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Electronic decay of valence holes in clusters and condensed matter
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Following innervalence ionization of a cluster, the system can relax by electron emission, a phenomenon
called intermolecular Coulombic decay. This process is characterized by an efficient energy transfer mecha-
nism between neighboring monomers in the cluster. A theoretical description within the framework of Wigner-
Weisskopf theory is developed, thus enabling a detailed analysis of the decay process. The main result of the
formal treatment, a simple, approximate expression for the electronic decay width of an innervalence hole
state, is applied to investigate the effect of cluster size. On the basis of extensiveab initio calculations,
pronounced size effects are found in the concrete example of neon clusters. The decay lifetime decreases in a
monotonic fashion from hundred femtoseconds in Ne2 down to less than ten femtoseconds in Ne13. Sugges-
tions are made how to facilitate the experimental observation ofintermolecular Coulombic decayin clusters
and condensed matter.
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I. INTRODUCTION

At sufficiently low temperatures any molecular species
the gas phase condenses to form liquid or solid matter. T
cally, the interactions responsible for condensation—van
Waals forces or hydrogen bonds—can be classified as w
With the aim of gaining insight into the properties of co
densed matter systems, for many years researchers have
investing much effort in the study of atomic and molecu
clusters.1–3 On the one hand, clusters play a prominent r
in the condensation process itself. On the other hand,
are amenable to detailed experimental and theoretical an
sis at the microscopic level, and it is often possible to est
lish a causal connection between the results obtained
clusters and the properties of condensed matter.

Many experiments on clusters involve electro
spectroscopic methods. It is difficult to overestimate the
portance of photoelectron spectroscopy4 as an outstanding
technique for quantitatively investigating the electron
structure of matter. Core ionization, by means of x-ray rad
tion, for example, can serve the purpose of element iden
cation, since the energy needed for the removal of a c
electron is characteristic of the involved atomic species. F
thermore, in strongly bound molecules and solids there
measurable effect of the molecular environment on the e
getics of the core hole. This phenomenon is known as che
cal shift. In addition, as has been found only recently, int
atomic response effects in small clusters can ca
surprisingly strong satellite structures in the core-ionizat
spectrum.5 Eventually, due to the high excitation energy,
core hole can undergo electronic decay, so-called Auger
cay. Spectroscopy of the emitted Auger electron yields
ther information of interest.6 Atoms in the vicinity of the core
hole may induce not only chemical shifts in the kinetic e
ergy spectrum of the Auger electron. They may even aff
the Auger decay rate in an observable manner~see Ref. 7,
and references therein!.

In spite of all that, in weakly bound systems neither co
ionization nor Auger spectroscopy are particularly sensit
to molecular environment effects. van der Waals and hyd
0163-1829/2001/64~24!/245104~10!/$20.00 64 2451
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gen bonds have hardly any influence on the properties
core hole~see, e.g., Ref. 8 for a discussion!. It is therefore
natural to ask whether there are any electron-spectrosc
effects in thevalenceshell that are unique to clusters an
potentially, condensed matter, and that arenot encountered in
isolated gas-phase molecules.

Indeed, as Cederbaum and co-workers ha
discovered,9,10 the answer to that question is yes. The nov
process, which is called intermolecular Coulombic dec
~ICD!, is best illustrated by a concrete example. Consider
isolated water molecule. Ionizing its 2s-type innervalence
shell leads to a monocation that is energetically below
double ionization threshold. It can be concluded that suc
water cation can dissipate its excess energy only by disso
tion and/or photon emission on a time scale of picoseco
or longer. However, if a water cluster, consisting of two
more water monomers, is considered, the situation chan
fundamentally: Now an innervalence hole decays by elect
emission, on a time scale of the order of 10 femtosecon
The emitted ICD electron has a kinetic energy of a few el
tronvolts. Subsequently the cluster undergoes fragmenta

The key to understanding this phenomenon is the ob
vation that in clusters the double ionization threshold is lo
ered compared to the isolated monomer. If a single molec
is doubly ionized, both charges are necessarily located
close proximity to one another. In clusters, however, the t
holes can be spatially separated by placing each hole o
different monomer. In this way the repulsive Coulomb inte
action between the two positive charges is reduced in
dicationic cluster, thereby causing a significant drop of
double ionization threshold.

The exact decay mechanism was identified by extens
ab initio electron propagator calculations and ho
population analysis of the computed quantum-mechan
states.11,12 Returning to the example of water clusters, in
somewhat simplified picture ICD works as follows.
2p-type outervalence electron at the water molecule carry
the initial innervalence vacancy drops into this hole. Ene
is released which is sufficient to eject an electron from
©2001 The American Physical Society04-1
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outervalence shell of aneighboring monomer. Eventually,
the repulsion between the two cationic water monomers
are generated in the electronic decay process leads to a
lomb explosion of the cluster.

The ultrafast character of ICD and its associated ene
transfer process is underlined by the results ofab initio cal-
culations utilizing techniques of non-Hermitian quantu
mechanics.13,14 For example, the innervalence states
(HF)2

1 decay by ICD electron emission after lifetimes b
tween 12 and 38 fs. In (HF)3

1 , which possesses more inte
molecular decay channels, the lifetimes were found to
even shorter than 10 fs.

ICD is a pure environment effect. Nevertheless, it is like
that only the nearest neighbors of an innervalence ioni
monomer exert an appreciable influence on the electro
decay properties.~Even if that is not the case, addition
coordination shells are expected to enhance, and not dim
ish, the effect.! Accordingly, it seems justified to regard sma
clusters as subunits of extended matter systems, and to
clude that the ICD phenomenon discovered in clust
should also be observable in condensed matter. ICD m
add a new dimension to the class of electron-spectrosc
techniques that are widely applied to the investigation
surfaces. ICD offers two probes of surface properties,
ICD electrons and the Coulomb explosion fragments, both
which can escape from surfaces. In this context it is inter
ing to note that the kinetic energy spectra of the ICD el
trons as well as of the Coulomb explosion fragments dire
reflect the structure of the quantum-mechanicalwave func-
tion ~or, more accurately, its modulus squared! corresponding
to the relative vibrational motion of the monomers involv
in the ICD process.15 There exists, as far as we know, n
other method that can give that kind of information in
comparably pronounced fashion.

The purpose of the present paper is threefold. First
Sec. II we provide a formal treatment of ICD, which hel
elucidate the nature of the electronic decay mechanism.
ond, in Sec. III a simple expression for the electronic de
rate, derived in Sec. II, is applied to cationic clusters of d
ferent sizes. This allows us to systematically investigate
influence by the environment of the monomer initially io
ized. Finally, in view of the expected experimental difficu
ties in distinguishing ICD electrons from electrons stemm
from other processes, suggestions are made in Sec. IV
these complications might be overcome.

II. CONCEPTUAL ASPECTS OF INTERMOLECULAR
COULOMBIC DECAY

A. Elementary description of many-particle systems

Earlier theoretical work by Sawatzky explained the qu
siatomic character of Auger spectra in narrow-band meta16

The two final-state holes are localized to the atom with
initial core hole, if the bandwidth is small in comparison
the Coulomb energy of a pair of localized electrons. Ow
to the high kinetic energy of the emitted Auger electron,
one-center approximation for calculating Auger decay is j
tified and interatomic effects are relatively small. Thom
and Weightman performed a similar investigation on c
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holes in molecules,17 with analogous conclusions. Here, w
consider a system consisting of van der Waals or hydrog
bonded atoms or molecules and elucidate the fate of
innervalence hole in that system. Such a hole decays v
purely intermolecular mechanism.

We adopt a tight-binding point of view and assume f
clarity that the positions of the atomic nuclei are fixed
coordinate space at a local minimum of the potential ene
hypersurface of the system. The description of the electr
is facilitated within the framework of the Hartree-Fock qu
siparticle picture.18,19The eigenstatesuwp& of the correspond-
ing one-particle operatorF̂, the so-called Fock operato
form an orthonormal basis of the one-electron Hilbert sp

F̂uwp&5«puwp&, ^wpuwq&5dpq , (
p

uwp&^wpu51.

~1!

The uwp& in accordance with custom are referred to as s
orbitals or, simply, orbitals, the eigenvalues«p are orbital
energies. The Hamilton operatorĤ is then given by

Ĥ5F̂1V̂2V̂(HF)1VNN

5(
p

«pcp
†cp1

1

2 (
pqrs

Vpqrscp
†cq

†cscr

2(
pq

Vpq
(HF)cp

†cq1VNN , ~2!

where use has been made of the powerful formalism of s
ond quantization20 developed in quantum field theory. Th
operatorcp

† creates a~quasi!particle in the orbitaluwp&, i.e.,
cp

†u0&5uwp&, u0& denoting the vacuum state without an
electrons.cp is the corresponding annihilatorcpuwp&5u0&.
The fermion field is quantized by means of the anticomm
tation relations

$cp ,cq%50, $cp ,cq
†%5dpq , $cp

† ,cq
†%50, ~3!

which underlie the well known Pauli exclusion principle.
The orbital energies

«p5E wp
†~x!H 2

\2

2m
“

22(
K

ZKe2

ux2RKuJ wp~x!d3x1Vpp
(HF)

~4!

are determined by the motion of the Hartree-Fock particle
the field of the atomic nuclei of chargeZKe (e.0) at spatial
position RK , and its interactionVpp

(HF) with the effective
charge cloud that comprises the other Hartree-Fock parti
of the system under consideration. Note that thewp(x) are
two-component spinors.21 Following a widely adopted con
vention we use indicesi , j ,k,l , . . . , for orbitals which are
occupied in theN-electron Hartree-Fock ground stateuF0

N&
ª) i 51

N ci
†u0&. Occupied orbitals are also known as ho

states. Unoccupied orbitals, or particle states, are symbol
by indicesa,b,c,d, . . . , whereas for general orbitals indice
p,q,r ,s, . . . are employed. In this fashion the general e
pression for the Hartree-Fock mean field reads
4-2
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Vpq
(HF)5(

i
Vpi[qi] . ~5!

Here we made use of the definitionVpq[ rs]ªVpqrs2Vpqsr .
Vpq[ rs] consists of a direct and an exchange interaction te
depending on the electron-electron Coulomb matrix elem

Vpqrs5E E wp
†~x1!w r~x1!

e2

ux12x2u
wq

†~x2!ws~x2!d3x1d3x2 .

~6!

The nuclear repulsion energy

VNN5(
K

(
K8,K

ZKZK8e
2

uRK2RK8u
~7!

is a constant in the clamped-nuclei approximation.VNN has
no influence on the dynamics of the electrons. It is theref
disregarded subsequently.

B. Valence ionization and electron correlation

Let us assume for the moment that the HamiltonianĤ is
equal to the Fock operatorF̂. ThenuF0

N& is an eigenstate o

Ĥ:

ĤuF0
N&5F̂uF0

N&5(
j 51

N

« j uF0
N&. ~8!

In this picture an ionization process corresponds to remov
an electron from an occupied one-particle state, say,uw i&.
Thereby a one-hole stateci uF0

N& is generated. This state i

also an eigenstate ofĤ:

Ĥci uF0
N&5F̂ci uF0

N&5(
j Þ i

« j ci uF0
N&. ~9!

It can be concluded that the ionization potential, that is,
energy difference betweenci uF0

N& and uF0
N&, is 2« i , the

negative orbital energy of the one-particle stateuw i&.
The remarkable aspect of this result is that it still holds

the perturbationĤIªV̂2V̂(HF) is taken into account in firs
order (Ĥ5F̂1ĤI):

^F0
Nuci

†Ĥci uF0
N&2^F0

NuĤuF0
N&52« i , ~10!

becausê F0
Nuci

†ĤIci uF0
N&5^F0

NuĤI uF0
N& due to the specia

properties of the Hartree-Fock mean field. Equation~10! is
the formal foundation of Koopmans’ theorem,22 which estab-
lishes a one-to-one correspondence between energies o
cupied orbitals and ionization potentials. This concept is v
useful for the interpretation of experimental data. For ioni
tion in the outervalence regime the Hartree-Fock model o
yields a qualitatively correct picture. There it is usually po
sible to associate each ionization spectral line with the
moval of an electron from a corresponding outervalence
bital.

Nevertheless, it has been shown23 that, particularly in the
innervalence region, neglect ofĤI beyond first-order pertur
24510
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bation theory can fail severely. Under such circumstances
perturbation leads not merely to shifted ionization lines, b
to a much larger number of states than expected on the b
of an effective one-particle model. This phenomenon, a st
ing manifestation of electron correlation, is known as bre
down of the one-particle picture.23 Its physical foundation is
strong configuration interaction of a one-hole stateci uF0

N&
with two-hole one-particle statesca

†ckcl uF0
N& that are close in

energy, i.e.,« i'«k1« l2«a . In clusters and condensed ma
ter the number of excited two-hole one-particle configu
tions which couple to a given one-hole state is greatly
creased in comparison to small molecular monomers, ma
because of the possibility to distribute the two holes acr
more than a single molecule. Therefore, electron correla
plays a particularly pronounced role in the description
excitation processes in extended matter systems. ICD, a
cay mode not accessible to small, isolated molecules,
dramatic example of such an intermolecular correlation p
nomenon.

C. ICD in the framework of Wigner-Weisskopf theory

Wigner and Weisskopf24 were the first to provide a
quantum-mechanical description of decay processes. A g
eral treatment of their method, which is based on tim
dependent perturbation theory, can be found in Ref. 21,
example. In order to investigate the nature of ICD at a fu
damental level, we use a suitably adapted version of Wign
Weisskopf theory.

The termdecayrefers to the interaction of a specific dis
crete state with a continuum of states. The associated tra
tion to the continuum is irreversible. Supposing that a dec
ing innervalence hole state can be approximated by a o
hole stateuF I

N21&5civuF0
N&, then a convenient choice for a

orthonormal basis in the (N21)-electron space is

$uFJ
N21&%ª$ci uF0

N&,ca
†ckcl uF0

N& ~k, l !,ca
†cb

†ckclcmuF0
N&

~a,b,k, l ,m!, . . . %, ~11!

which consists of all one-hole, two-hole one-particle, thre
hole two-particle,. . . , excitations of theN-electron Hartree-
Fock ground state. The projectionĤ (N21) of the Hamilton
operatorĤ onto this basis is partitioned into a diagonal pa
Ĥ0

(N21) and an off-diagonal partĤ1
(N21) :

Ĥ (N21)5Ĥ0
(N21)1Ĥ1

(N21) , ~12!

Ĥ0
(N21)5(

J
^FJ

N21uĤuFJ
N21&uFJ

N21&^FJ
N21u,

Ĥ1
(N21)5(

J
(
KÞJ

^FJ
N21uĤuFK

N21&uFJ
N21&^FK

N21u.

The basis vectorsuFJ
N21& are eigenvectors ofĤ0

(N21) , i.e.,

Ĥ0
(N21)uFJ

N21&5^FJ
N21uĤuFJ

N21&uFJ
N21&. ~13!

Without electron correlation each of these states would
stationary. The electronic decay of the initial stateuF I

N21&, a
4-3
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discrete eigenvector ofĤ0
(N21) embedded with respect to en

ergy in a continuum of other eigenstatesuFF
N21&, is induced

by the presence ofĤ1
(N21). The resonance state, which r

sults from the interaction of the discrete state with the c
tinuum, is characterized by acomplexenergy

ERes5^F I
N21uĤuF I

N21&1D I2 iG I /2. ~14!

D I is the energy shift andG I is the decay width of the reso
nance. The probabilityPI(t) that the system is in stat
uF I

N21& at time t decreases exponentially,

PI~ t !5PI~0!exp~2t/t I !,t I5\/G I . ~15!

The first nonvanishing perturbative contribution toG I is
given by the following equation:

G I52p(
FÞI

u^FF
N21uĤuF I

N21&u2d~^FF
N21uĤuFF

N21&

2^F I
N21uĤuF I

N21&!. ~16!

An innervalence hole stateuF I
N21&5civuF0

N& which lies
above the double ionization threshold can decay by emis
of an electron in one-electron stateuwk& with continuous in-
dexk ~sinceuwk& is not square integrable, it is, strictly spea
ing, not an element of the one-electron Hilbert space!. The
electronic relaxation process is accompanied by the for
tion of two outervalence holes, one in orbitaluwov1

& and one

in orbital uwov2
&. Therefore, the possible final states are giv

by uFF
N21&5ck

†cov1
cov2

uF0
N&. Other statesuFF

N21& with cou-

pling matrix elementŝFF
N21uĤuF I

N21& different from zero
do not contribute toG I , owing to the restriction imposed o
their energŷ FF

N21uĤuFF
N21& by thed function in Eq.~16!.

This argument applies, on the one hand, to two-hole o
particle states with holes in orbitals other than outervale
one-particle states and, on the other hand, to three-hole
particle states of typeca

†cb
†ckclcivuF0

N&, which are the only
remaining basis vectors that can couple directly tocivuF0

N&.
Hence, using Eq.~2! for the Hamiltonian, the properties o
the creation and annihilation operators@Eq. ~3!# and Eq.~5!
for the Hartree-Fock mean field, a very simple, approxim
expression for the electronic decay widthG iv of a cationic
innervalence resonance can be derived from Eq.~16!:

G iv52p(
k

(
ov1

(
ov2.ov1

uVov1 ,ov2[iv, k] u2d~« iv2«ov1
2«ov2

1Vov1 ,ov2[ov1 ,ov2]1«k2Vk,ov1[k,ov1]2Vk,ov2[k,ov2] !.

~17!

Let us analyze this expression. Thed function specifies
the decay channels that are available for an innervalence
created at an ionization potential of2« iv . At the adopted
24510
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level of approximation the energy of a dicationic state w
holes in uwov1

& and uwov2
& is given by the sum of the indi-

vidual ionization potentials of the two outervalence ho
and the Coulomb interaction between them,2«ov1

2«ov2

1Vov1 ,ov2[ov1 ,ov2] . The energetic accessibility of an ele
tronic decay mode in cationic innervalence states relies
the possibility of reducing the hole-hole repulsion in the fin
states. In small, isolated molecules, both holes are ra
close to one another. Coulomb repulsion between these h
is usually so strong that all dicationic states in small m
ecules are higher in energy than any monocationic inner
ence state. By contrast, the double ionization threshold
clusters25 and solids26 is lowered due to the spatial separ
bility of the two-hole charges, thus opening the electro
decay channels distinguishing ICD:uwov1

& anduwov2
& are lo-

calized each at a different monomer. The term«k
2Vk,ov1[k,ov1]2Vk,ov2[k,ov2] in Eq. ~17! describes the energ
of the emitted decay electron including its residual inter
tion with the two holes.

Having established the nature of the decay channels,
turn our attention to the coupling matrix elemen
Vov1 ,ov2[iv, k]5Vov1 ,ov2 ,iv,k2Vov1 ,ov2 ,k, iv . These significantly

contribute toG iv only if one of the outervalence holes, sa
uwov1

&, resides at the site of the initial innervalence hole, a

the other outervalence holeuwov2
& is located at a neighboring

monomer. Two different physical processes are described
the direct term Vov1 ,ov2 ,iv,k and the exchange term

Vov1 ,ov2 ,k, iv , as illustrated in Fig. 1. The impact of the dire

termVov1 ,ov2 ,iv,k can be interpreted in the following manne

An electron inuwov1
& drops into the hole inuw iv&. The re-

FIG. 1. Two different physical mechanisms can be identified
the theoretical description of electronic decay processes in we
bound clusters. The mechanisms are associated with the direc
the exchange term, respectively, of the coupling matrix elem
Vov1 ,ov2[iv, k]5Vov1 ,ov2 ,iv,k2Vov1 ,ov2 ,k, iv in Eq. ~17!. ICD of innerva-
lence holes is best understood in terms of energy transfer betw
the involved monomers (Vov1 ,, ov2 ,iv,k). Electron transfer
(Vov1 ,ov2 ,k, iv) is only of minor importance. Please note that bo
possible decay mechanisms are purely intermolecular~the two
dashed ovals symbolize two neighboring monomers!.
4-4
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leased energy is transferred to an adjacent monomer, m
ated by virtual photon exchange, and an electron is eje
from uwov2

&. The exchange termVov1 ,ov2 ,k, iv , on the other
hand, describes the transfer of an electron from a neigh
ing monomer into the innervalence hole. The subseque
emitted electron stems from the site of the initial ionizatio
Owing to the compactness of an innervalence orbital,
direct term dominates by far. There is hardly any over
betweenuw iv& anduwov2

&. Therefore, ICD is characterized b
energy transfer between neighboring monomers. Experim
tal evidence for such a process is available.27,28Note in pass-
ing that similar coupling matrix elements are encountered
Penning ionization.29 There, however, it is electron transfe
and not energy transfer, which represents the underly
mechanism most appropriately.

How doesVov1 ,ov2 ,iv,k depend on the distanceR between
the monomers involved in the decay? For the nearest ne
bors in a cluster or a condensed matter system this is not
to answer in general, for in this case there usually is a reg
between the two monomers where neitheruwov1

& nor uwov2
&

vanish. The spatial extension of each monomer is there
not small in relation toR, thus rendering a power serie
expansion in 1/R not feasible.@A similar observation has led
to the conclusion that in a covalently bound molecule int
atomic contributions to the Auger decay of a core hole m
not be neglected~see, for example, Ref. 30!.# However, for
the second and higher coordination shells of the mono
carrying the initial innervalence hole, a series expansion d
make sense. Utilizing the expansion~for the employed nota-
tion please see Fig. 2!

1

ux12x2u
5

1

R
2

uR•~r12r2!

R2
1

3@uR•~r12r2!#22~r12r2!2

2R3

1OS 1

R4D , ~18!

whereuRª(R12R2)/R is a unit vector along the line seg
ment that joins the centers of mass,R1 and R2, of the two
monomers under consideration, it is straightforward to obt

FIG. 2. Position vectors employed to derive the long-range
havior of the intermolecular Coulombic decay rate.R1 andR2 de-
note the centers of mass of the monomers participating in the d
process.r i ( i 51,2) is the position of electroni with respect toRi ,
that is, r i5xi2Ri . The distanceR between the monomers is de
fined byR5uR12R2u.
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Vov1 ,ov2 ,iv,k5
1

R3
~^wov1

uer1uw iv&•^wov2
uer2uwk&

23^wov1
uer1•uRuw iv&^wov2

uer2•uRuwk&!

1OS 1

R4D . ~19!

Here we have exploited the fact that̂wov1
uw iv&50

5^wov2
uwk&.

The leading term in Eq.~19! describes the interaction o
two electric dipoles. According to Eqs.~17! and ~19!, the
partial width corresponding to a single decay channel ch
acterized by two outervalence holes—one being localize
the initially ionized monomer and another one at a monom
in the coordination shell of radiusR of the former
monomer—displays a 1/R6 dependence for sufficiently larg
R. Since the surface of a coordination shell, and therefore
number of monomers in this coordination shell, increases
R2, the number of such decay channels depends, roug
quadratically onR. Adding up all partial widths associate
with a coordination shell of radiusR, their total contribution
to the ICD widthG iv decreases as 1/R4 asR is increased. If
polarization effects of the medium inside the coordinati
shell are taken into account, the drop ofG iv as a function of
R is likely to be even more pronounced. In view of the
results, as soon as the first coordination shell is filled,
ICD width of a cationic innervalence state in a weakly bou
cluster is expected to converge quickly as more and m
monomers are added. We would like to mention that t
behavior is in sharp contrast to the electronic decay rate
holes in the delocalized gas of valence electrons in m
clusters.31 Pronounced electronic shell effects cause the l
times in these systems to be sensitively dependent on clu
size. The dependence is nonmonotonic, the lifetimes ly
between a few femtoseconds and hundreds of nanoseco

The 1/R6 dependence of the energy transfer rate is kno
from Förster dipole-dipole coupling,32 discussed in the con
text of electronic excitation energy transfer between a pai
chromophores.33 There, all electronic states involved a
bound and, for this reason, discrete. Energy conservation
quires that the energy released by one chromophore ca
resonantly absorbed by the other one. Usually this is poss
only due to the involvement of nuclear motion, which ther
fore sets the time scale for the energy transfer proces
picoseconds or longer. By contrast, in decay phenomena
ICD the energy transfer is associated with a transition t
continuum state, and energy conservation is fulfilled witho
any necessity for nuclear dynamics. One might argue
coupling matrix elements involving continuum electrons a
very small, leading to rather long lifetimes. In ICD, howeve
the kinetic energy of a decay electron is just a few electr
volts. The corresponding de Broglie wavelength is of t
order of 1 nm, which is comparable with the spatial exte
sion of an atomic or molecular monomer in a cluster. Hen
the wave function of an ICD electron is relatively slow
oscillating and there are no pronounced cancellation effe
that would lead to a small decay rate. Additionally, the lo

-
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kinetic-energy nature of ICD electrons is the reason wh
description using standard Gaussian basis sets augment
a few diffuse functions—as presented in the ensu
section—is successful. None of the approximations typica
employed for calculating Auger decay, which is associa
with the emission of high-kinetic-energy electrons, a
needed here.

III. SIZE DEPENDENCE OF ELECTRONIC DECAY RATE
IN NEON CLUSTERS

In order to illustrate the general concepts described ab
as well as to provide additional insight, we present in t
section the results ofab initio calculations on neon cluster
of different sizes. Neon clusters are a natural choice for s
a prototype study. The interaction between the monomer
extremely weak. It is therefore possible to associate e
innervalence orbital with an individual neon atom. Additio
ally, our new results extend in a systematic manner the w
we carried out on Ne2 and Ne3.15,34

First we would like to show that innervalence ionize
neon clusters can indeed decay by electron emission. In
3 single and double ionization spectra of the neon atom a
as a representative example of a neon cluster, Ne5 are shown.
The spectra were calculated within the framework of Gree
function methods,35 making use of the algebraic diagram
matic construction scheme~ADC!.36 ADC(n) represents a
sophisticated perturbation theoretical approximation o
many-body Green’s function, which is complete up tonth
order and includes in addition infinite summations over c

FIG. 3. Single~IP! and double~DIP! ionization potentials of Ne
and Ne5 in the valence regime. Note that in contrast to the isola
atom there are dicationic states of the cluster that are charact
able by a distribution of the two positive charges over at least
monomers~‘‘two-site’’ !. They are lower in energy than those mon
cationic states which arise from the removal of a 2s electron. In the
cluster the 2s-hole states can therefore undergo relaxation by e
tron emission. The corresponding cationic innervalence state o
isolated monomer, for which only ‘‘one-site’’ doubly ionized stat
exist, is stationary.
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tain classes of expansion contributions. The problem of fi
ing the poles of a Green’s function, which are directly relat
to observable quantities, is reformulated in terms of a H
mitian eigenvalue problem. This can be efficiently solved
a block-Lanczos approach.37 The ADC method is ideally
suited for the investigation of clusters because of its inher
size consistency.

The perturbation expansion underlying ADC is based
the partitioningĤ5F̂1ĤI @see Eq.~2!#, the Fock operator
of N particles representing the unperturbed system. Thus
orbital energies and Coulomb integrals obtained fro
Hartree-Fock calculations on the neutral ground state of
and Ne5, respectively, serve as input for the ADC calcul
tions. The Hartree-Fock calculations were performed w
the ab initio program packageGAMESS-UK.38 We utilized the
Gaussian basis set d-aug-cc-pVDZ~Ref. 39! for the single
neon atom as well as the central atom in Ne5, where the other
four atoms, described by means of the basis
aug-cc-pVDZ,39 are assumed to form a tetrahedron surrou
ing the central Ne atom. The distance between center
exterior atom was taken to be the interatomic equilibriu
distance in solid neon,R53.13 Å.40 To describe single-
electron removal we employed the ADC~3! approximation of
the one-particle Green’s function,36 and to compute the
double ionization spectra we used the ADC~2! scheme for
the two-particle propagator.41,42

The spectral intensities in Fig. 3 do not immediately r
flect the signal intensity in an experimental photoionizati
spectrum. We assume that the sudden approximation is v
i.e., that the incident photon energy is larger by several e
tronvolts than the binding energy of the photoelectron. Un
this assumption it is possible to use the spectral intens
given here and deduce from them photoemiss
probabilities.43

As can be seen in Fig. 3, the lowest double ionizat
energy of an isolated Ne atom is about 61 eV. This is mu
higher in energy than the cationic innervalence state, wh
according to our computations is located at about 48.5 eV
agreement with experiment~see, for example, Ref. 44!. An
innervalence hole in an isolated neon monomer can there
not decay by electron emission. In analogy to the sin
atom, dicationicone-sitestates, where both positive charg
are localized at one monomer, exist in the cluster as w
However, in addition to these there are dicationictwo-site
states available in the cluster. Thetwo-sitestates are lower in
energy than the cationic innervalence states. Hence
marked contrast to the single atom, the 2s-hole states in the
cluster are autoionizing resonances, i.e., discrete, quasibo
states embedded in and interacting with an electronic c
tinuum. The decay mechanism is ICD.

We have shown that electronic decaycan take place. It is
crucial to determine, in addition, the time scale on whi
ICD occurs and study how ICD lifetimes depend on clus
size. To that end we consider the clusters Ne2 , Ne3 , Ne4 ,
Ne5 , Ne7 , Ne9 , and Ne13. The geometry of each Nen , ex-
cept Ne13, is constructed by adding to a central neon atom
environment of highest possible symmetry consisting on
21 atoms at a distance ofR53.13 Å from the center. In
Ne13 the 12 atoms surrounding the central neon atom
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arranged in such a way to coincide with the complete fi
coordination shell in solid neon, which has a face-cente
cubic crystal structure.40 The resulting structures are show
in Fig. 4. The chosen geometries of the clusters do not
resent minimum energy structures. They do, however, c
verge systematically towards the structure of solid neon.

In order to calculate the ICD lifetime of a 2s hole in the
central neon atom we employed the spin-free version of
~17!:

G iv52p(
k

(
ov1

(
ov2.ov1

uVov1 ,ov2[iv, k] u2d~« iv2«ov1
2«ov2

1Vov1 ,ov2[ov1 ,ov2]1«k2Vk,ov1[k,ov1]2Vk,ov2[k,ov2] !

12p(
k

(
ov1

(
ov2.ov1

uVov1 ,ov2 ,iv,ku2d~« iv2«ov1
2«ov2

1Vov1 ,ov2 ,ov1 ,ov2
1«k2Vk,ov1 ,k,ov1

2Vk,ov2[k,ov2] !

12p(
k

(
ov1

(
ov2.ov1

uVov1 ,ov2 ,k, ivu2d~« iv2«ov1
2«ov2

1Vov1 ,ov2 ,ov1 ,ov2
1«k2Vk,ov1[k,ov1]2Vk,ov2 ,k,ov2

!

12p(
k

(
ov1

uVov1 ,ov1 ,iv,ku2d~« iv22«ov1

1Vov1 ,ov1 ,ov1 ,ov1
1«k22Vk,ov1 ,k,ov1

1Vk,ov1 ,ov1,k!.

~20!

Please note that in this equation the spin degree-of-free
is integrated out and all indices refer tospatial orbitals.

The quantities needed to evaluate Eq.~20! are orbital en-
ergies and certain Coulomb matrix elements in the spa

FIG. 4. Geometries of some selected neon clusters. In each
ter a central atom is surrounded by a coordination shell of rad
R53.13 Å. The structures are designed to converge to the c
plete first coordination shell of an atom in a neon crystal.
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orbital basis. UsingGAMESS-UK we calculated all matrix el-
ements in the Gaussian basis set d-aug-cc-pVDZ and
formed a Hartree-Fock self-consistent-field calculation
the neutral ground state of each cluster considered. In
way the orbital energies and the representation of the sp
orbitals in the Gaussian basis were obtained. For efficie
we implemented aselectivetransformation of the Coulomb
matrix elements from the Gaussian to the spatial orbital
sis, that is, we calculated only those matrix elements actu
required. A complete transformation—the standard in curr
ab initio program packages—is prohibitively expensive f
the larger neon clusters.

A direct evaluation of Eq.~20! is a delicate problem, be
cause, as mentioned previously, the one-electron stateuwk&
describing the emitted ICD electron is not square integra
Continuum states are delta-function normalized:

^wkuwk8&5d~«k2«k8!. ~21!

Thus, at first glance it may seem that Hilbert space te
niques, which are the basis of computational quantum m
chanics, cannot be applied to calculating decay rates. H
ever, this difficulty can be overcome by a computationa
efficient method, the Stieltjes-Chebyshev moment-theory
proach, discussed in detail in the literature.45,46

We first identify all accessible decay channels, i.e.,
two-hole outervalence states that are lower in energy than
considered one-hole innervalence state. Practicalab initio
calculations are performed in a finite basis set, and a fi
number of discrete virtual orbitalsuwkn

& serve as approxima
tions to continuum states. Hence, in a second step we d
mine for each individual decay channelcov1

cov2
uF0

N& the
energy-dependent quantities

Gov1 ,ov2
~n!ª2puVov1 ,ov2[iv, kn] u2 ~22!

as well as the energies

DEov1 ,ov2
~n!ª« iv2«ov1

2«ov2
1Vov1 ,ov2[ov1 ,ov2]1«kn

2Vkn ,ov1[kn ,ov1]2Vkn ,ov2[kn ,ov2] . ~23!

@For the sake of clarity we have used the compact sp
orbital formulation of Eq. ~17!.# The discrete pseudo
spectrum„DEov1 ,ov2

(n),Gov1 ,ov2
(n)… is analyzed by making

use of Stieltjes-Chebyshev moment theory. This techni
allows one to extract the point (0,Gov1 ,ov2

) from the pseu-

dospectrum, whereGov1 ,ov2
is the partial decay width corre

sponding to channelcov1
cov2

uF0
N&, incorporating proper nor-

malization of the continuum.
The total ICD widths and the corresponding lifetimes a

shown in Fig. 5. The most striking phenomenon that can
seen is the significant increase ofG iv , starting with a few
meV in Ne2—in agreement with studies performed usin
other theoretical techniques15,34—and going up to more than
200 meV in Ne13. The lifetime in the latter is only about 3
fs. From the discussion in Sec. II the cause of this behavio
clear: In the larger clusters there are more interatomic de
channels available than in the smaller ones.
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The number of relevant decay channels should be pro
tional to n21, n being the number of atoms in the cluste
because for efficient coupling one of the final-state ho
must be localized on the central neon atom. In fact, a
careful analysis of our numerical data has confirmed, de
channels withboth final-state holes in the coordination she
of the central monomer do not give any appreciable con
bution toG iv . The coupling of the relevant decay channels
the innervalence hole state might be affected by the in
atomic distanceswithin the coordination shell—the distance
of all shell atoms to the central atom are identical, but
distances between shell atoms decrease with increasing
ter size. The consequence would be a noticeable depend
of the average partial decay width on the number of ato
This is one possible reason why the calculated ICD width
not linear as a function of cluster size~see Fig. 5!. Another
reason might be the quality of the Gaussian basis set u
the basis set improves with the size of the cluster. This
plies that the description of the ICD electron is best for Ne13.

By focusing on an innervalence hole on the central mo
mer we simulated the situation inside the solid. The IC
lifetime found in Ne13 is a restrictive upper bound for th
ICD lifetime of a 2s hole in a neon crystal. For surfac
atoms, which do not possess a complete coordination she
nearest neighbors, our data suggest that the ICD lifetime
the order of 10 fs.

In principle the innervalence ionized cluster can give
its excess energy by photon emission. The fluorescence
cay width of an innervalence excited Ne atom is of the or
of 1 meV ~see Ref. 47, and references therein!. That quan-
tity is expected to be of similar magnitude in a neon clus
We have shown that ICD is faster by at least three order
magnitude than relaxation by photon emission, which m
therefore be neglected. In Ne2, nuclear dynamics and ICD
take place on comparable time scales, giving rise to inter
ing dynamical effects accompanying ICD.15,34 However, in
view of the ultrashort lifetimes found in the larger neon clu
ters, it is very likely that for these systems ICD is the fast
process occurring.

FIG. 5. Electronic decay width and corresponding lifetime of
innervalence (2s) hole in neon clusters of different sizes. The da
were calculated by means of Eq.~20!.
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IV. SUGGESTIONS FOR EXPERIMENTS

Based on our work it seems likely that intermolecu
Coulombic decay of innervalence vacancies plays an imp
tant role in the huge class of weakly bound clusters a
condensed matter, comprising such systems as water, ca
dioxide, and ethanole. If energy conservation allows ICD
take place, it is expected to dominate the relaxation of inn
valence holes. The only competing processes typically oc
on a longer time scale. The kinetic energy distribution of t
ICD electrons extends from 0 up to several electronvolts.
detailed structure depends on the available electronic de
channels and on effects induced by the motion of the ato
nuclei, which we have found to make a particularly pr
nounced impact due to the Coulomb repulsion acting in
dicationic final state.15,34 From these considerations it is ev
dent that ICD deserves attention.

A simple experimental approach to ICD is suggested
the results of the previous section. One could sort the clus
according to size and measure, with a high resolution,
spectral line of the innervalence photoelectron for each c
ter size. While the line position is insensitive to cluster s
~see, for example, Fig. 3!, the width is expected to be siz
dependent~Fig. 5!. Pursuing this strategy is, presumably, n
too difficult, but the wealth of information the ICD effec
contains cannot be revealed in this way. To that end a m
surement of the kinetic energy distribution of the ICD ele
tron is needed.

There are, however, a few obstacles to observing I
electrons in a routine experiment. First, electron spectr
copy in the energy range of a few electronvolts is more pr
lematic than for faster electrons. This is a technical difficu
and experimentalists certainly are making progress in
direction. The second problem is somewhat more fundam
tal. In order to investigate the decay of an innervalence h
one would expose a given system to photons whose ener
sufficient to produce such a vacancy. Obviously, for syste
that can undergo ICD this photon energy is above the dou
ionization threshold. Thus it may happen that an absor
photon simultaneously ejects two outervalence electrons
stead of ionizing an innervalence electron that is followed
a second step, by the spontaneous emission of an
electron.

The emission of correlated electron pairs from the surf
of a solid following one-photon absorption has been inve
gated experimentally by Biester and co-workers26 and by
Herrmann et al.,48 and within a theoretical approach b
Berakdar.49 With the restriction of energy conservation, th
energy of each of the electrons in a correlated pair can t
on any value between 0 andEmax, which is the energy of the
absorbed photon minus the double ionization potential of
generated dication. The two correlated electrons share
total energy available to them,Emax, in a complementary
fashion, that is, if one of the electrons has kinetic energy«,
the other one has kinetic energyEmax2«. The corresponding
continuous spectrum, which can be influenced by varying
photon energy, may interfere with the measurement of
kinetic energy distribution of the ICD electrons.

The question now is how electrons stemming from tw
4-8
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electron photoemission can be cleanly distinguished fr
ICD electrons or even avoided. One possible strategy
rooted in the observation that an innervalence photoelec
arises at fixed binding energy and an ICD electron at fix
kinetic energy, i.e., both quantities are independent of pho
energy. Thus, after the innervalence peak has been ident
the kinetic energy distribution of all electrons that are d
tected in coincidence with the innervalence photoelectro
measured at several photon energies. This procedure sh
in principle, allow an unambiguous identification of IC
electrons and their spectrum.

A second, probably more effective technique consists
removing an outervalence electron first. The photon ene
needed to achieve this can be chosen significantly below
double ionization threshold, and ionization of the outerv
ence shell is rather efficient. Then, by tuning the photon
ergy appropriately, one can resonantly excite an innervale
electron into the outervalence hole. The cross section for
second step is also large, provided that the outervalence
is not completely delocalized. In cationic neon clusters,
example, the described approach should work well, beca
in the ground state the positive charge is restricted to b
cally two atoms.50 As soon as the photon energy is in res
nance with the innervalence-outervalence transition, the s
ICD electrons emerge from the surface of the investiga
system. This serves as an observable signature of the en
transfer from the resonantly excited cationic monomer to
neighbors.

The second of the two proposed realizations of dedica
ICD experiments is reminiscent ofmultiatom resonant pho
toemission~MARPE! discovered in core-excitation studie
of metal oxides.51,52 In a MARPE experiment, a specifi
atomic species is resonantly core excited. If the correspo
ing excitation energy is large enough, the excited atom
relax by ionizing a core electron of a neighboring atom. T
electron is detected. Because both the excitation energy
the core ionization potential are characteristic of the involv
atomic species, MARPE promises to become an impor
analytical tool. Though similar in principle, the most strikin
difference to ICD is that autoionization of the initially core
excited atom is much more likely than energy transfer t
y

,

l-
n
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neighbor, whereas practicallyall innervalence excited cat
ionic monomers in a cluster are expected to decay via IC
since all other electronic decay channels are closed. Ano
difference is the relevance of retardation effects. They
negligible in the energy regime of valence levels, but of i
portance to understanding energy transfer in core-excita
experiments~see Ref. 52, and references therein!.

An intriguing possibility is the use of free-electro
lasers53–55 for ICD experiments. Their intense and cohere
radiation could be employed for ionizing the outervalen
shell of the sample and exciting the innervalenc
outervalence transition by two-photon absorption. Perfor
ing such an experiment on Ne2, for instance, would require
photons with an energy of about 27.5 eV, creating outer
lence electrons of roughly 6 eV and ICD electrons distr
uted between 0 and 3 eV.15,34

In this paper we have presented an elementary theore
description of ICD and applied it to investigate the behav
of the intermolecular Coulombic decay rate of an innerv
ence ionized monomer as a function of the number of
nearest neighbors. As the size of the system is increa
more and more decay channels are opened. We have sh
that the electronic decay rate is extremely short in the lar
systems, of the order of 1 fs in Ne13

1 . ICD is an ultrafast
process, in particular in extended systems. Its time scal
comparable with that one familiar from the Auger decay
core holes. Therefore, detecting ICD in condensed ma
systems which consist of weakly bound molecules appear
be possible. In fact, a probably higher signal rate in comp
son to clusters should simplify the measurement of the
netic energy spectrum of the ICD electrons. It may turn o
that the ICD phenomenon discovered in clusters is an id
tool for investigating intermolecular interactions in co
densed matter. We hope that our work will stimulate expe
ments.
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