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We report on an extensive study of interatomic Coulombic decay (ICD) widths in helium trimer
computed using a fully ab initio method based on the Fano theory of resonances. Algebraic diagram-
matic construction for one-particle Green’s function is utilized for the solution of the many-electron
problem. An advanced and universal approach to partitioning of the configuration space into discrete
states and continuum subspaces is described and employed. Total decay widths are presented for
all ICD-active states of the trimer characterized by one-site ionization and additional excitation
of an electron into the second shell. Selected partial decay widths are analyzed in detail, showing
how three-body effects can qualitatively change the character of certain relaxation transitions. Previ-
ously unreported type of three-electron decay processes is identified in one class of the metastable
states. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936897]

. INTRODUCTION

Despite their apparent simplicities, small helium clusters
are peculiar quantum objects. The low helium atomic mass
and the very weak interaction potential between the atoms lead
to their extreme delocalization. As a result, the mean average
interatomic distance in the helium dimer attains an enormous
value of about 52 A.! Larger clusters (trimers, tetramers, . . .),
while being much less extended than the dimer, also exhibit
remarkable interatomic distance distributions.?

This unusual physical property allows the investigation of
interatomic electronic processes over a wide range of distances
and geometries. In this context, the helium dimer has been
used in a series of work®® to investigate the interatomic
Coulombic decay (ICD).”"'? ICD is an ultrafast non-radiative
decay process of excited atoms or molecules embedded in
a chemical environment. For example, after simultaneous
ionization and excitation of one helium atom in a cluster, this
excited ion relaxes via ICD by transferring its excess energy
to a neighboring atom which is thus ionized. In helium dimer,
measured spectra show that ICD takes place for interatomic
separation up to 14 A, implying that the two atoms can
efficiently exchange energy over more than 45 times their
atomic radius.’ For still larger interatomic distances, ICD
becomes too slow and is quenched by local radiative decay of
the initial excitation.

No less striking features are observed also in the helium
trimer. The pair distribution function of “He; extends from 3.3
to 12 A (full width at half maximum) and the mean interatomic
distance is predicted to be around 10.4 A for *He; and even
20.5 A for 3He-*He,.'>1* The width of this distribution stems
from the delocalized nature of a single (ground) vibrational
state. It should be mentioned that the helium trimer has a
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single excited state which is an Efimov state with a size about
10 times larger than the ground state. This long predicted
state has been recently observed,' but its influence on the
observed pair distribution in helium trimer has been ruled out
by the experiment.'? Furthermore, the extreme delocalization
causes that no preferential geometry of the trimer can be
determined.'*!® Knowledge of relevant quantities such as
potential energy surfaces and total and partial decay widths
over a wide range of geometries and interatomic distances
is therefore necessary for a full understanding and modeling
of ICD in the helium trimer. The experimental observables
are the kinetic energy distribution of the ions and of the
secondary electron. Both observables reflect strongly the
geometrical distribution of the neutral system and the total
and partial decay widths.>> Owing to the recent remarkable
developments in coincidence spectroscopy techniques, the
trimer thus provides an unique opportunity to investigate the
geometrical dependence of the ICD widths.

Computing the observable energy distributions of the
decay products involves treating the nuclear dynamics of the
system during and after the decay process. Relevant decay
widths of the involved metastable states in the configuration
space spanned during the dynamics are an essential input for
such simulations. Therefore, in the present work we study the
ICD widths of the helium trimer subjected to simultaneous
ionization and excitation (into the L-shell) of one helium
atom,

He*(15s°2p") + He(15%) + He(15%)
— He*(1s") + He*(1s') + He(15%).
We have computed fully ab initio the total and partial decay
widths of the corresponding ionization satellite states (ionized
states in which the vacancy is accompanied by an excitation

of an electron from an occupied to virtual orbital) for different
geometries, focusing mainly on the isosceles configuration.

©2015 AIP Publishing LLC
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The partial decay widths for different channels exhibit diverse
dependence on the interatomic distances. In the region of
large interatomic separations, the asymptotic behavior of
the widths can be analyzed in terms of the virtual photon
transfer mechanism. We show that three-body effects play an
important role and qualitatively change the dependence of the
ICD widths compared to straightforward expectations based
on the results obtained for the helium dimer.®

Larger number of neighboring atoms also opens new
decay channels which have no equivalent counterparts in
dimers and can be accessible only by rather exotic pathways.
In the present study, an example is provided by a new type
of electron transfer mediated decay (ETMD), which involves
three actively participating electrons. In normal two-electron
ETMD'7 process, a neighboring atom donates an electron to
fill the initial vacancy on the ion while the released energy is
simultaneously transferred either to the donor [ETMD(2)] or to
another neighbor [ETMD(3)], leading to a secondary electron
being ejected to continuum. Therefore, the ETMD channels
are distinguished by the initially ionized species being neutral
in the final state. In the helium trimer, the ETMD transition
is further accompanied by simultaneous local recombination
of the excited electron back to the 1s orbital on the initially
ionized-excited atom.

The outline of the article is the following: in Sec. II we
review the Fano-algebraic diagrammatic construction (ADC)-
Stieltjes method and describe its novel modification used to
calculate the ICD widths (Sec. II C). In Secs. III A and III B,
the geometrical dependence of the ICD widths in helium
trimer is reported and discussed. The asymptotic behavior of
the widths is then explained in the framework of the virtual
photon mechanism in Sec. III C. The article is concluded
in Sec. IV. Atomic units (¢ =% =m, = 1) are used in the
presented equations.

Il. THE METHOD

The decay widths presented in this work were calculated
using the Fano-ADC-Stieltjes method.'®2° It is an ab initio
£? method which relies on Fano-Feshbach theory of
resonances”'2* and algebraic diagrammatic construction in
the intermediate states representation [ISR-ADC]** for the
many-electron wave functions. Stieltjes imaging technique® is
used for the normalization and interpolation of the discretized
continuum. The method was described in detail in the
references cited above, but since in the present work we
apply an original approach to partitioning of the configuration
space into the bound states and continuum subspaces, we will
review it here in order to provide the necessary context. The
decay widths are calculated in the fixed-nuclei approximation
with the nuclear coordinates entering only as parameters.
Therefore, the wave functions considered below represent
only the electronic part of the system.

A. Fano theory of resonances

In the theory of resonances developed by Fano”! and—in
a convenient projection-operator formalism—by Feshbach,??

J. Chem. Phys. 143, 224310 (2015)

the wave function Wg at an energy E near a resonance
is represented as a superposition of £? discrete (®) and
continuum (yg,) components

Ne¢
‘PE,(x = ao(E)D + Z / C,B,(t(Eve)Xﬁ,edea (1)
B=1
where the index @ =1,...,N, numbers the independent
solutions of the Schrodinger equation. In the projection-
operator formalism, this decomposition is realized by
partitioning of the Hilbert space into the continuum subspace
% and the subspace Q which contains the bound-like discrete
states. The discrete states and continuum states can be
interpreted as the initial and final states of the relaxation
process, respectively. In the specific case of ICD in clusters,
the bound-like component @ corresponds to the singly ionized
state, typically created by an inner-valence ionization of one
of the cluster subunits (or, in the case of helium clusters
studied in the present paper, by simultaneous ionization and
excitation of a single atom). It is characterized by its mean
energy

Eo = (O|H|D), )

H being the full electronic Hamiltonian of the system. The
N, decay channels in Eq. (1) are defined by the energetically
accessible doubly ionized states of the cluster with energies
Eg < E. Integration runs over the energy e of the outgoing
electron. The continuum functions yg . (in the context of
scattering theory they are often referred to as the background
continuum) are assumed to diagonalize the Hamiltonian to a
good approximation,

(xp.elH —Elxpe ~ (Eg+€—E)dpp
Xé(E'g/+E,—E/3—€). 3)

Analytic expression for the decay width can then be derived,

Ne Ne
[=)Tp=21 ) (DA - Elxpel @)
B=1 B=1
where E, is the real energy of the decaying state (resonance),
E, =~ Eg, and eg is the asymptotic kinetic energy of the ejected
electron for the decay channel g, such that Eg + eg = E,.. Note
that the total decay width has the form of a sum of partial
decay widths I'g for the individual channels which determine
their relative intensity. For more detailed discussion of the

application of the Fano theory to the Auger decay see also
Ref. 26.

B. Algebraic diagrammatic construction

To evaluate formula (4), approximations for the initial
(@) and final state (xg,) wave functions have to be provided.
In the present case, they correspond to either singly ionized
N-electron cluster or doubly ionized cluster plus an electron
in continuum, i.e., to (N — 1) electron states (the first electron
ejected during the initial ionization step is neglected in the
Fano theory). Such states can be conveniently constructed
using the single-ionization ADC technique. It has been
originally developed within the Green’s function formalism.?’
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Later, the ADC methodology was reformulated in the more
lucid intermediate state representation,>* which will be briefly
reviewed here.

Consider perturbation-theoretically corrected (“corre-
lated”) ground state of the neutral N-electron system,

WY = o + W 4w 5)

where (D(’)V is the Hartree-Fock (HF) ground state determinant
and ‘I’(()") is nth perturbative wave function correction. A
complete orthonormal set of the (N — 1)-electron basis
functions ¥, (intermediate states) can be obtained by the
following procedure. First, correlated excited states are
constructed by applying the so-called physical excitation
operators

{C)} = {ci; clcl-cj,i <J; c;c:,cicjck,a <bi<j<k;..}
(6)

to neutral ground state (5),
v =Gy (7

Here, ¢; and cZ are annihilation and creation operators,
respectively, with the subscripts i,j,k,... relating to the
occupied and subscripts a,b,c,... to unoccupied (virtual)
spin-orbitals. The capital index J numbers individual
configurations while in square brackets ([J/]) it denotes the
whole excitation classes. These can be classified as one-hole
(1h, [J] = 1), two-hole-one-particle (2hlp, [J] = 2), and so
on. Unlike the case of the familiar configuration interaction
(CI) expansion, in which the excitation operators C; are
applied directly to the HF ground state, the correlated excited
states ‘1’9 are not orthogonal. The basis of intermediate states
(ISs) is obtained by orthonormalizing them in two steps.
First, Gram-Schmidt orthogonalization between the excitation
classes is performed to obtain the precursor states,

# 0 B OV
W=l (B W)W, (8)
K
[K]<[/]

i.e., the states belonging to the higher excitation class are
orthogonalized to those of all the lower excitation classes.
Second, the orthonormal ISs are obtained by symmetrical
orthogonalization of the precursor states within each excitation
class,

¥, = Z ( B#—(lm)”\yﬁ,, 9)

J/
[71=[7]

where (p#) = (V% |¥%) is the overlap matrix of the
77

precursor states belonging to the same excitation class. Note
that the ISs of the lower classes [K] < [J], appearing in
Eq. (8), are available when needed for orthogonalization of
the class [J] if the procedure is applied iteratively.

Any state of the (N —1)-electron system can be
represented in the basis of ISs,

L AT SIS A 01 (10)
i [J]=i

Consistent truncation of the perturbation series for ground
state (5) at a specific order n and of expansion (10) at
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the appropriate class [J] yields nth order ADC scheme,
abbreviated ADC(n). Specifically, ADC(2) scheme for singly
ionized states describes the many-electron wave functions in
the basis of 14 and 241p ISs. In the corresponding Hamiltonian
matrix, the coupling between 14 states is treated in the second
order while that between 1h and 2hlp states is evaluated
in the first order in Coulomb interaction. In the extended
second order scheme [ADC(2)x], used in the present work,
the first order couplings between 2h1p states are also taken
into account. Detailed description of the single ionization
ADC(2) and ADC(3) schemes can be found in Ref. 28.
The major advantages of using ADC instead of CI scheme
are faster convergence and size extensivity of the resulting
expansions, at the cost of a more complicated evaluation of
the Hamiltonian matrix.

C. Combining ADC with the Fano theory: universal
Q- partitioning scheme

To utilize the ADC expansion for the Fano theory and
evaluation of decay width (4), the key step is to perform the
partitioning of the space spanned by the ISs (configuration
space) into the continuum subspace P of the final states of
the decay and the complementary subspace @, containing
the discrete components. The initial metastable state is
then represented by a discrete state @ selected among the
eigenstates of the ADC Hamiltonian in the @ subspace
while the decay continuum (yg,e) is approximated by all
the eigenstates y; of the ADC Hamiltonian in the # subspace.

In rigorous theory, the fundamental difference between
the two subspaces is that # corresponds to states with at
least one electron in continuum while @ contains only states
represented by square-integrable wave functions. In practical
applications, however, this distinction is lost as quantum-
chemical calculations are routinely carried out in Gaussian
basis sets, hence even the continuum is represented by £
wave functions. Therefore, other criteria of the classification
of ISs have to be devised. In the present problem, both initial
and final states are of the 2h1p character—cluster with two
vacancies and one electron either in virtual orbital or in
continuum. It is thus this class of ISs within which the Q-P
separation has to be performed.

The major obstacle is that there is in general no direct
one-to-one correspondence between the square integrable ISs
of 2h1p character and physical states of doubly ionized cluster
plus one electron in continuum. Previously, two partitioning
schemes have been developed, both with a rather limited range
of application: (i) in the case of ICD in heteronuclear dimers
with molecular orbitals (MO) localized on specific atoms, the
classification can be readily done utilizing the observation
that the final states of the interatomic decay processes such as
ICD are distinguished by the two vacancies being localized
on different constituents of the system;'® (ii) in homonuclear
dimers with MOs delocalized due to the inversion symmetry,
the following localization procedure can be used to adapt the
ISs to the calculation of the interatomic decay widths.'® First,
specific couples of 2h1p ISs characterized by the same particle
orbital and hole orbitals forming gerade-ungerade pairs are
selected. Then, the respective 2 X 2 sub-blocks of the ADC
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Hamiltonian matrix are diagonalized. It can be shown that the
lower-energy eigenstates correspond to two-site 2i1p states
with holes localized on different atoms while the higher-energy
ones to the one-site states with both holes localized on a single
atom. This construction therefore leads to ISs adapted to the
calculation of interatomic decay widths. Indeed, the two-site
states belong to the subspace P of final states and the one-site
states contribute solely to the Q subspace.

Both Q-% partitioning strategies share two principal
deficiencies. First, any inter-atomic correlation is neglected in
the initial state. Such effects are described by two-site ISs,
which are either included in the # subspace (if they correspond
to accessible final states) or are completely excluded from the
calculation. Second, neither of schemes (i) or (ii) is directly
applicable to geometrically more complicated polyatomic
systems. Already the helium trimer in equilateral geometry
poses difficult problems. To remedy these shortcomings,
we propose the following generalization of the localization
procedure used in scheme (ii) for homonuclear diatomics.
Rather than pairing specific 221p configurations, it is possible
to diagonalize the whole blocks of the ADC Hamiltonian
matrix corresponding to all 2221 p configurations defined by the
common particle orbital p. The resulting eigenvalues closely
reflect the structure of the double-ionization (DI) thresholds
of the system—the energies are essentially only uniformly
shifted by the presence of an extra electron in the orbital
p. The respective eigenstates then represent ISs adapted to
the decay problem in hand in such a way that they show
the desired one-to-one correspondence with doubly ionized
states of the system plus an electron in a virtual orbital or in
continuum. Therefore, these adapted ISs can be readily sorted
between the P and Q subspaces on the basis of knowledge of
the number of open decay channels.

Fig. 1 illustrates this procedure on the example of
helium trimer. It shows eigenvalues Ej;, of the individual
Hamiltonian blocks defined by the particle orbital p as
functions of its Hartree-Fock energy £,. When the particle

3.0

28 f

BRSeadn  ene. o s ny o n -
26 & < et o e g aa ag o
=]
a

24

22 f

Eon1p€p (Ha)

20 f

18 | ™ :Ww N 1
AR, ’W‘JF%Q‘WM N .
TN T R S B 2 % % s
16| et

1.4 L N N N N
0.0 0.2 0.4 0.6 0.8 1.0

particle orbital energy =N (Ha)

FIG. 1. Eigenvalues of the ADC Hamiltonian sub-blocks corresponding to
2h1p intermediate states with specific particle orbital p characterized by
the Hartree-Fock energy &p,. Solid black line shows the energy Eg of the
discrete component representing the decaying (He})* — He state. It divides the
eigenvalues into the lower-lying group of the six two-site ISs corresponding
to open channels (see Table II) and the higher-lying group of ISs contributing
to the initial state expansion. The slightly higher lying points at €, =0 show
reference double ionization potentials calculated separately.
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orbital energy is subtracted from Ej;jp, the eigenvalues are
rather independent of &,. For each particle orbital p, the
resulting eigenvalues sort out into two groups. The lower-
energy one corresponds to the six open decay channels listed
in Table II, characterized by the two holes being localized
on two different atoms. The higher-energy group contains the
one-site (with respect to holes localization) states, which are
to be included into the initial state expansion. The discrete
state energy, marked by the horizontal black line, falls in the
large gap between the two groups, separating the open and
closed channels.

The most apparent merit of the proposed partitioning
scheme is its universality. It can be used for virtually any
decay problem which can be described within the ADC(2)x
scheme, regardless of the inter- or intra-atomic character of
the process. Furthermore, complete space spanned by the ISs
is utilized as every adapted IS enters either the initial state or
the final state expansions. Namely, ISs of two-site character
which do not correspond to energetically open decay channels
are included in the Q subspace and provide the description
of polarization and inter-atomic correlation in the initial state.
The method can be also readily applied to description of decay
processes in doubly or multiply ionized systems, provided
ADC(2)x scheme for the relevant multi-electron Green’s
function is available. On the other hand, rigorous analysis
of the adapted ISs in the spirit of Ref. 19 is not possible. In
fact, experience shows that in rare cases the particle orbital
may couple with the two-hole states in such a way that the
energy ordering of adapted ISs does not correspond to the
DI spectrum. Such problems can however be detected by
comparison of the 2h part of the adapted ISs wave functions
with those of the decay channels. Generally, the approach
works well if there is either pronounced energy gap between
open and closed decay channels or if the decay channels
show distinct spatial character in terms of hole localization.
In the present case, both criteria are met as demonstrated in
Fig. 1.

D. Stieltjes imaging

Despite the ability of the ADC(n) scheme to produce 2A1p
wave functions y; in the continuum region of the spectrum
as the eigenfunctions of the Hamiltonian in the £ subspace,
the use of £ basis prevents their straightforward use as
approximate continuum states in formula (4). The reason is
that these wave functions do not satisfy proper scattering
boundary conditions and are normalized to unity rather than
energy (cf. Eq. (3)),

(xilxj) =6 (1D

Furthermore, the discretized spectrum has to be interpolated
in order to satisfy the energy conservation relation for the
non-radiative decay process, E = Eg. These problems can be
efficiently solved using the computational technique based
on the Stieltjes-Chebyshev moment theory, known as the
Stieltjes imaging.>® The approach relies on the fact that while
the discretized wave functions y; cannot be used to evaluate
decay width (4) directly, they provide good approximations
of its spectral moments (E; is the eigenenergy corresponding
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to x:),
N¢
k=) / E“KO|H ~ E|xp,e,) dE
B=1
~ D UENUIA - Eilx) (12)

Here, we have used the assumption that, in the spatial region
spanned by the discrete state which contributes to the coupling
matrix elements, the solutions y; can replace the basis formed
by exact continuum wave functions,

Ne¢
O [ Weadxne ~ Y hedtd. a3
B=1 7

The correct value of the decay width can then be recovered
using the techniques of moment theory. An efficient
realization of the Stieltjes imaging procedure is described
in Ref. 29. Convergence of the calculations can be controlled
by performing series of consecutive approximations using
increasing number of spectral moments Sy.

The incorrect boundary conditions satisfied by the y;
wave functions also complicate evaluation of partial decay
widths. This problem can be solved'® by constructing suitable
channel projectors Pz and repeating the Stieltjes imaging
procedure with projected continuum functions Pgy; for
each channel. In the present case, the projectors have been
constructed using the lowest order expansions of the 24 wave
functions of the doubly ionized decay channels.

lll. ICD IN HELIUM TRIMER

The calculations of the decay widths in helium trimer
were carried out using the MOLCAS quantum chemistry
package®® for the Hartree-Fock self-consistent field (SCF)
solution and two-electron integral transformation. Our own
ADC(2)x code for 1p-GF was utilized. On the atomic centers,
cc-pV6Z basis of Dunning et al.’! was used, augmented by
[95,9p,9d] continuum-like Gaussian functions of Kaufmann-
Baumeister-Jungen (KBJ) type.? Additional [5s,5p,5d] KBJ
basis sets were placed on four ghost centers located at bond
midpoints and the center of the triangle. This choice ensured
both stable and convergent Stieltjes imaging procedures and
good convergence of the resulting decay widths in the basis
set. Owing to the complexity of the computational procedure,
it is very difficult to assess the overall accuracy of the
results. Various previous calculations and comparison with
data available in the literature suggest a typical error of 10%-
20%.'%29 Good agreement between measured and simulated
ICD spectra in helium dimer® supports the adequacy of the
method for the calculation of the decay widths in He clusters.

A. Total interatomic decay widths

The isosceles geometry of the helium trimer and its
description used in this paper are shown in Fig. 2. In
this configuration, the atoms A and B form a dimer with
internuclear distance r and atom C moves along the z axis.
Unless specified otherwise, the dimer internuclear distance
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FIG. 2. Geometry of the helium trimer and position vectors used in derivation
of the long-range behavior of the partial decay widths. All atoms lie in the
(xz) plane. In isosceles geometry, the distance between atoms A and B
constituting the dimer part is fixed at r =4 A. Vector x| denotes the position
of an electron localized on the dimer AB relative to origin of the coordinate
system (center of the dimer), X2 is the position of an electron localized on the
atom C relative to this atom. Q is the position vector of the atom C relative
to the origin, ug is the unit vector pointing in its direction. R stands for the
distance between atom C and individual atoms in the dimer.

is fixed at r =4 A in figures through the paper. The mean
interatomic distance of 10.4 A observed in the helium trimer
is fairly large from the point of view of interatomic decay
transitions and was found to contribute negligibly to the
ICD process in the dimer.> The value of r chosen for the
presentation, which corresponds to the maximum in the pair
distribution function,? is relevant for the process and also leads
to lucid and comprehensible results suitable for the intended
discussion.

Table I lists all ionized-excited metastable (ICD-active)
states characterized by excitation of an electron into the
second atomic shell, which are considered in the present
work. For all the states, excitation energy relative to the
ground state electronic configuration is 64.3 eV (ADC(2)x
method, equilateral geometry with interatomic distance
r=R=4A). Second column of Table I shows the notation
used to characterize individual states based on their symmetry
classification in C,, point group. At large distances Q, the
trimer can be described as a dimer AB with MOs no, ,, and
nn, ,, and an individual atom C with atomic orbitals ns and np.
Symmetries of the diatomic and atomic fragments are given
in parentheses. In the next column, classification in Cy point
group is added to mediate the connection to less symmetrical
arrangements with the atom C moved away from the z-axis.
Fourth column shows leading 241p configurations (in terms
of the MOs) of the states which is valid for large atom-dimer
distance Q. To further facilitate the comprehension of the
nature of the individual states, electronic configurations in
terms of atomic orbitals (AO) are schematically given in the
last column. Information about the spin is omitted for clarity
as it is evident from other columns.

The six doubly ionized states (decay channels) of the
trimer accessible via ICD are given in Table II in similar
notation. At the equilateral geometry with R =4 A, the
respective double ionization energies are 52.4 eV, well below
the energy of the initial states given above. With increasing
interatomic distance, this energy further decreases as a result
of reduced Coulomb repulsion between the positive charges
distributed among two atoms. The energy of the initial state,
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TABLE 1. Designations in C;, and C groups and leading asymptotic molecular orbital (MO) occupations
(relative to the ground state of Hes) of metastable ionized-excited states characterized by excitation to second
shell. In the last column, electronic configuration is given in terms of atomic orbitals (AO).

Coyp Cy MO occupation (rel. to ground state) AO occupation
1 2A('E5/2S) A’ 1s722s! 152 152,25,
2 ZAI(EE)1S) A NoP+1e )20 & Nlog' o) 20, 25! 1s3 1s2+(A=B)
3 2B’z /1S) 2A o2+ 1020, & (o' 1o 20} 25l 1s% 1s2.-(A=B)

2Bi('ZF/*Py) 24! 1s722pl 1s3 1s52p)
5 *By('zi PP, A" 1s™22p), Is% 1s32p)
6 2A\('EE/PPy) 24! 1s722p! 1s% 1s32p!
2ACEE'S) 2A llo+1o )30} & Y(log' 1o, 30), 2p)1(’A Is% 1sZ+(A=B)
8 2B (324 /1S) 2A’ 1(10'(;2+ lo;)30) & l(10";1 oY) 30'&1, Zp;’A ls%g lszc—(A =B)
9 2A,(11, /1S) Zp” o2 +10;) 1x), & (o' 1o 1x), ZpL’AlszB Is2+(A=B)
10 2B,(*11,,/1S) 2A” lo?+10;) 1x), & o' 1o 1x), ZPL’AIS%LVZC—(AﬁB)
11 2B (%11, /'S) 2’ Qo +1o ) Inl, & Y(log' o) 1x), 2p;,A1s%1sé+(A‘——‘B)
12 2A (A1, /tS) 27’ 'l +1o ) 1xl, & Ylop' o) 1xl, 2p;,A 1s% 1s.-(A=B)

on the other hand, is almost independent of the geometry due
to the one-site character of the excitation.

In Table I, the metastable states are divided into three
groups. The first group of states 1-3 is characterized by an
excitation into the 20~ and 2s orbitals. The corresponding
total ICD decay widths are shown in Fig. 3. ICD from this
group of states is distinguished by the fact that the local
2s — 1s de-excitation transition is forbidden at all orders of
multipole expansion.® As a result, the respective decay widths
are determined by spatial orbital overlap between the atoms
and show an exponential decrease with the distance Q. Close
past the equilateral geometry, the dimer- or atom-localized
character of the excitation is revealed. For states 2 and 3, the
decay widths stabilize at the values corresponding to a dimer
with fixed interatomic distance of r =4 A since the distant
third atom does not significantly influence the decay any more.
On the other hand, state 1 with the excitation localized on
the individual atom can only decay via interaction with the
dimer and the width continues to decrease exponentially even
beyond this point. In the present paper, we do not discuss these
states further and focus only on the remaining nine metastable
states.

The total decay widths for the metastable states
characterized by excitation of an electron into the 2p atomic
shell (i.e., into 2p on the atom C and 1z or 30 on the
dimer AB) are shown in Fig. 4. We again observe two
qualitatively different groups. States 4-6 are of He, — (He*)*
character and the respective decay widths decrease with Q

for all geometries. For larger Q, the widths depend on
the interatomic distance as Q7%, which is typical for ICD
dominated by dipole-allowed electronic transitions.*® Apart
from very small atom-dimer distances, the fastest decaying
is state 6 with occupied 2p, orbital, oriented towards the
dimer. The decay width of state 4 with occupied 2p, orbital
(oriented parallel to the dimer axis), which decays most
efficiently at shortest distances, asymptotically approaches
the slowest state of 2p, character (perpendicular to the trimer
plane). These findings are in complete agreement with the
previous analysis of asymptotic formulae for ICD widths,**
which shows that at large internuclear separations the decay
widths are proportional to the interaction energy between two
classical dipoles with appropriately aligned dipole moments.

In Fig. 5, the three decay widths are plotted against the
interatomic distance R and compared to the case of sole
helium dimer. The dimer decay widths were computed using
the same method and equivalent basis set as for the trimer
and averaged over gerade and ungerade parity of the decaying
states. That is, I'| = I“;; + I“;; and ', = an + I'yy,, are shown
as representative doubled dimer widths of states with electron
excited into the 2p orbitals oriented along and parallel to the
dimer axis, respectively. The simplest comparison is obtained
for the trimer state with the 2p, excitation, which is of purely
perpendicular character with respect to C—A/B bonds and its
decay width follows I'; almost precisely for all distances.
The other two states with 2p, and 2p, excitations change
their character from parallel to perpendicular and vice versa

TABLE II. Cy, and Cj designations and asymptotic MO occupations (relative to the ground state of He3) of
doubly ionized channels accessible via ICD from the metastable states given in Table I. In the last column,
electronic configuration is given in terms of atomic orbitals (AO).

Coyp Cy MO occupation (rel. to ground state) AO occupation
1 JAICEES) 347 o'1s™) sl 1s% 1sL+(A= B)
2 'AI(Z; /%) % "o 1s7™ sl 1s%, 1sL+(A= B)
3 LA /1S) % lo?-102) Isl 1sp 1sZ
4 3B1(%2%S) A 3oy 1s7h Ish 1s3 1sL.- (A= B)
5 !B’} /%S) Y o 1s7h Is} 1s% 1sL. (A= B)
6 3Bz /'S) 34 og'loyh Lsl 1sp 1sZ
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FIG. 3. Total decay widths of the metastable states with an electron excited
into 2s or 20 virtual orbital (states 1-3 in Table I).

going from large to small interatomic distances. At very small
distances, the decay width of the 2p,-like state rises above
2Ty, which is the largest width found in the dimer, even
though the state is not of purely parallel character. This shows
that mutual interaction between the neighboring atoms can
enhance the efficiency of the decay process. The width of the
2p.-like state, on the other hand, falls below the average I';
but still stays above 2I7,, (the smallest dimer width).

The remaining six states shown in Fig. 4 correspond
to the initial ionization and excitation being localized on
the dimer as (He;)* — He. The respective decay widths first
decrease with the dimer-atom distance Q. Around Q = 6 A,
the decay becomes dominated by local dimer transitions and
the decay widths stabilize at the characteristic dimer values
corresponding to r =4 A. In accordance with the helium
dimer results® and general conclusions drawn in Ref. 34,
2A1(2Eg/ 18) and 2B;(>Z}/'S) states are the fastest decaying in
this group. In the atomic nomenclature, 2p orbitals oriented
along the dimer axis are occupied in these states. The other
four states with 2p orbitals oriented perpendicular to the
dimer axis show decay widths of similar magnitudes. Only
around equilateral geometry, the decay of the pair of states
11 and 12 [*By(*11,/'S), 2A(*11,,/'S)] is enhanced, which can

equilateral geometry

T (meV)

1074 F

FIG. 4. Total decay widths of the metastable states with an electron excited
into 2p, 1z, or 30 virtual orbital.
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FIG. 5. Comparison of the total decay widths of the states with excitation
localized on the atom C with the ICD decay widths in a sole helium dimer.
For the dimer, twice the averages over the parity of metastable states is plotted
for the X and IT symmetries.

be explained by the orientation of the occupied 2p orbitals
towards the atom C.

Dependence of the total decay widths on the interatomic
distance R in equilateral geometry (r = R) for the same nine
metastable states is shown in Fig. 6. In this configuration,
all decay widths decrease uniformly according to the R~°
rule. More interestingly, with the exception of very compact
arrangements all the nine states fall into three groups. The
ratios of the respective decay widths are 1:1.76:3.25. The most
slowly decaying group is characterized by excitation of an
electron into the p,, atomic-like orbital, which is perpendicular
to the trimer plane. To clearly describe the other two groups
encompassing excitations into p orbitals in the plane is more
difficult. However, examining the relevant MOs dominantly
contributing to the individual states, the fastest decaying group
can be roughly characterized by atomic-like p-orbitals lying
along the axes of the angles of the triangle while the middle
group by p-orbitals perpendicular to these axes. Making use of
the aforementioned relationship between the ICD decay width
and the interaction energy between two classical dipoles,* this
picture predicts the ratios to be 1:1.56:3.06 in good agreement
with the ab initio results.

FIG. 6. Total decay widths of the metastable states with an electron excited
into 2p atomic-like orbitals (same states as in Fig. 4) in equilateral geometry
of the trimer.
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B. Partial decay widths and the three-electron ETMD

In this subsection, we investigate partial decay widths
for individual relaxation transitions, focusing again mainly on
the isosceles geometry of the trimer. Fig. 7 shows the partial
decay widths for the 2A;('Z}/*P;) state of the He, — (He")"
character. For the He; — He™ channels, their dependence on
the distance Q complies with the behavior expected based on
the study of ICD in He dimer.® They decrease for all distances
almost exactly as R~®, manifesting the dipole-dipole character
of the interaction. Note that despite the doubly logarithmic
scale, in the T'(Q) plot this dependence does not correspond to
a straight line since R = 4/Q? + r2/4. The triplet channels are
stronger while the parity of the empty 1o~ dimer orbital does
not play any significant role (except for very small distances).

The partial widths corresponding to the remaining two
channels of He?r — He character drop very quickly with
increasing atom-dimer distance as they can be populated
exclusively by a process similar to ETMD,'” which is efficient
only in regions with significant spatial overlap between the
orbitals of the dimer and the solitary atom C. Such transitions
are characteristic by an exponential decrease of the respective
partial decay widths with the interatomic distance. In the
present case, the ETMD-like relaxation pathway belongs to
the ETMD(3) class (in the final state, the two vacancies
are distributed over both atoms of the dimer) and involves
three electrons: as in the ETMD(3) process described in
the Introduction, a neighboring atom donates an electron to
fill the initial vacancy on the ion and the released energy
is transferred to another neighbor, ejecting the secondary
electron. Additionally, in order to reach the He%Jr — He final
state in which the atom C is left in its ground electronic
configuration, the electron initially excited into the 2p orbital
has to drop back into the 1s orbital.

As can be expected for a process which is forbidden at the
lowest order of perturbation theory, the respective partial decay
widths are at least two orders of magnitude smaller than those
corresponding to the ICD channels. Furthermore, it should be
pointed out that below the equilateral geometry, the MOs are

FIG. 7. Partial decay widths for the 2A 1(12;: /*P_) decaying state. The
solid thin black line shows the fit of the R~ asymptotic dependence to the
lAl(ZZ;' /28) partial width. Note that despite the doubly logarithmic scale it

is not a straight line as R =~/Q2+r2/4.
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strongly delocalized over both the dimer and the solitary atom
and, therefore, the distinction between ICD and three-electron
ETMD channels is not sharp. The values of the corresponding
partial widths below Q =3 A, which are comparable to the
typical two-electron ETMD decay widths (0.09 meV at the
equilibrium geometry of NeKr,'!7), are to be attributed to this
mixing. The sharp peaks in the ETMD-like and certain ICD
partial widths near equilateral geometry have the same origin
as the mixing is enhanced due to avoided crossings between
the respective decay channels. Only beyond this geometry the
character of the channels clarifies, which is manifested by the
rapid drop of the ETMD partial widths.

Fig. 8 shows partial decay widths for the 2B;(*I1,/'S) state
of (He})* — He, in which the 17, orbital (oriented in the trimer
plane towards the atom C) is occupied in the excited dimer. We
observe that the decay channels sort out into three qualitatively
distinct pairs. First, the local dimer He%+ — He channels show
partial widths which are constant beyond equilateral geometry
since the dimer internuclear distance r is fixed. However, only
two of the remaining four partial widths corresponding to
He; — He" channels decrease according to the R™® dipole-
dipole rule. The A;(*Z}/>S) channels, in which the empty 1o
orbital has the same parity as the initial state of the dimer, show
partial widths decreasing as R~%. We elaborate in Section III C
that this is a consequence of dipole-forbidden relaxation
transition within the dimer. The 2A;(*I1,/'S) decaying state
of the opposite dimer parity exhibits the same picture, only
the dipole-allowed and dipole-forbidden characters of the
Hej — He® channels are interchanged. Similar results are
obtained also for the 2A1(222/ 18) and 2B,(*%}/!S) states in
which the 30 orbitals are occupied.

Distinctly different behavior can be observed for the
2Ay(*I1,/'S) and ?B,(*I1,/'S) decaying states in which one
electron is excited into the 1, orbital of the dimer, perpen-
dicular to the trimer plane. Partial widths for the %A, state
are shown in Fig. 9. Again, the partial widths corresponding
to channels localized on dimer converge to constant values
while those corresponding to the He; —He™ channels of
the opposite (ungerade) dimer parity than the initial state
decrease as R~S. Partial widths of the Hej — He* channels

B u
107° B, (3% equilateral geometry
- 38,(%g's
10-8 . o
1 2 3 4 5 6 7 8 910 12

Q (A)

FIG. 8. Partial decay widths for the zBl(zl'Ig /'S) decaying state. The solid
thin black line shows the fit of the R™® asymptotic dependence to the
A (’2{ /S) partial width.
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FIG. 9. Partial decay widths for the 2Az(zl'lg/ 1S) decaying state. The solid
thin black line shows the fit of the R™'0 asymptotic dependence to the
'A%} /2S) partial width.

of the same dimer parity as the initial state, however,
decrease asymptotically as fast as R~'°. Since the de-excitation
transition on the dimer is equivalent to the cases discussed in
the previous paragraph, it is clear that selection rules on the
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ionization site (atom C) come into play here. In Subsection
Il C, we provide a detailed analysis of the asymptotic
formulae for the partial decay widths in the spirit of the
derivation of the dipole-dipole rule performed in Ref. 33 in
order to elucidate the underlying mechanism.

C. Asymptotic dependence of the partial decay widths
on dimer-atom distance

The geometry and position vectors used in the following
derivation are shown in Fig. 2. In this section, we derive the
asymptotic formulae for some of the partial decay widths in
terms of inverse dimer-atom distance 1/Q. Note that in the
figures we compare the ab initio data with asymptotic trends in
terms of inverse atom-atom distance 1/R. The reason for this
inconsistency is that the derivation is considerably simpler and
more transparent for 1/Q. The distance R is, however, more
physical and the R™" trends are manifested in the calculated
ab initio partial widths already for smaller atom-dimer
distances. Asymptotically, the difference is insignificant.

In the notation of Fig. 2, the Coulomb operator in atomic
units can be expanded in terms of 1/Q as

1 _ l llQ.(X] - Xz) + 3(I,IQ.(X1 - X2))2 - (X] - X2)2 + llQ.(X1 - Xz) [3(11Q.(X1 - Xg))2 - 9(X1 - X2)2]
Iri-r)  Q 0? 20° 60"
. 3(x — xp)* — 15(ug.(x; — Xz?;);(SXl —X2)* + 35(ug.(x; — X)) L0 (é) . (14)

In our particular case, the expression can be further
significantly simplified using the specific form of the unit
vector ug = (0,0, 1). For the explicit evaluation of the required
coupling elements, we use the spin-free working equations for
1p-GF/ADC(2)x derived from Eq. (A12) in Ref. 28.

Let us first investigate the decay of the 2B (*I1,/!S) state
into the 1Al(zEg/ 2S) channel, which shows the R~ asymptotic
behavior (cf. Fig. 8). According to Ref. 19 and Table I, the
one-site (He})* — He state of this symmetry can be described
as a linear combination of two leading 2i1p configurations,
"o+ 1o,) 1xl, and '(10; ' 1o,") 17}, The final state is
represented by a single configuration 1(10';1 1s~ k!, where
k stands for the single-particle continuum wave function
describing the outgoing electron, centered on the solitary atom
C. The coupling matrix elements relevant for the evaluation
of decay width (4) then read

(1(10'g log) lnzg|I:I|1(10'g 1s) k)
1
= z(lﬂzg loglk 1s) — (1mzq 15|k 1o7g) (15)
and
(1o 107) Ul A1 (107, 15) K)

1
= E(lﬂw loylk 1s) — (1my, 1s|k 1oy,) (16)

for the first and second 24 1p configuration contributing to the
initial state, respectively. Here, we have employed the notation
for two-electron integrals over spatial orbitals

1
WlkD) = / U (0 — 0 (e u(r)drdrs. (17)

Ir; — 1y
Note that for the '(1o, lo,) 17, component of the first
configuration, the matrix element vanishes identically due
to the opposite parity of the final 107, and both initial 10,
vacancies.

For large Q, only the first terms on the right hand sides
of Egs. (15) and (16) survive. The other terms correspond to
electron exchange pathways, which are nonzero only in the
spatial regions where the dimer and atomic electronic wave
functions overlap. Furthermore, considering the symmetries
of the involved orbitals in terms of the C,, point group, the
continuum wave functions k must in both cases have the
B; symmetry, which corresponds to p-wave polarized along
the x-axis. Therefore, using expansion (14) of the Coulomb
operator, the first non-vanishing contributions to the coupling
matrix elements are found to be

(1(10'g loy) lﬂzg|ﬂ|1(la'g 1s) k)

1
<1nzg|xm|1ag><kpx|x2|1s>+0(—) ()

L3
"~ 20¢ 05
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and

<1(10-g loy) 17Tzu|ﬁ|1(lo_g Ls) k)
N 3

~ 200

The 1mr and 1o dimer orbitals of the same parity can only
be coupled by a quadrupole operator, resulting in a Q=%
leading dependence of the coupling elements and thus Q8
of the partial decay width, in agreement with the ab initio
results shown in Fig. 8. Similar quadrupole-dipole character
of ICD was previously studied in the case of ns — (n - 1)d
transitions in the elements of the periodic table groups 3—12.%
Obviously, if the parity of the 1o orbitals is switched in
Egs. (18) and (19), the dipole operator would be sufficient to
couple them with the respective 17, orbitals, resulting in the
073 dependence of the coupling element as observed for the
'B1(*%} /2S) channel, for instance.

Let us now turn our attention to the 2A(*I1,/'S) decaying
state, for which the partial decay width for the 1Al(zﬁg/zS)
channel decreases as R~'° as shown in Fig. 9. The initial state
can again be represented as a linear combination of two 2i1p
configurations, '(1o;% + 10, 1z}, and '(1o;" 1o7,") 17},
The initial-final states coupling matrix elements for large
Q reads

1
<1nzu|x1zl|1o-u><kpx|xz|1s>+0(§). (19)

. 1
(og loy) Imy | H|' (1o 15) k) = 5(17ryg loglk1s)  (20)
and

. 1
(o loy,) Imy,|H| (1o 1s) k) = 5(1"”“ loylk1s).  (21)

In both cases, the two-electron integrals are nonzero only if
the continuum wave function k of the electron outgoing from
the atomic site C has the A, symmetry, which can be satisfied
only by d or higher partial wave. In turn, at least quadrupole
operator is required to mediate the 1s — k transition on
the atom C and the first non-vanishing contributions to the
coupling elements are found in the Q> term of expansion (14)
as

(Mg log) 1my,|H| (107g 15) k)

< ZiQsanygmy1|1ag><kdw|xzyz|1s> +0 (é) (22)
and
((1og 10 1l Al (107g 15) )

< s msilo ko Leanlls) + 0 (é) 23)

If the parity of the 1o vacancy in the final state is changed for
this particular initial state, not only the relaxation transition
on the dimer becomes dipole-allowed, but also the p-wave
polarized along y-axis becomes available for the outgoing
electron, which is demonstrated by the R~ dipole-dipole
character of the partial widths for the ' B;(°X; /2S) final states
in Fig. 9. In the analysis of the decay of (n — 1)d vacancies in
BaZn dimer in Ref. 35, quadrupole-quadrupole character of
the ICD transition was identified in the decay of states with
magnetic quantum number |m| = 2 as a consequence of the
symmetry of atomic orbitals involved. In the present case, the
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FIG. 10. Partial decay widths for the 2A>(*I1,/'S) decaying state for the
channels showing the Q~'° dependence in symmetrical triangle configuration
(dashed lines). Solid lines show the same partial widths for geometry in which
the atom C is moved by 0.2 A from the dimer axis in the xz-plane. Thin black
lines show fits of the R™!0 asymptotic dependence to the ' A |(22;'/ 25) partial
width for both configurations.

phenomenon originates in the mutual interaction of all three
bodies—no equivalent selection rules are found in the helium
dimer.®

An important question arises whether this effect persists
when the reflection symmetry with respect to yz-plane is
lifted, i.e., if the atom C is moved away from the z-axis.
Fig. 10 shows that the Q~'° channels gain significantly more
intensity and their decrease is slower at intermediate distances
compared to the symmetrical case. For large Q, though, we
observe that the respective partial widths tend to decrease
even faster than Q7'0. It is an indication that they would
converge to the symmetrical case widths at asymptotically
large distances as the displacement of the atom C becomes
insignificant. However, for numerical reasons it is not possible
to obtain stable and accurate results for large enough Q to
confirm this conjecture. The analysis of less symmetrical
geometries is further complicated by the fact that in the C;
point group all the decay channels have the A’ symmetry.
Since the decay channels are only defined asymptotically with
respect to the outgoing electron, true continuum functions
are necessary for proper partial widths evaluation. Within the
L7 basis, we cannot rule out unwanted mixing of the decay
channels in the approximative channel projectors employed,
since the influence of the outgoing electron being still near
is inevitably included. It is therefore difficult to distinguish
whether the higher intensity at short distances and subsequent
faster decrease of the considered widths is entirely physical
or whether it is partly a manifestation of the aforementioned
false mixing of decay channels.

IV. CONCLUSIONS

In the present paper, we review the ab initio Fano-
ADC-Stieltjes method for the calculation of electronic decay
widths and present an advanced and universal approach to
partitioning of the ADC configuration space into the discrete
states and continuum subspaces, which significantly extends
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the range of applicability and facilitates the practical use of
the method. The method is then used to study the interatomic
decay widths in helium trimer. We focus mostly on isosceles
configurations in which two atoms form a dimer with fixed
internuclear distance and the third atom lies on the dimer
axis. All relevant (ICD-active) one-site ionized-excited states
of the trimer characterized by excitation of an electron into
the second shell are discussed.

The results for the total decay widths comply with the
expectations that can be drawn from the previous analysis
of the helium dimer. For the metastable states with the
excitation localized on the individual atom, the dependence
of the widths on the atom-dimer distance follows the well
established inverse sixth-power law stemming from the dipole-
dipole character of the interaction. However, besides the four
decay channels corresponding to energy transfer-dominated
ICD, we have identified also two channels accessible
only by previously unreported three-electron ETMD-like
process, in which the electron transfer between solitary
atom and the dimer is accompanied by simultaneous local
recombination of the initially excited electron on the atom and
ionization of the secondary electron from the dimer. However,
inspection of the respective partial decay widths shows that
in helium trimer such a process is at least two orders of
magnitude slower than ICD even for the shortest internuclear
distances.

The decay widths of the states with dimer-localized
excitation are significantly enhanced by the presence of the
third atom if it is near but with the atom-dimer distance
increasing beyond equilateral geometry they quickly converge
to the values corresponding to isolated dimer at given
internuclear distance. These values depend on the orientation
of the 7 or o dimer orbital occupied by the excited electron.
Rather unexpected results were obtained for the respective
partial decay widths. For different channels and metastable
states we observe not only the typical dipole-dipole R~ power
law, but also R~® and even R~'° dependence on the internuclear
distance. The last one is an indication of a relaxation transition
induced by quadrupole-quadrupole interaction, which was
confirmed by the analysis of the relevant coupling elements
for large atom-dimer distances. Unfortunately, limitations of
the present ab initio method prevent unambiguous analysis of
this effect in less symmetrical configurations.

By elucidating how three-body effects can influence the
known relaxation transitions as well as by showing an example
of a new type of decay processes available in clusters,
our results push forward our understanding of interatomic
decay processes in polyatomic systems. Furthermore, they
provide also benchmark data for testing various approximative
methods, which will be necessary for evaluation of the decay
widths in large systems where fully ab initio methods are
impractical.
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