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Quantitative experimental studies of spontaneous rotations of bismuth nanoparticles
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A phenomenon of spontaneous rotations of Bi nanoparticles is reported. Fourier transform (FT) analysis of
the high resolution electron microscopy (HREM) images indicates that the rotations occur by plane after plane
gliding rather than a collective movement of the entire particle as a rigid body. The phenomenon rate was
studied quantitatively by time resolved transmission electron microscopy (TEM). The origin of the phenom-
enon as a radiation effect of the high voltage electron beam was excluded by finding the same rates at 200 kV
and 1250 kV electron beams, below and above the threshold for the knock-on process. The dependence of
phenomenon rate on the particles’ size was found to be inversely proportional to the particle volume, with a
threshold at particle radius of 5 nm. The temperature was found to activate both the probability for a particle

to be in the rotating state, and the rotation rate.

DOL: 10.1103/PhysRevB.74.224111

I. INTRODUCTION

The recent activity in nanoscale science and technology
calls for understanding and controlling the movement of
nano-objects [e.g. (Refs. 1 and 2)], particularly their response
to random external forces. Appling an external force on a
macro-object will result in a combination of a rigid body
movement (translation or rotation) and a strain (elastic or
plastic). However, for atomic scale objects, terminology of
Brownian motion, chemical reaction. and chemical bonding
is more appropriate to describe their relation with external
fields and forces. Nano-objects, which are of intermediate
scale, were found to exhibit unusual properties while ex-
posed to external fields and forces. While carbon nanotubes
have extraordinary mechanical properties,’ the results re-
ported here suggest that metallic nanoparticles should be
considered as soft matter. The response of metallic nanopar-
ticles to temperature is known to be different from bulk, e.g.,
lowering of the melting point,* enhanced surface melting,>®
and spontaneous rearrangement of the atomic config-
urations.” The phenomenon of rearrangement of gold nano-
particles, under the transmission electron microscope (TEM)
beam, was first described qualitatively by Iijima and
Ichihashi.” Howie!® and Williams!' suggested that the phe-
nomena is correlated with the high energy electron beam,
while Ajayan and Marks'? correlated the phenomena with
temperature by quantitative theoretical studies. In this paper
we shed light on the dynamics of the phenomenon by quan-
titative experimental studies of Bi nanoparticles.

II. EXPERIMENTAL SETUP

Bismuth particles embedded in amorphous SiO were pre-
pared by successive thermal evaporation in UHV of 5 nm
SiO (silicon monoxide SiO,, with x~1), 8 nm (as an aver-
age thickness) Bi, and 10 nm SiO. The element’s crystallo-

graphic structure is the rhombohedral symmetry R3m (No.
166),'3 with a;=a,=a;=4.745 A and a=57.24°, and two at-
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oms in a unit cell, one at the origin (0,0,0) and one on the
major diagonal [see also Fig. 1(d)]. This is essentially differ-
ent from previous FCC elements, such as Au and Pb, studied
in the past.”'>!4 Bi particles in various diameters in the
range of 2—50 nm were formed between the two SiO layers.
Large Bi particles (~20 nm and above) are inclined to be
elongated rather than circular. The bigger the particle is, the
larger the deviation from the sphere. Embedding the particles
in SiO ensures better thermal coupling, which defines good
thermodynamical variables and prevents oxidation, migra-
tion, and evaporation.'?

The specimens were examined by transmission electron
microscopy at 200 kV (Philips F20) at various temperatures,
down to liquid nitrogen temperature (LNT), using a cold
stage (Gatan 900), by high resolution transmission electron
microscopy (HREM), and by dark field (DF) microscopy.
HREM observations at room temperature were obtained also
at 1250 kV (JEM-ARM1250). The structure evolution of the
particles was video recorded by an electron sensitive video
camera (Gatan 622 SC) with a time resolution of 25 frames
per second. The records were examined frame by frame us-
ing Premiere software; fast Fourier transform (FFT) of the
single frames was obtained by MATLAB and by Scion Im-
age software.

III. RESULTS
A. High resolution electron microscopy (HREM)

The HREM measurements were mainly focused on Bi
particles with a diameter of about 10 nm, at room tempera-
ture. Two states exist for a particle: (a) Stable state, and (b)
Rotating state. Each particle stays in each state a character-
istic time scale of tens of seconds and then switches to the
second state. The particles fluctuate between the two states
several times during the experiment, which lasts a few min-
utes. At room temperature, the Bi particles stay mostly (80%)
in the rotating state. During the rotating state, the particles
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FIG. 1. The rotation phenomenon. (a—c). A sequence of three
snapshots with relevant FFT showing a rotation of the (110) planes
by 6=11.5°. The time interval between successive snapshots is
0.12 s (3 TV frames). The intermediate snapshot, 7,, shows moiré
fringes and its FFT pattern combining the two orientations, the pre-
vious one (related to #;), and the evolving one (related to #3). (d)
The figure describes the rhombohedral Bi cell and the relevant (110)
plane. (e) The intensity of the FFT spots related to (110) planes of
the two orientations during the rotation (in this case by 14°). The
intensity of the evolving direction increases monotonically while
the intensity of the previous direction decreases monotonically. The
moiré pattern is visible when the intensity of both directions is
similar.

change their crystallographic orientation spontaneously and
continuously at a rate of 2-5 events per second. Particles
larger than 10 nm (in diameter) do not show spontaneous
rotations, whereas much smaller particles are fluctuating, at
room temperature, faster than the video camera is able to
resolve by the HREM method.

The process of rotation is demonstrated in Fig. 1 as fol-
lows: Figs. 1(a) and 1(c) are initial and final states, respec-
tively, showing that in this particular example the (110)
planes are rotated by an angle of #=11.5°. Figure 1(b) is an
intermediate stage, showing a moiré pattern which combines
both orientations of (110) planes as is indicated by the FFT
insert. The moiré patterns during the rotations were found to
satisfy the rotational moiré relation: D=d/2 sin(6/2) where
D is the moiré spacing, d is the (110) lines space, and 8 is the
angle of rotation. The images of the moiré patterns were
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studied using the Fourier analysis: Figure 1(e) shows the
evolution of the intensity of the FFT spots of a rotating par-
ticle, in this particular case by 14° during 7-8 TV frames. In
all cases, the intensities of the FFT spots are changed con-
tinually with a characteristic time of 0.04—0.5 s correspond-
ing to 1-12 frames. While the intensity of the spots related to
the previous orientation decreases, the intensity of the spots
related to the new orientation increases. The moiré pattern is
visible by eye [see Fig. 1(b)] when the intensity of both
directions is similar. Results of a field-by-field analysis (a TV
frame is created by two intercalated fields) are compatible
with this analysis, indicating that no intercalation phenomena
are involved. The monotonic behavior seen in Fig. 1(e) indi-
cates that the particle rotates by gliding layer-by-layer, as
more layers rotate the intensity of the evolving direction be-
comes dominant over the previous one. The monotonic be-
havior excludes an interpretation that the moiré pattern is a
result of fast (faster than one TV field interval) switching
between the two states. Observations of the phenomenon at
an exact zone axis indicate that the direction of motion of the

rotated layer is normal to (111) plane. The particle rotation is
illustrated in Fig. 2.

Several particles (5-10) of diameter 10 nm were exam-
ined in detail by HREM; from these particles, about 100
visible transitions, on the plane normal to the e beam, were
analyzed, in order to find the distribution of the angular ro-
tation 6 between the (110) atomic planes of succeeding con-
figurations. Rotations by all angles up to 40° were observed,
most of them at angles below 15°, with a typical average
value of 8°, with no preference of a specific angle. It should
be noted that rotations occur not only on the plane normal to
the electron beam. However, the angles of such rotations
cannot be quantified because the particle does not remain in
Bragg condition during the rotation process.

B. Dark field (DF) microscopy

The dynamics of particles of different sizes (4.7—10 nm
in diameter) was analyzed at different temperatures using
dark field (DF) microscopy. The DF microscopy is obtained
at a low magnification; therefore statistical analysis is reli-
able as many particles are included in the field of view. The
DF aperture was positioned on the ring corresponding to
(110) reflections. In the DF method, rotations of the particles
around the beam axis are visible when the diffracted beam
crosses the DF aperture’s borders, or alternatively, if the par-
ticles rotate around an axis perpendicular to the beam axis
and go in and out of the Bragg condition. The rotation rate
observed by the DF is about 10 times smaller than the rota-
tion rate observed by HREM, indicating that most events of
rotations are around the beam axis, as explained in Ref. 16,
in compatibility with the HREM observations. The rotation
rate is found to depend on the particle size; the smaller the
particle is, the higher the rotation rate is. The dependence of
rotation frequency f vs particles size was plotted as a func-
tion of various powers of the particle radius R, revealing the
best fitting factor (based on the square of the sample corre-
lation function of the linear fit) for the power of 3 [insert of
Fig. 3(a)]. Figure 3(a) shows the rotation frequency obtained
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by the DF microscopy as a function of 1/R® for various
temperatures. A cutoff of the rotation rate at the particle di-
ameter of 10 nm independently on temperature is observed.
The following relation reflects the characteristic length scale
of the phenomenon:

/R - 1/R;’ R<R,

1
0 R=R,, )

f(R) = C(T){

where Ry=5 nm. C(7) is a temperature dependent constant
which together with f;,, presented in Fig. 3(a), are discussed
below.

While quantifying the dependence of the phenomenon on
the temperature, a deviation of the actual temperature, at the
region under observation from the measured one, is consid-
ered. Two origins exist for the deviation: the electron beam
used for observation that heats locally the region under study,
and the poor heat conductivity of the thin film. Both effects
result in increasing the temperature at the observed region.
Based on the discrepancy between the measured melting
temperature of Ga and the real one, and the discrepancy be-
tween the evaporation temperature of ice under the beam and
far from it, the following is estimated as required correc-
tions: additional 10 °C and 60 °C at room and liquid nitro-
gen temperatures, respectively.

Two distinct parameters were found to depend on tem-
perature: (a) The probability p of a particle to be in the
rotating state; the higher the temperature is, the longer the
rotating state, and (b) The rotation frequency f, while in the
rotating state; the higher the temperature is, the higher the
rotation rate is.

With regard to the probability of the particles to be in the
rotating state, and based on the above estimated corrections,
it was found that particles stay in the rotating state at RT and
at —120 °C, 80%, and 5% of the time, respectively. Consid-
ering that the probability of a particle to be in the rotating
state is thermally activated p=p, exp(-AE,/kT), the depen-

(T11) plane

dence of p on the temperature indicates an activation energy
AE, of 0.08+0.02 eV.

Considering that the rotation rate f, during the rotating
state is also thermally activated

J(T) = fo exp(= AE//KT), 2)

the dependence of the rotation rate on the temperature indi-
cates an activation energy AE, of 0.01-0.02 eV indepen-
dently of the particle radius [see Fig. 3(b)], where f, is the
maximal frequency for a given particle of radius R. The
value of f, was found from Eq. (2), as an average, by sub-
stituting various measured values of f and T, for each R. It
was found that also f|, is proportional to 1/R3—1/R03 [see
Fig. 3(a)]; accordingly we conclude that f(R,T)
=Aof(R)f(T) where C(T) in Eq. (1) is exp(-AE;/kT) thus

/R~ 1/R,> R<R,

3
0 R=R,, ®)

f(R,T)=Ay exp(- AE_,/kT){
where A is a constant.

The phenomenon was observed also with an electron mi-
croscope operated at 1250 kV. HREM at room temperature
of 10 nm Bi particles shows the same rotation rate of
2-5 Hz, as observed with the electron microscope operated
at 200 kV. In addition, at 1250 kV, the Bi particles were
found to stay in the rotating states for the same characteristic
time scale of tens of seconds, mostly (80%), similarly as for
200 kV. The threshold energy E; for the knock-on processes
is determined according to the formula'”

<100+AEd)“2 0
5
k= 20 ’

(4)

where A is the atomic weight, E, is in MeV, and the displace-
ment energy E, is in eV. Following Ref. 18, the displacement
energy of Biis 13 eV and thus the threshold energy is around
680 keV. Our experiments show using the electron beam be-

224111-3



BE’ER et al.
7
1 <o
099 (a)
6 3
& 098
oo
§
s4&" ° ©-120C
059 0-90C
095 A-70C
4 | 0051152253 354455 55 o
Power x -30C
5 * * 30C
- X
= 3 o i o fo
< A
X
= ol x X 8 ¢
o X A 3
11 o s o
o S xééé @g
.o
0 f T T T
0 0.02 5 0.04 0.06
1/R
-80 -60 -40 -20
02 ()
©R=27nm
0 R=2.91m 0.4 1
AR=3.1nm e
x R=3.4nm -
x R=3.5nm 08 =
© R=3.8nm s
+R=3.9nm slope=0.017eV -1 A E
- R=4.0nm
-R=43mm | § " -1.2
®R=46nm | & +
WR=4.9um | - L -14 1
.
-1.6 A

-1/kT

FIG. 3. Quantitative characterization of the rotation frequency.
(a) Rotation frequency measured by the DF as a function of 1/R>
for several temperatures: 30 °C, -30 °C, -70 °C, -90 °C, and
—-120 °C, where f is the maximal frequency for a given particle
with a radius R, calculated from Eq. (2). The cutoff at the particle
diameter of 10 nm is independent on the temperature, implying a
characteristic length scale in the system. Insert: The accuracy of
fitting a straight line to the graph of f vs 1/R“ for various values of
a. (b) Linear behavior of In(f/f,) as a function of —1/kT7, for dif-
ferent particles of different radii with the same slope of AEj
=0.017 eV, implying that f=f, exp(-AE//kT).

low and above the threshold for the knock-on process does
not influence the characteristic time scale of the phenom-
enon. The origin of the phenomenon as a radiation effect of
the high-energy electron beam is thus excluded.

IV. DISCUSSION

The phenomenon of spontaneous changes in the structure
of small particles was observed mainly in Au,®® and in Pb
(Ref. 7) nanoparticles. Spontaneous rotations of small par-
ticles appear during epitaxial growth also, and were consid-
ered as a recrystallization process,'” but to our best knowl-
edge no mechanism is proposed. While Ajayan and Marks'?
considered the phenomenon of spontaneous structural
changes as a “quasimelted” state, Ben David et al.’” found
that the phenomenon is correlated with the movement of
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twin defects, which are known to extensively exist in these
FCC nanoparticles. Here we show that the phenomenon of
structural spontaneous changes exist in Bi nanoparticles also,
despite the fact that no twins exist. In the Bi particles the
rotations are found to be correlated with plane after plane
gliding process similar to plastic deformation of materials
under stress. It is proposed that in the case of nanoparticles
surface stresses exist. These stresses are roughly estimated
based on Laplace pressure relation: o=2vy/R, where v is the
surface tension and R is the particle radius. Following this
relation, for a 5 nm Bi particle and y~400 erg/cm??° the
expected stress is of the order of 10° dyne/cm?. Such a stress
is typical for bulk elastic-inelastic strains transition?' and ex-
plains the existence of the threshold in particle size for the
reported phenomenon. This means that below a characteristic
particle radius, and for a given material, plastic deformations
can spontaneously cross the particle and cause rotations.
Moreover, the velocity in which the rotated layer crosses the
particle was found to be of the order of 107® m/s, which is
compatible with shear strain velocities at the same external
stresses of 10° dyne/cm?.??

Ajayan and Marks'? have proposed a scheme showing a
deep energetic well followed by shallow ones. The particle,
in their schematic description, is trapped in the deep well and
once out of the well can hop easily over the shallow mor-
phological potential-energy surfaces. Adapting their idea, the
energy gap AE,=0.08 eV between the stable and rotating
states is the deep well, and AEf=0.0l—0.02 eV is the shal-
low well, while the particle is in the rotating state. Quantita-
tively we show that for Bi nanoparticles AE,/AE;~6. The
calculated activation energies (0.08 eV and 0.017 eV), com-
pared with 0.025 eV of room temperature, indicate that the
driving force steams from the ambient temperature.

It should be noted that the above energies are much below
the energy of the planar defects involved in the plane after
plane rotation. This energy is estimated to be 50 eV per par-
ticle. The estimation is based on considering typical grain
boundary energy of the order of 100 erg/cm?? and a par-
ticle of 10 nm in diameter. This internal energy of 50 eV is a
fraction of the surface energy of the entire particle estimated
to be in the order of 800 eV. While the particle is stable, this
energy is located on the particle’s surface. However, once
thermally activated by AE,=0.08 eV, the surface energy of
800 eV is redistributed to include a planar defect of 50 eV
inside the particle.

V. SUMMARY

In summary, we have shown that Bi nanoparticles rotate
spontaneously by gliding layer-by-layer and not as rigid bod-
ies. The rearrangements of these nanoparticles can be thus
explained by solid-state transitions, and not by melting for a
short time period as suggested by Williams.!! The origin of
the phenomenon as a radiation effect of the high-energy elec-
tron beam was excluded. The rotation rate was found to be
inversely proportional to the particle volume, up to a thresh-
old size, above which the particles are stable, due to lower
surface stresses. The temperature was found to activate both
the probability for a particle to be in the rotating state, and
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the rotation rate. The response of condensed matter to a shear
stress is one of the criteria distinguishing solidlike and lig-
uidlike states. Our results suggest that due to the nanometer
scale, the response of nanometallic crystals to shear stresses
do not show solidlike characteristics such as rigid body ro-
tation. Thus, these metallic nanoparticles may be regarded as
“soft matter” and could be used in nanomachines with an
equivalent role such as rubber in macromachines.
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