Charging Mechanisms of Trapped, Element-Selectively Excited Nanoparticles
by Soft X-Rays
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The charging mechanisms of trapped, element-selectively excited free SiO2 nanoparticles by soft X-
rays are reported. The charge state of the particles is measured and the electron emission probability
is derived. Changes in electron emission processes as a function of photon energy and particle charge
are obtained from the charging current. This allows us to distinguish contributions from primary
photoelectrons, Auger electrons, and secondary electrons. Processes leading to no change in charge
state after absorption of X-ray photons are identified. O 1s-excited silica particles of low charge state
indicate that the charging current follows the inner-shell absorption. In contrast, highly charged SiO»
nanoparticles are efficiently charged by resonant Auger processes, whereas direct photoemission and
normal Auger processes do not contribute to changes in particle charge. These results are discussed

in terms of a simple electrostatic model.

PACS numbers: 73.22.f, 78.70.Dm

Nanoparticles cover the size regime between clusters
and macroscopic condensed matter. Their unique elec-
tronic, structural, and chemical properties have been sub-
ject of numerous recent works, where the particles are
studied either in solution or they are deposited on sub-
strates [1]. Recent work also includes investigations by
soft X-ray spectroscopies, where structural disorder was
studied [2]. Tt is well-known that intense, short wave-
length radiation, such as high brilliance synchrotron ra-
diation, leads to radiation induced damage as well as
charging of the deposited nanoparticle samples, which
may significantly change their properties [3]. This is es-
pecially true for small nanoparticles and quantum dots.
Charging and photoionization of nanoparticles involving
outer electronic shells has been investigated in the past by
experimental and theoretical approaches [4-6]. Charging
of free nanoparticles by X-rays has been studied recently
in an electrostatic precipitator, where most efficiently dif-
fusion charging is observed in the dense gas phase that
surrounds the particles [7]. Direct photoelectric charg-
ing is relatively weak under these conditions. Properties
of nano- and microparticles are suitably investigated in
traps over long time periods without any contact to a
substrate [8-10]. This is of crucial importance for those
properties, where contributions of the substrate domi-
nate. Trap experiments also allow controlled charging
using either electrons or ionizing radiation. In the case
of insulators, charging may lead to substantial changes
in electronic properties of matter [11].

We report in this work results on trapped nanoparti-

cles, which allow us to vary their charge state in a con-
trolled way, by using tunable soft X-rays. First experi-
ments on trapped, element-selectively excited nanoparti-
cles are presented, where distinct changes in charge state
are a result of direct photoelectric charging including the
emission of secondary electrons. These results are used
to derive charging mechanisms of free nanoparticles by
soft X-rays.

The experimental setup consists of a three-dimensional
electrodynamic trap, which serves for nanoparticle stor-
age in an ultrahigh vacuum setup, with a base pressure <
108 mbar during the experiments. The trap consists of
two conical cap electrodes and eight vertical rods, which
replace the ring electrode of a classical three electrode
Paul-trap [8,12]. The AC voltage of the driving field is
applied to the cone electrodes. A small loudspeaker be-
low the trap serves as a particle reservoir as well as a par-
ticle injector. It is filled with monodisperse SiOs particles
(Merck) of 498+36 nm diameter [9]. The trapped par-
ticles typically carry initially some ten positive charges.
They are illuminated by a frequency doubled Nd:YAG-
laser (P<50 mW, A = 532 nm). The scattered light
from the trapped particle is detected by an avalanche
photodiode modulated by the secular motion frequencies
w, and w, perpendicular and parallel to the trap axis,
respectively. Both frequencies are obtained from a fast
Fourier transform of the photodiode signal. This allows
us to derive the charge-to-mass ratio Q/M of the parti-
cle [8,14]. Upon mass and charge state characterization
the particles are exposed to monochromatic synchrotron
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FIG. 1: Charge state of a trapped SiO2 nanoparticle of 500
nm diameter upon X-ray illumination (500 eV) as determined
by its secular motion frequency w, within an electrodynamic
trap.

radiation in the soft X-ray regime (30-580 eV), using the
U125/1-SGM- and UE52-SGM-beam lines at the storage
ring BESSY-II (Berlin, Germany).

Fig. 1 shows a typical charging curve of a single
trapped nanoparticle recorded at 500 eV photon energy.
The charging curve shows distinct steps corresponding
to changes in particle charge multiples of the elementary
charge e. This occurs as a result of the absorption of
soft X-ray photons. We safely assume that under these
conditions, i.e. at low photon flux, just single photons
hit the particle. Note that this situation is different, if
the photon flux is increased (see below). The absence
of downward steps in Fig. 1 indicates that at low charge
state no charges are lost, e.g. by collisions with the resid-
ual gas or ion desorption.

Charging curves have been recorded at various photon
energies ranging between 30 eV and 560 eV. Fig. 2 (a)-
(h) shows a comparison of the step height distributions
obtained from charging curves similar to that shown in
Fig. 1. The charges on the particles are in each case
<800, corresponding to a surface potential of 0.25 - 4.9
V. The statistical analysis of the step heights yields the
electron emission probability per absorbed photon. Note
that the total 47 solid angle integrated emission probabil-
ity is determined. The results indicate that the average
step height per absorbed photon increases as function
of photon energy. This is straightforward since single
ionization is expected to dominate at low photon en-
ergy, whereas double and multiple ionization occurs at
increased photon energies, especially above the Si 2p-
edge (E>105 eV). Fig. 2(a)-(c) have been recorded in
the inner-valence regime, where single ionization dom-
inates. All photon energies are well below the Si 2p-
edge. There is already a finite probability for the emis-
sion of two electrons per absorbed photon, even at 30 eV
(cf. Fig. 2(a)). This process is most likely due to the
electron emission from different sites of the nanoparticle,
where either secondary ionization of neighboring sites to

the absorbing center by the photoelectron [15] or fast
charge transfer processes may occur [16]. Direct double
ionization involving the emission of two correlated elec-
trons is expected to be of weak cross section, similar to
photoionization of atoms (cf. ref. [17]). Above the Si
2p-edge LMM-Auger processes become active, whereas
in the O 1s-continuum KLL-Auger processes dominate.
These lead efficiently to double and multiple ionization.
Moreover, secondary electrons also contributes to an in-
crease in particle charge. As a result, the step heights
increase with photon energy, so that up to 7 charges per
absorbed photon are observed (cf. Fig. 2(g)) and the
intensity of the multiple ionization events increases with
photon energy. The distribution of emitted secondary
electrons per charging event is modeled by Poisson dis-
tributions, as indicated by full lines in Fig. 2. It is fitted
to the experimental data by using AQ>-+2-events. The
maximum of this function ¢ is determined by the num-
ber of emitted charges divided by the number of charging
events. A characteristic photon energy dependence of §
is observed, corresponding to the average number of sec-
ondary electrons, which are emitted per absorbed pho-
ton, ranging between 0.654+0.3 and 2.5940.5, where the
error limits are given by the limited number of charging
events. The determined maximum of § ~2.6 and its po-
sition at 500 eV agrees well with the reference value [18].
The Poisson distributions also show that there is a sub-
stantial probability for finding no change in charge state
after photoabsorption. These events cannot be detected
by the present experiment. Photoabsorption of soft X-
rays without any change in particle charge appears to be
quite possible, since inelastically scattered electrons may
either get thermalized in the bulk of the particles or in
the case of highly charged ones the secondary electrons
may get trapped due to Coulomb attraction. The Pois-
son distributions appear to represent reasonable fits to
the step height distributions for some photon energies.
However, Fig. 2 (¢)-(f), and (h) indicates that AQ=+1-
events are not suitably modeled by Poisson distributions.
Further, the AQ=+2-processes at 560 eV are also not
well represented by the emission of secondary electrons.
Intensity exceeding these distributions is marked by red
color, reaching up to 40% of all emitted electrons. These
processes are assigned to the emission of photoelectrons
(AQ=+1) and KLL-Auger electrons (AQ=+2) (cf. Fig.
2(h)). They are evidently fast enough so that they can
be emitted into the vacuum. In contrast, slow photoelec-
trons and LMM-Auger electrons do not contribute effi-
ciently to charging. They are either formed at low photon
energies in the inner-valence excitation regime (< 60 eV)
(cf. Fig. 2(a), (b)), near core ionization energies, i.e.
near the Si 2p-edge (cf. Fig. 2(d)), and near the O 1s-
edge (cf. Fig. 2(g)). Thus, we can easily distinguish from
charging curves the ionization processes contributing to
changes in particle charge, i.e. direct photoionization
from ionization and relaxation via the emission of sec-
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FIG. 2: Step height distributions from charging curves at
different photon energies. The height of the bars is obtained
from the experimental results (cf. Fig. 1). The solid lines cor-
respond to Poisson distributions. These model the emission
of secondary electrons, where § corresponds to the maximum
of these distributions. Contributions from direct photoioniza-
tion and KLL-Auger processes are indicated by red color.

ondary electrons. In all cases charging is predominantly
due to the emission of secondary electrons.

Fig. 3 shows the photon energy dependence of three
representative charging curves. Note that the particle
charge is considerably higher than those displayed in
Figs. 1 and 2. The primary experimental results are
displayed in Fig. 3(a), where the photon flux is set, so
that much faster changes in charge state occur compared
to Figs. 1 and 2. As a result, no step-like structures
can be resolved. The experiments start at a well-defined,
initial charge state that is adjusted at 520 eV photon en-
ergy. Subsequently, the photon energy is increased, which
leads to a further increase in particle charge. All curves
show that the slope of the charge state changes signifi-
cantly at the O 1s-edge, which is due to O 1s-absorption
[19-22]. On the right hand side of Fig. 3(a) we have
estimated the surface potential of the particle, assuming
that all charges are located on the surface of the spher-
ical particle. This indicates that the surface potential
varies between 50 V and 420 V. The first derivative of
the charging curves is shown in Fig. 3(b). These spectra
are normalized to the photon flux so that they can be
compared to each other. Furthermore, we have consid-
ered that the residual gas leads to a steady discharge of
the particles at high charge states (Q>40,000), i.e. we
observe in this regime only a net charging current. The
results indicate that the resonant O 1s-excitation changes
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FIG. 3: (a) Charging curves as a function of photon energy of
a differently charged SiO2 nanoparticle; (b) First derivative
of the results shown in (a), corresponding to the charging
current as a function of photon energy in the O 1s-excitation
regime. The vertical dashed lines indicate the position of the
maximum in curve (A) and (C), respectively.

distinctly the charge state in SiO9 nanoparticles. At the
lowest particle charge (curve (A) in Fig. 3(b)) we observe
the characteristic near-edge features of SiO5 absorption
[19-22]. The maximum of the major asymmetric feature
is located at 538.6 eV. This energy is in agreement with
previous work, where various molecular final states con-
tribute to this strong absorption band [20]. We note that
results from electron energy loss spectroscopy show this
maximum near 535 eV [19], whereas in more recent ab
initio work this band is moved to ~543 eV [21]. More-
over, there is a broad continuum resonance with a double
hump structure peaking near 557 eV and 564.5 eV, which
has also been found in previous work [22].

Fig. 3(b) (curve (B)) shows that the intensity of the
charging current has substantially decreased compared
to curve (A), but the shape of the near-edge feature is
still similar to that of curve (A). The intensity in the
O 1s-continuum is decreased and the continuum reso-
nances are barely visible. This indicates that consider-
ably less charges are emitted from a particle that carries
~35,000 charges. Evidently, the surface potential, which
is estimated to 250 V, retains about 85% of the emitted
charges. These are mostly slow electrons, which originate
from inelastically scattered photoelectrons (secondaries)
and Si LMM Auger electrons. All other electrons are
expected to have sufficient kinetic energy to be emitted



above the vacuum level and contribute to the charging
current and to an increase of the particle charge. Simi-
larly, curve (C) shows that there is a further decrease in
charging current, if the initial particle charge is increased
to ca. 50,000 charges at 538 eV photon energy. As a
result, only ~5% of the electron charging current is ob-
served in the O 1s regime compared to curve (A). There
is hardly any charging current in the O 1s-continuum
and the maximum of the intense resonance is redshifted
by ~1 eV relative to that shown in spectrum (A) (cf.
vertical dashed lines in Fig. 3). We also note that the
line profile is significantly narrower in spectrum (C) than
in the other ones (A) and (B). This change in near-edge
structure as a function of particle charge is assigned as
follows: With increasing particle charge the surface po-
tential retains electrons that are emitted after photoab-
sorption. Near the O 1s-edge electrons of different kinetic
energy are produced, reaching from near zero kinetic en-
ergy electrons to fast ones of >500 eV. The slow elec-
trons which are suppressed at higher charge states come
from shake-off processes as well as inelastically scattered
photoelectrons, which come most likely from secondary
electrons from the bulk. Fast electrons come either from
normal and resonant Auger processes as well as direct
outer shell photoionization. The latter process is of negli-
gible cross section in the O 1s-regime and should not vary
significantly across the absorption edge. Resonant Auger
processes yield the fastest electrons, occurring only upon
resonant excitation of pre-edge resonances. These elec-
trons can still be emitted even at the highest surface po-
tential and contribute to curve (C). Previous theoretical
work indicates that there are three unoccupied states (T’,
T1, and Al) that can be reached upon O ls-excitation
below 538 eV [20]. Evidently, the resonant Auger spec-
tra of the transitions that contribute to the dominant
near-edge feature have distinct properties, so that elec-
trons of different kinetic energy are emitted, where the
fastest ones are formed by excitation with photon ener-
gies ranging between 533 eV and 542 eV. Their magni-
tude is evidently too low so that they are not observed in
the charging curve show in Fig. 2(g). The charging curve
(C) shown in Fig. 3(b) reaches >60,000 charges, corre-
sponding to a surface potential of ~420 V. This value is
clearly lower than the photon energy used for charging in
the O 1ls-regime. It is evidently not reached since there
are efficient charge loss mechanisms active, as mentioned
above. On the other hand, a surface potential of ~420
V cannot retain efficiently KLL-Auger electrons in the O
1s-continuum. This indicates limitations of the oversim-
plified model of charge localization on the surface of the
spherical particle, used to determine the surface poten-
tial. The spectral changes observed in Fig. 3(b) require
at least a surface potential of >500 V in order to retain
quantitatively all electrons from normal KLL-Auger pro-

cesses upon O ls-ionization. It appears to be rather plau-
sible that the charges are not uniformly distributed over
the particle surface, so that defect sites can contribute
to charge localization. Recent ab initio work indicates
indeed, that twofold coordinated silicon atoms are hole
traps in SiOy [23].

In conclusion, we have investigated the charging mech-
anisms of free SiOs nanoparticles that are selectively ex-
cited in the soft X-ray regime. The number of emitted
electrons per absorbed photon changes significantly as a
function of photon energy, indicating that both secondary
electrons and primary photoelectrons contribute to par-
ticle charging by soft X-rays. Furthermore, the number
of absorption events with effectively no electron ejection
increases with the particle charge. Experiments in the
O 1s-regime indicate that at low charge state the energy
dependence of the charging current is similar to that of
the photoabsorption of macroscopic SiOs. At high parti-
cle charge only those electrons from resonant Auger pro-
cesses can contribute to an increase of the charge state.
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