a

lly

W

ble

to
the

one

of
the

of
ing

o
ly
s
en
ive
al
quadrupole! are expected to be small in the same regi
Moreover, three-body terms in the van der Waals trimer
usually slightly attractive at short distances, therefore we
ening the repulsive interaction, and only slightly repulsive
distances larger than the equilibrium one. Besides, in a
vious work19 we showed that also in the case of He2H2,
where a charge-induced dipole–induced dipole effect
present, this accounts only for less than 1% of the total
teraction energy.

As to CT(R), our trial wave function has the commo
form

CT~R!5)
i , j

n

c~r i j !)
i

n

f~r i !, ~4!

where no one-body part was used, and

c~r !5f~r !5expH 2
p5

r 52
p3

r 32
p2

r 22p1r 2p0 ln~r !

1a exp@2b~r 2r 0!2#J . ~5!

Here, with respect to the usual Rick–Lynch–Doll form20,21

we added two more terms in the exponent to improve
overall quality of the trial function. Specifically, wherea
2p3 /r 3 was added to reduce the fluctuation of the lo
energy in the repulsive region of the pair potential as pre
ously done,19 the a exp@2b(r2r0)

2# term was introduced to
improve the second shell description at the VMC level,
suggested by Reatto.22

The parameters of the model wave function were fu
optimized minimizing the variance of the local energy23,24

for each cluster using a fixed set of 5000 configurations.
ov 2002 to 163.1.103.124. Redistribution subject to A
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refer to our previous works19,25 for full details of the optimi-
zation procedure. The optimized parameters are availa
from the authors upon request.

The optimized wave functions were successively used
guide a set of 5000 configurations in order to sample
distributions f T(R)5CT

2(R) ~by means of VMC! or f 0(R)
5CT(R)C0(R) ~by means of DMC!. These distributions
were used to compute the mean energy and the exact
using the mixed estimator

^H&T~0!5
* f T~0!~R!Hloc~R!dR

* f T~0!~R!dR
~6!

as well as the mixed and second-order estimate^O&SOE

52^O&02^O&T of many other expectation values~e.g., the
interparticle distribution functions!.13 The SOE was used in
order to reduce the bias introduced in the mixed estimate
operators that do not commute with the Hamiltonian by
use of a nonexact trial wave function. Since the accuracy
our model trial wave function deteriorates upon increas
the number of atoms, we present only SOE results.

III. RESULTS

A. Structure and energetics

The VMC and DMC energiesE(n) for the AgHen clus-
ters with n up to 100 are shown in Table I. The rati
EVMC /EDMC is larger than 0.9 for the clusters including on
a first shell~see the following!, and progressively decrease
during the building of the second shell, evidencing that ev
the Reatto’s term included in the wave function does not g
enough flexibility. In Table I, we also report the differenti
quantity
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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D~n!52@EDMC~n!2EDMC~m!#/~n2m!. ~7!

E(m) is the energy of the largest cluster AgHem having m
,n. D(n), also shown in Fig. 2, can be interpreted as
evaporation energy of an He atom from the cluster.

Before commenting on the energy results, in order
make the discussion clearer we anticipate that Ag was fou
during our simulations for the largest clusters, to reside cl
to its geometrical center, therefore indicating its nature
solvated impurity.

The data in Table I and Fig. 2 show thatD(n) does not
possess a monotonic behavior. Instead, the steady incr
for n,13 is followed by a rapid decrease in value befo
plateauing forn;25. This behavior could be interpreted in
voking different effects. Forn,13, a newly added He atom
experiences the bare Ag interaction potential plus the in
action with the already present He atoms, which acts p
tively, increasing the binding energy. Quantitatively, w
found the changes ofD(n) versusn similar to the ones ob-
tained for Hen ,21 HenH2,19 and HenHF.26 For the solvated
HF and Ag, this effect seems to be independent of the na
of the doping impurity, so one may interpret it as a dynam
cal many-body effect of the interacting helium atoms. He
it is fair to say that another explanation might be valid due
the fluxional nature of the He clusters. This feature allo
any He atom in a small cluster to ‘‘feel’’ on average th
interaction with all the remaining ones. However, in dop
species this may happen only if the impurity resides on
surface~as in the HenH2 case, for instance! so that the He
atoms cluster together. In the following we will show th
strongly interacting impurities like HF and Ag tightly bin
He atoms effectively forbidding the possibility of having on
He on top of a second one until the first shell is filled. S
any atom in the Ag first shell can have on average five or
neighbors at most, so that the increase in the chemical
tential should stop aroundn56. Since this is not the case, a
shown in Fig. 2, we are left with the possibility that th
aforementioned dynamical many-body effect plays a relev
role in defining the energetics of our smaller clusters. Ho
ever, we feel more computational work should be done
order to better clarify this issue.

Beyond AgHe13, the value ofD(n) decreases, indicating
the onset of a repulsive interaction. This could be attribu
to an ‘‘excluded volume’’ effect, where each new He
strongly attracted by Ag in its first coordination shell, but h
to ‘‘find room’’ for itself forcing the other atoms to increas
their local density, and increasing their average kinetic
ergy. Finally, for clusters larger than AgHe25, the evapora-

FIG. 2. D(n) values as a function of the number of He atoms.
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tion energy remains roughly constant around 3.1–3.5 cm21,
indicating that a new He atoms experiences a quite differ
environment than forn,25.

The D(n) value for 50<n<100 is similar to the one
obtained in clusters containing different solvated impur
~see, e.g., Ref. 26 for the case of HF, and Ref. 27 for OC!.
However, the behavior ofD(n) for small n ~i.e., an increase
followed by a decrease! more closely resembles the on
found in the case of HF as impurity than in the OCS case
almost monotonically decreases to the limiting value. W
interpret the finding for HF as due to the free rotation of th
molecule inside the clusters. This means that the He envi
ment feels a rotationally averaged potential so that HF
pears like a strongly interacting spherical impurity, hen
similar to Ag. Different from HF, the OCS–He interactio
potential is characterized by a strong anisotropy with th
deep and well separated minima located oppositely to th
and S molecular ends, as well as close to the central C a
As shown in Ref. 27, due to the anisotropy the He ato
occupy first the miminum close to the C atom, and on
successively the minima close to O and then to S. Moreo
due to the barrier between the three minima, the He den
for the clusters up to 20 helium atoms also shows three w
separated and sharp peaks in the plane of the (R,u) Jacobi
coordinates. We believe the different shape and magnitud
the OCS interaction potential to be the cause of the ‘‘app
ent’’ absence of the increase inD(n). More specifically, due
to the smaller volume available for each He in the regions
every minimum, it seems possible that the dynamic ma
body effect may be compensated by an increase in the a
age kinetic energy. That this is exactly the case could
shown only by computing this last quantity, or by computi
the energy differences27 with an increased statistical accu
racy, since the effect has a magnitude of roughly 0.1 cm21.

Another interesting energetical quantity is represen
by the binding energy of the Ag atoms to the He clust
Ebind(n)5EHen

2EAgHen
as a function ofn. This is shown in

Table II for n up to 40, together with the energy of the re
erence Hen cluster. From these results it emerges that
AgHe40 the Ag binding energy is not yet fully converged
the limiting n→` value. An extrapolation to largen gives a
binding energy of around 100 cm21, that is forn540 more
than the 80% of this quantity is already recovered. This

TABLE II. Total energy~cm21! of the Hen clusters, and their Ag binding
energyEbind(n). Energies forn52 – 8 are from Ref. 21, forn512,13 are
from Ref. 19.

n EHen
Ebind(n)

2 20.000 89~1! 8.232~1!
3 20.087 84~7! 12.510~2!
4 20.3886~1! 16.723~1!
6 21.6077~4! 24.870~4!
8 23.568~2! 32.682~4!

12 28.746~7! 47.93~1!
13 210.299~4! 51.55~1!
20 223.04~1! 70.13~3!
25 230.6~3! 79.7~3!
30 242.06~2! 84.05~7!
40 269.9~2! 88.8~2!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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sult gives some clue about the maximum number of He
oms that should leave the cluster in order to dissipate
excess energy released during the binding of Ag to the d
let. The evaporation energy of a single atom being aro
3.3 cm21, as can be calculated from Table I, this number
around 30, hence much smaller than the average numb
He atoms in a droplet.

In order to better clarify the structural properties of t
Ag doped clusters, during the VMC and DMC simulatio
we computed average distances and sampled various p
ability distribution functions for the particle–particle dis
tance and for the distance of an atom from the geometr
center of the cluster

Rgc
AgHen5

( i 51
n r i1rAg

n11
, ~8!

and the center of the He moiety

RgcHe
AgHen5

( i 51
n r i

n
. ~9!

Figure 3 shows the mean value of the Ag and He d
tances from the center of the He moiety~see Eq.~9!! as a
function of the number of He atoms in the cluster. The av
age distance of He shows a monotonic increase, but the t
is reversed in the Ag case where a steady decrease o
average distance forn,20 is followed by less marked
changes. Moreover, a small increase in the average dist
of Ag from the He center is also visible for the range
<n<50. The two global trends shown by Fig. 3 clearly su
port the notion of a solvated Ag inside the clusters. The st
decrease~increase! of the Ag ~He! distance forn,20 is con-
sistent with the formation of a spherical solvatation sh
around the impurity, followed by the growing of outer shel
To show that this is just the case, Fig. 4 represents the in

FIG. 3. Average distance of Ag or He from the geometrical center of the
moiety as a function of the numbern of He atoms.

FIG. 4. He density distributions around Ag forn512, 20, 30, 40, 50, 60, 80
and 100. The horizontal dashed line represents the pure He bulk dens
Downloaded 13 Nov 2002 to 163.1.103.124. Redistribution subject to A
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particle Ag–He probability density functions for cluste
having n from 12 to 100. These were normalized so th
4p*0

` r 2r(r )dr5n, therefore representing the local dens
of He atoms around Ag. The functions forn,20 have the
same shape as the AgHe20 one, so we plot onlyn512 in the
graph. As to AgHe30, the presence of a broad shoulder
large r, which successively develops into a well-defin
peak, unambiguously indicates a second shell. More inter
ingly, the height of the first peak continuously rises until t
second shell is completely filled, as indicated by the onse
another shoulder at large Ag–He distance for AgHe100.
Moreover, the density minimum between the first and sec
shell peaks also increases in height on going toward la
clusters, becoming just 15% less than the second shell p
height. This evidence can be interpreted as a direct signa
of the ‘‘nonrigidity’’ of the first He shell, as well as of an
easy exchange process between the first and second sh28

It is also worth mentioning that, being the Ag solvated in t
He moiety, the probability distributions of the He atoms wi
respect to the geometrical center of the cluster show
marked similarity to the ones presented in Fig. 4, especi
for the largest systems.

As to the angular distributions, Fig. 5 shows seve
cos~HeAgHe! distributions. The smaller clusters (n<20)
show a deep minimum for cos~HeAgHe!51 and a smooth
maximum located in the 0.6–0.8 range, both strong indi
tions of a structured distribution of the He atoms in the fi
solvation shell. As the overlap of the two atoms is forbidd
by their repulsion, the only arrangement havin
cos~HeAgHe!51 would be when an He is on top of a seco
one, but this possibility is hindered by the strength of the2S
AgHe potential that forces the He motion in a limited rad
region around Ag as shown by the AgHe12 radial distribu-
tion. Instead, the smooth maximum indicates the relative
calization effects due to the attractive interaction between
atoms. This effect is particularly evident for AgHe2 , whose
angular distribution function decreases on going tow
cos~HeAgHe!521. The position of the maximum shifts t
larger cos~HeAgHe! values on going fromn52 to n520,
suggesting a progressively more structured packing of the
atoms in the first shell, and agreeing nicely with the afo
mentioned ‘‘excluded volume’’ interpretation. The structur
packing is also supported by the shallow second peak loc
around 0.1 in the AgHe20 cosine distribution. Both the min
mum and the maximum are ‘‘smeared out’’ by adding H

e

.

FIG. 5. cos~HeAgHe! density distributions forn52, 6, 8, 12, 20, 30, 40, 50,
60, 80, and 100. Each distribution is shifted upwards with respect to
previous one by 0.1.
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atoms to AgHe20, a clear indication that the second shell
less structured and more fluid than the first one. Howe
the persistence in the AgHe40 and AgHe50 angular distribu-
tions of the maximum around 0.8 also supports the poss
ity of having a nonspherical shape of the cluster due to
attractive interaction between the second shell atoms. T
may cause the He atoms to stay preferentially closer to e
other, therefore preventing the formation of an homogene
distribution in the second shell, and perhaps also explain
the small increase of the Ag distance from the center of
He moiety noticed in Fig. 3.

B. Excitation spectra

As to the absorption spectrum of the embedded Ag at
we computed this observable using the semiclassical
proach proposed by Cheng and Whaley29 for the Franck–
Condon line shapes of an electronic transition in a conden
phase system. They adapted the semiclassical theory
Lax30 to the quantum Monte Carlo framework by taking in
account the temperature of 0 K. In the crudest Lax’s appro
mation, the spectral lines of a chromophore are compu
collecting the distribution of the differencesVexc(R)
2Vgs(R) over the sampledf (R). This amounts to averagin
over all possible thermally populated vibrational states of
system for the electronic ground state. In our case,Vgs(R)
3(Vexc(R)) is the interaction potential between the grou
~excited! state Ag atom with the surrounding He atoms. A
K, the vibrational ground state is the only one populated,
the Franck–Condon line shapes also assume a simple f
equivalent to collecting the distribution of the valu
Vexc(R)1( i , j VHeHe(r i j )2E0 , where E0 is the DMC
ground state energy~all the details of the derivation of thi
formula can be found in Ref. 29!. In applying this last equa
tion to predict the excitation spectra of Li doped solid H2 ,
Cheng and Whaley were forced to introduce an approxim
tion to E0 due to its infinite value in a crystal. In the case
a finite cluster the exact DMCE0 result can be ‘‘plugged in’’
the above-mentioned equation. This amounts to running
simulation of a given cluster twice, the first time to obta
the energy and the second time to compute the excita
spectrum. However, it is worth stressing that, different fro
the energy, the sampled spectrum was found to conv
quite rapidly, so that the total computational cost for a giv
cluster increases only slightly with respect to the ene
simulation.

The threeVexc(R) potential energy surfaces~PESs! for a
given cluster configuration are obtained from t
AgHe2P1/2, 2P3/2, and2S interaction potentials12 using the
diatomic-in-molecules approach.31,32 All the details needed
to compute the Ag excitation spectrum are well described
Nakayama and Yamashita for the isoelectronic valence m
als Li, Na, and K.15 However, for the discussion that wi
follow, we report two out of the six independent matrix el
ments needed to compute the total spin–orbit averaged a
batic potentials. These read
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U115U335(
i 51

n F11cos2~u i !

2
VP~r iAg!

1
sin2~u i !

2
VS~r iAg!G ~10!

and

U225(
i 51

n

@sin2~u i !VP~r iAg!1cos2~u i !VS~r iAg!#, ~11!

whereVP(r iAg) and VS(r iAg) are the interaction potential
without the spin–orbit coupling, andu i is the angle between
the r i2rAg distance vector and thez axis of the laboratory
coordinate frame. TheVP(r iAg) andVS(r iAg) potentials are
shown in Fig. 6. The spin–orbit coupling, responsible for t
splitting of the Ag spectrum in theD1 andD2 lines, is suc-
cessively introduced, neglecting its distance dependenc
indicated in Ref. 12. This approximation is expected to
fairly accurate due to the large average Ag–He distan
sampled during the simulations.

At this point, we feel a few remarks on the expect
accuracy of the approach employed to compute excited s
energies are needed. As already pointed out by sev
authors,33,34 this strategy is equivalent to a first-order pertu
bation theory treatment over the limited basis set compo
by threeP states. This choice has two major shortcomin
first, it does not allow one to completely include nonadditi
three-body effects in the excited PES due to the lack
second-order correction coming from the inclusion of He e
cited states in the basis set. Second, it does not allow
possibility of mixing Ag excited states different from theP
ones, therefore hindering the possibility of accurately d
scribing the anisotropic distortion of the electronic dens
Both these drawbacks might be cured by an higher or
perturbation theory approach over an extended basis set
taining, at least, the lowest lyingD states of Ag. The net
effects would be of introducing a higher degree of anisotro
in the excited PES, and of blueshifting the average abso
tion peak position. However, for the NaArn clusters
Langhoff34 showed that the changes in the computed spe
are not relevant~i.e., few tens of cm21!, and we believe this
would be the case also for our AgHen clusters. This is pri-
marily due to the smaller polarizability of He than Ar and
the largerP–D energy difference of Ag than Na. Also, fo
our larger clusters the Ag atom is embedded in an hig

FIG. 6. AgHeS and P excited states interaction potentials without spin
orbit coupling.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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isotropic environment, so that the mixing of theD states
should not play a major role in describing the overall sha
of the Ag electron density.

The spectra obtained collectingVexc(R)2Vgs(R) during
the simulations are shown in Table I, and in Fig. 7 for seve
representative clusters. The same quantities obtained by
lectingVexc(R)1S i , j VHeHe(r i j )2E0 are blueshifted by less
than 1 nm. The computed spectra clearly show the two se
rated bands deriving from the excitation of Ag into2P1/2 and
2P3/2 states, the second one also displaying the classical s
wavelength shoulder typical of theD2 line of heavy alkali
atoms in superfluid helium.6,7 For our largest cluster, theD1

and D2 lines have maxima located at 331.6 and 321.7 n
and a full width at half maximum~FWHM! of 4.3 and 9.8
nm, respectively. These results are in accurate agreem
with the experimental wavelengths 332.8 and 322.5 nm,
the FWHM 4.0 and 8.5 nm10 we measured from their spec
tra. It is worth noticing that both theD1 andD2 lines of the
Ag spectrum are strongly blueshifted with respect to the f
Ag ones. This feature indicates that for both the2P1/2 and
2P3/2 Ag states the overall interaction with the surroundi
He atoms is repulsive when embedded in the He distribu
generated by the Ag ground state. The destabilization of
Ag 2P1/2 and 2P3/2 states with respect to the free Ag can
quantified using our binding energy results for the grou
state together with the computed or the experimentally
corded spectra. Accepting as limiting valueEbind

5100 cm21 for n→`, one can use theD1 andD2 absorp-
tion lines in Table I to compute the binding energy of t
excited Ag to the He clusters using

Ebind
exc 5Ebind2~hnsolv2hnvac!, ~12!

so that one obtains E
bind

2P1/2
;2497 cm21 and E

bind

2P3/2

;2506 cm21. These two values indicate that the break u
of the excited system into the excited Ag atom and the
lium moiety is energetically the most stable dissociat
channel. Also, this finding supports the possibility that af
the excitation of the embedded Ag, this could leave
cluster,11 converting the excess energy into kinetic energy
just the excited state would survive long enough. Moreov
these results give quantitative support to the mechanism
posed in Ref. 11 to explain the recording of the Rydb
series of the2P1/2 Ag state after the first excitation of Ag
inside the clusters. In that case, the excited Ag seemed t
pushed out after the photon absorption, and this mechan
has been indicated11 as a possible way to inhibit the growt
of metal clusters inside the He droplet and, therefore, to

FIG. 7. Simulated absorption spectra for AgHen clusters withn512, 20, 40,
70, and 100. The vertical lines represent the free Ag spectrum.
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lect its number of metal atoms. However, it is also possi
for excited Ag to convert the excess energy exciting the
brational modes of the He atoms of the cluster. This mec
nism would probably produce a partial break up of the
moiety that could lose up to;500/3.3.151 atoms. In this
case, the dynamics of the excited Ag would be determin
only by the shape of the global interaction potential after
dissipation of the excess energy by the cluster. In particu
for the 2P1/2 state, it is highly probable that this would inte
act repulsively with all the He atoms in the first shell due
the effect of the spin–orbit coupling as indicated in Ref.
for the Na and K atoms. So, the net effect would be, again
push Ag outside the cluster. This idea is also consistent w
the fact that no exciplexes correlated to the2P1/2 were found
in liquid He,5 indicating that after the excitation and dissip
tion there is no pathway that could lead to the exciplex f
mation. These arguments cannot be used in the case o
2P3/2 state, so that we believe a quantum dynamical simu
tion of the process to be mandatory in order to shed so
light on this problem.

From the spectra shown in Fig. 7, it clearly appears t
the broadening of the absorption bands increases on g
toward larger clusters. This evidence indicates that the
electronic degrees of freedom are coupled with the motion
an increasing number of He atoms, and not only with tho
located in the first shell. More interestingly, whereas all t
clusters withn<15 show a redshift with respect to the fre
Ag lines, the ones withn>19 display a blueshift strongly
dependent on the number of He atoms. Here, the redshif
n<15 indicates that the clusters possess an internal distr
tion such that a vertical transition brings them in a region
the excited state potential where the complexes can for
bound state. This may give the possibility of produci
AgHen (n51 – 15) exciplexes starting from the correspon
ing clusters, and of studying experimentally their spectr
and decaying dynamics. Conversely, the larger clusters
vertically excited to repulsive regions of the PES, therefo
preventing the direct formation of larger exciplexes.

The blueshift forn>19, at variance with basic solvatio
concepts, indicates a large effect of the second shell filling
the absorption wavelengths. This is confirmed by the co
putational evidence that the excitation spectrum of AgHe100,
which shows the onset of a third shell, closely agrees w
the one of AgHe90 ~see Table I!. In order to rationalize this
observation, as well as the monotonic blueshift of the
sorption bands upon increasing ofn, one must notice that the
portion of the AgHe pair distribution located in the 10–1
bohr range overlaps with the tail of the repulsive excit
AgHe2S potential~see Fig. 6!. As a consequence, this zon
of the pair density introduces a net positive contribution
the diagonal elements of the matrix@see Eqs.~10! and Eq.
~11!# whose eigenvalues define the three electronic exc
PESs of the complexes. Since the magnitude of these co
butions is dependent on the local He density via the s
( VS(r ) over the He atoms falling in that range, there is
net increase of the values of the diagonal elements u
increasing the size of the cluster. This fact reflects itself i
positive shift of the eigenvalues, and hence in the blueshif
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the computed spectra. Besides, the computed spectra~see
Fig. 7! also show the interesting feature that the high ene
tail of the D1 excitation band overlaps more with the lo
energy part of theD2 one the larger the cluster. This featu
was also present in the spectra recorded in Ref. 10, bu
presence was not pointed out by the authors. In princi
this energetic overlap gives the2P states of the embedded A
a chance to couple together, therefore indicating that the
brational assisted depopulation ofD2 is energetically al-
lowed. Previously, Dupont-Roc35 proposed a mechanism th
explained the absence of the fluorescent emission of l
alkali atoms in He by invoking the quenching of the lowesP
state due to a strong binding interaction with the surround
He atoms, but that suggestion failed to account for the
sence of the fluorescentD2 line in the heavier alkali metals
At variance with this, the energetic overlap between the t
broad absorption bands found in our spectra may exp
both the presence of theD1 and the absence ofD2 bands in
the fluorescence spectrum while exciting theD2 line,5 and
the fact that only the2P1/2 Rydberg series has been record
in Ref. 11. Again, a quantum dynamical simulation appe
to be mandatory in order to more thoroughly define
mechanism.

IV. CONCLUSIONS

In this study, we investigated the energetics and struc
of Ag doped He clusters by means of the VMC and DM
techniques. These methods are well suited for these clu
since the thermal effects are expected to play only a m
role in defining their properties. Moreover, we also simula
the Ag2P1/2←2S1/2 and 2P3/2←2S1/2 excitation spectra for
various clusters, highlighting the unusual behavior of the f
quency shifts with respect to the free atom excitations ver
the numbern of He atoms, namely negative forn,15 and
positive forn.19. For our largest clusters, the locations
the two maxima of the computed spectrum were found
accurate agreement with the experimental ones, differing
less than a 1 nm. This small residual discrepancy, which c
be accounted for by some inaccuracy in the interaction
tentials between the excited state of Ag and He, in our v
indicates the effectiveness of the theoretical approach
ployed to model the excitation process. This finding allo
one to tackle the modeling of more complicated doping i
purities, like metal dimers and small clusters, as well
small organic molecules, with good confidence.

Based on our results, we also propose that small Agn

clusters, excited by means of light source, could lead to
formation of exciplexes containing up to 15 He atoms, a
that the excited Ag could be ‘‘spited out’’ by larger cluster
Moreover, the partial energetic overlap between the sim
lated D1 and D2 excitation bands seems to indicate tha
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vibrational relaxation between the two2P states is possible
However, a detailed simulation of the internal cluster dyna
ics is mandatory in order to clarify all the details of th
processes involved after the metal excitation.
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