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ARTICLE INFO ABSTRACT

Keywords: In this work we instigated the fragmentation of Au microparticles supported on a thin amorphous carbon film
Electron beam-induced fragmentation by irradiating them with a gradually convergent electron beam inside the Transmission Electron Microscope.
Coulomb explosion This phenomenon has been generically labeled as “electron beam-induced fragmentation” or EBIF and its

X-ray diffraction
Lorenz transmission electron microscopy
Electron beam-induced charging

physical origin remains contested. On the one hand, EBIF has been primarily characterized as a consequence of
beam-induced heating. On the other, EBIF has been attributed to beam-induced charging eventually leading to
Coulomb explosion. To test the feasibility of the charging framework for EBIF, we instigated the fragmentation
of Au particles under two different experimental conditions. First, with the magnetic objective lens of the
microscope operating at full capacity, i.e. background magnetic field B = 2 T, and with the magnetic objective
lens switched off (Lorenz mode), i.e. B = 0 T. We observe that the presence or absence of the magnetic
field noticeably affects the critical current density at which EBIF occurs. This strongly suggests that magnetic
field effects play a crucial role in instigating EBIF on the microparticles. The dependence of the value of the
critical current density on the absence or presence of an ambient magnetic field cannot be accounted for by
the beam-induced heating model. Consequently, this work presents robust experimental evidence suggesting
that Coulomb explosion driven by electrostatic charging is the root cause of EBIF.

1. Introduction Additionally, a large array of characterization methods are used at
the experimenter’s disposal to study the pristinely produced nanostruc-
As a powerful and indispensable approach for nanomaterials char- tures (e.g. energy- dispersive X-ray spectroscopy (EDS), electron energy
acterization and nanoengineering, transmission electron microscopy loss spectroscopy (EELS), electron diffraction (ED), high-angle annular
(TEM) occupies a central place in various fields ranging from ma- dark-field imaging (HAADF)).
terials science, chemistry to physics and nanotechnology. However, The e-beam-driven synthesis protocols implemented in the TEM
the TEM has outgrown its role as a device almost exclusively de-  tyrn some of the various radiation damage mechanisms (they typically
voted to characterization. It increasingly becomes a platform for in-situ pose a challenge to high resolution electron microscopy) to the experi-

nanoengineering as well as a microlaboratory for studying dynamic
processes in real-time with unparalleled visual resolution, i.e. realized
by special TEM specimen holders for heating or cooling and even with
STM tips, flow cells or the option to inject gas to a certain sample
position. [1-3] However, it is also possible to produce nanostructures
in all three dimensionalities without the need of custom holders or
expensive modifications to the TEM itself. [4-6] Our work is an ex-
ample of the latter, showcasing a synthesis method that relies solely
on a simple irradiation protocol, the “convergent beam protocol” or
CBP. Implementing simple synthesis methods inside the TEM provides
advantages seldom available by other means, namely, it makes it pos-
sible to directly peer into crucial aspects of the formation mechanisms.

menter’s advantage [7,8]. An example of this is a generic phenomenon
known as “electron beam-induced fragmentation” (EBIF) which can be
described as the deposition of large numbers of nanoparticles suddenly
produced by material expelled from a single microparticle precursor
subjected to e-beam irradiation.

The physical roots of EBIF have been a topic of debate since the
phenomenon was first observed in 1997. [9] Ever since then, the
scientific community has split into two main “camps” that support
physically distinct explanations of the phenomenon. On the one hand,
there is a group proposing a theory based on beam-induced heating
or e-beam evaporation to explain EBIF [10-16], and on the other,
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Fig. 1. Schematic illustrations of a TEM column demonstrating the principle of electron beam induced fragmentation process. Inset micrograph shows irradiated Au microparticle

in the specimen plane.

there is a group that favors an explanation based on beam-induced
charging [5,17-25] which sometimes has been explicitly identified as
a manifestation of “Coulomb explosion”. Furthermore, variations of
the charging-based hypothesis have been made to explain phenomena
in which the irradiated precursor microparticles do not fragment, but
instead produce nanowires that gradually protrude for the time of
irradiation. [21,26,27] What advocates of both paradigms have in
common, is that the evidence they have advanced is largely speculative
and/or theoretical. It is therefore in need of conclusive experimental
support.

In this work, we focus on studying how the presence and/or ab-
sence of a magnetic field affects the EBIF of Au microparticles (MPs)
supported on a thin amorphous carbon (a-C) film. To realize this
experiment, groups of Au microparticles were subjected to two different
experimental conditions. In one group, EBIF was instigated in the
presence of a 2 T magnetic field generated by the objective lens of the
TEM acting at its full capacity. For the second group the objective lens
was switched off (Lorenz mode) thus eliminating the ambient magnetic
field (B = 0 T) wrapping the specimen. The sketch of a TEM column
demonstrates the principle of EBIF in Fig. 1. Our findings show that
the presence or absence of the magnetic field significantly alters the
critical current density at which the particles fragment. This finding
favors the theoretical paradigm that identifies EBIF as a charging-
driven phenomenon. Based on the kinetics of this charged-induced
phenomenon, it is understandable why some authors have described it
as an instance of Coulomb explosion. However, the significantly smaller
scale of the systems are typically responsible for a Coulomb explosion
(nanoparticles rather than microparticles) without leaving “parent”
microparticles as precursor, calling it “Coulomb peeling” might be
more appropriate.

We present a theoretical framework which explains the difference
in critical current densities, with and without the presence of the
magnetic field affecting the transport of current along the a-C film
substrate. This framework is supported by Raman, X-ray diffraction
(XRD), selected area electron diffraction studies (SAED) of the a-C films
and the resistance measurements of the Au/a-C contact.

2. Experimental methods
We deposited Au microparticles (1.5 ~ 3.0 pm spherical powder,

99.96% purity, Goodfellow) onto the amorphous carbon (a-C) film
of a commercial TEM grid (Copper/C film, 200 mesh, Type S 160,

a) Initial stage

c¢) Shrinkage stage d)

Fig. 2. Schematic illustrations of stepwise convergent irradiation protocol are shown
in (a), (c) and (e) which summarize the whole process from initial, shrinkage and
fragmentation stages, respectively. The current density at the shrinkage stage (Jg) is
1018.0 A/cm? and 1450.6 A/cm? at the fragmentation stage (J) which are presented
in (d) and (f), respectively. The current density at the initial stage in (b) is below 50
A/cm?.
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Plano) by direct dry transfer. Electron beam-induced fragmentation was
carried out at 300 kV in a Thermo Fisher Titan 80-300 with third-
order spherical aberration correction. We irradiated the particles under
two irradiation conditions: first, in standard bright field (BF) mode
with the objective lens operating at full capacity, i.e. B = 2 T; and
in BF Lorenz mode, with the objective lens switched off, i.e. B =0 T.
In all EBIF experiments, the particles were irradiated by a gradually
convergent e-beam protocol. That is, reducing the e-beam diameter via
re-configurable condenser lens 2 (CL2) to trigger the modification of
the current density, albeit that the magnitude of the primary current
Ip barely changes (nearly 40 nA) in both conditions to keep the
electron energy comparable. At sufficiently low current densities (<
50 A/cm?) the particles remain stable. As the beam converges upon
them and the current density increases, the particles begin to visibly
shrink (shrinkage stage) and eventually undergo an “explosive” reac-
tion (fragmentation stage) hereafter they expel multiple nanoparticles
that become deposited on the surrounding a-C substrate. A schematic
drawing of the CBP and the evolution of the microparticles are dis-
played in Fig. 2. All EBIF experiments were recorded in order to
determine the current density irradiating the microparticles “frame by
frame”. (see supporting Movies 1 and 2 in the supplementary material
section 3 for details)

The structure of obtained samples was characterized by the X-ray
diffraction using a STOE Stadi P diffractometer with a curved Ge (111)
primary beam monochromator and a Mythen 1 K detector (Dectris)
was used. To fix the grid in the sample holder, a holey paper mask
was adapted to the grid size but gently smaller in diameter. The grid
is fixed with the paper mask and locked with a 3 mm-metallic mask
and both were placed into the transmission sample holder without the
usual acetate foil. The measurements were performed in transmission
geometry at continuous spinning with only the paper mask, on the
paper mask with an empty grid without gold and the gold-deposited
grid with Cu Ke, radiation (4 = 1.5406 A). As the range 2 ~ 60° 20
was selected with a step size of 0.5° 26 and 275 s measurement time
per step to resolve the very weak signals of the components of interest.

3. Results and discussion

TEM micrographs representative for each stage of the EBIF process
are shown in Figs. 2 (b), (d) and (f) accompanied by schematic pictures
of each step (Figs. 2 (a), (c) and (d), respectively). Initially, the Au
microparticle is stable as long as the irradiating current density is below
a critical threshold value Jg = 50 A/cm? (Fig. 2 (a)). As the beam
gradually converges and the current density approaches the critical
value (Jg = 500 A/cm? at B = 2 T and Jg = 60 A/cm? at B = 0
T), the particle “rounds up”, i.e. the jagged outlines of their surface
become significantly smoother (Fig. 2 (d)). Careful observations of the
recordings of the process as well as measurements of the projected cross
sections of the MPs, point to a first loss small amounts of material which
marks this point as the beginning of the ablation process and therewith
of the “shrinking stage”, in other words, once Jg is reached, the particle
begins to shrink (Figs. 2 (c) and (d)). With on-going beam convergence,
the particle fragments at the outermost layers and form nanoparticles
which are deposited on the a—C substrate (Figs. 2 (e) and (f)). We refer
this phenomenon to a “critical current density” to the value J at which
fragmentation occurs.

We observed that both Jg and J are affected by the presence or
absence of the magnetic field. When B = 0 T, nearly 93.8% of the
particles began to shrink at a current density of < 500 A/cm? (red dash
line in Fig. 3 (a)). On the other hand, 98.2% of the particles irradiated
at an ambient field of B = 2 T entered the shrinkage stage above a
current density of 500 A/cm?. This phenomenon is observed in Fig. 3
(a) where Jg is plotted as a function of the initial particle’s radius.
In fact, some MPs irradiated at B = 2 T (33%) began to shrink at
current densities of around 2000 A/cm? or higher, i.e. at least 4 times
larger than the value at which 96.9% of the MPs irradiated at B=0T
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enter the shrinkage stage (500 A/cm?). The distribution of Au MPs as
a function of current density threshold Jg and J; at B = 0 T (Lorenz
mode) and B = 2 T are shown in Figure S2 and S3 of the supplementary
material section 4, respectively.

As a way to account for errors or imprecisions in our method for
determining punctual J, values, we also recorded the values of the
current densities one second before the determined J, values plotted
in Fig. 3 (b). With the exception of a single MP irradiated at B = 2
T, every other MP underwent fragmentation at J > 1000 A/cm?. In
contrast, all the particles irradiated at B =0 T began to fragment at J
< 500 A/cm?. In other words, the critical current density J at 2 T is
more than twice as large than its counterpart at O T.

There are two reasons why the number of MPs in the Jg plot is
larger than that in the J plot. Firstly, not every shrinking particle
fragments with increasing current density. Secondly, when the MP
diameter exceeds the diameter of the beam probe necessary to reach J,
then the determination of the moment at which fragmentation occurs
fails from the clips recorded of the process. In summary, the results
show that there is a measurable difference between Jg and Jp when
the CBP is implemented on the Au MPs at B =2 T compared to those
irradiated in the absence of a magnetic field.

To get information on the crystallinity of the components and the
content, X-ray powder diffraction patterns were measured. In Fig. 4
(a) the X-ray diffraction patterns are displayed for the paper mask-
only measurement, the paper mask with a fresh, unused copper grid
of the type G2720C (Agar Scientific), as well as two a-C film samples
Q10 and 010 in the range of 10° < 20 < 60°. Fig. 4 (b) shows an
enlarged view of the range 10° < 260 < 30° with partial curves of the
some diffraction patterns to clearly illustrate the presence additional
reflections for sample 010 which are absent in all other measurements.
To accentuate the low intensity reflections of possible carbon contents,
the intensity is shown in a logarithmic scale.

The reflections of face-centered cubic Cu [28] from the TEM grid
and mainly rhombohedral CaCO; used as a common paper filler [29,30]
are in evidence. Two reflections of possible carbonaceous phases are
visible at about 16.5° and 22.5° 2. Carbon #1 (marked in Fig. 4 b)
shows a very broad reflection with a FWHM of about 3° 26 which helps
to estimate the crystallite size to max. 2 nm by a simple calculation
with the Scherrer formula. The crystallite size for carbon #2 (marked
in Fig. 4 b) was estimated to about 4 nm with the same procedure
and with a FWHM of 1.3° 26. From the very weak intensities of the
two strongest reflections, all weaker reflections are below the detection
limit, and therefore only a small trace of carbon is expected.

The hexagonal graphite structure type with the space group P63/
mmc was used to index both reflections with the Miller indices 002.
In literature, lattice shrinking is usually discussed with a reduction of
defects, e.g. as induced by a heat treatment [31,32]. As both reflections
are separated by 6° 26 from maximum to maximum, a lower degree
of crystallinity and a higher amount of defects is probable for carbon
#1 compared to carbon #2. This interpretation is supported by the
FWHM of carbon #1 which is more than twice as large as that of
carbon #2. Both described observations agree with literature [31,32].
According to the given previous observations and interpretations, the
diffraction pattern of the a-C verifies that the formed a-C thin film is a
mixture of amorphous carbon and randomly oriented nanoclusters. This
information conveyed by the diffraction pattern correlates well with the
Raman results (see Raman spectra and SAED of a-carbon thin film in
the supplementary material section 1: Figure S1).

As mentioned in the introduction, there are two traditional para-
digms that attempt to explain the physical basis of EBIF, namely, beam-
induced heating [10-16] and beam-induced charging or Coulomb ex-
plosion [5,18-24]. If EBIF is dominantly a consequence of the micropar-
ticles absorbing and transforming a fraction of the primary beam’s
energy into heat, then it becomes difficult to determine the physical
mechanisms by which the magnetic field could influence the heat
generation so dramatically. On the other hand, if EBIF is a phenomenon
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notably based on the accumulation of charge in the precursor mi-
croparticles, then there is a clear theoretical basis to explain how
charging can be affected by switching the magnetic field on and off.
To understand how a charging-based mechanism is compatible with
the observed results we need to consider the charge-balance equation
of that calculates the rate of charging of the Au MP suspended over the
a-C film [33]:

%:ISE+IT—IP—IS )
The charge contained within the particle at any given time is denoted
by O, and dQ/dt represents the change in Q over the duration of
irradiation t. The current of secondary electrons (SEs) generated by the
primary beam that exit the particle is I ;. Ip represents the current of
primary electrons impinging upon the particle, and I, is the portion of
Ip transmitted through the particle. The current of electrons flowing
from the support into the particle is denoted by I.

The range of 300 kV electrons through gold is estimated to be
R=84.9 pm using the “Stopping Power and Range Tables for Electrons”
(ESTAR) [34]. Therefore it is reasonable to assume that most incoming
electrons traverse the Au MPs which have diameters comparable with
1 pum. This means that I, ~ I;; and Eq. (1) becomes:
do
dr
From Eq. (2) we can see that the net accumulated charge in the
irradiated Au MPs is positive, since the magnitude of I is adjusted
in response to the net emissions Ig.

The term I in Eq. (2) depends on the irradiated material, its size
and the primary beam’s energy [33]. It is described as:

=lgp—Ig (2

Igp=6-J,-S 3

where § denotes secondary electron yield which is a ratio between
secondary electrons and primary electrons. S is the effective area of the
Au MP. The value of § equals 2.09 in the Au MPs under the condition of
averaged current density threshold J,,= 1700 A/cm? based on energy
retardation power formula [35-37]. This value also reveals the Au MPs
is positive after e-beam irradiation.

The term I¢ in Eq. (2) is the electronic current responsible for
mitigating the positive charge accumulation in the irradiated Au MP.
The current of electrons I from the substrate flowing into the particle
across such a contact can be estimated by [38]:

Ig = At (V=Pp=lsRp)/tkpT) )

where A is the modified Richardson constant, g is the elementary
charge, @ is the barrier height between a-C substrate and Au MP, V'
is the potential of Au MP, T is the room temperature, kp is the Boltz-
mann’s constant. We assume R; represents all resistive contributions
coming from substrate electrons which transport along the substrate
and the resistance at the Au/a-C interface.

The positive charge Q(r) exerts a driving force on the electrons that
constitute the current I, causing them to flow to the Au particle. The
higher magnitude of I¢ implies a higher critical current density Jp,
because I escalates, it assists the efficiency in mitigating superficial
charging, consequently restraining the fragmentation process induced
by the uncontrolled proliferation of positive charges on the particle’s
surface.

Substitute Eq. (4) and Eq. (3) into Eq. (2), the accumulation of
charge of Au MP as the function of irradiation time was obtained, as
shown in Fig. 5. The time for the saturation process takes only 0.75 ns
when the current density reaches to 1700 A/cm?.

Coulomb explosion occurs when the net accumulated positive charge
surpasses the “critical charge” that the Au MPs are able to withstand
before their outermost atomic layers get expelled due to the repulsive
forces building up between superficial Au ionized nuclei. According to
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Fig. 5. Accumulation of charge Q(r) as the function of the irradiation time in the
condition of the current density J,, = 1700 A/cm?.

the definition of Coulomb’s Law, the Coulombic force can be derived
as:

F=E-Q@ (5)

where E denotes electric field, which equals 8}35(’?’2, the radius for

Au labeled as r is 0.5 pm. The interlayer distance for Au labeled as
d is 0.25 nm. Theoretically the Coulombic force is strong enough to
overcome the Au atomic binding energy E, (80 eV for Au), which
would be induced in the case of F -d > Ej, Au MPs undergo the
explosive reaction. Thus the threshold time for Coulomb explosion of
Au MP only takes 0.43 ns in the condition of the current density J,;, =
1700 A/cm? (Fig. 5).

a-C films has been observed to present a negative magnetoresis-
tance; this finding is supported by the Grain Boundary Scattering theory
(GBS) [39-41]. Although the magnetoresistance reported in the litera-
ture gives rise to only approximate 2% elevation of conductivity for
our experimental conditions. However, harnessing the merit including
the magnetic field assisted tunneling emission across the van der Waals
(vdW) metallic contacts [42-45], a non-linear increase in the current
of electrons flowing from a-C into the Au MPs can be efficiently real-
ized with the presence of magnetic field. (Figure S6 in supplementary
material section 8 interprets this mechanism as a schematic diagram.)

The negative magnetoresistance of Au/a-C contact has been further
confirmed using Hall Effect Analyzer. The 4-probe measurements of the
conductivity, resistance and Hall coefficient on the gold wire-bonded a-
C film using the Hall Effect Measurement System with a 12.5 x 12.5 mm
sensor (HCS 1- Hall Effect Measurement System, Linseis Messgeraete
GmbH) were implemented which are depicted in Fig. 6. The IR curve
of the Au/a-C contact at B = 0 T was acquired at room temperature
with current swept from 5 to 45 nA. Fig. 6 (a) showcases the resistance
drops with the increase of supply current indicating the semiconducting
electrical transport property in the Au/a-C junction. After switching
the magnetic field B to 1 T atr = 20 s, the resistances of the Au/a-C
contact overwhelmingly reduced from 68 to 35 kQ averaged by values
at 13 different measuring points on the specimen (Fig. 6 (b). All these
findings added more puzzles to understanding the influence of the
magnetic field on the current density-dependent damage.

Consistent with the proposed working principle, the Hall Effect mea-
surements of Au/a-C contact show obvious negative magnetoresistive
behaviors. Therefore, I¢ at B = 2 T is higher than that at B = 0 T.
This result is also consistent with our experimental conclusions. On the
one hand, when the field is on, the transport of the electrons from the
substrate into the Au particles is facilitated due to lower Ry, which
helps to mitigate the positive charging growing on the particle surface,
since, when the field is absent the negative magnetoresistance effect
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plays no role in promoting the transport of electrons from the a-C
substrate into the Au particles. This statement means that the runaway
accumulation of superficial charges on the Au microparticles can be
triggered at lower critical current densities J since it is harder for
the substrate electrons to flow into the particles to re-establish an
electrostatic equilibrium.

Moreover, long-exposed Au MPs under extreme electron irradiation
were observed up to 180 s. (See supplementary material section 7)
The sizes of Au MPs were retained at micro-scale and extraordinarily
stable after fragmentation. The expelled Au nanoparticles (NPs) were
dispersed asymmetrically on the surface of substrate. This indicates
that the substrate is uniformly charged and the Au NPs/a-C contacts
are perfect [17]. We speculate that formation of NP-free stripes is
associated with the interaction between charged NPs and substrate,
driven by the inhomogeneous distribution of electric potential.

It has been inferred that when the crystalline dimension decreases
below 10 nm, the scattering at crystal boundaries becomes one of
the predominant factors that restricts the charge carrier mean free
path [46]. From Raman analysis in the supplementary material section
1: Figure S1 we found the sp?> domain size close to this range. Therefore
the negative magnetoresistance of a-C films based on the GBS theory is
applicable to our case.

At last, the timescale based on heating mechanism which is calcu-
lated in the supplementary material section 5 is much longer than that
supported by electrostatic charge driven mechanism. This also certifies
that EBIF should be dominantly the consequence of Coulomb explosion.

4. Conclusions

The role of the magnetic field mechanism as inferred from the
field-dependent variation of the critical current density to initiate the
fragmentation of the Au particles strongly indicates that the frag-
mentation phenomenon is electrostatically driven instead of thermally
triggered. Theoretical simulations unveil Coulomb explosion is in pi-
cosecond scale (i.e. 430 ps) when the current density threshold reaches
the certain critical value of 1700 A/cm? for the Au MPs. If the EBIF

is attributed to heating, all Au MPs should be totally lost in the form
of evaporation in microsecond scale (i.e. 7.5 ps) but not reaching to a
steady state which are observed in our experiments. Furthermore, the
magnetic field effect seems to facilitate the transport of electrons from
the a-C substrate into the Au particles, which is consistent with current
knowledge about the electrical properties of a-C films [39]. This leads
us to conclude that beam-induced fragmentation is a phenomenon that
should be conceptualized as an instance of Coulomb explosion.
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Appendix A. Supplementary data

» Supplementary material on specimen preparation and Raman,
SAED, X-ray diffraction of a-C film, distribution of Au microparti-
cles as a function of current density threshold, electrical transport
characterizations of gold wire-bonded a-C film and correspond-
ing raw data retrieved from the software integrated in the Hall
Effect Measurement operating system as well as details about
the calculation of the timescale based on the heating mechanism
(PDF)
Movie 1: Au MPs fragmentation at current density Jp = 2341.7
A/cm? instigated by irradiation of gradually convergent electron
beam (MP4)
» Movie 2: Au MPs fragmentation at current density J, = 2089.6
A/cm? instigated by irradiation of gradually convergent electron
beam (MP4)

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ultramic.2024.113978.
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