
Cent. Eur. J. Phys. • 8(1) • 2010 • 1-6
DOI: 10.2478/s11534-009-0063-3

Central European Journal of Physics

Discrete angle rotations of Bi nanoparticles embedded
in a Ga matrix

Research Article

Avraham Be’er1∗, Richard Kofman2, Yossi Lereah1

1 Department of Physical Electronics, Faculty of Engineering, Tel-Aviv University, Tel-Aviv, 69978, Israel

2 Laboratoire de Physique de la Matiere Condensee, Unite Associee au CNRS 6622, Universite de Nice,
Parc Valrose, 06108 Nice Cedex 2, France

Received 20 January 2009; accepted 4 April 2009

Abstract: Spontaneous instabilities of nanoparticles are known to be influenced by the temperature, and strongly
depend on the particle size. However, it is not clear what is the role of the surrounding material that is in
contact with the particle. Here we report on the difference between spontaneous rotations of Bi nanopar-
ticles embedded in amorphous SiO and those embedded in liquid Ga. The phenomenon was studied
quantitatively by time resolved transmission electron microscopy using Fourier Transform analysis of high-
resolution electron microscopy images. While rotations of Bi nanoparticles embedded in amorphous SiO
occur by all angles, the rotations of Bi nanoparticles embedded in liquid Ga occur by discrete angles.
Our results point quantitatively, for the first time, to the role and importance of the contacting surrounding
surface during the rotation of nanoparticles.
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1. Introduction

Nanoparticles are now known for their spontaneous crys-
tallographic rearrangements that take place even way be-
low their melting point [1–8]. Recently, we have quan-
titatively shown [7] that the crystallographic rearrange-
ment (also known as rotations, but not rigid body rota-
tions that simply change the character of the diffraction
contrast) of Bi nanoparticles is thermally activated and
occurs by plane-after-plane gliding. It was shown that
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while the rotation rate depends on the particle volume and
the temperature, it does not depend on the high-voltage
operating beam of the transmission electron microscope
(TEM). However, less is known on the influence of the
material in contact with the nanoparticle’s surface on the
phenomenon, which might also play a significant role in
this process. For instance, it is known that nanoparticles
inserted to conducting ink will change their own properties
under the influence of the surrounding material. Further-
more, future biomedical devices such as cell-based nan-
odevices, nano-sized filters and biomedical nanosensors,
that will be inserted to the human body might be operated
at a constantly changing environment, rustling by various
materials that are in contact with them. Thus, such a
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study is important both from fundamental and applicative
points of view. In previous studies, Au nanoparticles, that
do not tend to oxidize, were simply deposited directly on
the copper grid, while Pb nanoparticles were embedded
in a SiO matrix. In this paper we point for the first time to
the essential difference between rotations of Bi nanopar-
ticles embedded in amorphous SiO and rotations of Bi
nanoparticles embedded in liquid Ga.

2. Experimental set-up

Bismuth particles embedded in liquid gallium were pre-
pared by successive thermal evaporation in ultra high vac-
uum of 5 nm SiO (silicon monoxide SiOx , with x ∼1), 8 nm
as an average thickness of Bi, 8 nm as an average thick-
ness of Ga, and 10 nm SiO; all on a TEM copper grid.
The SiO was found to be amorphous by electron diffrac-
tion. Ga capsules 10-50 nm in diameter were formed; in
these capsules Bi particles in the range of 2-30 nm were
embedded (Fig. 1). Ga was found by electron diffraction
to be liquid at large intervals of temperature indicating
super cooling in agreement with [9]. Bi particles were
also embedded in the amorphous SiO (Fig. 1). A much-
detailed description of the samples preparations will be
found in [10].

The Bi particles embedded in Ga capsules tend to be
in contact with the SiO. Large Bi particles (larger than
10 nm), in particular those embedded in Ga capsules, were
found to be elongated rather than spherical. The bigger
the particle the larger is its deviation from a sphere. Em-
bedding the particles in SiO ensures better thermal cou-
pling, which defines good thermodynamic variables and
prevents oxidation, migration and evaporation [11]. The
Bi crystallographic structure has the Rhombohedral sym-
metry R 3̄m (No. 166) [12], with a1=a2=a3=4.745 Å and
α=57.24°, with two atoms in a unit cell, one at the origin
(0,0,0) and one on the major diagonal [7]. This is essen-
tially different from FCC elements, such as Au and Pb,
studied in the past [1–6].

All specimens were examined at room temperature
by high-resolution transmission electron microscopy
(HREM), operated at 200 kV (Philips F20). The struc-
ture evolution of the particles was recorded by an electron
sensitive video camera (Gatan 622 SC) at 25 frames per
second and examined frame by frame using Premiere soft-
ware. The Fast Fourier Transform (FFT) of single frames
was obtained using MATLAB and Scion Image software.

Figure 1. A general TEM view of the sample. The substrate is amor-
phous SiO (the pale background), on which Bi and Ga
were evaporated. The large particles (30-50 nm) are com-
posed of solid Bi embedded in liquid Ga capsules. The
small (10 nm or smaller) particles are composed of one of
the following: (1) solid Bi embedded in liquid Ga capsules,
(2) solid Bi, (3) liquid Ga or (4) liquid Bi. Differentiation be-
tween the solid Bi and the liquids is obtained by the lattice
fringes of the high-resolution images. A second layer of
SiO is evaporated to cover the metallic particles. Notice
that the Bi particles that are embedded in the Ga capsules
tend to be in partial contact with the surrounding SiO and
to be elongated rather than being spherical.

3. Results
Measurements were focused on Bi particles with a diam-
eter of 8 nm and 10 nm. Two states exist for a particle:
(a) a Stable state, and (b) a Rotating state. A particle
stays in one state for a characteristic time scale of tens of
seconds, and then switches to the other state. Each parti-
cle fluctuates between the two states several times during
the experiment. Particles embedded in Ga spend nearly
equal amount of time (50%) in each state, while particles
embedded in the amorphous SiO spend the majority of the
time (80%) in the rotating state. In the rotating state, the
particles change their crystallographic orientation spon-
taneously and continuously at a rate of 2-5 events per
second. It is interesting to note that the elongated shape
of the particles is stable during the rotations, implying
that the particles do not simply rotate as rigid bodies;
i.e. the direction of the ”long axis” has not been changed
during the particle rotation. Particles larger than 10 nm
do not show spontaneous rotations whereas much smaller
particles (smaller than ∼6 nm) fluctuate faster than the
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video camera is able to resolve [7]. Moiré patterns were
found to accompany the process of rotation. During the
rotation, the FFT spots’ intensities of the moiré patterns
were found to continually and gradually change, indicat-
ing that the particle is rotated by plane-after-plane glid-
ing [7]. The process of rotation is demonstrated in Fig. 2
as follows: Fig. 2a and Fig. 2c are initial and final states
respectively showing that in this particular example the
(110) planes are rotated by an angle of θ=18.10°. Fig. 2b
is an intermediate stage, showing a moiré pattern, which
combines both orientations of (110) planes.
Ten similar particles, each 10 nm in diameter, were exam-
ined; half of them were embedded in liquid Ga and half of
them in SiO. From those ten particles, about 160 visible
transitions on the plane normal to the e-beam were ana-
lyzed, to find the distribution of the rotation angles θ be-
tween the (110) atomic planes of successive configurations.
Rotations do not occur solely on the plane normal to the e-
beam and we do observe such cases in which the rotation
axis is for example horizontal rather than along the axis of
projection. These rotations cannot be quantified because
the particle does not remain in the Bragg condition during
the rotation process. Figs. 3a and 3b show the distribution
of θ or 10 nm Bi particles embedded in amorphous SiO
(Fig. 3a) and in Ga (Fig. 3b). Both cases show rotations
by angles up to about 35-40°; however, particles embed-
ded in Ga are more likely to rotate by smaller angles.
For a range from 0° to 8°, the particles embedded in Ga
rotate only by discrete angles of 2.00±0.10°, 4.00±0.02°,
5.87±0.19°, and 7.67±0.12°, whereas for larger angles no
discrete angles are observed. Similar behavior was found
for particles of other sizes: Fig. 3c shows the distribu-
tion of θ or three 8 nm Bi particles embedded in Ga.
The discrete rotation angles were found to be 2.48±0.11°,
4.81±0.10°, 7.26±0.21°, and 9.59±0.16°.

4. Discussion

The fact that the elongated shape of the particle remains
stable during the rotations, suggests a simple way to ex-
plain rotations by discrete angles by considering fixed
sites of the Bi atoms at the Bi-Ga interface. When the
atoms at the surface are at a fixed position, or are shifted
by an integer multiple of the atomic distance d, the rota-
tions of a particle with a diameter L will occur by discrete
angles θ = tan−1(n · d/L), where n is an integer. Con-
sidering that the ∼10 nm Bi particles contain 30 atomic
〈110〉 planes, (d110=0.328 nm), rotations will occur by
1.91°, 3.82°, 5.73°, and 7.65°. Similarly, particles of ∼8 nm
(L/d=24) will rotate by 2.39°, 4.76°, 7.13°, and 9.46°. Both
sets of angles are in agreement with the experimental re-

Figure 2. The rotation phenomenon. (a)-(c) A sequence of three
snapshots showing a rotation of the (110) planes by
θ=18.10° in the Bi-Ga system. The time interval between
successive snapshots is 0.04 s (1 frame). The interme-
diate snapshot, t2, shows moiré fringes that combine the
orientations at t1 and t3.

sults. However, this is a naïve scheme as it is not plausible
that an atom can move distances of n · d110 with n > 1.
A more realistic scheme considers that all atomic move-
ments occur by distances shorter or equal to d, within
smaller regions of L/n of the particle, with n=1, 2, 3 etc,
as demonstrated in Fig. 4. Such an explanation is equiva-
lent to the formation of twist CSL (coincidence site lattice)
boundaries with DSC (displacement shift complete) screw
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Figure 3. A distribution of observed rotation angles sorted by in-
creasing angle for (a) Bi particles embedded in amor-
phous SiO and (b) Bi particles embedded in Ga. The data
is based on 160 rotations taken from 10 similar particles (5
for each case). Each of the particles is 10 nm in diameter.
While all rotation angles appear for Bi in SiO, only discrete
angles appear in the low angle regime for Bi in Ga. (c) A
similar plot for 8 nm Bi particles embedded in Ga. The 40
rotations, sorted by increasing angle, were taken from 3
similar Bi particles.

Figure 4. HREM and schematic images, illustrating the rotation of a
Bi nanoparticle, embedded in a liquid Ga capsule, by an
angle of ∼10°, at the zone axis [1̄11]. The initial orienta-
tion of the atomic planes, e.g. (110) and (101), shown
in (a) is changed, and the final orientation is shown in
(c). The intermediate state shown in (b), which represents
the boundary layer, contains both orientations. All atomic
movements occur by distances shorter or equal to dwithin
smaller regions of L/n of the particle; the red and blue dots
represent the location of the same atom, before and after
the rotation, respectively. Notice that the atoms at the in-
terface do not necessarily remain at their previous loca-
tions.

dislocations networks [13–15]. Accordingly, the discrete
angles are correlated with a discrete number of disloca-
tions in the particle, so that θ = tan−1(d/(L/n)), which is
mathematically identical to the naïve scheme and yields
the same set of angles. Rotations by larger angles are
not discrete, since O-lattices, which explain large angle
grain boundaries, are continuous and smooth functions of
the misorientation angle, which the CSL is not [14].
In a framework of a fixed elongated particle shape, rota-
tions by discrete angles require a reconstruction of the
surface as suggested in Fig. 4. Particles embedded in
liquid Ga behave like free particles with no constrainment
at the particle’s surface; consequently, surface reconstruc-
tion occurs even though the particles tend to partially be
in contact with the SiO. However, particles embedded in
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Figure 5. A sequence of three successive HREM snapshots show-
ing a rotation of a Bi particle embedded in SiO. The time
interval between snapshots is 0.08 sec (2 TV frames). At
t1 (a) the 〈110〉 planes are straight along the entire particle.
At t2 (b) a dislocation divides the particle into nonequiva-
lent slices. Consequently, at t3 (c), each slice, with its one
edge constrained at the SiO surface, is rotated by a differ-
ent angle in order to anneal the dislocation.

amorphous SiO are subjected to external surface forces;
this causes the particles to avoid free surface reconstruc-
tion and prevents rotation by discrete angles. In these
cases there is no fixed distance between dislocations and
the particle is often being bent before it is rotated as
shown in Fig. 5. Furthermore, the relatively low viscos-

ity of the liquid Ga (compared with the SiO) serves as a
shock absorber and dissipates the external energy. This
explains both the tendency of particles in liquid Ga to ro-
tate by smaller angles and to find a new equilibrium state
within a shorter time.

5. Summary
In summary, the rotation of Bi nanoparticles by discrete
angles is demonstrated, and the results clearly show the
role and importance that the surrounding material has on
the phenomenon. The discrepancy between Bi-SiO and
Bi-Ga suggests that Bi particles embedded in amorphous
SiO are more constrained to the SiO matrix surface, while
the Bi particles embedded in Ga are less connected to
the interface, even though they are partially in contact
with the SiO. Consequently, two major phenomena are
observed: (1) While rotations of Bi particles embedded
in SiO occur by all angles, rotations of Bi particles em-
bedded in liquid Ga occur by discrete angles. (2) The
particles embedded in Ga spend less time in the rotating
state (50%) compared to particles embedded in SiO (80%),
this implies that due to the low viscosity of the matrix, the
time required for annealing from the dislocation is shorter.
Our results also indicate that the internal forces within the
Bi particle are the weak point as they are smaller than
the Bi-Ga and Bi-SiO surface forces, implying on a soft
nano material, contrary to hard nano materials recently
under extensive research [16].

Acknowledgements
We thank M. Deutsch, W.D. Kaplan, Y. Kauffmann, J.M.
Penisson, and J. Thibault for useful discussion. This work
was partially supported by the German Israeli Foundation
(GIF). A.B. thanks the Israeli Ministry of Science for their
support.

References

[1] S. Iijima, T Ichihashi, Phys. Rev. Lett. 56, 616 (1986)
[2] P. M. Ajayan, L. D. Marks, Phys. Rev. Lett. 63, 279

(1989)
[3] T. Ben David et al., Phys. Rev. Lett. 78, 2585 (1997)
[4] L. D. Marks, Rep. Prog. Phys. 57, 603 (1994)
[5] P. Williams, Appl. Phys. Lett. 50, 1760 (1987)
[6] W. Krakow, M. Jose-Yacaman, J. L. Aragon, Phys. Rev.

B 49, 10591 (1994)

5



Discrete angle rotations of Bi nanoparticles embedded in a Ga matrix

[7] A. Be’er, R. Kofman, F. Phillipp, Y. Lereah, Phys. Rev.
B. 74, 224111 (2006)

[8] A. Be’er, R. Kofman, F. Phillipp, Y. Lereah, Phys. Rev.
B. 76, 075410 (2007)

[9] A. Di. Cicco, Phys. Rev. Lett. 81, 2942 (1998)
[10] R. Kofman, M. Allione, F. Celestini, Z. Barkay, Y.

Lereah, Surf. Sci. (in press)
[11] R. Kofman, P. Cheyssac, R. Garrigos, Y. Lereah, G.

Deutscher, Z. Phys. D Atom. Mol. Cl. 20, 267 (1991)
[12] L. G. Barry, Powder Diffraction File, Inorganic Vol-

ume (Joint Committee on Powder Diffraction Stan-
dards, Philadelphia, 1974)

[13] D. Hull, Introduction to Cislocations, 1st edition
(Pergamon Press, Glasgow, 1965)

[14] A. P. Sutton, R. W. Balluffi, Interfaces in Crys-
talline Materials (Oxford Science Publications, Ox-
ford, 1995)

[15] W. T. Read, Dislocations in Crystals (McGraw-Hill,
New York, 1953)

[16] A. Krishnan, E. Dujardin, T. W. Ebbesen, P. N. Yian-
ilos, M. M. J. Treacy, Phys. Rev. B. 58, 14013 (1998)

6


	Introduction
	Experimental set-up
	Results
	Discussion
	Summary
	Acknowledgements
	References

