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Mechanisms of radiation-induced structural transformations in deposited gold clusters
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Physical mechanisms of structural transformations in deposited metallic clusters exposed to an electron
beam of a transmission electron microscope (TEM) are studied theoretically and computationally. Recent TEM
experiments with size-selected Aug,; clusters softly deposited on a carbon substrate showed that the clusters

undergo structural transformations from icosahedron to decahedron and face-centered cubic (fcc) structures upon
exposure to a 200-keV electron beam. In this paper, we demonstrate that the relaxation of collective electronic
(plasmon) excitations formed in deposited metal clusters can induce the experimentally observed structural
transformations. Such excitations in the clusters are formed mainly due to the interaction with low-energy
secondary electrons emitted from a substrate. The characteristic occurrence times for plasmon-induced energy
relaxation events are several orders of magnitude shorter than those for the momentum transfer events by
energetic primary electrons to atoms of the cluster. The theoretical analysis is complemented by molecular
dynamics simulations, which show that an icosahedral Aug,; cluster softly deposited on graphite is transformed
into an fcc-like structure due to the vibrational excitation of the cluster.
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I. INTRODUCTION

The investigation of structural transformations in atomic
clusters has attracted the strong interest of the atomic cluster
community for a long time [1-4]. Particular focus has been
placed on the study of phase transitions in atomic clusters
[1,5-9], the evaluation of the melting temperature of clusters
and its relation to the melting temperature of corresponding
bulk materials [10-12], and the analysis of cluster transfor-
mations due to the relaxation of electronic excitations into the
vibrational degrees of freedom [13-15].

Another hot research topic has been related to study-
ing the structure and dynamics of clusters deposited on
surfaces using high-resolution transmission electron mi-
croscopy (TEM) and scanning transmission electron mi-
croscopy (STEM) [16-23]. Structural transformations in
deposited nanometer-sized gold clusters exposed to intense
electron-beam irradiation were observed for the first time
in Ref. [17]. In that study, the size of deposited clusters
varied in the range ~1-10 nm as initially small clusters
(below 1 nm in size) aggregated into larger structures un-
der exposure to an electron beam. More recently, structural
transformations in isolated size-selected gold clusters ex-
posed to an electron beam were demonstrated using STEM
[20,21]. A series of experimental studies demonstrated that
deposited gold clusters of a specific size, e.g., Auyg [23,24],
Auss [25], Ausgg [19], and Augys [20,21], exhibit different
atomic configurations which have been visualized by means
of STEM.
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In Ref. [20], size-selected gold clusters containing 923 +
23 atoms were soft-landed on a carbon substrate and irradi-
ated by a 200-keV electron beam of a STEM. The effect of
electron irradiation on the atomic structure of Aug,; clusters
was studied by collecting a sequence of STEM images for
~10? individual clusters. The structure of each cluster was as-
signed to the icosahedron (), decahedron (Dy,), face-centered
cubic (fcc) or octahedron (Oy), and amorphous or unidenti-
fied structures [20]. It was shown that Aug,3-Ij, isomers are
unstable upon irradiation, contrary to Dy, and fcc Augys clus-
ters that retained their structure during 400 s of irradiation
by the electron beam. Monitoring beam-induced structural
transformations in the electron microscope revealed that most
I, clusters had been converted into D; or fcc isomers upon
exposure to electron beam irradiation, and no further struc-
tural transformations have been observed after the I, — D, or
I, — O, transformation occurred.

The electron-beam-induced dynamics of atoms in de-
posited metal clusters was studied computationally in
Ref. [26], focusing on atomic displacement and sputtering
effects. However, the physical mechanisms of electron-
beam-induced structural transformations in deposited metallic
clusters [20,21] have not been fully understood so far and
require further investigation.

This study is devoted to the analysis of the physical
mechanisms contributing to electron-beam-induced transfor-
mations in deposited metallic clusters. Two mechanisms of
energy transfer into the deposited clusters are considered,
namely, elastic scattering of fast projectile electrons from
cluster atoms (without excitation of the electronic subsys-
tem of the cluster) and an inelastic scattering mechanism
due to the relaxation of plasmon-type collective electronic
excitations formed in the clusters. We demonstrate that the
relaxation of collective electronic excitations through the
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vibrational excitation of cluster atoms is a plausible mecha-
nism for the experimentally observed structural transforma-
tions in deposited gold clusters irradiated with an electron
beam. The theoretical description of the coupling of collective
electronic excitations to the vibrational modes of the ionic
subsystem in free metallic clusters was given in Ref. [27].
To the best of our knowledge, this phenomenon has not
been discussed in connection to electron-induced structural
transformations of deposited metal clusters. The plasmon
excitations in the deposited clusters are formed mainly due
to the interaction with low-energy secondary electrons emit-
ted from a substrate. The characteristic occurrence times for
plasmon-induced energy relaxation events are found to be
several orders of magnitude shorter than those for the momen-
tum transfer events, which are induced by energetic primary
electrons elastically scattering from atoms of the cluster.

The theoretical analysis is complemented with classical
molecular dynamics (MD) simulations performed using the
MBN EXPLORER software package [28]. The simulations show
that icosahedral Aug,; clusters softly deposited on graphite
undergo a structural transformation to an fcc-like structure.
This transformation is characterized by analyzing radial dis-
tribution functions and the local structural environment for
different vibrationally excited cluster structures.

Physical effects occurring during the irradiation of solid
specimens in TEM and STEM experiments have been widely
discussed in the literature (see, e.g., Refs. [29-33] and ref-
erences therein). Particular emphasis has been made on the
analysis of radiation damage mechanisms related to knock-on
atomic displacement due to the high-angle elastic scattering
of fast projectile electrons and the effects caused by the in-
elastic scattering of these electrons. In the case of organic
and inorganic targets, energy loss by the incident primary
electrons may induce radiolysis, i.e., the breakage of chemical
bonds caused by electronic excitations and ionization, leading
to beam-induced structural transformations and degradation
of the samples [30,34]. Concerning metal systems, it was
demonstrated that the focused electron beam in a TEM can
split metal clusters with diameters of less than 1 nm from
larger metal nanoparticles placed on carbon substrates [35].
The mechanism of radiation-induced fission of metal clus-
ters might also involve collective electron excitations and
their subsequent relaxation, but it can also be caused by
the multiple ionization of the clusters and their subsequent
decay. While the radiation-induced fission of metal clusters
and nanoparticles is an interesting phenomenon, its discussion
goes beyond the scope of the present study.

II. ANALYSIS OF IRRADIATION CONDITIONS
IN EXPERIMENTS

The theoretical analysis carried out in this study corre-
sponds to the experimental conditions of Ref. [20]. However,
the analysis presented can also be generalized toward a
broader range of irradiation conditions typical for TEM and
STEM experiments [36—38] and different cluster sizes. Ac-
cording to Ref. [20], each cluster was irradiated for 100-400 s
at current density for the primary electron (PE) beam, jpg =
3 x 10* ¢~ A~2s7!. Each image series was recorded over
a field of view area S = 10.5nm x 10.5nm. The PE beam

current is then given by

I =jeeS~ (3x10% x (1.1 x 10%) nm?

nm? s
1€

~ 529 x 10711 = ~ 52.9pA, )
s

which is a typical value of beam current used in STEM exper-
iments [32,38].
The radius of a Augy3 cluster can be evaluated as follows:

R=rN'?, 2)

where r, is the Wigner-Seitz radius and N is the number of
atoms in the cluster. For the sake of simplicity, we consider
the cluster as a spherically symmetric system but the analysis
performed can be generalized for nonspherical cluster geome-
tries [39]. Using the value r; = 3.01 a.u. =~ 1.592 A for gold
[40] and N = 923 one derives the cluster radius R &~ 1.55 nm
and its cross-section area S;; = wR? ~ 7.55 nm?.

The probability of hitting a Augys cluster by a PE per unit
time is equal to

Ppg = jpg S ~ 0.023ns™ . 3)

Thus, for the experimental conditions of Ref. [20] the average
time between two subsequent hits of the Aug3 cluster by PEs
is

o = Pp A~ 44.2ns. 4)

According to the experimental data from Ref. [41] and the
NIST Electron Inelastic-Mean-Free-Path Database [42,43],
the inelastic mean free path (MFP) for a 200-keV electron
in gold is Aijne; ~ 84 nm. Therefore, such energetic electrons
will deposit their energy mainly in the substrate but not the
deposited clusters of the considered size.

The interaction of the PE beam with the substrate leads
to the generation of low-energy secondary electrons (SEs).
The number of SEs generated per one PE of specific energy,
Nsg(E) (the parameter denoted hereafter as SE yield), has
been evaluated by means of a semiempirical model described
in Ref. [44]. The model is based upon the concept of a “uni-
versal yield curve of SE production,” where the yield of SE
emission as a function of PE energy has been determined
for targets made of different elements based on several pa-
rameters, namely, the mass density of a target material, the
effective energy required to produce a SE, and the effective
SE escape depth [44]. In the cited study, the SE yields from
44 different targets were evaluated by means of the model
approach which agreed with experimental data and results of
Monte Carlo simulations. Figure 1 shows the yield of SEs
emitted from a carbon target as a function of PE energy. The
solid line shows the result obtained by means of the model
[44]. Experimental data for the SE yield from graphite [45]
are also shown for comparison by symbols. According to the
data plotted in Fig. 1 the number of SEs emitted from a carbon
target per one 200-keV PE is

Then, for the experimental conditions of Ref. [20], current
density for the SEs emitted from the substrate and interacting
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FIG. 1. Yield of secondary electrons [that is, the number of sec-
ondary electrons (SEs) per one primary electron (PE)] emitted from
a carbon target irradiated with electrons as a function of the PE
energy. The solid line shows the result obtained by means of the
semiempirical model [44]. Symbols show experimental data for the
SE yield from graphite [45].

with the Aug,j3 cluster reads as

: Nsg 4
JSE = —— JjpE ® 6 x 10
Npg

(6)

nm2s’

III. ENERGY DEPOSITION IN THE CLUSTERS DUE TO
PLASMON EXCITATIONS

This section is devoted to the analysis of the energy transfer
mechanism due to the relaxation of plasmon-type collective
electronic excitations in a deposited gold cluster.

The decay of collective electron excitations in metal clus-
ters into single-electron and vibrational excitations is a widely
studied phenomenon (see, e.g., Refs. [13,27,39,46-50] and
references therein). Collective excitations in the deposited
metal clusters can be induced by both low-energy SEs (with
the characteristic energy E ~ 10'-10?eV) emitted from a
substrate and energetic PEs (with E ~ 10%eV). Excitation of
plasmons in metallic nanostructures by high-energy electron
beams (with E ~ 10°~10°eV) has been studied in several
experiments [51-53] (see also the review [54] and references
therein). The manifestation of collective electron excitations
in electron energy-loss spectra for electrons inelastically scat-
tering from spherical metal particles and metal clusters was
widely studied over several decades by means of different the-
oretical approaches, including the hydrodynamic approach,
random phase approximation, plasmon resonance approxima-
tion, and others (see Refs. [13,55-63] and references therein).

In this study, the contribution of collective electronic ex-
citations to the singly differential inelastic scattering cross
section of the cluster as a function of the energy loss
Ae of the incident electron, doy/dAe, is calculated using
the plasmon resonance approximation (PRA), described in
Refs. [13,39,60] and references therein. This approach is
based on the fact that the dominating contribution to the in-
elastic scattering cross section in the vicinity of the plasmon
resonance comes from collective electron excitations, while

single-particle excitations give a small contribution [1,13,39].
This approach has provided a clear physical explanation of
the resonantlike structures in photoionization spectra and dif-
ferential inelastic scattering cross sections of metallic clusters
and carbon fullerenes irradiated by electrons and ions as well
as a good agreement with the results of many-body quantum
calculations and with experiment (see Refs. [3,9,13,64] and
references therein).

Within the framework of PRA, the cross section dop, /dAe
reads as [13,60]

d 8e2R° AsR
Lo _ 2e Z(21+1)25,< ¢ )
1

dAe v v

a)lee Fl
x )
(A2 — a)lz)z + A&2I?

@)

Here v is the velocity of the projectile electron, R is the cluster
radius defined by Eq. (2), and

[ 3IN, s
=\ A E DR )

is the frequency of the plasmon excitation with angular mo-
mentum /. The function S;(Ae R/v) reads as

AeR gmaxR gy s
S = — ), )
v GminR X

qmin = P(1 Y - Ae/E),
gmax = p(1 + /1 — A¢/E) (10)

are the minimum and maximum values of the transferred mo-
mentum, p is the momentum of the projectile electron, j;(x) is
a spherical Bessel function of order /, and A¢ R/v is a dimen-
sionless parameter. The calculated cross section dop/dAeg
accounts for the contributions of plasmon excitations of mul-
tipole terms (up to [ = 3), because the excitations with higher
angular momentum are formed by single-electron transitions
rather than the collective ones [13]. Explicit expressions for
the function S; for different values of [ are given in the
Appendix. The parameter I'; in Eq. (7) is set equal to 4 eV,
following our earlier studies of photoabsorption and inelastic
scattering of protons from small gold clusters and nanometer-
sized gold nanoparticles [65,66]. In those studies, the width of
the dipole mode of the plasmon-type resonance, I'j, was de-
termined by comparing the photoabsorption cross section for
several three-dimensional gold clusters calculated by means
of the PRA and time-dependent density functional theory. The
same value of I' =4 eV has been used for higher multipole
terms. The width of a few electron volts is typical for the
collective electronic resonances in metal clusters [3,5,67,68].
For other metallic systems with delocalized valence electrons,
such as carbon fullerenes, the plasmon resonances are even
broader with the width of ~10 eV. The correspondence of the
inelastic scattering cross sections due to plasmon excitations,
calculated using the PRA [13,39,60] and the random phase
approximation [56,69], was discussed previously in Ref. [13].

Figure 2 shows the contribution of the collective electronic
excitations to the cross section dop/dAeg for a Augys cluster

where
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FIG. 2. Contribution of the plasmon excitations to the singly
differential inelastic scattering cross section, doy,/dAeg, for a Augys
cluster irradiated with E = 30eV to 200 keV electrons as a function
of their energy loss Ae. The dashed lines show the ionization poten-
tials of the neutral and singly charged Aug,; clusters, Ig:() ~5.7eV
and Ig:“ ~ 6.6eV, calculated using Eq. (11).

as a function of the energy loss Ae of the incident electron.
As shown in the figure, the amplitude and the shape of the
plasmon resonance depend on the kinetic energy of the pro-
jectile electron. The maximum cross section for a SE with
the characteristic energy of 30 eV exceeds by more than two
orders of magnitude the cross section for a 200-keV PE. The
shape of the plasmon resonance varies because the relative
contributions of nondipole terms (/ =2 and 3) to the cross
section decrease significantly with an increase of the collision
velocity.

The collective electronic excitations dominate the electron
energy-loss spectrum at small values of Ae¢ in the vicinity
of the plasmon resonance frequency, while the plasmon con-
tribution drops off at higher Ae values above the ionization
potential I, of the cluster. At excitation energies Ae > I,
inelastic scattering of the projectile electron results in the
emission of a secondary electron. In this case, an outgoing
electron carries away most of the energy transferred to the
cluster by the projectile electron, and only a small fraction of
the transferred energy can remain within the cluster after the
electron emission.

In the case of large momentum and energy transfer events
providing the main contribution to the total cross section of
inelastic scattering, the electron-impact ionization cross sec-
tion of the cluster can be estimated as an incoherent sum of
contributions generated in binary electron-electron collisions
involving the cluster atoms [70]. Therefore, the total ion-
ization cross section of the cluster represents the incoherent
sum of the ionization cross sections of N individual atoms,
Oion(Augy3) &~ Nojon, where N = 923. The ionization cross
section of gold for a 200-keV electron calculated using the
relativistic binary encounter Bethe model is ojo, ~ 0.037 A2
[71], which gives the ionization cross section for the cluster
Oion(Algy3) ~ 34.1 A2, For the PE current density considered
in this study, jpg = 3 X 104 A=2 s~ the characteristic occur-
rence time for the ionization of the Augys cluster by PEs is

T T T T LR | T LA | T LR |
20 -
i model: ]
q=0 q=+1
Ip Ip 1
DFT calculations:
=0

< 15 B Ig n

oL = = = work function

5 (bulk Au)
g ] exp. data (Au atom) |
o] .
5_

Number of atoms

FIG. 3. Ionization potentials /, for different neutral (¢ = 0) and
singly charged (¢ = +1) gold clusters as functions of the number of
atoms, N. The solid lines have been obtained by means of Eq. (11).
The dashed line shows the work function of bulk gold. Solid symbols
show the ionization thresholds for an Au atom and singly charged
Au™ ion [76]. Open symbols denote the results of DFT calculations
[77] for Auy (N = 6-147) clusters.

T ~ 0.98 us, which is significantly longer than the typical re-
laxation times for excited electronic states in metallic clusters
(which are on a (sub)picosecond timescale [27]). In this paper,
we do not analyze in greater detail possible effects induced
by the inelastic scattering of energetic PEs, such as charge
transfer effects or charge accumulation in the deposited gold
cluster. These interesting problems are beyond the scope of
this paper and deserve separate consideration.

Vertical dashed lines in Fig. 2 show the ionization thresh-
olds for a neutral Aug,; cluster and its singly charged positive
ion Au;LB. The ionization threshold for a cluster carrying a
charge g has been obtained by means of a spherical jellium
model according to Refs. [1,72,73]:

2 2

B=W+@+oz+T+0®™.
Here R is the cluster radius defined through the number of
valence electrons in the cluster and the Wigner-Seitz radius r;
[see Eq. (2)]; W is the electron work function of bulk metal;
o = 1/2 stems from the classical model describing the metal
cluster as a perfectly conducting sphere; and the parameter
¢ = c(r,) accounts for a quantum correction due to spillout
of electron density [74]. This parameter was determined in
Ref. [73] for different r; values in the range r; = 2—6 a.u. For
gold (r; & 3.01 a.u.), the parameter ¢ &~ —0.074.

Figure 3 shows the ionization potentials for different neu-
tral and singly charged gold clusters, Auy and Auj, as
functions of the number of atoms, N. The solid lines have
been obtained by means of Eq. (11). In the limit N — oo the
ionization potentials converge to the electron work function
W of a bulk material. According to Ref. [75], the value of W
for gold varies from 5.1 to 5.5 eV. In the present study we
have used the mean value W = 5.3eV (see the dashed line
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FIG. 4. The average amount of energy Aeg,, transferred to the
Augy; cluster below its ionization potential by a projectile electron of
a specific energy E [see Eq. (12)].

in Fig. 3). The calculated ionization potentials of neutral and
singly charged Aug,; clusters are equal to Ig:O ~ 5.7eV and

=" ~ 6.6eV, respectively. Solid symbols in Fig. 3 show
the ionization potentials for neutral and singly charged gold
atoms, I,(Au) = 9.23eV and I,(Au™) = 20.2eV [76]. Open
symbols denote the results of density functional theory (DFT)
calculations [77] for neutral Auy (N = 6-147) clusters.

Figure 2 shows that the maximum of the cross section
dop1/dAe for a Augys cluster is located at Ae values below the
ionization potential of the cluster. Therefore, plasmon excita-
tions in the cluster with the excitation energies Ae < I, will
decay with a significant probability through the vibrational
excitation of its ionic subsystem due to the electron-phonon
coupling [27].

The average excitation energy of the cluster can be calcu-
lated as

I do;
Jo AezdAe ’ (12

A"3"41v ==
I, dop
I’ GazdAe

where the upper integration limit is set equal to the ionization
threshold of the neutral Augys cluster, I, ~ 5.7eV. The de-
pendence of Ae,, on kinetic energy of the projectile electron
is plotted in Fig. 4. The figure demonstrates that the average
energy transferred to the Augy; cluster below I, due to the
collision with a 30-eV secondary electron is Ag,, ~ 2.65¢eV,
while a 200-keV PE will transfer to the cluster the energy
Ag,y ~ 3.8eV.

Let us calculate the probability (per unit time) that a pro-
jectile electron (either a PE or a SE) inducing a plasmon
excitation in the Augys cluster will transfer the amount of
energy below the ionization threshold of the cluster:

b do,
1) _ _ pl
Ppl = PAeglp =J X (/0 —dAgdA&‘), (13)

TABLE 1. Characteristic appearance times for inducing a plas-
mon excitation in the Aug,; cluster by a 200-keV PE and a 30-eV
SE in the case of transferred energy below the ionization potential
of the cluster, t{|’, and above the ionization potential, 7, Corre-
sponding values of the PE and SE current densities, jpg and jsg,
are also indicated. The numbers listed in the second row account for
the additional flux density of SEs caused by the ionization of the
deposited cluster by PEs [see Eqs. (25)—(31) and the corresponding
discussion in the main text].

(1)

Tol (us) r}il (us)

je(:5) Jse(s) E=200keV E=30eV E=200keV E=30eV

nmz S nm<s

6 x 10* 14.5 1.8 15.2 37.9
7.3 x 10* 14.5 1.5 152 31.1

3 x 10°
3 x 10°

where j is the electron current density. The characteristic
appearance time for this event reads as

1
(6]
T, = -0 (14)
p Pp]

Table I summarizes the values of r(ll) for the case of

interaction with (i) a 200-keV PE and p(ii) a SE with the
characteristic energy of 30 eV. The values of r(ll) have been
calculated for the experimental conditions from Ref. [20] and
the corresponding values of jsg for SEs emitted from a carbon
substrate (see the first row in Table I). The characteristic time
tl;l) for a 30-eV SE, 1:;]1) ~ 1.8 us, is an order of magnitude

shorter than for a 200-keV PE, ‘L';l]) ~ 14.5 ps. This means
that low-energy SEs emitted from the substrate will induce
plasmon excitations in the cluster and transfer the amount
of energy below the cluster’s ionization threshold more fre-
quently than the high-energy PEs. The number of such events
occurring during the acquisition time for one STEM frame
(0.8 s) reported in Ref. [20] is Ny ~ 4.4 x 10°. Relaxation of
plasmon excitations due to electron-phonon coupling will lead
to an increase in the amplitude of atomic vibrations, which
may initiate the experimentally observed structural transfor-
mations of the deposited gold clusters.

Now let us evaluate the probability for excitation of the
second plasmon in the deposited Augy; cluster within the
period of relaxation of the first plasmon, 7. Within the time
period 7., the probability of a plasmon excitation is equal to

P (ta) = s O et = % (15)
pl

where op,; denotes the integral in Eq. (13) and t;ll) is given by
Eq. (14). The probability (per unit time) of excitation of the
second plasmon within 7 is equal to

Pﬁf) = JSE Opl Péll)(frell (16)
Substituting Eq. (15) into Eq. (16), one obtains
2) _ Trel
pl (1) 2° (17)
(Tpl )

The characteristic appearance time for the formation of a
second plasmon in the deposited Augy; cluster within the
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relaxation time of the first plasmon is then equal to

Lo 1 (18)
pl ng)
As follows from Table I, for the PE current density considered
in this study, 7’ = 14.5 us for a 200-keV PE and 7}’ = 1.8
us for a 30-eV SE. Substituting these values into Eqs. (17) and
(18) and considering a characteristic time for the relaxation of
a plasmon excitation T ~ 102 ps, one obtains

1@ 145 x A o (19)
AT ps '
for a 200-keV PE and
8
t® = 1.8us x —2 ~0.035 (20)
P 100 ps

for a 30-eV SE. Thus, for the low-energy SEs, about 25 such
events will take place, on average, during the acquisition time
for one STEM frame from Ref. [20]. In this case, the energy
transfer to the cluster is equal to

Aell) =2Ae,, 1)

where Ag,, is the energy transfer to the deposited Augys clus-
ter due to a single plasmon excitation with the energy transfer
Ag < I [see Eq. (12)].

Relaxation of plasmon excitations due to electron-phonon
coupling will lead to an increase in the amplitude of atomic vi-
brations, which will result in an increase in temperature of the
cluster. The expected temperature increase can be estimated
from the relation

Aely = 3NkgAT, (22)
where N = 923 is the number of atoms in the cluster, kg
is the Boltzmann constant, and Asg) is given by Eq. (21).
The estimate gives the temperature increase AT ~ 45 K for
Ag,y ~ 2.65¢eV.

Similarly, one can evaluate the probability that a projectile
electron inducing a plasmon excitation in the Augys cluster
will transfer the amount of energy above I:

Pi =P =7 / _pl dA (23)
= e, = ] X g].
pl A Ip J [p 1 A A

The corresponding characteristic appearance time for this
event reads as

! ! 24
T, = —.
pl
Pé]

The values of ril for the case of interactions with a 200-keV
PE and a 30-eV SE emitted from a carbon substrate are listed
in Table 1. For a 200-keV PE, the characteristic occurrence
time 7, for the formation of a plasmon excitation with the ex-
citation energies Ag > I, (which will result in the ionization
of the cluster) is comparable with the time rpfll ) In contrast, for

a 30-eV SE, the time 7| is an order of magnitude longer than
the occurrence time for the formation of a plasmon excitation
with the excitation energies A¢ < I,.

Now let us evaluate the SE flux density jg; caused by the
ionization of the deposited cluster by PEs. The flux density of

the electrons emitted from the deposited Aug,; cluster can be
estimated as

1

‘L'él Scl

Ji = , (25)
where S ~ 7.55 nm? is the cluster cross-section area and
!, = 15.2 us for jpg = 3 x 10° nm—2 s~ ! and Epg = 200 keV
(see Table I). Substituting these values into Eq. (25), one
obtains

ji~ 8.7 x10°

—. (26)
nm-s

The flux density of SEs induced by j; can be evaluated as
djip dji
—== = Ngg(F) —(F), 27
iE se(E) F E( ) 27

where Ngg(E) is the number of SEs emitted from the cluster
per one PE of energy E. Then ji; within the interval of PE
energies [E; E + AE] is equal to

- dji
jép = Nse(E) =~ (E) AE. 28
Jsg = Nse(E) - (E) (28)

A detailed energy distribution of SEs has not been elaborated
in this study, but one can assume that the flux density of SEs
within the interval [E;E + AE] is comparable to the flux
density j;:

%(E) AE ~ A ji, (29)
dE
where A < 1 is a coefficient. Then,

Jsg = ANsg(E) ji (30)

The SE yield plotted in Fig. 1 has the maximum value
Nsg(E) ~ 1 at electron energies E ~ 500eV. The Nsg(E)
distribution for a gold target has a similar profile with the
maximum value Nsg(E) ~ 1.5 [44]. Therefore,

)~1.3><104 ‘<
nm- S

Jig ~ 1.5 x (8.7 x 103 (31)

nm?s
This number is of the same order of magnitude as the flux
density jsg of SEs emitted from the substrate due to the
irradiation by PEs [see Eq. (6)]. As follows from this estimate,
the resulting flux density of SEs targeting the cluster (i.e.,
the sum jsg + jig) is ~20% higher than the value given by
Eq. (6). Therefore, the characteristic times for the occurrence
of plasmon excitations should decrease. The second row in
Table I summarizes the times réll) and rél for the occurrence
of plasmon excitations accounting for the aforementioned cor-
rection.

The main conclusion from the analysis carried out in this
section is that characteristic occurrence times for plasmon-
induced energy relaxation events in deposited gold clusters
are on the microsecond timescale.

IV. MOMENTUM TRANSFER BY PRIMARY ELECTRONS

A high-energy PE that elastically scatters from atoms of
a deposited gold cluster can transfer momentum to the clus-
ter atoms (without excitation of the electronic subsystem
of the cluster) and thus initiate the experimentally observed
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FIG. 5. (a) The differential cross section do;/dS2 for elastic scat-
tering of an electron from a gold atom for different kinetic energies
of a projectile electron. (b) The integral cross section o calculated
using Eq. (32). The solid line shows the total cross section o ac-
counting for all possible values of the scattering angle 6. The dashed
line shows the partial contribution to o from electrons scattered in
the backward direction (6 > 90°).

structural transformations of the clusters. In this section, the
probability for the occurrence of such events is evaluated and
compared to the probabilities determined in Sec. III.

The elastic scattering cross section reads as

Wi gyaq=2r [ 9% 0) sinoas, (32
Uel—/dQ() —JT/O dQ()Sm (32
where do;/dS2 is the differential cross section for elastic scat-
tering, 2 is a solid scattering angle, and 6 is a polar scattering
angle.

Figure 5(a) shows the cross section do,/dS2 for elastic
scattering of an electron with the kinetic energy E from a
gold atom. The plotted data have been taken from the NIST
Electron Elastic-Scattering Cross-Section Database [78]. Fig-
ure 5(b) shows the integral elastic scattering cross section
0. calculated using Eq. (32). The solid line shows the total
cross section o, which accounts for all possible values of the
scattering angle 6. The dashed line shows the partial cross
section for electrons scattered in the backward direction (6 >
90°), which corresponds to a large value of the momentum
transferred to a target atom.
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FIG. 6. The partial cross section oelf;“MJ for elastic scattering
within the interval of scattering angles [6;0 + A6] (black curve with
closed symbols). The red curve with open symbols shows the energy
E,; transferred to a gold atom by a 200-keV electron scattered at angle
0 [see Eq. (39)].

Let us analyze the partial cross section for elastic scattering
within the interval of scattering angles [6;60 + Af]:

00 ) 0470 dGe]
oloran — 271/ (0) sin6 d6. (33)
) K19

The dependence of the cross section ae[lg +291 on 6 is shown
in Fig. 6 by the solid black curve. We have considered the
whole range of scattering angles with the bin size A6 = 10°.
The probability (per unit time) of electron elastic scattering
from the Aug,;3 cluster within the interval [0;6 + A6] is given

by
Py = jee N a[/0+2%0 (34)

where N is the number of atoms in the cluster.

Due to a rapid decrease of the cross section agle A0 with
increasing 0, the probability P, for electron scattering within
the interval 6 = 170°-180° (corresponding to the largest mo-
mentum transfer) is ~50 times lower than the probability for
scattering at & = 90°-100° and about five orders of magnitude
smaller than that for scattering at small angles 6 = 0°-10°.
Each “soft” collision will lead to the transfer of a small
amount of energy (see the dashed red curve in Fig. 6 and the
discussion below). On the other hand, a projectile electron
may experience multiple scattering events at small angles
colliding successively with several atoms of the cluster. In
this case, the amount of energy transferred to the cluster will
be comparable to or even smaller than the amount of energy
transferred to the cluster during one “hard” collision with a
single gold atom. In what follows we focus on the collisions
corresponding to the scattering angles 6 > 90°. A detailed
analysis of momentum and energy transfer to the cluster as
a result of multiple “soft” scattering events might be a subject
for a future investigation.

Substituting  the  experimental value jpg =3 %
10° nm~2 s~! [20] into Eq. (34) one obtains
P ~ 503 x 107 ns™,
P71~ 1.07 x 108 ns ™. (35)
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The corresponding occurrence times for an electron collision
involving a large momentum transfer,

T = P! (36)

el

vary from ~2 ms for the scattering angle interval 6 =
90°-100° to 93.4 ms for the interval & = 170°-180°. Thus,
~10-400 such events should happen at the experimental con-
ditions of Ref. [20] over the acquisition time for one STEM
frame (equal to 0.8 s).

The evaluated characteristic occurrence times 7. for large
momentum transfer events are three to four orders of magni-
tude longer than the occurrence times 7, for energy transfer
into the deposited Aug; cluster upon inducing a plasmon
excitation (see Table I). The relaxation of plasmon excitations
due to electron-phonon coupling is therefore a more probable
mechanism of experimentally observed structural transfor-
mations in deposited clusters compared to large momentum
transfer in an electron-atom collision.

The maximum energy transferred to the target atom as a
result of the head-on collision (f = 180°) of an electron with
the nucleus is given by [79]

max 4dm.M

T R MR 37

where m, is the mass of a projectile electron, E is its kinetic
energy, and M is the mass of a gold atom. According to
Eq. (37), a gold atom hit by a 200-keV electron will acquire
the maximum kinetic energy E"™* ~ 2.23 eV. If one accounts
for the relativistic kinematics of a collision between an ener-
getic electron and an atom, Eq. (37) transforms into

max 2y + DmM

= E, 38
r m2 + M? + 2ym,M (38)

where ¥ = (1 — (v/c)*)~"/? is the Lorentz factor and c is the
speed of light in vacuum. For a 200-keV electron (with the
speed v ~ 0.69¢) colliding with a gold atom, the relativistic
maximum energy transfer is EJ'** &~ 2.66¢eV. A detailed anal-
ysis of the energy transfer processes with accounting for the
relativistic kinematics is a separate research question which
can be addressed in future studies.

The energy transferred to an atom by an electron scattered
at angle 6 is given by [79]

0
E.(0) = EM™ sin? > (39)

The dependence E.(6) is shown in Fig. 6 by the dashed red
curve. The average amount of energy transferred to a single
gold atom during the collision at 6§ < 90° is (E};) ~ 0.01 eV,
which is an order of magnitude smaller than the average
amount of energy transferred to a single gold atom at 6 > 90°,
(Ey) ~ 1.5eV.

V. MD SIMULATIONS OF STRUCTURAL
TRANSFORMATIONS IN DEPOSITED CLUSTERS

The theoretical analysis carried out in Secs. III and IV has
been complemented by classical MD simulations performed
by means of MBN EXPLORER [28] and MBN STUDIO [80] soft-
ware packages.

Augaz — Dy,
(side view)

Augoz — I, Augaz — O,

(top view)

<4 reaaaaN
> ¥

Lbbbe

LLLLL POPPPSN

T e

FIG. 7. Atomistic structures of icosahedron (I;,), decahedron
(Dy,), and fcc or octahedron (O),) isomers of the Aug,3 cluster.

First, decahedron (Dj,), icosahedron (I;,), and fcc or cubic
(Op) isomers of Augys have been created using the Atomistic
Simulation Environment tool [81] (see Fig. 7). The interaction
between gold atoms has been described using the Gupta po-
tential [82] with the parameters taken from Ref. [83] and the
interaction cutoff of 7 A. Each cluster geometry has been opti-
mized using the velocity quenching algorithm. The calculated
potential energy of a free Dy, isomer is lower by ~0.94 eV than
the energies of free [, and O, isomers. The energy difference
between the optimized geometries of the clusters placed on a
graphite substrate decreases to ~0.47 eV, with D), still being
the lowest-energy isomer among the studied systems.

In this study, we have focused on simulations of
the electron-irradiation-induced structural transformations of
icosahedral Aug,;3 clusters. The clusters were softly deposited
onto a carbon substrate following the procedure described in
our earlier study [84]. A graphite substrate made of three
carbon layers has been considered. The interaction between
gold and carbon atoms was described using the Morse po-
tential with the parameters taken from Ref. [84]. After the
soft landing, the system has been equilibrated at 300 K for
1 ns using the Langevin thermostat. The equilibrated cluster
geometries were used to carry out two sets of simulations.

In the first set of simulations, the energy Ae = 2.65¢eV has
been uniformly deposited into the cluster, and the evolution of
the system’s structure was monitored over 1 ns. The chosen
value of Ae corresponds to a characteristic energy of a plas-
mon excitation which will decay with a significant probability
through the vibrational excitation of the ionic subsystem (see
Sec. III). The performed simulations correspond to a con-
servative scenario when the energy Ae is transferred to the
cluster as a result of a single plasmon excitation. As discussed
in Sec. III, the amount of energy transferred to the cluster will
be twice larger if the second plasmon is excited in the cluster
within the period of relaxation of the first plasmon.

In the second set of simulations, the process of energy
transfer to specific cluster atoms as a result of elastic colli-
sions with the PEs has been studied. At each simulation step,
one gold atom was randomly selected and its velocity was
increased according to the excess kinetic energy E, given by
Eq. (39). Two limiting values of E;, have been considered:
E; =~ 1.1 and 2.2 eV corresponding to the scattering angles
6 = 90° and 180°, respectively. Then, the system was evolved
over 10 ps without a thermostat, enabling the energy given to
a specific gold atom to be redistributed between other degrees
of freedom of the cluster as well as between the cluster and the
substrate. For each E,; value, 300 subsequent simulations have
been carried out. The number of “hard” head-on collisions of
a similar order of magnitude will take place over the charac-
teristic experimental irradiation times of 100—400 s [20].
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FIG. 8. (a) The side and top views of the icosahedronlike Aug,; cluster softly deposited on graphite. (b) The final geometry of the cluster
after the structural transformation to an fcc-like structure induced by the vibrational excitation of the cluster. (¢) Radial distribution functions
(RDFs) for the deposited Aug,; cluster after the energy Ae = 2.65eV has been uniformly deposited into the cluster. The chosen value of
deposited energy corresponds to a characteristic energy of a plasmon excitation which will decay with a significant probability through
the vibrational excitation of the ionic subsystem. Arrows show the appearance of peaks in the RDFs indicative for an [, — fcc structural
transformation. (d) Reference RDFs for the free decahedron (D), icosahedron (Z,), and fcc or octahedron (O;,) Augys clusters are plotted for

comparison.

Results of the analysis of structural transformations
induced by the vibrational excitation of the cluster are sum-
marized in Fig. 8. In the course of the simulations the Aug,3-1j,
cluster softly deposited on graphite [Fig. 8(a)] has undergone
a structural transformation to an fcc structure [see Fig. 8(b)].
This transformation has been quantified by the analysis of
radial distribution functions (RDFs) for the initial and final
cluster structures [see Fig. 8(c)]. Arrows in Fig. 8(c) indicate
the appearance of several peaks in the RDF, which are absent
in the icosahedral cluster and thus indicative for an I, — fcc
structural transformation. For comparison, Fig. 8(d) shows
reference RDFs for free Dy, I, and Oy, or fcc Aug,; clusters.

Further details of the observed transformation have been
obtained through the structural analysis by means of the
common-neighbor analysis (CNA) method [85], as realized
in the OVITO software [86]. Results of this analysis are shown
in Fig. 9. According to the CNA, atoms in the core region
of the deposited Augy3 cluster were arranged initially into the
hep and fec lattices. Gold atoms in the outer region cannot
be assigned by the CNA algorithm to any of the crystalline
structures due to their reduced coordination number. Note that
the CNA algorithm assigns atoms in the highly symmetric
free Augys-I; cluster (see Fig. 7) as belonging to hcp and fcc
lattices. Therefore, the distribution of atoms in the fcc and hep
lattices at the beginning of the simulation is indicative of an
icosahedral structure. After ~300 ps of the simulation, a rapid
increase in the fcc fraction from ~10% to ~30% has occurred
(see Fig. 9). At the same time, the fraction of noncrystalline
atoms decreased from ~75% to ~55%, indicating that the in-
ner part of the cluster has rearranged into an fcc-like structure.

Results of MD simulations of structural transformations
induced by momentum transfer are summarized in Fig. 10.

Figures 10(a) and 10(b) illustrate an I, — fcc structural
transformation which has occurred upon the sequential de-
position of the energy Ey = 1.1eV (corresponding to the
scattering angle 6 = 90°) into randomly selected gold atoms.
Deposition of the energy Ei; into different atoms results in
the change of RDF, similar to the results shown in Fig. 8.
As shown in Fig. 10(b), an increase in the fcc fraction from
~15% to ~30% has occurred after approximately 200 energy

0.8
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€ 06
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o
L
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FIG. 9. Structural analysis of the Aug,; cluster after the energy
Ag = 2.65 eV has been uniformly deposited into the cluster. The fig-
ure shows the fraction of atoms in the cluster, which are assigned to
a specific crystalline lattice by the CNA algorithm. A rapid increase
in the fcc fraction after ~300 ps of the simulation time indicates
an I, — fcc structural transformation induced by the vibrational
excitation of the cluster.
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FIG. 10. (a) RDFs for the deposited Aug,; cluster after a number
of subsequent elastic collisions of the primary 200-keV electrons
with atoms of the cluster. In each such collision, the amount of energy
E, ~ 1.1eV corresponding to the scattering angle & = 90° has been
deposited into a randomly selected cluster atom. (b) Fraction of
atoms in the deposited Augy; cluster, which are assigned to a specific
crystalline lattice by the CNA algorithm. An increase in the fcc
fraction from ~15% to ~30% indicates a structural transformation in
the cluster. This transformation is characterized by the appearance of
peaks in the RDFs [shown in (a)] indicative for an fcc-like structure.
(c) Same as (b), but for the amount of energy E,, ~ 2.2eV corre-
sponding to the head-on collision (scattering angle 6 = 180°).

deposition events, while the fraction of noncrystalline atoms
decreased from ~70% to ~55%, similar to the results shown
in Fig. 9. Figure 10(c) demonstrates that a similar transition
takes place upon the deposition of the energy EJ™ ~ 2.2¢eV,
corresponding to the scattering angle & = 180° (head-on col-
lision). In this case, a smaller number of energy deposition
events (about 50 events) are required for the structural transi-
tion.

The results shown in Figs. 9 and 10 indicate that the frac-
tion of atoms in the fcc lattice remains nearly constant (for
the given simulation times) once the structural transforma-
tion has occurred. This result agrees qualitatively with the
experimental observations [20] that deposited fcc clusters are
more stable than I, clusters, and no further transformations
in Augy; have been observed after the I, — Dy, or I, — fcc
transformation occurs. It should be noted that we are unaware
of any equivalent analysis of this kind in experiments studying
the structure of deposited clusters. Therefore, further efforts
have to be made about the detailed comparison of the experi-
mentally observed cluster structures with simulated ones. The
important conclusion from the present study is that structural
transitions to fcc-like Augys structures are seen both in the
experiment [20] and the present simulations.

VI. CONCLUSIONS

We have presented the results of a theoretical and com-
putational study of structural transformations in deposited
nanometer-sized gold clusters exposed to a beam of energetic
electrons. The experimentally studied Augys clusters have
been considered as an illustrative case study. The physical
mechanisms contributing to the electron-beam-induced trans-
formations in deposited metallic clusters have been analyzed
and discussed.

We have demonstrated that the relaxation of collective
electronic excitations formed in clusters through the vibra-
tional excitation of cluster atoms is a plausible mechanism
for the experimentally observed structural transformations. It
has been shown that the characteristic occurrence times for
plasmon-induced energy relaxation events are several orders
of magnitude shorter than those for the momentum transfer
events by energetic primary electrons to atoms of the cluster.
A structural transformation induced by the aforementioned
mechanisms has been simulated by means classical molecular
dynamics. The simulations demonstrated that an icosahe-
dral Augy; cluster softly deposited on graphite undergoes a
structural transformation to an fcc-like structure due to the
vibrational excitation of the cluster.

The analysis carried out in this study corresponds to the
experimental conditions of Ref. [20], where deposited Augys
clusters were irradiated with a 200-keV electron beam of a
scanning transition electron microscope at a beam current
I ~ 53 pA. As shown in this paper, both considered mecha-
nisms can contribute to the experimentally observed structural
transformations of the deposited gold clusters. The same
conclusion is valid for the broad range of primary electron
energies typical for STEM experiments, Epg ~ 30-300 keV.

A possible way to disentangle the contributions of these
two mechanisms is to perform experiments similar to those
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described in Ref. [20] at irradiation regimes when the relax-
ation of plasmon excitations in deposited gold clusters will
be the dominating mechanism of electron irradiation-induced
structural transformation compared to head-on elastic scatter-
ing events. These are (i) irradiation with lower-energy keV
electrons (Epg ~ 30-50 keV) and (ii) irradiation with ener-
getic electrons (Epg ~ 200-300 keV) at low beam currents of
a few pA. The maximum energy transfer by electrons with
the energies of a few tens of keV is an order of magnitude
smaller than that for 200-300-keV electrons. Therefore, in
low-voltage STEM experiments, significant amounts of en-
ergy (~2-3 eV) will be transferred to the cluster atoms solely
due to the relaxation of collective electronic excitations. At
high-energy irradiation at low beam current (on the order of a
few pA), the characteristic occurrence time for the maximum
energy transfer due to head-on elastic collision should be on a
few-seconds scale, which is an order of magnitude longer than
the typical acquisition time for one STEM frame reported in
Ref. [20]. A systematic study of the occurrence of structural
transformations in clusters of different sizes and for a broader
range of irradiation conditions might be addressed in follow-
up studies.
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APPENDIX: EXPRESSIONS FOR THE FUNCTION §;

Explicit expressions for the function S;, Eq. (9), for differ-
ent values of / are as follows:

1
$1(¥) = 27— [=6 = 9x" + (6 — 3¢ + 2x") cos (2x)
X
+ 8x°Ci(2x) + 12x sin (2x)

+ 2x° sin (2x) — 4x° sin (2x)], (A1)

1 2 4
Sa(x) = T [(9 + 4x* + 2x
+ (=9 + 14x%) cos (2x)

+ 2x(—9 + 2x%) sin (2x)], (A2)

S3(x) = [—180 — 45x% — 8x* — 2x°

16x10
+ (180 — 315x% + 38x*) cos (2x)

+ 2x(180 — 75x% + 2x*) sin (2x)].
The function Ci(x) in Eq. (A1) is the cosine integral,

) ® cost dt Ycost —1
Ci(x) = — ; =y +Inx+ —d,
t

0 t
(A4)

(A3)

with y ~ 0.5772 being the Euler constant.
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