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Positively answering the question in the title, we demonstrate in this work single electron beam
trapping and steering of 20-300 nm solid Al nanoparticles generated inside opaque submicron-sized
molten Al-Si eutectic alloy spheres. Imaging of solid nanoparticles and liquid alloy in real time was
performed using energy filtering in an analytical transmission electron microscope (TEM). Energy-
filtering TEM combined with valence electron energy-loss spectroscopy enabled us to investigate in situ
nanoscale transformations of the internal structure, temperature dependence of plasmon losses, and
local electronic and optical properties under melting and crystallization of individual binary alloy
particles. For particles below 20 nm in size, enhanced vibrations of the dynamic solid-liquid interface
due to instabilities near the critical threshold were observed just before melting. The obtained results
indicate that focused electron beams can act as a tool for manipulation of metal nanoparticles by
transferring linear and angular mechanical momenta. Such thermally assisted electron tweezers can be
utilized for touchless manipulation and processing of individual nano-objects and potentially for
fabrication of assembled nanodevices with atomic level sensitivity and lateral resolution provided by
modern electron optical systems. This is by three orders of magnitude better than for light microscopy
utilized in conventional optical tweezers. New research directions and potential applications of

trapping and tracking of nano-objects by focused electron beams are outlined.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Understanding physical principles for controlling the dynamic
behavior of nanoparticles in inhomogeneous gas (liquid)-solid
systems is becoming increasingly important for nano-scale science
and technology. Nondestructive trapping and manipulation of small
particles in a liquid using a laser beam, which is refracted by the
particle and transfers momentum to it, is known as a single-beam
gradient force optical trap, or optical tweezers [1-3]. Optical
tweezers have become a highly developed and heavily used tool
of choice for many applications in biology, physics and chemistry,
when gentle and remotely controllable manipulation of micro- and
nano-objects is required. Nowadays, electromagnetic forces in
optical tweezers are often employed to trap dielectric and metal
particles ranging in size from tens of nanometers to several micro-
meters, and to manipulate them in all spatial directions [4-6].
Furthermore, 3D-trapping and orientation of individual Au nanorods
using plasmon resonance has been performed [7] and holographic
tweezers have been developed to trap tailored arrays of multiple
micron-size objects [8,9]. The implementation of optical tweezers at
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a surface offers exciting opportunities for the elaboration of future
lab-on-a-chip devices entirely operated with light. The transition
from conventional 3D tweezers to 2D is made possible by exploiting
evanescent fields bound at interfaces. In particular, stable trapping
of single dielectric beads using surface plasmons (SP) under non-
focused illumination has been recently demonstrated [10], whereas
fine tuning of nanoparticle positions has been theoretically evalu-
ated to be realizable by coupling to plasmonic nanostructures [11].

Our previous experiments utilizing partially molten submi-
cron-sized Al-Si alloy spheres and a focused electron beam in a
medium-voltage transmission electron microscope (TEM) [12-15]
and numerical calculations of linear and angular momentum
transfer from an electron beam to small particles in a scanning
TEM (STEM) by others [16,17] indicate that optical trapping of
particles by focused electron beams may occur. Although an
experimental set-up is challenging, since it requires the trapping
of particles in vacuum, TEM appears indeed as a promising
technique to study optically trapped particles, providing an
excellent spatial resolution (currently down to 48 pm) [18] when
sub-nanometer electron beams are employed. Analytical electron
microscopy (AEM) expands further potentialities of TEM for
studying structural transformations of nanoscale materials by
adding analytical capabilities such as energy-filtering imaging
(EFTEM), electron energy-loss spectroscopy (EELS) and energy-
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dispersive X-ray spectrometry (EDXS), which allow one to probe
local electronic and optical response properties, and more
recently other physical (mechanical, transport) properties of
nanostructured materials (see Ref. [19]). In situ AEM allows
one to combine (S)TEM imaging and spectroscopy at up to
sub-eV energy resolution with physical and chemical processing
(e.g., heating/cooling, radiation damage experiments, and gas
(vapor)-solid chemical reactions in environmental cells). These
capabilities transform such instruments into a versatile micro-
and nano-lab for high-spatial resolution analyses of various
dynamic processes and fabrication of new materials and devices
[14,15,20,21]. In this work, we demonstrate single electron-beam
trapping and steering of solid nanoparticles inside individual
opaque submicron-sized molten Al-Si eutectic alloy spheres
during melting and crystallization of Al-Si eutectic alloy particles
by EFTEM and valence EELS (VEELS). For this purpose, we employ
the focused electron beam as a multifunctional probe for provid-
ing the following means in the course of experiments:

(a) fine temperature tuning during generation of solid Al nanoparti-
cles inside submicron-sized molten Al-Si eutectic alloy spheres;

(b) monitoring nanoscale transformations of the internal struc-
ture, local electronic and optical properties under melting and
crystallization of individual binary eutectic alloy particles,
including plasmon imaging of solid metal particles inside
opaque molten Al-Si alloy particles in real time;

(c) trapping, steering and re-melting of the Al nanoparticles.

2. Materials and methods

Atomized powder of Al-11.6 at% Si alloy, which has a eutectic
(initial melting) temperature of 577° C and a liquidus (final melting)
temperature of 581° C [22], was placed in a test tube of ethanol and
dispersed using an ultrasonic cleaner. The test tube was removed
from the cleaner and the larger particles were allowed to settle in
the test tube for at least 1 h. The smaller particles (20-400 nm in
diameter) present in the topmost liquid were collected in an
eyedropper and deposited onto ultrathin carbon films supported
by Cu-mesh grids. The 20-400 nm diameter particles of Al-11.6 at%
Si alloy were examined in a JEOL! 2010 F Schottky field-emission
analytical electron microscope. The instrument was equipped with a
Gatan Model 678 Imaging Filter operated at 197 kV. EEL spectra
were recorded at the energy resolution of 1.0 eV, based on the
measured full-width at half-maximum of the zero-loss peak. Video
recording of EFTEM images was carried out using a VCR with a time
resolution of 1/30 s. Each frame was then imported into a Macintosh
G4 computer with a video capture board and Adobe Premier
5.0 software. The particles were heated in the microscope using a
Gatan double-tilt ( +30°) heating holder with a maximum obtain-
able temperature of 800 °C. Real-time plasmon imaging of melting/
crystallization of Al nanospheres inside the submicron-sized Al-Si
alloy particles was performed with a 6-10eV energy window
centered at the first Al plasmon peak at 15 eV.

3. Results and discussions

In the following sections, we first discuss melting of the Al-
11.6 at% Si alloy particles and observation of the changes that
occur inside the particles during this process using EFTEM. We

1 Certain commercial equipment, instruments, or materials are identified in
this document. Such identification does not imply recommendation or endorse-
ment by the National Institute of Standards and Technology, nor does it imply that
the products identified are necessarily the best available for the purpose.

then examine the effect of the melting transition on the EEL
spectra and optical properties of the nanoparticles. Understanding
these behaviors is important for interpretation of the ability to
use the electron beam as an “electron tweezer” to steer a solid Al
nanoparticle inside molten Al-Si alloy liquid. This process is then
demonstrated experimentally and followed by an analytical
analysis, which explains the gradient force necessary for such a
process to occur. Lastly, further potential possibilities of using
such electron tweezers are described.

3.1. EFTEM/VEELS of melting of Al-Si alloy particles

In this part, we discuss an investigation of the melting of the Al-
11.6 at% Si eutectic alloy submicron and nano-sized particles
in situ. When the temperature was increased just below the
liquidus of 581° C [22], the particles partially melted to form a
stable two-phase solid-liquid mixture, consisting mainly of a
spherical-shaped solid a-Al nanoparticle inside a spherical shell
of liquid Al-Si alloy, all of which is contained inside the submicron-
sized particles by a thin aluminum-oxide shell on the particle
surface [12,23]. Zero-loss filtering often improves the contrast and
resolution of the particle structures as compared to conventional
TEM imaging because blurring and chromatic aberration due to
inelastically scattered electrons are eliminated. However, internal
structural details for the particle shown in the zero-loss (elastic
electron) image (Fig. 1, 0+5eV) are hardly visible due to its
thickness of 223 nm. Contrast tuning using energy filtering at
selected energy losses provided better phase separation of the Al-
rich areas from 10 to 20 nm-sized Si-rich precipitates using the Al
volume plasmon (VP) losses (15 + 5 eV) and allowed identification
of the non-uniform oxide shell 5-15 nm thick at oxide plasmon
losses (25 +5eV) (Fig. 1). The oxide shell contains the Al-rich
liquid in the particle when it is partially or fully molten and
undergoes creep to relieve the high stress on the order of 15 GPa

Fig. 1. A molten Al-11.6 at% Si particle at T=656 °C. EFTEM, a 10 eV window
centered at 0, 10, 15 and 25eV energy losses. Contrast tuning under energy
filtering in the range between 0 and 25 eV reveals structural details of a molten
single-crystal o-Al matrix with multiple embedded 10-20 nm Si precipitates (1),
o-Al-rich area (2), Si-rich area (3), defect cavern (4), as a result of ejection of liquid
through a 5-15 nm-thick oxide shell containing the alloy (5), and its rupture
during melting.
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generated by the 10.4% volume change of expanding liquid [23]. In
situ plasmon imaging revealed a small fraction of the particles with
aluminum oxide shells containing preexisting critical defects,
which were ruptured by through-thickness cracking during melt-
ing. Some of the pressurized liquid alloy inside the particle is
ejected through a crack due to the internal pressure produced by
the tangential stress in the shell that was even able to damage a
supporting carbon film touching the particle. Real-time observa-
tions of structural features inside the partially molten particles
using contrast tuning are discussed in Section 3.2.

EEL spectra with contributions both from the AI-Si alloy
particle and two (top and bottom) thin oxide layers, demonstrate
the shift of the first VP from 15.2 eV at 25 °C, when the entire
particle is solid, to 14.7 eV at 623 °C, when it is liquid, as well as
corresponding shifts of three higher order plasmon peaks
(Fig. 2a). The energy of VP resonance given by the Langmuir
frequency is

Ep = hel, = h[ne? /(eom)]°>, (1)

where n is the electron density, e is the electron charge, ¢ is the
permittivity of vacuum, and m is the electron mass. Above room
temperature the free electron plasma frequency, u){, depends on
the electron density as a linear function of temperature [24]
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Fig. 2. (a) In situ EEL spectra recorded at the center (1,2) and at the edge (3) of an
Al-Si alloy particle (left inset) at 25 °C (1) and at 623 °C (2, 3), respectively. (b) The
effective complex dielectric permittivity, e=¢;+ie, derived from spectra 1 and
2 using Kramers-Kronig relations and reference points (filled squares and open
circles from [27]).

where Ep, is the plasmon energy at given temperature, B is the
slope (for Al, B=3/2BE,,=5.8 + 0.7 x 10~* eV/degree), f is the
linear expansion coefficient, and AT is the change in the tem-
perature. The energy of the VP resonance at T=623 °C estimated
according to Eq. (2) is 14.9 eV. It is fairly close to the experimental
value of 14.7 eV, indicating that the temperature dependence of
the VP energy in the molten sphere is dominated by plasmon
losses in the liquid Al. The right-side shoulders are due to the
enhanced contribution from Si-rich precipitates. Similar shifts in
the first VP peak have been observed for wetting of a Si surface by
molten Al [25]. Spectra 1 and 2 in Fig. 2a exhibit drastic changes
in the shapes and symmetries of the peaks with temperature. The
EEL spectrum recorded in situ at 623 °C near the particle edge
(spectrum 3) also displays a weak peak at 10.2 eV, assigned to SP
multipole modes with E,/+/2=10.3 eV [14]. A Fourier-log decon-
volution was employed to remove plural scattering effects.
Coherent plural scattering contributions for the second and third
plasmons were removed after smoothing the related spectral
regions. The single scattering EEL intensity expressed as the
differential cross-section d?c/dQdE is related to the imaginary
part of the reciprocal complex dielectric permittivity &(q, E) as a
function of wave vector q and energy E. It thus reflects the local
dielectric response of the media to a longitudinal field:

d?6/dQdE o Im[—1/e(q,ENIn(1 + % /0%, 3)

where [ is the collection semj- e (the illumination semi-angle
o < B <(EJEo)>®), 0r=E[2T//1—p>. the characteristic scattering
angle, f=v/c; T=0.5m.v?=Eq(1+Eo/2mec?)/(1+Eo/2mec?)?; m, is
the free electron mass; v is the velocity of the incident electrons; ¢
is the velocity of light, and Eq is the initial energy of the incident
electrons. It was shown that a semiclassical dielectric function-
based formalism gives the same results in terms of description of
EELS as a quantum-mechanical theory if all the inelastic signal is
collected [26].

A Kramers-Kronig dispersion analysis was employed to calcu-
late the energy dependence of the dielectric permittivity. Since
the energy-loss function Im[ —1/&(q, E)] is usually overwhelmed
by a zero-loss peak, the Kramers-Kronig analysis appears to be
sensitive to variations of the single scattering intensities at the
low-energy side. This could introduce uncertainties at energy
losses below 3 eV. In order to overcome this problem, a smooth
extrapolation of the single scattering intensities to zero energy
was applied. The Kramers-Kronig analysis of the spectra showed
substantial changes in dielectric parameters with temperature
(see Fig. 2b), including the appearance of a composite absorption
band in &, between 1 and 9 eV, displaying local maxima at 2.3,
3.6, 5.7 and 7.7 eV. Meanwhile, at 25 °C, the dielectric constants
appear to be in agreement with reported reflectance measure-
ment data for polycrystalline Al films at energy losses E> 11 eV
[27]. Weak oscillations in absorption ¢, and in polarization &;
below 11 eV could perhaps be assigned to interband transitions at
about 2.0 eV and 4.0 eV. Further considerations for interpretation
of the low-loss features should take into account effects of
inhomogeneity in the alloy particle on the band structure and
metal-induced gap states possible at Al/Si interfaces and in Si-rich
precipitates as well as the presence of an oxide shell and coupling
to surface plasmons (a feature at 10.9 eV).

The Kramers-Kronig derived complex refractive index,
(Fig. 3a) is defined as
N=¢2 =n+tik, 4

where refraction, n=4/0.5(,/¢2 +¢&2+¢1), and extinction, k=

0.5(y/€2+¢&3—¢1). The curves for n(E) and k(E) (and also the
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Fig. 3. (a) Complex refractive index, N=¢'?=n+ik, and (b) absorption coefficient,
p=2Ek/hc for solid (T=+25°C) and molten (T=+623 °C) Al-Si alloy particle,
respectively, derived via Kramers-Kronig transformations.

curves for ¢; and &,) cross each other if superimposed on the same
scale at roughly 15 eV, the plasmon energy. For the liquid particle,
similarly to the dielectric permittivity, the refractive index dis-
plays a substantial enhancement in both refraction and extinction
below 20 eV energy loss as compared to the solid particle. The
absorption coefficient, pu=2Ek/hc, shown for comparison in
Fig. 3b, revealed a low-energy shift and broadening of absorption
bands between 3 and 20 eV energy losses. Dielectric and optical
properties reflect both (a) typical metallic properties of liquid
aluminum with the conduction-electron absorption that appears
to follow a free-electron Drude model and wide range of mod-
ifications in the interband spectrum [27], and (b) nanoscale
inhomogeneities due to Si-rich precipitates and to a minor extent
of the 5-15 nm-thick protective oxide shell. In the liquid state,
aluminum exhibits no interband structure because there is no
long-range order and no well-defined band structure or Brillouin-
zone boundaries. Expected differences in refraction between solid
and molten phases at elevated temperatures that likely contribute
to a backwards trapping force will be discussed in the Section 3.2.
Summarizing, in situ EFTEM/VEELS study indicates that melting
above the liquidus in individual Al-11.6 at% Si alloy submicron-
sized particles is accompanied by nanometer scale transforma-
tions of the internal eutectic structures that in turn induce
significant changes in local electronic and optical properties,
particularly in the liquid alloy.

3.2. Thermally-assisted single electron-beam trapping and steering
of crystalline Al nanospheres

Thermally assisted motion of crystalline Al nanospheres con-
fined within the partially molten Al-Si particles was initiated by
the electron beam, which was used to control and to observe the
trapping in real time (Fig. 4). At 577-581 °C, the alloy particles are
partially molten and form a solid-liquid two-phase mixture [12].
Contrast tuning using energy filtering at 15-25 eV energy losses
was employed to observe structural features inside the partially
molten particles (“ball-in-ball” plasmon imaging) and to provide
better distinction between solid and liquid phases. Real-time
video observations show that 20-300 nm diameter Al-rich solid
nanospheres can be generated, trapped, steered and melted inside
the submicron-sized molten binary alloy particles using tempera-
ture control and a focused electron beam (Fig. 4). Thickness
fringes indicate that the 40 nm diameter nanosphere inside the
heated alloy particle is still crystalline. The crystalline Al nano-
sphere followed a focused electron beam as it was translated
and/or tilted. The particle also followed the beam when the
stage was moved in lateral directions under a stationary beam
(Fig. 4b and c). Typically metal nanoparticles could be easily
transferred across distances of 40-100 nm limited by available

®

20nm

Fig. 4. In situ EFTEM, 15 eV energy loss, a 6 eV window. (a) Electron beam-assisted
generation of a 70 nm-diameter solid particle inside a partially molten Al-11.6 at%
Si sphere surrounded by a 10 nm thick oxide shell. (b, c) Steering of a solid particle
by translating the beam and/or moving the microscope stage in directions shown
by arrows. The video frame (b) is separated from the frame (c) by 17 s. The upper
inset in (a) describes transfer of a momentum p=(py, p,) of a fast electron with
impact parameter b and velocity v to a polarizable particle via electromagnetic
interaction [16]. Here S is a surface embedding the particle. The bottom inset in
(c) schematically describes forces exerted on the trapped particle. Fg,, Fy, F, and Foq
denote gravitational, drag, buoyant and gradient forces, respectively. The black
arrow indicates the direction of the translation of the beam.
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internal volume of the molten sphere at speed of about 20-
40 nm/s in chosen directions using the beam shift, tilting and/or
shifting the microscope stage. In the course of irregular antiper-
sistant fractional Brownian motion, the nanosphere generally
should have a tendency to return to the center in the bottom of
the partially molten particle because the density of solid Al
(ps=2.55 x 10> kg/m?) at the melting point is greater than that
of liquid Al (p;=2.39 x 10% kg/m?>) or liquid Al-Si alloy [12]. We
found that solid nanospheres could be sequentially generated,
manipulated and re-melted inside the neighboring molten alloy
particles (Fig. 5). Notably, for particles below 20 nm in size,
plasmon imaging at 1/30s time resolution revealed enhanced
vibrations of the dynamic solid-liquid interface due to instabil-
ities near the critical threshold just before melting.

The observed behavior evidently indicates that there is an
attractive force between the electron probe and Al nanosphere.
According to [1,16], a frequency-dependent refraction (Fig. 3a),
contributes to a backward gradient force in single-beam gradient
force traps, which should overcome scattering and gravitational
forces. The latter causes the nanosphere to sink or move towards
the bottom of the molten particle, as well as the scattering force
of the electrons, which constantly act to push the particle away
from the electron beam. As a result, the solid Al nanosphere acts
as a weak positive lens, allowing it to be manipulated by an
electron beam in a TEM. The origin of the attractive force between
the electron beam and Al nanosphere is likely similar to optical
trapping of dielectric spheres in liquids [1-3]. In conventional
trapping, when a laser beam is focused on the solid sphere,

-
)

Fig. 5. EFTEM video frames at 15eV energy loss, a 6 eV window, showing
sequential generation of solid nanoparticles inside neighboring partially molten
submicron Al-Si alloy spheres after 0.0 s (a), 3.0 s (b) and 3.67 s (c). The arrows
indicate the edges of barely visible solid particles.

momentum transfer to the particle occurs due to refraction
of the macroscopic emerging radiation. Since the complex refrac-
tive index and density of the solid crystalline nanosphere is
slightly higher than the refractive index of the liquid alloy, the
sphere acts as a weak positive lens. Assuming that it represents
the system with multiple resonant frequencies and interacting
dipoles that are affected by local fields, the relative refraction, N/
N; of solid and molten phases at elevated temperatures contribute
to a backwards trapping force via the complex particle polariz-
ability [28,29],

o =3/N[(Ns/N))*~1/(Ns/Np* +2] 5)

Here N is the number of oscillating dipoles in the trapped particle
and the real and imaginary parts of the refractive index, Ny ;=¢l{2,
are linked through the Kramers-Kronig relations because of
causality involved in system’s response. The resulting forces on
the particle due to refraction of electrons lead to a net backwards
trapping force that is sufficient to steer the Al nanosphere in the
liquid alloy. It seems unlikely that the electron beam transfers
momentum to the metallic Al nanosphere just by the excitation of
plasmons. Due to limitations imposed by the cut-off plasmon
wavevector, collective oscillations are heavily damped above its
critical value, g.~E,/hvy . In this case, the phase velocity of the
plasma oscillations Ep/q equals the Fermi velocity vf and all the
energy is transferred to an excited single electron of the Fermi sea
followed by dissipation of the energy through interband transi-
tions [30].

Considering elastic collisions between the incident electrons
and/or Al atoms in the liquid alloy and a spherical crystalline
particle of the mass, M, the maximum momentum transferred to
the particle, P, can be estimated as

P=\/2MTax ©6)

Here, Tpax=2E(E+2mc?)/Mc? is the maximum energy transferable
to the solid particle from an incident electron [31], where

E=m.c*(1] 1—[f2—1 and m, is the electron mass. Similarly, for
elastic collision of an Al atom in the liquid with the particle, the
maximum transferable energy, Tpmax=4maME/(ma+M)?, where

the kinetic energy, E=MV?/2, V=/3RT/1000A is the speed of the
Al atom, mp; is the mass of an Al atom, R is the universal gas
constant, T is the temperature of the liquid Al-Si, and A is the
atomic mass of Al. The calculated momentum of the particles for
electron and Al atom collisions at T=580 °C is larger than the one
for the particles measured experimentally from their average
speed (see Table 1). This means that both the incident electrons
and liquid atoms have the potential to provide sufficient energy
transfer to initiate a motion of the solid nanoparticles in the
liquid. Similar calculations are performed for a two-step process,
whereby an electron collides first with an Al atom and the Al
atom subsequently impacts the solid nanosphere, give the max-
imum momentum transferred of 1.61 x 102! Ns [12], which is
also sufficient to move the particles. In addition to elastic
collisions, one should consider another kind of interaction of the
incident electrons with the metallic nanosphere, e.g., refraction,
which is typically associated with conventional optical trapping
[1,2,6,16]. The momentum transferred by a single refracted
electron at an accelerating voltage of U=200KkV is, p=hk=h/
A=FAt~2.64x10722Ns at electron wavelength 1=2.51 pm.
Here F is the force that the electron exerts for a time period At.
Although the momentum transferred by a single electron is very
small, the number of electrons incident on the nanosphere per
unit time is enormous (1 to 2 x 10'° electrons/s ! per projected
area of the nanosphere), so the total transferred momentum due
to refraction of electrons would exert a force on a particle
of F=2.6 to 5.3 x 107 '2N. This force is of the same order of
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Table 1

The experimentally measured momentum and forces exerted on solid nanoparticles of various sizes in liquid Al-Si alloy in comparison with the calculated momentum for

electron and Al atom collisions

Radius (nm) Mass (kg) Speed (nm/s) Momentum (Ns) Force (N)
Drag Gravitation Buoyant
73 416 x 10718 154 6.41x 10726 2.79x 10717 4.07 x10~17 3.82x10° 17
37 0.54x 10718 7.7 416x10"% 7.06 x 1018 530x 10718 497 x 10718
Electron 9.11 x 103! - 5.28 x 10722 - - -
(r=73nm)
528 x10~2°
(r=37 nm)
Al atom in liquid 448 x 10726 - 7.20 x 10~22 - - -
Al-Si T=580 °C (r=73 nm)
821x10" 2
(r=37 nm)

magnitude as those forces that drive small particles during typical
optical laser beam trapping [11].

The motion of the solid nanosphere in a liquid alloy is
influenced by several driving forces [12,13,16], including drag,
F,, gravitational, Fg,, buoyant, Fp, radiation, F,, and gradient, Fgq,
forces as schematically shown in the inset, Fig.4c. So, the total
force exerted on a particle is

F=F;+Fg+F,+F+Fg (7)

The drag or fluid resistance force, F;=6nyrvp,, exerted on the
solid spherical nanoparticle by the liquid under the lamellar
motion conditions at very low values of the Reynolds number,
R.=vr/y (R.=24x10"7 [12]) is of the order of 0.7 to
2.8 x 10717 N. Here, 1 is the kinematic viscosity (for liquid Al at
melting point, #=>5.50 x 10~7 m?[s); r is the particle radius, v is
its average speed (nm/s) obtained from video recording and p; is
the density of solid Al (ps4;=2.55 g/cm?® at the melting point). The
gravitation force, Fg,=p,Vsg, is of the order of 0.5 to 4 x 1077 N,
where V; is the particle volume, g=9.8 m/s is the free fall
acceleration. The buoyant force, F,=p,Vsg, is of order of 0.5 to
3.8 x 1077 N, where p;, is the density of liquid Al (for liquid Al,
p1=2.39 g/cm?). According to [16], the radiation force acting on
the nanoparticle due to radiation emitted as a result of interaction
with the electron is negligibly small. Comparison of the magni-
tudes of various forces exerted on the solid nanospheres (Table 1)
shows that, similar to conventional optical trapping [6], the
electromagnetic gradient force induced by fast refracted electrons
should dominate over all other forces to make stable particle
trapping possible. This force is given by the integral of Maxwell’s
stress tensor over a surface S embedding the particle [29]. For
F ~ Fgy, this yields the total momentum transferred to the particle

> dP 00
P= Lw %dw = Lw Fgg()d(w)d(w) = Fgq(w =0), 8)

where dP/dw = 1/n§T(r,w = 0) ds is the Fourier transform of the
zero-frequency component of Maxwell’s stress tensor

T(r,w=0) / ” [eoE(r,w)E*(1,)—¢&o / 21E(r,)E(r,)E(r,)
+ o H(r, )H*(r,w)— 1o /2IH(r,)H*(r,w)]dt,

in dyadic form over frequency expressed in terms of the Fourier
transforms of the external electric E(r, @) and magnetic H(r, w)
fields (see Eqn. 2 in [16] and Eqn. 6 in [17]).

In addition to the gradient force, a passing electron induces a
torque on the solid nanosphere making it rotate in a liquid alloy
by changing its angular momentum (Fig. 6). For a small isotropic
particle far away from the electron beam as schematically shown
in (Fig. 4, inset), the force exerted by each frequency component
of the external field E®*(r,w) can be described using the

\-g

b

Fig. 6. EFTEM, 15 eV energy losses, a 6 eV window. The video frames acquired
after 0.0 s (a), 0.13 s (b), 0.23 s (c) and 0.27 s (d). The solid Al nanoparticle rotates
in the liquid alloy due to a torque induced by electron-beam irradiation that
results in variations of the particle visibility. Thickness fringes demonstrate that
the solid nanoparticle is crystalline.

expressions for the electric and magnetic fields induced by the
polarizable particle in terms of its frequency-dependent polariz-
ability o (Eqn. 3 in [16]). In the @ — 0 limit, Fgq,()=0 but Fgrqax
goes to a finite value, which depends on the real part of the
polarizability

Fyix(@ = 0) ~ Re{a(0)} /v?b? 9)

Numerical integration yields the transferred momentum for
large impact parameter b and long wavelengths (Fig. 4, top inset),
assuming that the particle is described by its polarizability
(refraction, Eqn. 6 in [16]). The momentum transfer from a fast
electron to a small particle and ultimately to a single atom can be
described [16] using the classical dynamic polarizability of the
atom as input, provided the atom does not intersect the atom, i.e.,
it moves in a region in which the atomic orbitals have already
decayed sufficiently. The frequency-resolved momentum transfer
can directly give the probability for the electron to transfer a
given amount of momentum, while losing a given quantum of
energy (hv), so the distribution of momentum transfers from the
electron to a single atom can be calculated in this way from
classical theory, and should agree with a quantum electrody-
namics formulation of the problem. The only difference between a
single atom and a large particle is that the latter will accumulate
many scattering events without significant recoil between them,
and thus, it can directly give access to the noted average [32].



V.P. Oleshko, J.M. Howe / Ultramicroscopy 111 (2011) 1599-1606 1605

In line with our results, numerical calculations of the momen-
tum transferred to particles in vacuum by a passing 200 keV
electron as a function of the distance from the electron trajectory
to the center of the particle and its size as well as more detailed
analysis including higher-multipole moments [16,33] indicate
that focused electron beams are able to trap metal and dielectric
spherical particles of up to 500 nm in size. Moreover, the
calculated time-average forces and the momentum transfer
appear to be comparable in magnitude to laser-induced forces
and the momentum transferred by refracted light in conventional
optical tweezers and stretchers (see Figs. 2 and 3 in [16]). This
also illustrates their common origin as polarizability-dependent
refracted forces induced by the applied electromagnetic field [2,3,8].

The fields of VPs and SPs generated inside a molten alloy
submicron sphere, at solid-liquid interfaces, in a solid Al particle,
and in an oxide shell discussed in Section 3.1, in turn affect the
distribution of induced trapping force in the material. So, calcula-
tions of trapping potential and force distributions for a metal
nanostructure located in the vicinity of the trapping focus [11]
predict that even for an excitation wavelength that is tuned far
from the plasmonic resonance of the nanostructure, the presence
of the latter should significantly alter the trap potential. One can
expect that the superposition of a trapping non-resonant Gaus-
sian field with an additional plane-wave illumination tuned to the
particular plasmonic resonance could give an effective handle to
modify the trapping potential and, in principle, make imaging of
levitated unsupported nano-objects possible [2,3]. A CdSe nano-
crystal trapped in a 3D Coulomb potential well and levitating over
a carbon film in a TEM has been reported recently [34]. The
polarization and intensity of the resonant illumination may allow
modification of the equilibrium position of the trapping potential,
thus providing additional means to steer, align and manipulate
trapped particles with much higher precision and sensitivity.
Further investigation of electron-beam trapping with a single
atom level selectivity and sub-70 pm spatial resolution provided
by modern aberration-corrected (S)TEAM instruments [35] is
likely to facilitate real-time manipulation of clusters, (self-)
assembling, separation and sorting of nanoparticles, small clus-
ters and atoms at atomically flat surfaces and in oscillating
electro-magnetic fields and coupling with laser optical tweezers.
Particularly, holographic trapping coupled with electron tweezers
could offer unique opportunities for exerting unlimited variations
of torques and forces on several particles of arbitrary shape.

In situ experiments using environmental (S)TEM and environ-
mental or “wet” SEM would be useful to prove the feasibility of
electron tweezers for 3D-trapping of colloidal metal and dielectric
particles in aqueous and non-aqueous media and manipulating
nanoparticles in shaped confined volumes such as nanotubes,
porous media and complex networks of connected channels.
A fast and precise control of all thermal and non-thermal
displacements of the particles remains indispensable and efforts
still need to be undertaken to improve electron tweezers and to
realize new ideas (coupling with laser light, trapping of small
clusters, atoms and shaped particles by a tip, on atomic flat
surfaces, in channels, and assembling sequencing).

For particles sitting on a substrate, trapping and steering can be
potentially made easier (a) on atomically flat surfaces with no
strong interactions between the particle and the substrate that
sufficiently reduces surface adhesion and friction; (b) on particles
levitating over the surface [34] and/or (c) in thin low-viscosity
liquid layers deposited on solid substrates following evaporation of
solvents. Similar to conventional optical trapping, the electromag-
netic gradient force induced by fast refracted electrons should
dominate over adhesion and friction forces to make manipulation
of particles possible. In this case the optimal heating regime
possibly coupled with other types of suitable processing such as

laser shock waves or ultrasonic pulse could assist in detaching
the particle from the substrate in order to induce the particle’s
controlled motion over the surface. At the same time, however,
disruptive effects of Brownian fluctuations should be avoided.

For probing of even smaller structures and samples relevant in
(bio-) nanotechnology, novel probes have to be found, enabling a
stronger interaction with electrons, ions and light, resulting in
more stable traps and more precise position tracking for exciting
applications in nanofabrication [8]. VP, SP and exciton resonances
need to be exploited using metallic, semiconductor or dielectric
materials with the smallest electron probes.

4. Conclusions

In this work, we have demonstrated touchless trapping and
steering of solid Al nanoparticles contained inside opaque sub-
micron-sized molten Al-Si alloy spheres by a single electron beam.
For this purpose, we utilized the focused electron beam both for
fine temperature control during generation, trapping, steering and
real-time imaging of 20-300 nm diameter solid Al particles inside
molten Al-Si eutectic alloy spheres using the first plasmon at
15 eV. This approach enabled us to investigate in situ melting and
crystallization phenomena within individual binary alloy particles
and to monitor nanoscale transformations of their internal struc-
ture, temperature shifts of plasmon peaks, local electronic and
optical properties by EFTEM/VEELS. Depending on the available
internal volume of the molten sphere, 40-200 nm diameter metal
nanoparticles could be easily transferred across distances of
40-100 nm at speeds of 20-40 nm/s in chosen directions by beam
shifting, tilting and/or shifting the microscope stage. For particles
below 20nm in size, we observed at 1/30s time resolution
enhanced vibrations of the solid-liquid interface due to instabil-
ities near the critical threshold just before melting. We also
observed changes in orientation caused by rotation of the solid Al
nanoparticle inside the partially molten submicron particle as a
result of angular momentum transfer under electron-beam irradia-
tion. Experimental results indicate that thermally assisted “elec-
tron tweezers” potentially can be utilized for manipulation and
processing of individual nano-objects and fabrication of assembled
nano-devices. The new technique can be superior or complement
conventional optical tweezers in the following important aspects:

(a) Spatial resolution and selectivity. Modern aberration-corrected
(S)TEAM instruments offer sub-70 pm spatial resolution and
up to a single atom level selectivity using ultra-fine electron
probes, and these quantities are three order of magnitude
better than light microscopy techniques employed in conven-
tional optical tweezers.
Outstanding technical capabilities and flexibility. High-resolu-
tion electron imaging, diffraction and spectroscopy capabil-
ities in various modes not available in conventional optical
tweezers, can likely facilitate real-time manipulation of small
particles, clusters and even single atoms coupled with com-
prehensive nanoscale characterization of related structures.
The current-state-of-the-art enables one to perform in situ
experiments in an environmental (S)TEM and environmental
or “wet” S(T)EM. The latter would be useful to prove the
feasibility of electron tweezers for 3D-trapping of colloidal
metal and dielectric particles in aqueous and non-aqueous
media and manipulating nanoparticles at surfaces and in
shaped confined volumes such as nanotubes, porous media
and complex networks of connected channels.
(c) Non-zero momentum transfer and plasmon resonance tuning.
Electron beam-induced plasmon resonances are not limited to
zero-momentum transfer as in conventional optical tweezers.

G



1606 V.P. Oleshko, ].M. Howe / Ultramicroscopy 111 (2011) 1599-1606

The fields of VPs and SPs generated inside a molten alloy
submicron sphere, at solid-liquid interfaces, in a solid Al
particle, and in an oxide shell can affect the distribution of
induced trapping force in the material. The superposition of a
trapping non-resonant Gaussian field with an additional
plane-wave illumination tuned to the particular plasmonic
resonance could give an effective handle to modify the
trapping potential. The polarization and intensity of the
resonant illumination may allow modification of the equili-
brium position of the trapping potential, thus providing
additional means to steer, align and manipulate trapped
particles with high precision and sensitivity.

Levitation of unsupported nano-objects. Electron tweezers are
suitable to make possible imaging of levitated unsupported
nano-objects as it was recently reported for a nanoparticle
trapped in a 3D Coulomb potential well and levitating over a
carbon film in a TEM.

Coupling with laser optical tweezers. Holographic trapping
coupled with electron tweezers could offer unique opportu-
nities for exerting unlimited variations of torques and forces
on several particles of arbitrary shape.
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