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Structural transformations in gold clusters deposited on a graphite substrate induced by the focused elec-

tron beam of a scanning transmission electron microscope are investigated using the classical molecular

dynamics (MD) approach. The particular case study concerns Auzgg clusters softly deposited on few-layer

graphite and exposed to a 300 keV electron beam. Two mechanisms of energy transfer to the cluster

during the irradiation are considered: (i) through the relaxation of collective electronic excitations and (ii)

through the momentum transfer by the energetic primary electrons. A relativistic MD approach

implemented in the MBN Explorer software package is used to simulate the collisions of energetic

primary electrons with cluster atoms and to evaluate the amount of energy transferred to the cluster for

different collision geometries. Characteristic times for the occurrence of these energy deposition events

are estimated for realistic experimental irradiation conditions. The MD simulations of the cluster dynamics

after irradiation show that the cluster temperature decreases rapidly during the first few tens of pico-

seconds, and the cluster cools down to a temperature close to its initial temperature within several
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1 Introduction

Structural transformations in free and deposited atomic clus-
ters have been extensively studied over the last decades, see
ref. 1-6 and references therein. Particular attention has been
paid to the analysis of the structure and dynamics of clusters
deposited or grown on surfaces using high-resolution electron
microscopy.” *® Scanning transmission electron microscopy
(STEM) studies of size-selected gold clusters''> have revealed
experimentally diverse structural transformations of the clus-
ters after exposure to a high-energy electron beam.
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hundred picoseconds. This time period is comparable to the characteristic time between two successive
energy transfer events induced by plasmon excitations in the deposited cluster. A large number of suc-
cessive energy transfer events (on the order of ~10°-10%) during irradiation can cumulatively lead to sub-
stantial heating of the deposited cluster and induce its structural transformations.

Previous STEM measurements of size-selected Auy clusters
in the range N = 55-561 using a 200 keV electron beam have
shown that, under ambient conditions, such cluster structures
are often decahedral (Dh) or fcc in approximately equal
proportions.'®'” However, recent STEM measurements of gold
clusters of a similar size range at a beam current of 300 keV
have led to different observations.'®'® For instance, for a Auzgs
cluster, the Dh fraction of atoms was found to be the most
common ordered structure, with the remainder being fcc
cuboctahedral (Ch) or icosahedral (Ih) structures'®' (see the
corresponding cluster structures in Fig. 1). It has been
suggested that the thermal effects of higher beam currents
may be significant, allowing the cluster to reach different
temperatures. The recent study'® reported for the first time the
observation of transitions between the competing structures
for small metallic clusters, specifically for Auzge. Analysis of
the experimental results concluded that it is easier to tran-
sition between Dh and Ih structures than from one of these
structures to an fce structure.

A recent paper'® presented a theoretical and computational
analysis of the physical mechanisms behind the electron
beam-induced structural transformations of deposited metallic
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Fig. 1 The three structural motifs of the Auzgg cluster considered in this study.

clusters, considering an Aug,; cluster irradiated by a 200 keV
electron beam as a case study. According to this study, the
shape of the deposited cluster depends on the amount of
energy transferred to the cluster by the energetic primary elec-
trons and secondary electrons emitted from the substrate. Two
mechanisms of energy transfer into the deposited clusters
were considered in ref. 15, namely, elastic scattering of fast
projectile electrons from cluster atoms (without excitation of
the electronic subsystem of the cluster) and an inelastic scat-
tering mechanism due to the relaxation of plasmon-type col-
lective electronic excitations formed in the clusters.

This paper extends the analysis of the physical mechanisms
contributing to electron beam-induced transformations in de-
posited metal clusters. In this paper, the structural transform-
ations of a deposited Ausqs cluster induced by irradiation with
a 300 keV electron beam are explored in connection to the
recent STEM experiments.'®'® The cluster softly deposited on
a few-layer graphite substrate is considered as a case study.
Following ref. 15, we analyse two mechanisms of structural
transformations caused by the relaxation of collective elec-
tronic excitations in the cluster and the localised energy trans-
fer due to hard collisions with energetic projectile electrons.
The rates and characteristic appearance times of these events
are evaluated for the real STEM experimental conditions.

Beyond the scope of previous work,'® the relativistic mole-
cular dynamics (MD) method®® implemented in the MBN
Explorer software package®' is used to simulate the collisions
of 300 keV electrons with atoms of the Aujoo cluster and, on
this basis, to evaluate the amount of energy transferred to the
cluster atoms under different kinematic conditions. The classi-
cal MD simulations show that the Ause-Th cluster transforms
into a Dh-like structure after deposition on the substrate and
undergoes a further transformation into an Ih-like structure
due to the relaxation of the energy transferred to the cluster by
the above-mentioned mechanisms. Finally, the evolution of
the cluster temperature during the relaxation is analysed using
classical MD. The simulations of the cluster dynamics after
irradiation show that the cluster temperature decreases rapidly
during the first ~20 ps, and the cluster cools down to a temp-
erature close to its initial temperature within several hundred
picoseconds.

5896 | Nanoscale, 2025, 17, 5895-5906

2 Computational methodology

Classical (non-relativistic) and relativistic MD simulations were
performed using the MBN Explorer software package® for
multiscale simulations of the structure and dynamics of
various Meso-Bio-Nano (MBN) systems.”” The simulation
results were mainly analysed using a multitasking toolkit MBN
Studio.”® Some parts of the analysis presented in this study
were performed using the OVITO software (OVITO Basic,
version 3.10.6).>*

2.1 Clusters and substrate: creation of the system

The Th, Dh and Ch structural isomers of the Ausq, cluster
shown in Fig. 1 were constructed using the Atomic Simulation
Environment (ASE) software package.”” The substrate, consist-
ing of three stacked graphene layers, was created using the
built-in modeller tool of MBN Studio.?® Each graphene layer
has a size of 85.08 A x 83.504 A, and the distance between adja-
cent layers is set equal to 3.35 A, corresponding to the interpla-
nar distance in graphite.

The many-body Gupta potentia
the interactions between the Au atoms. The bonded inter-
actions between C atoms within each layer were described by
the Brenner potential,”® while the Lennard-Jones potential
with the parameters from ref. 29 was used to describe the van
der Waals interactions between the graphene layers. The inter-
action between the gold and carbon atoms was also described
by the Lennard-Jones potential with the parameters derived in
ref. 30. The free clusters and the substrate were structurally
optimised using the velocity quenching optimisation method
with a time step of 1 fs. After optimisation, each object was
thermalised at 300 K for 1 ns using a Langevin thermostat and
a damping time of 200 fs. Five independent NVT simulations
have been performed to reflect the statistical nature of the
initial state of the clusters.

12627 was used to describe

2.2 MD simulations of cluster deposition

A simulation box of 85.08 x 83.504 x 80 A® was used for the
MD simulations of cluster deposition. The cluster was placed
above the geometric centre of the substrate, approximately
20 A above the top graphite layer, to avoid the interaction of

This journal is © The Royal Society of Chemistry 2025
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the cluster atoms with the substrate. The cluster was deposited
onto the graphite surface at normal incidence, and the depo-
sition energy was set equal to 0.06 eV per atom, which is the
cluster deposition energy used in the corresponding experi-
ments by the Swansea team (see the ESI, Table S17).

The simulations were performed in the NVE microcanoni-
cal ensemble with the initial velocity distributions taken from
the preceding thermalisation simulations. The z-component of
the velocity of each cluster atom was modified according to the
chosen deposition energy. The simulation time was set to 1 ns,
which is long enough to simulate the deposition of the Auzgg
cluster and its relaxation on the surface. After that, the system
(i.e. the deposited cluster and the substrate) was thermalised
at 300 K for 200 ps.

2.3 Relativistic MD simulations of electron scattering from
the cluster atoms

The elastic scattering of a 300 keV electron from atoms of the
deposited Auzge cluster was simulated using the relativistic
MD method®*® implemented in MBN Explorer.”’ This
method is based on the solution of the two coupled relativistic
equations of motion for a fast projectile of charge g and
mass m:

vl and —=-q¢— (1)

Here, r(t), ¥(¢t) and p(t) = myp(t) are the position vector, vel-
ocity, and momentum of the projectile electron at instant ¢,
respectively, y = (1 — 1%/c*)™"'? = ¢/mc® is the relativistic Lorentz
factor of a projectile, with ¢ and m being, respectively, its
energy and mass, and c is the speed of light.

For the numerical solution of the nonlinear relativistic
equations of motion (1), MBN Explorer uses a specially
designed relativistic integrator,?® which employs the 4™-order
Runge-Kutta scheme with an adaptive integration time step.
The details of this implementation are given in ref. 20 and are
briefly described below.

To maintain the accuracy of the calculations, energy conser-
vation is checked at each step of the calculations. If the relative
difference of the total system’s energy is greater than a pre-
defined threshold, the simulation step is repeated with a time
step reduced by a factor of two. This procedure continues until
either the desired accuracy is achieved, or the step size reaches
its minimum allowable value. This computational approach
has been successfully used to simulate the propagation of
ultra-relativistic projectiles (electrons, positrons and pions)
through linear, bent and periodically bent crystals, radiation
emission and related phenomena, as described in detail in
monographs®*? and review papers.**** The relativistic MD
approach has also been discussed in the recent roadmap
paper® in the context of the computational multiscale model-
ling approach to study the behaviour of condensed matter
systems exposed to radiation.

In eqn (1), U = U(r) is the electrostatic potential acting on
the projectile by the atoms of the medium (in this case, the

This journal is © The Royal Society of Chemistry 2025
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gold cluster). This potential is expressed as the sum of the
potentials U, of individual atoms:

U(r) =) Uu(r—Ry) (2)
J

where R; is the position vector of the ji, atom. In this study,
the interaction between the projectile electron and the cluster
atoms is described using the parametrisation by Moliére:**

Ze l _
Un(r) = A= Z age Pl (3)
=1

where Z is the charge of the nucleus and arp = 0.4685Z ' is
the Thomas-Fermi radius. The parameters a; and fy are the
dimensionless coefficients equal to a, » 3 = (0.1, 0.55, 0.35) and
Bi23 = (6.0, 1.2, 0.3).%*%¢ The Moliére approximation®® is a
well-established and efficient approach to describe the atomic
electrostatic potential, which acts on a charged particle propa-
gating through a medium. In particular, it has been widely
used for atomistic modelling of the propagation of ultra-relati-
vistic electrons and positrons through different crystals from
diamond to tungsten.*"*?

As described above, the relativistic MD approach in MBN
Explorer has been widely used to model the channelling of
ultra-relativistic projectiles and photon emission in oriented
crystals (see ref. 20, 22 and 31-34 and references therein). In
this study, this approach is used to simulate the collisions of
an energetic 300 keV projectile from a focused electron beam
of an electron microscope with the deposited gold cluster.

For the simulations of the electron-gold atom collision, an elec-
tron was introduced into the simulation box at a distance of 6 A
from the target gold atom. The initial x and y coordinates of the
electron matched those of the target atom. The electron was then
displaced along the x and y axes to simulate the collision for
different values of the impact parameter b in the range from 0.003
to 0.03 A. The velocity of the projectile electron at 300 keV was cal-
culated to be v ~ 2327.95374 A fs™, corresponding to v ~ 0.78c.

The relativistic adaptive integration algorithm®®?* with a
time step of 1077 fs was used to ensure the conservation of the
total energy of the system. Due to the short time of the elec-
tron-gold atom collision, this process was simulated for 0.01
fs. The ionic motion was taken into account by considering all
gold atoms as moving objects. Thus, the momentum transfer
during the elastic scattering of an energetic primary beam
electron from the cluster atoms (i.e. without exciting the elec-
tronic subsystem of the cluster) was explicitly simulated.

The chosen simulation parameters were validated by simulat-
ing the collision of an electron with a single gold atom. The vali-
dated parameters were then used in the second set of simu-
lations, in which the electron was targeted to different atoms on
the surface of the gold cluster; see section 3.3 for further details.

2.4 MD simulations of post-irradiation relaxation of
deposited clusters

As described in section 2.2, the thermalised geometries of the
deposited cluster and the substrate were obtained at the end of
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the NVT simulations performed at 300 K. These geometries
were used as input for the subsequent classical MD simu-
lations of the structural relaxation of the cluster due to the two
energy transfer mechanisms that take place when the cluster is
irradiated by an energetic electron beam. The results of these
simulations are presented in section 3.4, while the corres-
ponding parameters for each of the considered energy transfer
mechanisms are evaluated in sections 3.2 and 3.3.

The classical MD approach allows the study of the dynamics
of systems consisting of 10°~10° atoms on a nanosecond time
scale and has therefore been used in this study to simulate the
post-irradiation relaxation dynamics of the deposited gold
cluster. More elaborated computational methods, such as
ab initio MD, are limited by their inherent complexity both in
terms of system size (typically on the order of tens to several
hundred atoms) and simulation time (typically, several tens of
picoseconds). More details on the these and many other
theoretical and computational methods for studying the
behaviour of condensed matter systems exposed to radiation,
as well as their areas of application and their limitations, can
be found in the recent roadmap paper.*’

In this study, the final velocity distribution for all the atoms
in the system, corresponding to the temperature of 300 K,
was used as input for the simulations described in section 3.4.
Then, depending on the energy relaxation mechanism
considered, either the velocity of a given gold atom or the vel-
ocities of all atoms of the Ausy cluster were increased
with respect to the equilibrium velocities corresponding to
300 K. The initial velocities of the carbon atoms of the sub-
strate were not changed and corresponded to the temperature
of 300 K.

The simulations were performed for 1 ns with a time step
of 1 fs. The velocities of the cluster atoms were recorded and
used to calculate the instantaneous temperature of the cluster
at different simulation steps.

2.5 Analysis of irradiation conditions

In this study, irradiation parameters corresponding to recent
STEM experiments on deposited Augge clusters'®'® have been
used to evaluate the probabilities of the energy transfer events
to the deposited cluster that can contribute to electron beam-
induced structural transformations of the cluster. Two mecha-
nisms of energy transfer to the cluster are considered: (i) the
relaxation of collective electronic excitations by the vibrational
excitation of cluster atoms and (ii) the elastic backscattering of
fast projectile electrons from cluster atoms. In this section, we
briefly analyse some of the irradiation parameters relevant to
the analysis presented below in section 3. The complete set of
irradiation parameters used in this analysis is given in the ESI,
Table S1.7

In STEM experiments, images are built up pixel by pixel by
raster scanning the focused electron beam across a fixed field
of view. In this analysis, the beam width is / = 50 pm and each
pixel has an area of § = /> = 2.5 x 10> nm?. Each individual
pixel is exposed to the primary electron beam for a dwell time
taw = 20 piS.

5898 | Nanoscale, 2025, 17, 5895-5906
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The flux density of primary electrons hitting a pixel of the
field of view is given by:

, I
JPE = 3

. @)

where I is a beam current. For the beam current I = 25 pA, one
gets the electron flux density jpp ~ 6.24 x 10'® e nm™> 57",
Thus, the number of primary electrons hitting a single pixel
during the dwell time ¢4, is equal to Npg = jppStaw ~ 3.1 X 10>,

The interaction of the primary electrons with the substrate
(in our case, made of carbon) leads to the emission of low-
energy secondary electrons with a characteristic energy of
~10"-10” eV. The number of secondary electrons emitted from
the substrate can be estimated using a semi-empirical model
introduced in ref. 37 (see also ref. 15). For a 300 keV electron
beam, the number of secondary electrons emitted from a
carbon substrate is Ngg ~ 0.018Npg. This means that, on
average, one secondary electron is produced by the
substrate for every ~56 primary beam electrons hitting a pixel
area. Accordingly, the flux density of secondary electrons is
Jsg = Nse 112 % 10°enm2s 1.

Staw
The acquisition time of one frame in the reference STEM

experiments is equal to 2.65 s, during which a field of view
with a total surface area of 326.89 nm” is scanned (see
Table S17). Assuming that the deposited cluster has a semi-
spheroidal shape, its contact radius (i.e. the radius of the lower
part of the cluster in contact with the substrate) can be esti-
mated>® by the formula R = r, (2N)'/?, where r, ~ 1.592 A is the
Wigner-Seitz radius for gold*® and N = 309 is the number of
atoms in the cluster. The contact area of the Ausyy cluster is
then equal to Sy = nR*> ~ 5.78 nm?, which is ~60 times smaller
than the considered field of view area. By comparing these two
values, one can evaluate the time period during which the
cluster is irradiated per frame of STEM measurements, ¢ ~
46.8 ms.

3 Results and discussion

3.1 Characterisation of the Auz( cluster deposited on
graphite

Structural changes in the Auszgg clusters during the deposition
process were characterised by calculating the radial distri-
bution function (RDF) for cluster atoms using the built-in ana-
lysis tool of MBN Studio® and by performing structural ana-
lysis using the Common Neighbour Analysis (CNA) method
implemented in the OVITO software.>**° Five independent
runs were carried out for the deposition of each Auzyy isomer
and the studied characteristics were averaged over the per-
formed runs.

The CNA is a widely used algorithm for characterising the
local structural environment in crystalline systems. The local
atomistic environment is characterised by determining and
analysing all neighbouring atoms located within a given cutoff
distance around a selected atom.** The common neighbours

This journal is © The Royal Society of Chemistry 2025
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of each atom pair are characterised by a set of indices (jki),
where j is the number of neighbours common to both atoms, &
is the number of bonds between common neighbours, and [ is
the number of bonds in the longest chain among the common
neighbours. Based on the known number of indices for ideal
fee, hep, and bece structures, the CNA method assigns atoms in
the considered system to belong to one of the mentioned
lattice structures or to none of them.**™*?

In this study, we have used the so-called interval CNA
(i-CNA) method,** which considers an interval of cutoff dis-
tances instead of a fixed value of the cutoff distance as done in
the conventional CNA method. The i-CNA method
implemented in OVITO is known to provide a better structure
recognition in local environments with larger atomic pertur-
bations (e.g. at elevated temperatures) as compared to conven-
tional CNA.*

Fig. 2(a) shows the RDF for the Auzgo-Th cluster before the
deposition (thermalised at 300 K; solid black curve) and after
the deposition and relaxation for 1 ns (dotted green curve). By
definition, the RDF characterises the number of atoms at a
given radial distance from a given atom, and the function is
then calculated with respect to different atoms in the con-
sidered system (in this case, all cluster atoms). The RDF ana-
lysis indicates that the cluster structure has changed after the
deposition, as shown by the variation of the peaks in the RDF
in the range of interatomic distances from ~4 to 8 A.

10 4
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Fig. 2(c) and (d) show simulation snapshots corresponding
to the deposition of the Ih-Auz,y isomer on the few-layer graph-
ite substrate. The collision-induced deformation of the initial
cluster structure occurs at the moment when the cluster hits
the surface (see Fig. 2(c)). After the deposition, the cluster
relaxes on the surface, and its structure transforms into that
shown in Fig. 2(d). Similar collision-induced rearrangements
have been studied by classical MD simulations for metal clus-
ters and small nanoparticles softly landed on a few-layer
graphite and MgO substrates.?>**

Results for the Auzge-Ih isomer obtained using the i-CNA
method are shown in Fig. 2(b). The CNA algorithm only ident-
ifies the atoms in the core of the cluster as crystalline. The 198
atoms of the outer layer lack the required number of neigh-
bours and are therefore characterised as unidentified (non-
crystalline). Thus, the CNA algorithm identifies only 111
atoms in the core of the free Ausgo-Ih cluster (see Fig. 1) as
belonging to hcp and fec lattices. In Fig. 2(b), the fraction of
atoms assigned to the fcc and hcp lattices at the beginning of
the simulation (~0.06 and 0.27, respectively) corresponds to
the optimised Ih cluster structure.

During the first 100 ps of the simulation, after the cluster
has landed on the surface, the fractions of atoms belonging to
fec and hep structures change visibly (see Fig. 2(b)). At the end
of the 1 ns-long MD simulation of cluster relaxation, the
cluster, which initially has the Ih structure, has ~13% of

(a) RDF for the initial (before deposition) and final (after the deposition and relaxation for 1 ns) structures of the Ausgg-lh cluster. (b) Fraction

of atoms in the Ausqg cluster, assigned to a specific crystalline lattice by the CNA algorithm. The cluster initially having the |h structure was deposited
on the graphite substrate with the deposition energy of 0.06 eV per atom. (c and d) Simulation snapshots at the moment of hitting the substrate (at

the simulation time t ~ 10 ps (c)) and after the relaxation at t = 1 ns (d).

This journal is © The Royal Society of Chemistry 2025
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atoms assigned to fcc and hcep lattice structures (i.e. about 40
atoms of each lattice type), while the remaining ~74% of
atoms are not assigned to any particular lattice structure.
Approximately equal fractions of atoms locally arranged in the
fec and hep lattices are characteristic of a Dh cluster structure,
indicating that the Ih cluster has been transformed into a Dh-
like structure as a result of the collision with the surface.
Similar fractions of atoms assigned to fce and hcep lattice struc-
tures (~11-14%) were obtained in this study after the depo-
sition of Dh and Ch Aujz,g isomers shown in Fig. 1.

The validity of the results obtained by the i-CNA method
was checked by performing a similar analysis using the
polyhedral template matching (PTM) method,*® also avail-
able in OVITO. The PTM method also allows the identifi-
cation of lattice structures according to the topology of the
local atomic environment. The comparison of the fractions
of atoms of the Auzye cluster belonging to fcc and hcep lat-
tices, as determined by the i-CNA and PTM methods, is pre-
sented in Table S2.f

It should be noted that more advanced CNA-based methods
have been developed,*® which allow to go beyond the capabili-
ties of the CNA method implemented in OVITO and to analyse
other signatures e.g. related to the presence of 5-fold symmetry
axes, fcc stacking faults or hcp stacking. Such features have
been analysed for free metal clusters,*®*” but such an analysis
for more distorted cluster geometries due to the presence of
the substrate is beyond the scope of this study.

3.2 Energy transfer to the deposited cluster: plasmon
excitations

In this section, we evaluate the energy transferred to the de-
posited cluster due to the relaxation of collective electron exci-
tations formed in the cluster exposed to 300 keV primary elec-
trons and low-energy secondary electrons emitted from the
substrate. The analysis was performed following the method-
ology described in ref. 15.

The contribution of the plasmon excitations to the singly
differential inelastic scattering cross section, dop,/dAe, for an
Augs cluster as a function of the energy loss Ae of the incident
electron is given by:*®*°

d 2 p3
el _ 8RN a4 1), (%)
l

dAe 2 )
5

% Asa)lzﬂ

(Ae? — w12)2 + Agl?
Here,
3IN,

= 6
=\l )R (6)

is the frequency of the plasmon excitation with angular
momentum /, R = r,N'® is the cluster radius (as an estimate,
we consider here a spherical cluster with a volume equal to the
volume of a semi-spheroidal cluster whose base radius was cal-
culated in section 2.5), and N, is the number of valence elec-
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trons involved in the collective excitation, taken equal to the

. AeR\
number of atoms N. The function S; (i> in eqn (5) reads as
v

Thnax
where ¢min and gmax are the minimum and maximum values
of the transferred momentum, jj(x) is a spherical Bessel func-
tion of order I, and AeR/v is a dimensionless parameter.*®*°

When calculating the plasmon resonance frequency using
eqn (6), it is assumed that one valence (6s) electron from each
cluster atom is delocalised over the whole cluster and involved
in the formation of the plasmon excitation. This assumption
follows from the previous studies of the dipole polarizability™°
and the photoabsorption spectra® of several three-dimen-
sional gold clusters using static and time-dependent density
functional theory. In both cited studies, it was concluded that
about 1-1.5 electrons from each gold atom contribute to the
linear response to an external field, indicating a low degree of
delocalisation of the valence 5d electrons.

The singly differential inelastic scattering cross section
dopi/dAe for an Augge cluster was calculated as a function of
the energy loss of the incident electron. Fig. 3 shows the cross
sections calculated for three cases of low-energy electron
impact (30, 50 and 100 eV), corresponding to secondary elec-
trons emitted by the carbon substrate, as well as the primary
300 keV projectile electron. Fig. 3 shows that the maximum
value of the cross section, attributed to the 30 eV secondary
electrons, is larger by about three orders of magnitude than
the corresponding value for the 300 keV primary electrons.

The maximum of the cross section dop/dAe for an Auzeg
cluster is located at the energy loss values below the ionisation
potential of the cluster, I, & 5.87 eV (see the vertical dashed
line in Fig. 3). Therefore, plasmon excitations in the cluster

10° E T T T T T 3
] ] b |
102 ' -==30eV ]
ceee 50eV ]
< 10"+ —=—100eV
> E
T 100
< E
3 1074
o
< 1024
103 4
104
0 5 10 15 20 25 30

Energy loss Ag (eV)

Fig. 3 Contribution of the plasmon excitations to the singly differential
cross section dop/dAe for an Auszgg cluster irradiated with electrons of
specific energy as a function of their energy loss Ae. The vertical dashed
line shows the ionisation potential of the Ausgy cluster, I, ~ 5.87 eV,
evaluated according to ref. 52 and 53.
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with the excitation energies Ae < I, will decay, with a signifi-
cant probability, through the vibrational excitation of its ionic
subsystem due to the electron-phonon coupling mechanism.>*

The average excitation energy of the cluster is calculated as
follows:

d
jgp Ae % dAe
'3 8)
—don (
I asdae

Aeyy =

The characteristic average energy transferred to the Auzg
cluster by electrons of different kinetic energies is plotted in
Fig. 4. It shows a monotonic increase of the average energy
transfer as the projectile electron’s kinetic energy increases,
and it tends to saturate at electron energies of ~10° eV. As a
result of the relaxation of a plasmon excitation induced by a
secondary electron with a typical energy of 30 eV, the energy
Ae,, ~ 3.20 eV is transferred to the vibrational motion of the
cluster. For a 300 keV primary electron, the corresponding
amount of energy is equal to Ae,, ~ 3.95 eV.

Many successive plasmon excitations will be formed in the
deposited Auzg cluster during the time the cluster is exposed
to the electron beam of a STEM. The rate (probability per unit
time) of inducing a plasmon excitation in the Auszyg cluster by
a projectile electron (either primary or secondary) that results
in the transfer of an amount of energy below the ionisation
potential (i.e. in heating of the cluster) is calculated as follows:

_ i K dO'pl
Pp1 = Pae<r, =J X ("0 @dAS) 9)

The calculated rates are equal to Py ~ 0.35 ns™* for a 300
keV primary electron (with the flux density j = jpp estimated in
section 2.5) and P, ~ 2.86 ns~" for a 30 eV secondary electron
(with the flux density j = jsg, see section 2.5). An inverse of
these rates defines the characteristic time, 7, = 1/Pp, for the
occurrence of two such successive events induced by a 300 keV
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Fig. 4 The average amount of energy Ae,, transferred to the Ausgg
cluster below its ionisation potential by an electron of a specific inci-
dence energy.
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or 30 eV electrons, respectively. These times are equal to ~0.35

ns for a 30 eV electron and ~2.86 ns for a 300 keV electron.
The number of plasmon excitations formed during the

dwell time of the electron beam on a single pixel (g, = 20 ps)

. t . . - .

is Np1 = v During the irradiation of one pixel, ~7.0 x 10°

Tpl

plasmon excitations by 300 keV primary beam electrons and

~5.7 x 10" excitations by 30 eV secondary electrons will trans-

fer the amount of energy Ae,, ~ 3.95 eV and 3.20 eV, respect-

ively, to the Auzo cluster.

3.3. Energy transfer to the deposited cluster: elastic
scattering of primary beam electrons

An energetic primary beam electron elastically scattering from
atoms of a deposited gold cluster can transfer momentum to
the cluster atoms without exciting the electronic subsystem of
the cluster.”” In this work, the process of energy and momen-
tum transfer to the Auzg cluster by primary 300 keV electrons
was studied with taking into account relativistic kinematics.
The elastic scattering of a 300 keV electron from the cluster
was simulated using the relativistic MD approach,®® as
described in section 2.3. In the simulations, the electron was
targeted to different gold atoms located on the surface of the
deposited Auzge cluster. Surface atoms close to the centre of
the cluster, the cluster edge, and in between these two regions
were selected as targets. As described in section 2.3, the initial
position of the electron with respect to each target atom was
varied to explore the range of impact parameter values b =
0.003-0.03 A.

The maximum energy transferred to the target atom as a
result of a head-on collision (corresponding to the scattering
angle 0 = 180°) of a relativistic electron with a nucleus is given
by:*®

2(}' + 1)meM

EMmax — E 10
t me? + M2 + 2ymeM (10)

where m. is the mass of a projectile electron, E is its kinetic
energy, M is the mass of a target gold atom, and y is the
Lorentz factor. According to eqn (10), a gold atom hit by a 300
keV electron (with velocity v =~ 0.78c) will acquire the
maximum Kkinetic energy EF*®™ =~ 4.32 eV. The energy
transferred to an atom by an electron scattered at angle 0 is
given by>®
. (0
Eq(0) = E™ sin (E) (11)
Fig. 5 shows the dependence of the energy E, transferred to
the gold atom on the impact parameter b and the scattering
angle 0, obtained from the relativistic MD simulations. The
transferred energy decreases rapidly as the impact parameter
increases and the electron passes at a larger distance from the
atomic nucleus. The increase of E,, with increasing the scatter-
ing angle indicates that electrons scattered in the backward
direction induce a significant transfer of energy and momen-
tum. The simulation results show that the maximum amount
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Fig. 5 Energy transferred to a gold atom (either a free atom or an atom of the deposited Auzgg cluster) as a function of the impact parameter (a)
and scattering angle (b). For the cluster case, results are shown for several surface atoms close to the centre of the cluster, the cluster edge, and in
between these two regions. The results have been obtained from the relativistic MD simulations using MBN Explorer.?!

of energy transferred to the gold atom by a 300 keV electron in
the head-on collision is Ef® ~ 4.32 eV, in agreement with the
analytical value given by eqn (10).

The average time between two consecutive primary elec-
trons hitting a given pixel of the field of view can be estimated
as:

t W

d
Tpp = — ~ 6.5 18

Nog (12)

This value of 7zpg corresponds to the collision of primary
electrons with gold atoms for all possible values of the impact
parameter b. The probability of elastic electron scattering from
the nucleus for impact parameters smaller than b is given by:

nh?
Py = —-

7 (13)
where [ = 0.5 A is the beam width.

According to the simulation snapshot shown in Fig. 2(d),
atoms in the deposited Auzg cluster can be considered to be
aligned in columns at different orientations. It can be
assumed that on average there are approximately three gold
atoms in a column aligned with the electron beam. This
increases the probability of energy transfer to the cluster due
to the elastic scattering of a projectile electron at small values
of the impact parameter. Thus, the number of events
leading to a significant energy transfer during the dwell time
is given by:

Ne| = 3NpgPel (14)

This number is greater than 1 for the impact parameter
values smaller than b = 0.003 A, corresponding to an energy
transfer E,, ~ 4 eV (see Fig. 5(a)). For the impact parameter b =
0.003 A, the number of events N ~ 1.05 per dwell time for one
pixel, suggesting that at least one close collision of a primary
electron with a gold atom, leading to the large energy transfer
of the order of several eV, takes place during the irradiation

5902 | Nanoscale, 2025, 17, 5895-5906

dwell time. The characteristic time between two such succes-
sive events is 7e & tgy/1.05 = 19.05 ps.

In the analysis presented above in this section and in
section 3.2, the processes of energy transfer due to the
vibrational excitation of the cluster by plasmon de-excitation
and the localised energy transfer due to elastic scattering with
the primary beam electrons have been considered indepen-
dently. In reality, since ~10°-10" events of vibrational exci-
tation of the whole cluster (see section 3.2) and at least one
event of the localised energy transfer due to a head-on col-
lision with one of the cluster atoms (see section 3.3 above) will
occur during the dwell time, these events may occur simul-
taneously. In this case, the amount of energy transferred to the
cluster will be the sum of the energy transferred by the
plasmon excitation mechanism and the energy transferred by
the head-on collision. Recalling that the ionisation potential of
the Au;g, cluster is I, = 5.87 €V, the maximum energy that can
be deposited in the vibrational degrees of freedom of the
cluster is about 6 eV.

3.4 Analysis of radiation-induced structural transformations
and thermal effects

The relaxation of the cluster structure after the energy transfer
by one of the above-described mechanisms was simulated by
means of classical MD using MBN Explorer,”" following the
procedure outlined in section 2.4.

In the first set of simulations, the energy Ae = 3.20 eV was
uniformly distributed throughout the cluster. This value
corresponds to a characteristic energy deposited in the cluster
due to a plasmon excitation, which will decay with a signifi-
cant probability by the vibrational excitation of the ionic sub-
system (see section 3.2).

Another set of five simulations was devoted to the relax-
ation of the cluster after localised energy transfer by a primary
beam electron. In each simulation, one of the gold atoms
located on the surface of the cluster was selected, and its
velocity was rescaled to correspond to the energy transfer of

This journal is © The Royal Society of Chemistry 2025
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4 eV. As discussed in section 3.3, this amount of energy corres-
ponds to the case of a close electron-atom collision at the
small impact parameter b ~ 0.003 A.

Finally, the third set of simulations was devoted to the ana-
lysis of the correlated excitation events due to the simul-
taneous energy deposition in the cluster due to a plasmon
excitation and localised energy transfer by the primary beam
electron scattered at a small impact parameter. In this case,
the velocities of all atoms in the cluster were rescaled to
account for the uniform vibrational excitation due to the
plasmon mechanism. An atom located at the cluster surface
was then selected and its velocity rescaled so that the total
energy transferred to the cluster was 6 eV.

As described in section 2.4, in all cases, the dynamics of
the system was simulated for 1 ns without a thermostat. The
velocities of the cluster atoms were recorded and used to calcu-
late the instantaneous temperature of the cluster at different
simulation steps. Structural transformations of the cluster
were analysed using the i-CNA algorithm, following a pro-
cedure similar to that discussed in section 3.1. The results of
the performed simulations are summarised in Fig. 6. It shows
the fraction of atoms corresponding to the two prevailing crys-
talline lattices (fcc and hcep) in the core of the deposited Auzgo
cluster after relaxation of the energy transferred to the cluster
by the different mechanisms discussed in this study.

As discussed in section 3.1, after the soft deposition of the
Auggo-1h cluster on the graphite substrate, the arrangement of
atoms in the core of the cluster changes such that the fractions
of atoms assigned to these two lattice structures are ~12-14%,
see Fig. 2(b) and Table S2.f A similarity in the fractions of
atoms assigned to the fcc and hep crystal lattices is indicative
of a Dh-like structure (see thin solid and dotted lines in
Fig. 6). After the vibrational excitation of the cluster by any of
the mechanisms considered in the previous sections, a further
structural transformation of the deposited cluster occurs. An
indication of this transformation can be seen in Fig. 6 by an
increase in the fraction of atoms assigned to the hcp lattice
(up to 23-25%) with a simultaneous decrease in the corres-
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Fig. 6 Fraction of atoms in the Ausgg cluster assigned to a specific
crystal lattice by the i-CNA method. The results describe the relaxation
of the energy transferred to the cluster by different mechanisms con-
sidered in this study.
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ponding fraction for atoms in the fec lattice (to 2-4%). After
the relaxation of the excess energy given to the cluster, the
resulting local cluster structure (in terms of the fractions of
atoms assigned to the fcc and hcp lattices) resembles that of
the initial Auzge-Th structure, thermalised at 300 K (see the
horizontal dashed lines). This indicates an irradiation-induced
transformation from a Dh-like structure to an Ih-like structure.
Snapshots of the Aujgo-Th cluster after deposition and at the
end of each post-irradiation energy relaxation simulation are
presented in Fig. S1.T

The last part of this study is devoted to the analysis of the
temporal evolution of the cluster temperature after the energy
transfer events. As mentioned in section 1, the thermal effects
of high beam currents in STEM experiments might be signifi-
cant and responsible for the experimentally observed struc-
tural transformations of the clusters.'®'®

Fig. 7 shows the temperature of the deposited Aug,, cluster
as a function of simulation time during a 1 ns-long MD simu-
lation of cluster relaxation. The initial temperature of the
cluster, equal to 296 K, is shown with a dashed red line.
During the first 100 ps of the simulation, the instantaneous
temperature was averaged over each 20 ps-long segment of the
trajectory, while after 100 ps, the averaging was done for each
50 ps-long segment.

In the first set of simulations, six surface atoms located
close to the cluster geometrical centre, at the edges and in
between (two atoms of each type) were randomly selected. In
each individual simulation, the selected atom was given an
excess energy of 4 eV (see the discussion in section 3.3), and
the calculated temperature values were averaged for each atom
type. The results of these simulations are shown in Fig. 7(a).
Due to the excess energy given to one of the cluster atoms, the
temperature of the cluster rises to ~400-420 K, which is high
enough to induce a structural transformation, as shown in
Fig. 6. Within the first 20 ps of the simulation, the cluster
temperature decreases by ~80-100 K, and the cluster cools
down to the temperature close to its initial temperature within
a period of ~100 ps. An important conclusion from these
simulations is the independence of the temperature variations
from the location of the excited atom on the cluster surface. A
similar analysis of the temperature variation of the graphite
substrate indicates that the substrate temperature increases by
3-5 degrees due to heat transfer from the cluster.

Fig. 7(b) shows the results of a similar analysis for the case
of a larger energy transfer of 6 eV to the cluster. As discussed
at the end of section 3.3, this amount of energy represents the
case of a correlated energy transfer event due to the two
different mechanisms. For the sake of simplicity, it has been
assumed that both events occur simultaneously, so that an
excess energy of 6 eV is instantly given to the deposited
cluster, causing a temperature increase of up to 490 K. Similar
to the results shown in Fig. 7(a), there is a significant tempera-
ture drop during the first 20 ps. After the first 100 ps, the
cluster temperature decreases to ~315 K, which is higher than
the initial temperature of the relaxed cluster of 296 K (see the
dashed red line). During the rest of the simulation, the cluster
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temperature fluctuates by +15 K around the initial tempera-
ture. Similar to the case described above, the substrate temp-
erature is increased by ~5 K.

As follows from the results presented in Fig. 7, the cluster
cools down on the time scale of one hundred to several
hundred picoseconds. This time scale is comparable to the
characteristic time 7, between two successive plasmon exci-
tations induced by low-energy secondary electrons, resulting in
the energy transfer below the ionisation potential of the Auzgo
cluster (see section 3.2). Even if the cluster temperature is
slightly increased (by a few degrees) during the time 7, a large
number of successive energy transfer events (on the order of
~10°-10") during the dwell time of the electron beam on an
individual pixel can cumulatively lead to a strong heating of
the deposited cluster, causing its structural transformation.

4 Conclusions

In this paper, the structural transformations of a gold cluster
softly deposited on a graphite substrate and exposed to a high-
energy STEM electron beam have been studied by means of
classical and relativistic MD simulations using the MBN
Explorer*! and MBN Studio® software packages. The particu-
lar case study was a Ausge cluster irradiated by a 300 keV elec-
tron beam. The focus was made on the two mechanisms of
energy transfer to the deposited cluster during irradiation,
namely (i) the relaxation of collective electronic excitations in
the cluster and (ii) the localised energy transfer due to hard
collisions with energetic projectile electrons. The second
energy transfer mechanism was studied by simulating the col-
lision of an energetic primary electron with the cluster atoms
using the relativistic MD method.**** The energy transferred
to the cluster during the electron - gold atom collision was
evaluated as a function of the impact parameter and the scat-
tering angle. The rates and characteristic appearance times of
the two energy transfer mechanisms were evaluated for the
real STEM experimental conditions.
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The structural transformations induced by the considered
energy transfer mechanisms have been studied using the clas-
sical MD approach and quantified using the CNA method. The
simulations have shown that the icosahedral Aujq, cluster,
after deposition on the substrate, transforms into a decahe-
dron-like structure and undergoes a further transformation
into an icosahedron-like structure due to the relaxation of the
energy transferred to the cluster by the above-mentioned
mechanisms.

Finally, the thermal relaxation of the cluster after the energy
deposition events has been studied by classical MD simulations.
The analysis of the instantaneous cluster temperature in the
course of the simulations has indicated a rapid temperature
decrease during ~20 ps and a time of several hundred pico-
seconds to reach the initial temperature of the cluster.

The theoretical and computational analysis applied here to
the case of an Auzgg cluster exposed to a 300 keV STEM electron
beam can be extended to other cluster sizes, electron beam ener-
gies, and substrates. Of particular interest are also the effects of
the cluster orientation on a surface and the cluster-surface
bonding, e.g. in the presence of point defects.>” The use of more
elaborated CNA-based methods for the analysis of atomistic struc-
tural environments*® can provide a more detailed characterisation
of the structure of the deposited clusters.
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