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Abstract

We consider the single and multiple photoionization processes in a fullerene molecule. The quantum states of Cg are calculated
within the Hartree-Fock and the frozen-core approximations. For the description of multiple photoionization probabilities, statis-
tical energy deposition (SED) model was improved and used in addition. The advantage of the SED model is that it is simple enough
to be applied to polyatomic systems, where more elaborate calculations are hardly feasible. We account for the electron—electron
interaction responsible for the multiple ionization within the random phase approximation with exchange that describes the dynam-
ical polarization of the electronic cloud of the target. As a result, different multi-electron ionization cross-sections of Cgg in the pho-
ton energy range ~10-250 eV are compared, analyzed, and their orders of magnitude are estimated. We also discuss the diffraction
of the photoelectron wave on the fullerene shell which results in oscillations in the photoionization cross-section as a function of the

photon energy.
© 2005 Published by Elsevier B.V.
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1. Introduction

Carbon fullerene molecules, such as Cg, are of inter-
est from a fundamental point of view as well as in light
of possible future applications of these naturally nano-
structured materials.

Nowadays industrial technologies require a develop-
ment of nanoscale devices, where one single molecule
or nanoparticle plays a role of a central element; proper-
ties of such devices are entirely determined by the char-
acteristics of the molecule.

The remarkably high symmetry imposed by the
bucky-ball structure of fullerenes makes these molecules
particularly stable. Hence it is anticipated and indeed
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experimentally evidenced that a number of important
physical and chemical properties [1,3,2] of fullerene mol-
ecules persist even in the solid phase.

As a many-electron system the single fullerene mole-
cule exhibits a number of phenomena induced by the
correlation between the electrons. Because of the unsat-
urated character of the C-C bonds on the fullerene,
there is a considerable number of electronic states delo-
calized over the molecular surface and capable of partic-
ipating in various multi-electron excitations.

The response of the many-particle system to external
perturbation, such as photo-, ion- or electron-impact
ionization, proved to be a useful and sometimes a un-
ique tool for studying correlated electron dynamics
[4,5]. For example, such a process as simultaneous
emission of two or more electrons in response to the
absorption of a single photon cannot be treated within
an independent electron framework, without making
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reference to some kind of many-body processes. On the
other hand, due to the large number of mobile electrons
in fullerene and the non-planar topology of system, a
many-body treatment of electronic excitations in Cgq is
a challenging task.

In the present paper we calculate single and multiple
photoionization cross-sections of the Cgy, molecule
within the same framework. Such an approach is desirable
from a methodological perspective as well as in view
of the estimation of the orders of magnitude of different
n-fold ionization events. We already gained some expe-
rience of dealing with similar calculations in the works
[6-8], however, they were all restricted in complexity
by the pairwise interactions between two ejected elec-
trons. In the present work we try to deal with more com-
plicated multiple-fold ionization processes.

2. Single photoionization (SPI)

It is well known that the collision time with photons
is much shorter than the characteristic time of any vibra-
tional motion of the molecule. As a good approximation
one can assume that the photon transfers energy to a
fixed in space molecule. In the sudden approximation,
the wave function of the N-electron system, irradiated
by the photon field, is represented as a product of the
wave function of the ionized ith electron and the
(N — 1)-electron wave function of the other electrons:

P(X1,ee oy Xiyee o, Xy) = D(X;) @ D(X1, ., Xi 1, Xi4 1, -+, XN ),
(1)
where x denotes both the spin and the spatial variables.
Physically, the sudden approximation implies that
photoelectrons escape from Cg very swiftly and thus
they remain unaffected by the much slower relaxation
and fragmentation processes of the residual ion. The
SPI cross-section of a given electronic state is a function
of the photon frequency w and photon polarization vec-
tor e (o = 1/137 is the fine structure constant).

o(w) = 4n%aw|T,|". (2)

The one-electron transition amplitude T, represented in
the dipole approximation' and in the length form by

To = e(Y(r)[r|o(r)), 3)

! The range of validity of the dipole approximation for the fullerenes
can be estimated in the following way. Physically, the dipole
approximation means the constant magnitude of the incident electro-
magnetic field on the length scale of the system, k,,D < 1, where k is
the photon wavevector and D & 13.3 [a.u.] is the “size” of the target.
Using the dispersion relation between the photon energy E,, and the
photon wavevector E,, = hw = hikc (¢ =137 [a.u.] is the light velocity
and 2 =2m = ¢ = 1 [a.u.] expressed in atomic Hartree units), this gives
Dowlc=(13.3/137)0 < 1 = o <« 10.3 [Hr] ~ 280 [eV].

describes the transition of ith electron from its bound
valence state ¢ to the continuum scattering state .

For the calculation of the one-electron states, we
chose the Hartree-Fock (HF) model, incorporating thus
the mean-field part of electron—electron interaction and
the exchange effects. The bound and the scattering wave
functions are calculated with the help of the non-local
variable phase approach [6,16,17], which provides high
numerical efficiency for systems with a large number
of electrons.

Due to the large number of electrons in the fullerene
molecule, ab initio calculations even of the HF wave
functions and of the energy levels require enormous cal-
culational efforts. Therefore, as a rule, the calculations
are performed within the frame of some phenomenolog-
ical approach in which a model potential of fullerene
shell is used, see e.g. [10,9]. We employ the model having
three experimentally observed parameters, namely, the
radius of the fullerene, the distance between neighbour-
ing carbon nuclei (C—C bond length) and the first ioniza-
tion potential of the molecule.

Thus, the potential of Cg, formed by carbon ions and
localized core electrons, is replaced by a shifted potential
well: Vien(r) = V within the interval R — 6 <r < R, and
V =0 elsewhere. Here R = 6.65ay is the radius of the ful-
lerene, the thickness of the well 6 = 2.694, coincides with
average C—C bond length, @, being the Bohr radius. The
depth V; of the potential is chosen such as to reproduce
the experimental value of the first ionization potential
of Cgo, which is about 7.6 eV, and to encompass 240
valence electrons. The one-electron potential then repre-
sents a sum of the ionic background V,,(r) and self-
consistent electronic density of the all valence electrons.

Despite the simple potential structure, this model is a
good tool for analytical estimations giving insight into
phenomenology of the object and the processes under
consideration. Moreover, it provides theoretical results
in a good agreement with the experimental data of SPI
cross-section (see the discussion below). This gives a
hope that it will be useful in the description of more com-
plicated phenomena, such as multiple photoionization.

One of the features of the single photoionization
cross-section of Cgg, discussed in the literature (see e.g.
[11-13]) and related to this particular shape of the con-
fining potential, is the diffraction of the photoelectron
waves between the well boundaries. In a simplified pic-
ture, if we forget for the moment about the Hartree—
Fock corrections to the one-electron potential, the
photoelectron wave emitted from the origin meets on its
way to infinity two sharp potential edges. Consequently,
two characteristic lengths R and ¢ will be presented in the
momentum space by two resonant frequencies (together
with the two nearest satellites) in the photoionization
cross-section, corresponding to 6, R — J, R and R + 9,
see inset Fig. 1 (c.f. any textbook on EXAFS). In our
calculations the total photocurrent from the highest
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Fig. 1. Single photoionization cross-section of the highest occupied
molecular orbital of Cgy vs. photon energy. Solid curve—present
calculations. Open circles—experimental data (taken from [11]). The
photon polarization is linear. The orbital bound energy is
enomo ~ —7.65eV. The Fourier transform (FT) of the SPI cross-

section a(k), where k = \/2(w + enomo) the photoelectron wavevector,
is shown on the inset. One can see three maxima in the FT
corresponding to the different characteristic lengths of the system:
fullerene shell radius R, C-C bond length § and R — o.

occupied molecular orbital (HOMO) (in the spherical
shell model for the chosen potential it has an orbital
momentum {yomo = 8) is normalized to the number
of electrons on the HOMO of the real molecule having
icosahedral symmetry. Of course, the physical back-
ground of this idealized representation of the fullerene
potential is the scattering of the photoelectron wave
on the potential discontinuities at the carbon nuclei.
More detailed estimation of the photoelectron frequen-
cies requires an account of all available characteristic
lengths of the molecule. The icosahedral symmetry of
the fullerene differs from the spherical symmetry of
our model system, nevertheless the spherical model po-
tential used here takes into account the principal struc-
tural properties of Cg.

The validity of this statement can be illustrated by
comparison of the SPI [11] (Fig. 1) cross-section of the
HOMO of the fullerene calculated within the discussed
model and the measured ones. In Fig. 1, the oscillations
in the calculated cross-section a(w) are clearly visible
(note the logarithmic scale of the g-axis in both figures).
Also, one can note, that the extrema positions of the cal-
culated and measured cross-sections practically coin-
cide. This means that even such simple model
adequately reproduces the physical nature of the pro-
cess. Contrary to the qualitative form of the cross-sec-
tion, the amplitude of the oscillations of the
experimental cross-section is smaller than in our calcula-
tions. Such smoothing of the oscillations can happen
due to the wide enough energy profile of the density of
highest occupied state, screening of the electron—nucleus
Coulomb interaction by the inner-electrons, different
second-order processes, etc.

3. Multiple photoionization

In this section we describe the process in which after
the absorption of the single photon two or more elec-
trons escape into the continuum leaving the fullerene
in the stable 2-fold or higher ionized state.

The differential cross-section of the n-fold ionization
process has the general form:

3n
ﬁ:4n2aw|ﬂ(kl,...,kmz. 4)
The n-particle mean-square transition amplitude |7},|?
depends on the wave vectors k; of the photoelectrons.
Now we discuss the explicit form of 7.

Since the interelectron interaction is ultimately
responsible for the multiple emission, its treatment, as
rigorous as possible, is decisive. In the same way as in
the description of the SPI process, we use the Hartree—
Fock (HF) theory as a basis and account systematically
for the electron—electron interactions in a perturbative
way using the random phase approximation with
exchange.

After the photoabsorption the photon energy is
transferred to the electronic degrees of freedom of the
target. This energy is partly spent for ionization (binding
energy of electrons and their kinetic energy). However,
some part of the deposited energy is transferred to the
vibrational degrees of freedom, i.e. to the internal energy
of the molecular ion. The subsequent dissociation of the
excited molecular ion may include emission of photons,
delayed electrons or small fragments. In addition to the
direct knock-out of electrons, processes such as shake-
off, Auger decay after inner-shell ionization, multiple
excitations followed by autoionization can contribute.
Due to the complexity of the problem, to the best of
our knowledge there is no theoretical description of
the process of multiple photoionization of fullerenes.
However, in the field of ion-neutral-atom collisions
there exists a model, adopted from the early stage of
investigation of atomic multiple ionization [15]. This ap-
proach, referred to as statistical energy deposition
(SED) model [14], implies that the process is viewed to
proceed in two stages. First, part of the energy of the
projectile is transferred to electronic excitations of the
target atom. In the second stage, the deposited energy
is distributed among all target electrons and the system
autoionizes to reach its final ionization state. In the case
of collisions with charged particles, the deposited energy
is considered as a fluctuating quantity, characterized by
a certain distribution [15], and the ionization probability
is then calculated as a weighted average over this
distribution.

The SED model is based on the assumption that the
n-fold mean-square matrix element |7,,|* is determined
by powers of the mean-square Coulomb matrix element



O. Kidun et al. | Computational Materials Science 35 (2006) 354-358 357

|Tc|*. The latter describes an average two-particle inter-
action responsible for the ionization process, hence
|T, n‘z ~ | T C\z”. This assumption relies on the applicabil-
ity of the perturbation theory for the multiple ionization
process and on its description as n incoherent pairwise
collisions (see Fig. 2). Thus, the probability P™ of the
n-folzd ionization is proportional to the nth power of
1T

P~ T p(Erar), (5)

where p(E,y) is the n-electron density of the final states,
E. is the aggregate kinetic energy carried off by n escap-
ing electrons if the residual ion is left in the n-fold ioni-
zation state. The energy conservation implies that

Ew=Ep— Y &—Ey, (6)
i=1

where ¢; is the ith ionization energy, Ep is the deposited
energy and Eif) is the energy of the residual ion.

For the n-electron density of the final plane-wave
states in Eq. (5) a simple expression exists (c.f. Ref. [14]):

p(Ewt) ~ EV"27 /(30— 2)11, (7)

This expression is based on the notion of the available
phase space for n final-state electrons. The physical
sense of plane-wave density of states is that all possible
ways to reach n-electron final state are considered as
being equivalent.

Previously [14,15], the SED model was used in a semi-
phenomenological way in a sense that the Coulomb ma-
trix element 7 was considered as a free parameter. In
our calculations we modify the model in this respect
and explicitly calculate the Coulomb matrix element,
which we will denote as T, to emphasize the connec-
tion between the present calculations and our work
[PRL], where we considered electron-impact ionization
of C(,().

iq)o ko : n : kiO kil :
i : E 'H i Vrrae i
Ok boi=2 !
o 0K,
|’I‘(1)|2 |rre2e|2

Besides, we note that in Eq. (6) the deposited energy
Ep in the case of photoabsorption is a well-defined
quantity equal to the photon energy. The energy of
the residual ion Eg is not specified in the frame of the
present model. However, since it can only act as a shift
on the energy scale, we set it zero for the definiteness. In
further more detailed modelling one can think of
improving this step.

In the RPA approximation (c.f. [18]), the transition
amplitude T, of the effective interelectron interaction
U is given as a sum of two terms. The first term corre-
sponds to the removal of the electron due to it direct
interaction with the external Coulomb field u of the
incoming electron, the second one arises from the
change of the cluster potential due to interaction with
other electrons of the system. This matrix element is a
measure for the probability that an incoming electron
with the asymptotic momentum k, ionizes a valence
electron from the state ¢, of the molecule with a binding
energy ¢,, where v stands for a collective set of quantum
numbers that quantify uniquely the electronic structure
of the cluster. Two final electronic states are labelled
by the asymptotic momenta k; and k,. The evaluation
of the Tee = (k1ko|Ul¢p ko) entails a self-consistent solu-
tion of an integral equation:

(kik2|U|¢, ko) = (kiks|u|p ko)

(@pka2|U|d,0p) (@r ki [ulko,)
+ Z ( : & — (&p — &n —10) .

ep<Spu<én

B <<ﬂhkz|U|¢v<pp><<Dpk1Iulkowh>> (8)
& + (& — &n — 10) '

We assume spin-flip processes to be irrelevant. Here
indices p and h label the particle and hole states above
and below the Fermi level. The sum describes an admix-
ture of the excited states to the initial state ¢, and im-
plies a summation over unoccupied discrete levels and
an integration over continuum. In this way, the correla-
tions are included as a modification of the perturbation,
acting on the ionized electron, by the mobile electronic
cloud of the system. Along with this, the creation of
the electron—hole pairs occurs under the action of the
naked electron—electron interaction: (myj|u|ki). Due to
the long-range character of u, there is a certain difficulty
in the calculation of the numerous Coulomb matrix ele-
ments of these transitions, as in Eq. (8) one has to sum
over all possible electronic excitations. After the numer-
ical summation over the states ¢, in Eq. (8) we carry out

Fig. 2. Schematic representation of the MPI process as calculated
within our model: the SPI event is followed by (n — 1) electron—
electron collisions, described in the RPAE approximation. Here ¢
denotes the bound state; k denotes the asymptotic momentum of the
scattering state; indices 0, 1,2 in the right diagram correspond to the
one incoming and two outgoing electrons in the (e,2e)-process,
respectively; label i enumerates (e,2e)-events. Dashed frame around
the diagrams implies the square modulus operation and possible
statistical average over energies (see text).

the six-dimensional integral over the momenta k; and k,
using the Monte-Carlo procedure.

Now, using the calculated effective Coulomb matrix
element Te(k), k|, k5) (Eq. (8)), we average the
(e,2¢e)-probability over the final states k', k} of electrons
but keep trace of the incoming energy E; = (ké))2 Due to
the symmetry of the problem, the averaged |7Tes.| does
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not depend on the direction of motion of the incoming
electron, therefore the integration over this direction is
not required.

Then, the n-fold photoionization differential cross-
section is described as a product of the squared modula
of one-electron photon transition amplitude 7, and the
(n — 1)th power of the | T.y.|%, c.f. Fig. 2:

d"o, u
ag, -ag, ~ ToEF ] ITexEDF )
Finally, the differential cross-section is averaged over
the intermediate electron energies E; to get the n-fold
photoionization cross-section do,/dE,. The total multi-
electron photoionization cross-section Eq. (9) can be
obtained by the integration of do,/dE., over total
kinetic energy of the ejected electrons:

darl(Etot) .
oa(0) = Tmé w—;ei—Em dEq.  (10)

Examples of the multiple photoionization of the highest
occupied fullerene state are given in Fig. 3. One can note
that the qualitative and quantitative behaviour of the
presented double, triple and 5-fold ionization cross-sec-
tions is determined by several circumstances. The oscil-
lations in the cross-sections are due to the oscillating
nature of the single photoionization matrix element
(c.f. Fig. 1), i.e. it is a consequence of the interference
of the electronic waves within the fullerene shell. The
averaging over the ionized electrons energies of the nth
power of the SPI square matrix element in the expres-
sion for the probability Eq. (5) makes the oscillations
less pronounced when going to larger n. Difference in
the order of magnitude for different # is mainly governed
by the denominator in Eq. (7), making the n-fold ioniza-
tion rapidly decreasing with increasing n. Note also the
difference in the orders of magnitude of the cross-sec-
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Fig. 3. n-fold photoionization cross-sections of Cgy, present
calculations.

tions for different n. For example, the double photo-
ionization of Cg is approximately factor 20 less proba-
ble than the single photoionization. The possibility to
estimate the order of magnitude and to observe a de-
tailed energy profile of different multiple ionization spec-
tra can be viewed as a main practical achievement of the
present calculations.

4. Summary

In this work we suggested the model for the descrip-
tion of the multiple ionization of the fullerene by a single
photon. The n-fold ionization process is presented as the
single electron—photon and several electron—electron
incoherent collisions, appropriately averaged over par-
ticipating energies. For account of the dynamical screen-
ing of interelectron interaction in each collision, we
apply the random phase approximation with exchange.
The single and different multiple photoionization
cross-sections are calculated and analyzed in the photon
energy range [0-250 eV]. We also discuss the physical
origin of the oscillations in the spectra of the n-fold ion-
ization. These results and estimations can be used as a
background for future theoretical and experimental
investigations of the many-electron angular and energy
correlations, or of the photo-induced conductivity, or
for the estimation of the stability of the heated fullerene
cluster, etc.
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