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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 decayhis 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 extetwsiwgtio calculations,
pronounced size effects are found in the concrete example of neon clusters. The decay lifetime decreases in a
monotonic fashion from hundred femtoseconds i, Newn to less than ten femtoseconds in,NeSugges-
tions are made how to facilitate the experimental observatiantefmolecular Coulombic decay clusters
and condensed matter.
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[. INTRODUCTION gen bonds have hardly any influence on the properties of a
core hole(see, e.g., Ref. 8 for a discussjofit is therefore
At sufficiently low temperatures any molecular species innatural to ask whether there are any electron-spectroscopic
the gas phase condenses to form liquid or solid matter. Typieffects in thevalenceshell that are unique to clusters and,
cally, the interactions responsible for condensation—van depotentially, condensed matter, and that@oéencountered in
Waals forces or hydrogen bonds—can be classified as wealsolated gas-phase molecules.
With the aim of gaining insight into the properties of con- Indeed, as Cederbaum and co-workers have
densed matter systems, for many years researchers have befiscovered:'° the answer to that question is yes. The novel
investing much effort in the study of atomic and molecularprocess, which is called intermolecular Coulombic decay
clusters:™® On the one hand, clusters play a prominent role(|CD), is best illustrated by a concrete example. Consider an
in the condensation process itself. On the other hand, thegolated water molecule. lonizing itssaype innervalence
are amenable to detailed experimental and theoretical analgnhe| leads to a monocation that is energetically below the
sis at the microscopic level, and it is often possible to estabgqpie jonization threshold. It can be concluded that such a

“ISh a causdal hconnecno_n beftweeg the dresults obtained fQfater cation can dissipate its excess energy only by dissocia-
clusters and the properties of condensed matter. tion and/or photon emission on a time scale of picoseconds

Many experiments - on _cI_usters mvolv_e electro_n- or longer. However, if a water cluster, consisting of two or
spectroscopic methods. It is difficult to overestimate the im-

) more water monomers, is considered, the situation changes
portance of photoelectron spectroscbms an outstanding

technique for quantitatively investigating the electronicfundamentally: Now an innervalence hole decays by electron

structure of matter. Core ionization, by means of x-ray radiaSmM'ss1on, on a time scale of the order of 10 femtoseconds.

tion, for example, can serve the purpose of element identifi:rhe emitted ICD electron has a kinetic energy of a few ele_c-
cation, since the energy needed for the removal of a corffonvolts. Subsequently th_e clus_ter undergoes fr_agmentanon.
electron is characteristic of the involved atomic species. Fur- 1he key to understanding this phenomenon is the obser-
thermore, in strongly bound molecules and solids there is ¥ation that in clusters the double ionization threshold is low-
measurable effect of the molecular environment on the enegred compared to the isolated monomer. If a single molecule
getics of the core hole. This phenomenon is known as chemis doubly ionized, both charges are necessarily located in
cal shift. In addition, as has been found only recently, interclose proximity to one another. In clusters, however, the two
atomic response effects in small clusters can causboles can be spatially separated by placing each hole on a
surprisingly strong satellite structures in the core-ionizatiordifferent monomer. In this way the repulsive Coulomb inter-
spectrunt. Eventually, due to the high excitation energy, aaction between the two positive charges is reduced in the
core hole can undergo electronic decay, so-called Auger deticationic cluster, thereby causing a significant drop of the
cay. Spectroscopy of the emitted Auger electron yields furdouble ionization threshold.
ther information of interestAtoms in the vicinity of the core The exact decay mechanism was identified by extensive
hole may induce not only chemical shifts in the kinetic en-ab initio electron propagator calculations and hole-
ergy spectrum of the Auger electron. They may even affecpopulation analysis of the computed quantum-mechanical
the Auger decay rate in an observable manisee Ref. 7, states::!? Returning to the example of water clusters, in a
and references thergin somewhat simplified picture ICD works as follows. A
In spite of all that, in weakly bound systems neither core2p-type outervalence electron at the water molecule carrying
ionization nor Auger spectroscopy are particularly sensitivehe initial innervalence vacancy drops into this hole. Energy
to molecular environment effects. van der Waals and hydrois released which is sufficient to eject an electron from the
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outervalence shell of aeighboringmonomer. Eventually, holes in molecule$! with analogous conclusions. Here, we
the repulsion between the two cationic water monomers thatonsider a system consisting of van der Waals or hydrogen-
are generated in the electronic decay process leads to a Cdmwnded atoms or molecules and elucidate the fate of an

lomb explosion of the cluster. innervalence hole in that system. Such a hole decays via a
The ultrafast character of ICD and its associated energpurely intermolecular mechanism.
transfer process is underlined by the resultslofinitio cal- We adopt a tight-binding point of view and assume for

culations utilizing techniques of non-Hermitian quantumclarity that the positions of the atomic nuclei are fixed in
mechanic$®!* For example, the innervalence states ofcoordinate space at a local minimum of the potential energy
(HF); decay by ICD electron emission after lifetimes be- hypersurface of the system. The description of the electrons
tween 12 and 38 fs. In (HE), which possesses more inter- is facilitated within the framework of the Hartree-Fock qua-
molecular decay channels, the lifetimes were found to b&iparticle picturé®'*The eigenstatesp,,) of the correspond-
even shorter than 10 fs. ing one-particle operatoF, the so-called Fock operator,

ICD is a pure environment effect. Nevertheless, it is likelyform an orthonormal basis of the one-electron Hilbert space
that only the nearest neighbors of an innervalence ionized
monomer exert an appreciable influence on the electronic - _ _ _
decay properties(Even if that is not the case, additional Flep)=eplep),  (¢pleq)=pa, Ep: | op){@pl=1.
coordination shells are expected to enhance, and not dimin- )
ish, the effec). Accordingly, it seems justified to regard small . . .
clusters as subunits of extended matter systems, and to co-rqhet |‘PP> n a_ccordance_ with custo_m are referred to as spin
clude that the ICD phenomenon discovered in clusterQrPitals or, simply, orbitals, the eigenvalueg are orbital
should also be observable in condensed matter. ICD migtgnergies. The Hamilton operatbiris then given by
add a new dimension to the class of electron-spectroscopic A A A
techniques that are widely applied to the investigation of H=F+V-VF vy,
surfaces. ICD offers two probes of surface properties, the
ICD electrons and the Coulomb explosion fragments, both of
which can escape from surfaces. In this context it is interest-
ing to note that the kinetic energy spectra of the ICD elec-
trons as well as of the Coulomb explosion fragments directly > V%F)CF‘;CPLVNN, )
reflect the structure of the quantum-mechanivave func- pq
tion (or, more accurately, its modulus squaredrresponding
to the relative vibrational motion of the monomers involved
in the ICD proces$® There exists, as far as we know, no
other method that can give that kind of information in a
comparably pronounced fashion.

The purpose of the present paper is threefold. First, i
Sec. Il we provide a formal treatment of ICD, which helps
elucidate the nature of the electronic decay mechanism. Se
ond, in Sec. lll a simple expression for the electronic deca _ T ot
rate, derived in Sec. ﬁ is agplied to cationic clusters of dif-y {Cp.Ca} =0, {Cp.Cq} =g, {Cp.Cy}=0, ©)
ferent sizes. This allows us to systematically investigate thgvhich underlie the well known Pauli exclusion principle.
influence by the environment of the monomer initially ion-  The orbital energies
ized. Finally, in view of the expected experimental difficul-

1
tLo T Tt
> £pChCpT 5 > VparsChcicse,
b pars

where use has been made of the powerful formalism of sec-
ond quantizatioff developed in quantum field theory. The
operatorc;g creates dquasparticle in the orbital¢p), i.e.,
c;r,|0>=|<pp>, |0) denoting the vacuum state without any
rﬁlectrons.cp is the corresponding annihilatar,| ¢,,)=|0).

he fermion field is quantized by means of the anticommu-
E’;_\tion relations

ties in distinguishing ICD electrons from electrons stemming N h? ) Z¢€? 3 (HF)
from other processes, suggestions are made in Sec. IV howfp™ | ¢p(X)) ~ 5V _; x— Ry Pp(X)d°x+Vpp
these complications might be overcome. (4)

are determined by the motion of the Hartree-Fock particle in
the field of the atomic nuclei of chargge (e>0) at spatial
position Ry, and its interactionv{{!? with the effective

A. Elementary description of many-particle systems charge cloud that comprises the other Hartree-Fock particles

Earlier theoretical work by Sawatzky explained the qua-Of the system under consideration. Note that §ex) are
siatomic character of Auger spectra in narrow-band méfals. two-component spinorS. Following a widely adopted con-
The two final-state holes are localized to the atom with the/ention we use indices,j kI, ..., for orbitals which are
initial core hole, if the bandwidth is small in comparison to 0ccupied in theN-electron Hartree-Fock ground stdte)
the Coulomb energy of a pair of localized electrons. Owing==HiNzlciT|0>. Occupied orbitals are also known as hole
to the high kinetic energy of the emitted Auger electron, thestates. Unoccupied orbitals, or particle states, are symbolized
one-center approximation for calculating Auger decay is jusby indicesa,b,c,d, ... ,whereas for general orbitals indices
tified and interatomic effects are relatively small. Thomasp,q,r,s, ... are employed. In this fashion the general ex-
and Weightman performed a similar investigation on corepression for the Hartree-Fock mean field reads

Il. CONCEPTUAL ASPECTS OF INTERMOLECULAR
COULOMBIC DECAY
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bation theory can fail severely. Under such circumstances the
VS;F)ZZ Vpitqi] - (5  perturbation leads not merely to shifted ionization lines, but
' to a much larger number of states than expected on the basis
Here we made use of the definitidfyqrs):=Vpqrs— Vpgsr-  Of @n effective one-particle model. This phenomenon, a strik-
Vpqirs) CONsists of a direct and an exchange interaction termng manifestation of electron correlation, is known as break-
depending on the electron-electron Coulomb matrix elemendown of the one-particle picturé.lts physical foundation is
o2 strong configuration interactio&né of a oSe—hoIe stegieb )

_ t t 3, A3 with two-hole one-particle stategc,c)|®g) that are close in
qurs_f J (Pp(xl)(Pr(Xl)lxl—xﬂ q0%) 9s(x2) d™x10%. energy, i.e.gi~ex+¢,—¢,. In clusters and condensed mat-
(6)  ter the number of excited two-hole one-particle configura-

tions which couple to a given one-hole state is greatly in-

The nuclear repulsion energy _ i .
creased in comparison to small molecular monomers, mainly

Z¢Z €2 because of the possibility to distribute the two holes across
V=2 2 ———— (7)  more than a single molecule. Therefore, electron correlation
K K=k |Rc— R/l plays a particularly pronounced role in the description of

excitation processes in extended matter systems. ICD, a de-
gay mode not accessible to small, isolated molecules, is a
dramatic example of such an intermolecular correlation phe-
nomenon.

is a constant in the clamped-nuclei approximatiggy has
no influence on the dynamics of the electrons. It is therefor
disregarded subsequently.

B. Valence ionization and electron correlation . . .
C. ICD in the framework of Wigner-Weisskopf theory

Let us assume for the moment that the Hamiltorithis Wigner and Weisskoﬁ‘f were the first to provide a

equal to the Fock operatéi. Then|®g) is an eigenstate of quantum-mechanical description of decay processes. A gen-
H: eral treatment of their method, which is based on time-
dependent perturbation theory, can be found in Ref. 21, for
NG AN N example. In order to investigate the nature of ICD at a fun-
H|dg)=F|dg)= 21 &j|®g). (8 damental level, we use a suitably adapted version of Wigner-
. Weisskopf theory.
In this picture an ionization process corresponds to removing The termdecayrefers to the interaction of a specific dis-
an electron from an occupied one-particle state, @y, crete state with a continuum of states. The associated transi-
Thereby a one-hole state|¢>§) is generated. This state is tion to the continuum is irreversible. Supposing that a decay-
also an eigenstate ¢f: ing innervalence hole state can be approximated by a one-
hole statg® '~ 1) =c; |®y), then a convenient choice for an
orthonormal basis in theN—1)-electron space is

N

|:|Ci|q’gl>:|30i|q’g>:j2i £iCi|®g). 9
{|@Y Y ={ci|g),clewc| D) (k<I),cicickciCnlPy)

It can be concluded that the ionization potential, that is, the bK<l 11
energy difference betweegy|®p) and |®F), is —¢;, the (a<bk<l<m), ...}, (1)
negative orbital energy of the one-particle state). which consists of all one-hole, two-hole one-particle, three-

The remarkable aspect of this result is that it still holds ifhole two-patrticle, . . , excitations of theN-electron Hartree-
the perturbatiorH, :=V— VP is taken into account in first Fock ground state. The projectidh™ 1) of the Hamilton
order H=F+H,): operatorH onto this basis is partitioned into a diagonal part
. . H{N"Y and an off-diagonal paii{N Y-
(@p]c/Hei| @) —(PglH|PE) =i, (10 Nt e
) . AN-D= QN4 D), 12
becausg @} |c/H ci| @Yy =(DY|A,|®Y) due to the special 0 ! 12
properties of the Hartree-Fock mean field. Equatipf) is R R
the formal foundation of Koopmans’ theoréfwhich estab- AN-D=> (O AN H| NIy @7,
lishes a one-to-one correspondence between energies of oc- J
cupied orbitals and ionization potentials. This concept is very
useful for the interpretation of experimental data. For ioniza- ~ {N-1= <¢N71||:||q)Nfl>|<DNfl><q)Nfl|
. . . 1 J K J K .
tion in the outervalence regime the Hartree-Fock model often I K#J
yields a qualitatively correct picture. There it is usually pos- _ N—1 . F(N-1)
sible to associate each ionization spectral line with the re]Ne basis vectorgb;™%) are eigenvectors dfiy™ ', i.e.,
moval of an electron from a corresponding outervalence or- ~(N— _ 1A _ _
bital. ponding AP Yl0) H=(@) T H[OY H|@ . (13

Nevertheless, it has been §h8\ﬁ/mat, particularly in the  Without electron correlation each of these states would be
innervalence region, neglect b, beyond first-order pertur- stationary. The electronic decay of the initial stabd' '), a
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discrete eigenvector ¢1{" "% embedded with respect to en-

ergy in a continuum of other eigenstadsr 1), is induced outer-valence (2) /4 %/}~ outer-valence (1)
by the presence ofl{"" 1. The resonance state, which re- | \ ] .
inner-valence (2) | [ ' L] / inner-valence (1)

sults from the interaction of the discrete state with the con- L AR
tinuum, is characterized by @mplexenergy ’ S0

N—1|0 N-1 . energy electron
Eres <q)| | H | q)l >+ AI — |1"|/2_ (14 transfer transfer
A, is the energy shift anfl| is the decay width of the reso- T\\/,_\ ,»ﬁ:"T
nance. The probabilityP,(t) that the system is in state | /’* , R | B
|®N"1) at timet decreases exponentially, e T [ v
Lo b g4 R S
P|(t): P|(O)exq_t/7'|),7'| :ﬁ/F| . (15) \‘\\ b /// \‘\\ o K \‘\\ F 5 B rt

The first nonvanishing perturbative contribution kg is

. . . FIG. 1. Two different physical mechanisms can be identified in
given by the following equation:

the theoretical description of electronic decay processes in weakly
bound clusters. The mechanisms are associated with the direct and
the exchange term, respectively, of the coupling matrix element

_ N=1|0 [ dyN—1\[2 N=1| 0 ayN-1
F|—27T'§| (P [H[®] 6P T[H[PE ) Vov, .ovyliv.k1 = Yov, ,ov, iv.k ™ Vov, .ov, k,iv IN EQ.(17). ICD of innerva-
lence holes is best understood in terms of energy transfer between
_<q)|l\171||:||q)lel>)_ (16) the involved monomers \,(m,lno\,ri\,'k). Electron transfer

(Vovl,OVZ,k,iv) is only of minor importance. Please note that both
. N—1\ N . . possible decay mechanisms are purely intermolec(iae two
An mnervalencg h_oIe_staﬂd), )=Ciy|®g) which I|e§ . dashed ovals symbolize two neighboring monomers
above the double ionization threshold can decay by emission
of an electron in one-electron stgtey) with continuous in-  |evel of approximation the energy of a dicationic state with
dexk (since| ¢y ) is not square integrable, it is, strictly speak- poles i”|%v1> and |¢,0V2> is given by the sum of the indi-
Ing, not an elemgnt of the ong-electron H|_Ibert spadie vidual ionization potentials of the two outervalence holes
electronic relaxation process is accompanied by the formaénd the Coulomb interaction between themg., —s
tion of two outervalence holes, one in orbital,, ) and one : R T
1 Vov, .ovfov; ,ov,] - The energetic accessibility of an elec-

in orbital| ¢4, ). Therefore, the possible final states are given_ " ° : o i
by |dN-1y— % &Ny, Other statesd™ %) with tronic decay mode in cationic innervalence states relies on
y | ®F >_CkC0V1C0Vz| 0)- er statedr 7) with cou- the possibility of reducing the hole-hole repulsion in the final

pling matrix elements®}YH|®N"1) different from zero  states. In small, isolated molecules, both holes are rather
do not contribute td”,, owing to the restriction imposed on close to one another. Coulomb repulsion between these holes
their energy(®N~*|A|dN 1) by the & function in Eq.(16). is usually so strong that all dicationic states in small mol-
This argument applies, on the one hand, to two-hole one€cules are higher in energy than any monocationic innerval-
particle states with holes in orbitals other than outervalenc€"Ce state. By contrast, the double ionization threshold of
one-particle states and, on the other hand, to three-hole twelusters® and solidé® is lowered due to the spatial separa-
particle states of type;cgckc,civkbg‘}, which are the only bility of the two-h.olg ch'arg_es, thus opening the electronic
remaining basis vectors that can couple directiy o). ~ decay channels distinguishing ICRgoy,) and|gq,,) are lo-
Hence, using Eq(2) for the Hamiltonian, the properties of Calized each at a different monomer. The tersy
the creation and annihilation operat¢gq. (3)] and Eq.(5)  ~ Vkoy[kov,] ~ Vkowlkov,) IN EQ. (17) describes the energy
for the Hartree-Fock mean field, a very simple, approximateof the emitted decay electron including its residual interac-
expression for the electronic decay widfl, of a cationic  tion with the two holes.
innervalence resonance can be derived from (E6). Having established the nature of the decay channels, we
turn our attention to the coupling matrix elements
Vovl,ovz[iv, k]:Vovl,ovz,iv,k_Vovl,ovz,k,iv- These significantly

Fiv=2772k OEV OVZOV [Vou, .ovtiv.lg|* 8(&i = Eov, ~ Eov, contribute tol';, only if one of the outervalence holes, say,
e | @oy,). resides at the site of the initial innervalence hole, and
T Vov, .ovfov, ,ov,] T8k~ Viov [k.ov,] ~ Vi,ow[k ov]) - the other outervalence hole,,,) is located at a neighboring

17) monomer. Two different physical processes are described by
the direct term Vo, .ov,.iv.k and the exchange term

Let us analyze this expression. Thefunction specifies ~ Yov v kiv» 8S illustrated in Fig. 1. The impact of the direct
the decay channels that are available for an innervalence hol€mVoy, ov, iv.k €an be interpreted in the following manner.
created at an ionization potential efe;,. At the adopted An electron in|<p0\,1> drops into the hole if¢;,). The re-
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1
Vovl,ovz,iv,k: %(<‘Pov1|erll¢iv> : <§Dov2|er2|‘Pk>
- 3< (Povl|er1' UR| (Piv><¢’ov2|er2' UR| (Pk>)

1
+0 ) . (19

RS

monomer 1 monomer 2

Here we have exploited the fact th v =0
FIG. 2. Position vectors employed to derive the long-range be- P a(t%vl'(pw)

havior of the intermolecular Coulombic decay ra&g.andR, de- =<‘P°Vz|‘Pk>'

note the centers of mass of the monomers participating in the decay The leading term in Eq(19) describes the interaction of

processr; (i=1,2) is the position of electronwith respect toR;, two electric dipoles. According to Eq$17) and (19), the

that is,r;=x;—R;. The distanceR between the monomers is de- partial width corresponding to a single decay channel char-

fined byR=|R;—R,|. acterized by two outervalence holes—one being localized at
the initially ionized monomer and another one at a monomer

leased energy is transferred to an adjacent monomer, medi the coordination shell of radiuR of the former

ated by virtual photon exchange, and an electron is ejectefionomer—displays a R dependence for sufficiently large
from |@e,. ). The exchange teriW,, o (. On the other R Since the surface of a coordination shell, and therefore the
2 1,0V2, K, 1V

; . umber of monomers in this coordination shell, increases as
hand, describes the transfer of an electron from a neighbot=5
, the number of such decay channels depends, roughly,

ing monomer into the innervalence hole. The subsequentl draticall R Addi I tial width iated
emitted electron stems from the site of the initial ionization,4Yacratically onm. Ing up all partial widiths associate
ith a coordination shell of radiuR, their total contribution

Owing to the compactness of an innervalence orbital, th X o

direct term dominates by far. There is hardly any overlap0 the IC.D widthI';, decreases as RA}. as_R IS mcreaseq. If.

betweer|¢,,) and|¢., ). Therefore, ICD is characterized by polarization effects of the medium inside the coordination
2 1

. . .~ shell are taken into account, the droplg§ as a function of
energy transfer between neighboring monomers. Experimery, ig jikely to be even more pronounced. In view of these
tal evidence for such a process is availaBl& Note in pass-

. L . ; . results, as soon as the first coordination shell is filled, the
ing that similar coupling matrix elements are encountered iNcp yigth of a cationic innervalence state in a weakly bound
Penning ionizatioR® There, however, it is electron transfer

; > cluster is expected to converge quickly as more and more
and not energy transfer, which represents the underlyingnonomers are added. We would like to mention that this
mechanism most appropriately. _ behavior is in sharp contrast to the electronic decay rates of
How doesVoy, ov,,iv.x depend on the distand@between  poiaq in the delocalized gas of valence electrons in metal
the monomers involved in the decay? For the nearest neigltiusters®! Pronounced electronic shell effects cause the life-
bors in a cluster or a condensed matter system this is not eagynes in these systems to be sensitively dependent on cluster
to answer in general, for in this case there usually is a regiosize. The dependence is nonmonotonic, the lifetimes lying
between the two monomers where neitheg,, ) nor [¢,,,)  between a few femtoseconds and hundreds of nanoseconds.
vanish. The spatial extension of each monomer is therefore The 1R® dependence of the energy transfer rate is known
not small in relation toR, thus rendering a power series from Farster dipole-dipole coupling? discussed in the con-
expansion in R not feasible[A similar observation has led text of electronic excitation energy transfer between a pair of
to the conclusion that in a covalently bound molecule interchromophored® There, all electronic states involved are
atomic contributions to the Auger decay of a core hole musbound and, for this reason, discrete. Energy conservation re-
not be neglectedsee, for example, Ref. 39 However, for  quires that the energy released by one chromophore can be
the second and higher coordination shells of the monometesonantly absorbed by the other one. Usually this is possible
carrying the initial innervalence hole, a series expansion doegnly due to the involvement of nuclear motion, which there-
make sense. Utilizing the expansitfor the employed nota- fore sets the time scale for the energy transfer process to
tion please see Fig.)2 picoseconds or longer. By contrast, in decay phenomena like
ICD the energy transfer is associated with a transition to a
continuum state, and energy conservation is fulfilled without
1 1 ug(ri—ry) N 3[Ug- (1= 1) 12— (r1—rp)? any necessity for nuclear dynamics. One might argue that

[x;—%| R R2 2R3 coupling matrix elements involving continuum electrons are
very small, leading to rather long lifetimes. In ICD, however,
the kinetic energy of a decay electron is just a few electron-

. (18 volts. The corresponding de Broglie wavelength is of the
order of 1 nm, which is comparable with the spatial exten-
sion of an atomic or molecular monomer in a cluster. Hence,

whereug:=(R;—R,)/R is a unit vector along the line seg- the wave function of an ICD electron is relatively slowly

ment that joins the centers of mas$y, and R,, of the two  oscillating and there are no pronounced cancellation effects
monomers under consideration, it is straightforward to obtairihat would lead to a small decay rate. Additionally, the low-

1
+O—4
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1.0 ; Ne |IP tain classes of expansion contributions. The problem of find-
081 Ne'(2p) Ne'(2s) ing the poles of a Green’s function, which are directly related
g'i: to observable quantities, is reformulated in terms of a Her-
05 ] mitian eigenvalue problem. This can be efficiently solved by
= 0.0 a block-Lanczos approach.The ADC method is ideally
= Ne™* DIP suited for the investigation of clusters because of its inherent
_: *one-site’ size consistency.
s L The perturbation expansion underlying ADC is based on
S 20 25 30 35 40 45 50 55 60 65 70 L~ A s
£ 10 - vl the partlt_lon|ngH—F+|—_|I [see Eq.(2)], the Fock operator
g 08 | Nej(2p) Ne,'(2s) s of N particles representing the unperturbed system. Thus, the
E 061 orbital energies and Coulomb integrals obtained from
s 04 Hartree-Fock calculations on the neutral ground state of Ne
F 0.2 1 and Ne, respectively, serve as input for the ADC calcula-
g 00 Ne 2 Ne. DIP tions. The Hartree-Fock calculations were performed with
‘two_site’ ‘one_site’ the ab initio program packageamess-Uk.>® We utilized the
N S NS N Gaussian basis set d-aug-cc-pVDRef. 39 for the single
20 25 30 35 40 45 50 55 60 65 70 neon atom as well as the central atom in;Nehere the other

ionization potential [eV] four atoms, described by means of the basis set

39
FIG. 3. Single(IP) and doublgDIP) ionization potentials of Ne ?uQ'CC'pVDZ’ are assumed to fo,rm a tetrahedron surround-
and Ng in the valence regime. Note that in contrast to the isolated"9 the central Ne atom. The distance between center and

atom there are dicationic states of the cluster that are characteri£Xterior atom was taken to be the interatomic equilibrium
able by a distribution of the two positive charges over at least twalistance in solid neonR=3.13 A To describe single-
monomerg“two-site” ). They are lower in energy than those mono- €lectron removal we employed the AD8} approximation of
cationic states which arise from the removal ofseectron. Inthe  the one-particle Green's functidh, and to compute the
cluster the 2-hole states can therefore undergo relaxation by elecdouble ionization spectra we used the A@Cscheme for
tron emission. The corresponding cationic innervalence state of ththe two-particle propagaté?:42
isolated monomer, for which only “one-site” doubly ionized states  The spectral intensities in Fig. 3 do not immediately re-
exist, is stationary. flect the signal intensity in an experimental photoionization
spectrum. We assume that the sudden approximation is valid,
kinetic-energy nature of ICD electrons is the reason why a.e., that the incident photon energy is larger by several elec-
description using standard Gaussian basis sets augmented thgnvolts than the binding energy of the photoelectron. Under
a few diffuse functions—as presented in the ensuinghis assumption it is possible to use the spectral intensities
section—is successful. None of the approximations typicallygiven here and deduce from them photoemission
employed for calculating Auger decay, which is associategrobabilities*®
with the emission of high-kinetic-energy electrons, are As can be seen in Fig. 3, the lowest double ionization
needed here. energy of an isolated Ne atom is about 61 eV. This is much
higher in energy than the cationic innervalence state, which
according to our computations is located at about 48.5 eV, in
agreement with experimelisee, for example, Ref. 44An
innervalence hole in an isolated neon monomer can therefore
In order to illustrate the general concepts described aboveiot decay by electron emission. In analogy to the single
as well as to provide additional insight, we present in thisatom, dicationicone-sitestates, where both positive charges
section the results db initio calculations on neon clusters are localized at one monomer, exist in the cluster as well.
of different sizes. Neon clusters are a natural choice for suchlowever, in addition to these there are dicatiomo-site
a prototype study. The interaction between the monomers istates available in the cluster. Ttveo-sitestates are lower in
extremely weak. It is therefore possible to associate eachnergy than the cationic innervalence states. Hence, in
innervalence orbital with an individual neon atom. Addition- marked contrast to the single atom, thetible states in the
ally, our new results extend in a systematic manner the workluster are autoionizing resonances, i.e., discrete, quasibound
we carried out on Neand Ng.1>3* states embedded in and interacting with an electronic con-
First we would like to show that innervalence ionized tinuum. The decay mechanism is ICD.
neon clusters can indeed decay by electron emission. In Fig. We have shown that electronic deazan take place. It is
3 single and double ionization spectra of the neon atom andyrucial to determine, in addition, the time scale on which
as a representative example of a neon clustey,a¥eshown. ICD occurs and study how ICD lifetimes depend on cluster
The spectra were calculated within the framework of Green’'size. To that end we consider the clusters; NBe;, Ney,
function method$?® making use of the algebraic diagram- Nes, Ne;, Ney, and Ng;. The geometry of each e ex-
matic construction schem@DC).3® ADC(n) represents a cept Ngs, is constructed by adding to a central neon atom an
sophisticated perturbation theoretical approximation of anvironment of highest possible symmetry consistingnof
many-body Green’s function, which is complete upriih —1 atoms at a distance &=3.13 A from the center. In
order and includes in addition infinite summations over cerNe;; the 12 atoms surrounding the central neon atom are

Ill. SIZE DEPENDENCE OF ELECTRONIC DECAY RATE
IN NEON CLUSTERS
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@) orbital basis. UsingsAMESSUK we calculated all matrix el-
ements in the Gaussian basis set d-aug-cc-pVDZ and per-
00O o O o formed a Hartree-Fock self-consistent-field calculation on
the neutral ground state of each cluster considered. In this
Neg Ney way the orbital energies and the representation of the spatial
linear trigonal

orbitals in the Gaussian basis were obtained. For efficiency
we implemented &electivetransformation of the Coulomb

O O matrix elements from the Gaussian to the spatial orbital ba-

®) 00 OOOOO sis, that is, we calculated only those matrix elements actually

required. A complete transformation—the standard in current

Ne %367 ab initio program packages—is prohibitively expensive for

tetrahgdral octahedral the Iarger neon C|U_Sters- . _
A direct evaluation of Eq(20) is a delicate problem, be-
dD 5988 cause, as mentioned previously, the one-electron siade
CUm describing the emitted ICD electron is not square integrable.
Cp e Continuum states are delta-function normalized:
Neg , Ne;g (el )= d(ex—err). (21
body-centered cubic face-centered cubic

Thus, at first glance it may seem that Hilbert space tech-
FIG. 4. Geometries of some selected neon clusters. In each clum'ques, which are the basis of computational quantum me-
ter a central atom is surrounded by a coordination shell of radiughanics, cannot be applied to calculating decay rates. How-
R=3.13 A. The structures are designed to converge to the comever, this difficulty can be overcome by a computationally
plete first coordination shell of an atom in a neon crystal. efficient method, the Stieltjes-Chebyshev moment-theory ap-
proach, discussed in detail in the literatité®
arranged in such a way to coincide with the complete first e first identify all accessible decay channels, i.e., all
coordination shell in solid neon, which has a face-centereglyo-hole outervalence states that are lower in energy than the
cubic crystal structur& The resulting structures are shown considered one-hole innervalence state. Practialnitio
in Fig. 4. The chosen geometries of the clusters do not repcaiculations are performed in a finite basis set, and a finite
resent minimum energy structures. They do, however, comymper of discrete virtual orbitalgp, ) serve as approxima-

verge systematically towards the structure of solid neon. tions to continuum states. Hence, in a second step we deter-

In order to calculate the ICD Ilfet|me_of asZhole in the mine for each individual decay channe, ¢y, |®Y) the
central neon atom we employed the spin-free version of Eg. 170V2

(17): energy-dependent quantities
1—‘ovl ,ovz( n) ’:27T|Vov1 LoV, [iv, K] | 2 (22
l_‘iv:277'2 |Vov1,ov2[iv,k]|25('9iv_*""‘ovl_Sov2 .
kK ov; ov,>ov; as well as the energies

+ Vovl ,0V,[0vy ,0v,] +e— Vk,ovl[k,ovl] - Vk,ovz[k,ovz]) A Eovl ,0V2( n) =€y Eov, 80v2+ Vovl Jov,[ov; 0] +¢ K,

+ ZWZK 2 2 |V0v1 L0V, ,iv,k| 2‘S(‘eiv_ €ov; " €ov, B Vk” ovi[ky ov] Vk” 0Valky 0V + 23

0V] OVy>0Vq ) .
[For the sake of clarity we have used the compact spin-
+Vov1,ov2,ov1,ov2+Sk_Vk,ovl,k,ovl_Vk,ovz[k,ovz]) orbital formulation of Eq.(17).] The discrete pseudo-
spectrum(AEovl,OVZ(n),FO\,l,OVZ(n)) is analyzed by making
127>, > > |Vovl,ov2,k,iv|25(8iv—Sov1—80v2 use of Stieltjes-Chebyshev moment theory. This technique
k= ov; ov>ovy allows one to extract the point (O, ov,) from the pseu-
dospectrum, WherEo\,l,o\,2 is the partial decay width corre-
sponding to channedovlco\,2|<bg‘), incorporating proper nor-

+2a vV C28(g0— 28 malization of the continuum.
zk 02\/1 Vouy.ov wil“0len 280y, The total ICD widths and the corresponding lifetimes are

+ Vovl ,0V,,0V; ,0V, tey— Vk,ovl[k,ovl] - Vk,ov2 ,k,ovz)

shown in Fig. 5. The most striking phenomenon that can be
+Vou ov.0vy,00 F 8k 2Vkov, kovy T Viov, ovik)- seen is the significant increase bBf,, starting with a few
(200 mev in Ne—in agreement with studies performed using
other theoretical techniqu¥s**—and going up to more than
Please note that in this equation the spin degree-of-freedo200 meV in Ng3. The lifetime in the latter is only about 3
is integrated out and all indices refer d$patial orbitals. fs. From the discussion in Sec. Il the cause of this behavior is
The quantities needed to evaluate E2{) are orbital en- clear: In the larger clusters there are more interatomic decay
ergies and certain Coulomb matrix elements in the spatiathannels available than in the smaller ones.
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200 A IV. SUGGESTIONS FOR EXPERIMENTS
150 . . .
Based on our work it seems likely that intermolecular
Coulombic decay of innervalence vacancies plays an impor-
tant role in the huge class of weakly bound clusters and
condensed matter, comprising such systems as water, carbon
dioxide, and ethanole. If energy conservation allows ICD to
take place, it is expected to dominate the relaxation of inner-
valence holes. The only competing processes typically occur
40 on a longer time scale. The kinetic energy distribution of the
ICD electrons extends from O up to several electronvolts. Its
detailed structure depends on the available electronic decay
channels and on effects induced by the motion of the atomic

nuclei, which we have found to make a particularly pro-
nounced impact due to the Coulomb repulsion acting in the
FIG. 5. Electronic decay width and corresponding lifetime of andicationic final staté>3* From these considerations it is evi-
innervalence (&) hole in neon clusters of different sizes. The data dent that ICD deserves attention.
were calculated by means of E@0). A simple experimental approach to ICD is suggested by
the results of the previous section. One could sort the clusters
tzgccording to size and measure, with a high resolution, the
spectral line of the innervalence photoelectron for each clus-
ter size. While the line position is insensitive to cluster size
see, for example, Fig.)3the width is expected to be size

decay width [meV]
o 3
o (=)

o

[22] @
o o
) L

lifetime [fs]

20

1 23 456 7 8 9 10111213
number of atoms n in Ne,

The number of relevant decay channels should be propo
tional ton—1, n being the number of atoms in the cluster,
because for efficient coupling one of the final-state hole

must be Iocal_lzed on the central neon atom. !n fact, as ependen(Fig. 5. Pursuing this strategy is, presumably, not
careful analysis of our numerical data has confirmed, decay00 difficult, but the wealth of information the ICD effect
channels withboth final-state holes in the coordination shell contains cannot be revealed in this way. To that end a mea-

of the central monomer do not give any appreciable contrisrement of the kinetic energy distribution of the ICD elec-
bution toI';, . The coupling of the relevant decay channels toton is needed.

the innervalence hole state mlght be affected by the inter- There are, however, a few obstacles to Observing ICD
atomic distancewithin the coordination shell—the distances electrons in a routine experiment. First, electron spectros-
of all shell atoms to the central atom are identical, but thecopy in the energy range of a few electronvolts is more prob-
distances between shell atoms decrease with increasing clugmatic than for faster electrons. This is a technical difficulty,
ter size. The consequence would be a noticeable dependenaed experimentalists certainly are making progress in this
of the average partial decay width on the number of atomsdirection. The second problem is somewhat more fundamen-
This is one possible reason why the calculated ICD width igal. In order to investigate the decay of an innervalence hole
not linear as a function of cluster sizsee Fig. 5. Another  one would expose a given system to photons whose energy is
reason might be the quality of the Gaussian basis set usedufficient to produce such a vacancy. Obviously, for systems
the basis set improves with the size of the cluster. This imthat can undergo ICD this photon energy is above the double
plies that the description of the ICD electron is best fof{Ne ionization threshold. Thus it may happen that an absorbed

By focusing on an innervalence hole on the central monophoton simultaneously ejects two outervalence electrons, in-
mer we simulated the situation inside the solid. The ICDstead of ionizing an innervalence electron that is followed, in
lifetime found in Nz is a restrictive upper bound for the a second step, by the spontaneous emission of an ICD
ICD lifetime of a 2s hole in a neon crystal. For surface electron.
atoms, which do not possess a complete coordination shell of The emission of correlated electron pairs from the surface
nearest neighbors, our data suggest that the ICD lifetime is aff a solid following one-photon absorption has been investi-
the order of 10 fs. gated experimentally by Biester and co-workrand by

In principle the innervalence ionized cluster can give offHerrmann et al,*® and within a theoretical approach by
its excess energy by photon emission. The fluorescence dBerakdaf*® With the restriction of energy conservation, the
cay width of an innervalence excited Ne atom is of the ordeenergy of each of the electrons in a correlated pair can take
of 1 ueV (see Ref. 47, and references theyeifhat quan- on any value between 0 arg,,,, Which is the energy of the
tity is expected to be of similar magnitude in a neon clusterabsorbed photon minus the double ionization potential of the
We have shown that ICD is faster by at least three orders ofenerated dication. The two correlated electrons share the
magnitude than relaxation by photon emission, which maytotal energy available to thent,,,,, in a complementary
therefore be neglected. In Benuclear dynamics and ICD fashion, that is, if one of the electrons has kinetic energy
take place on comparable time scales, giving rise to interesthe other one has kinetic energy,.—<. The corresponding
ing dynamical effects accompanying ICP3* However, in  continuous spectrum, which can be influenced by varying the
view of the ultrashort lifetimes found in the larger neon clus-photon energy, may interfere with the measurement of the
ters, it is very likely that for these systems ICD is the fasteskinetic energy distribution of the ICD electrons.
process occurring. The question now is how electrons stemming from two-
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electron photoemission can be cleanly distinguished frormeighbor, whereas practicallgll innervalence excited cat-
ICD electrons or even avoided. One possible strategy isonic monomers in a cluster are expected to decay via ICD,
rooted in the observation that an innervalence photoelectrosince all other electronic decay channels are closed. Another
arises at fixed binding energy and an ICD electron at fixedlifference is the relevance of retardation effects. They are
kinetic energy, i.e., both quantities are independent of photonegligible in the energy regime of valence levels, but of im-
energy. Thus, after the innervalence peak has been identifiedprtance to understanding energy transfer in core-excitation
the kinetic energy distribution of all electrons that are de-experimentgsee Ref. 52, and references thejein
tected in coincidence with the innervalence photoelectron is An intriguing possibility is the use of free-electron
measured at several photon energies. This procedure shouldsers®=>®for ICD experiments. Their intense and coherent
in principle, allow an unambiguous identification of ICD radiation could be employed for ionizing the outervalence
electrons and their spectrum. shell of the sample and exciting the innervalence-
A second, probably more effective technique consists iroutervalence transition by two-photon absorption. Perform-
removing an outervalence electron first. The photon energing such an experiment on befor instance, would require
needed to achieve this can be chosen significantly below thghotons with an energy of about 27.5 eV, creating outerva-
double ionization threshold, and ionization of the outerval-lence electrons of roughly 6 eV and ICD electrons distrib-
ence shell is rather efficient. Then, by tuning the photon enuted between 0 and 3 %3
ergy appropriately, one can resonantly excite an innervalence In this paper we have presented an elementary theoretical
electron into the outervalence hole. The cross section for thidescription of ICD and applied it to investigate the behavior
second step is also large, provided that the outervalence hot# the intermolecular Coulombic decay rate of an innerval-
is not completely delocalized. In cationic neon clusters, forence ionized monomer as a function of the number of its
example, the described approach should work well, becauseearest neighbors. As the size of the system is increased,
in the ground state the positive charge is restricted to basmore and more decay channels are opened. We have shown
cally two atoms?® As soon as the photon energy is in reso-that the electronic decay rate is extremely short in the larger
nance with the innervalence-outervalence transition, the slowystems, of the order of 1 fs in Fg ICD is an ultrafast
ICD electrons emerge from the surface of the investigategrocess, in particular in extended systems. Its time scale is
system. This serves as an observable signature of the energymparable with that one familiar from the Auger decay of
transfer from the resonantly excited cationic monomer to itsore holes. Therefore, detecting ICD in condensed matter
neighbors. systems which consist of weakly bound molecules appears to
The second of the two proposed realizations of dedicate@e possible. In fact, a probably higher signal rate in compari-
ICD experiments is reminiscent ofiultiatom resonant pho- son to clusters should simplify the measurement of the ki-
toemission(MARPE) discovered in core-excitation studies netic energy spectrum of the ICD electrons. It may turn out
of metal oxides*? In a MARPE experiment, a specific that the ICD phenomenon discovered in clusters is an ideal
atomic species is resonantly core excited. If the correspondool for investigating intermolecular interactions in con-
ing excitation energy is large enough, the excited atom cadensed matter. We hope that our work will stimulate experi-
relax by ionizing a core electron of a neighboring atom. Thisments.
electron is detected. Because both the excitation energy and
the core ioni_zation potential are characteristic of the_involved ACKNOWLEDGMENTS
atomic species, MARPE promises to become an important
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