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Correlated Orientations in Nanocrystal Fluctuations
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The dynamical behavior of small particles has been observed by high resolution electron microscopy.
Spontaneous structural fluctuations, between various orientations, were observed and quantified.
Clear transitions involving appearance and vanishing of twins were detected. Measurements of the
angle change between succeeding configurations of(th&) atomic plane reveal the existence of
several preferred angular changes. Twin related transformations give a good fit to the observed
angular correlation, which excludes complete particle melting during the transition between successive
configurations. It was also found that the particles rotate by a few degrees during this transformation.
[S0031-9007(97)02816-0]

PACS numbers: 61.46.+w, 61.16.Bg, 61.72.Mm, 63.90.+t

The structure of atomic clusters is interesting becausthe substrate was held at a temperature of*8)@ausing
they present a state of matter that is intermediate bethe particles to coalesce in the liquid state, and resulting in
tween single atoms and the bulk state. In ultrafine paran equilibrium spherical shape. The specimens were ob-
ticles (R < 10 nm), new phenomena may be expected,served at room temperature in a HREM (JEOL 4000-EX)
especially due to the high ratio between surface area arat 400 kV. The structure evolution of the particles was
volume. video recorded via a low level video CCD camera with a

Previous studies performed on small particles revealetdme resolution of 25 framesec. The records were exa-

a structure which is characterized by multiple twinnedmined frame by frame and processed (when necessary)
domains in many fcc metals [1-3]. usingSEMPERiImMage processing software [12]. The anal-

High resolution electron microscopy (HREM) studies inysis was carried mainly in the Fourier space in order
ultrafine particles revealed instability in the particles structo determine the angular relationship between successive
ture [4] which was defined as quasimelting phenomenonstructures.

A comprehensive review on the structure and instability of Our measurements on lead particles were focused on
small clusters has been presented by Marks [5]. Severalarticles with a diameter range of 4 to 10 nm. Most of
models were proposed to explain the dynamical evolutiorthe particles, configurations>00%) are characterized by

in the cluster structure. These models can be divided intthe existence of twins. These twin structures are mainly
two categories. The first one relates the restructuring of theingle twin, micro twin, and multiple (3 to 5) twins.
particle to a short but complete melting period, followedThe particles fluctuate with time between the above
by recrystallization of a new structure [6—8]. The secondconfigurations. The sequence of events is as follows: (i)
approach suggests that due to the small energy barrier berystalline structure visible (ad11) or (200) planes) in
tween the various particle configurations, there can be rarat least part of the particle, during a lifetime(ii) a fast
dom fluctuations between the different structures withoutransition of the particle configuration with transition time
melting [9]. 7 [faster than one video frame (0.04 sec)], either to new

Previous study of lead particles reveals a definite rangeisible crystalline configuration with angular change
of particle size in which the structure is unstable, whileor to invisible crystalline structure. The probability for
in the solid state [10]. In this Letter, we report the firstinvisible crystalline structure is around 0.5. (iii) After
guantitative analysis of the fluctuations which occur ina given waiting time, the crystalline structure reappears
lead particles. This analysis reveals a definite angulawith new orientation and the sequence repeats itself. At
correlation between successive structures. room temperature the lifetimeof the stable configuration

The samples are lead particles embedded in an amoincreases with the particle size, from about one frame
phous SiO matrix. The samples were prepared by succetime for particles with a diameter of 4 nm, up to long
sive evaporation of 10 nm of SiO, 5 nm of Pb, 10 nm ofterm stability for particles with a diameter larger than
SiO on a copper grid covered by a thin film of carbon. ThelO nm. Accordingly, a careful analysis was performed on
embedded case ensures better thermal coupling, which dparticles with a diameted of 6—7 nm. In the following
fines good thermodynamical variables and prevents oxidahe particles are considered always crystalline, even when
tion, migration, and evaporation [11]. During deposition,no lattice planes are visible; this is based on dark field
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FIG. 1. Distribution of angle changes of thgl11l) planes
(after triangle smoothing).
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observations that do not reveal the typical liquid contrast =
[10] for similar periods [13]. 3

More than 300 transitions between succeeding configu- £
rations were analyzed in order to find the distribution of = *E
-

the angular change between th€111) atomic planes of ST
succeeding configurations (Fig. 1). Thelistribution re- . _ N . . o
veals the existence of strong preferential angular changek!G. 3. Configuration transition, involving vanishing of a

The angular correlation between succeeding configurdWin (T) on the left side, leaving a stalking fault (SF), and
appearance of twin on the right side. (The first configuration

tions paints out to the transformoatlon mechanism.  Th&yaq stable for 1.5 sec, the second configuration was stable for
three well defined peaks, at 3139°, and 70 are clearly g5 sec, the transition time is less than 0.04 sec.)

attributed to twin related changes in the same plane as can
be seen in Fig. 2. The 70angle is equal to the angle
between two(111) planes in a FCC lattice. The 3@&n- remains in the same configuration, reveals additional
gle is related to the angle between tgid 1) planes after small rotation of the stable part. A histogram of this
one twinning. The 31 angle is equal to the angle be- small angle rotation between successive frames is shown
tween two(111) planes after two successive twinnings inin Fig. 5. The average angle change is°2uthile during

the same plane. An additional clear peak is located at 56the stable periods, the particles exhibit only very small
This peak is related to a twinning plane nearly perpendicurotations between successive frames (average of*)0.25
lar to the incident electron beam. For a full stereoscopichis phenomenon of small rotation during transformation
analysis see Renou and Penisson [14]. Further angles azan explain the rather broad shape of the peaks in Fig. 1.
expected for three dimensions, twin related transitions.

In Figs. 3 and 4 one can see two sets of successive
frames, showing typical transitions, occurring only for a
fraction of the particle. These cases clearly show that the
transition mechanism involves the appearance, movement,
and vanishing of twin boundaries. :

Investigating the special transitions in which a clear
twin appears or vanishes, while the rest of the particle

>
-
<

i,

twin plane

FIG. 4. Configuration transition, between single twin structure
and a five-fold structure, by introducing four additional twins
(marked with arrows). (The first configuration was stable for
7 sec; the second configuration was stable for 0.5 sec; the
FIG. 2. Typical angles in a twinned structure. transition time is less than 0.04 sec.)
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there are significant differences in the dependence on the
15 particles diameter of the total number of atoms involved
to initiate the transformation. Therefore it is likely that
some of this mechanisms could be selected. Work is in
progress in that direction.

In conclusion, the results here bring completely new in-
sight in a long standing problem concerning the instability
phenomenon of small metallic particles, by the following:

0 0 2 4 p 3 10 () There ex_ist two time scalt_es in the system, a long

one during which the structure is crystalline and stable,

and a short one during which the structure undergoes a

FIG. 5. Distribution of small angle rotation during configura- fast transition.

tion transition. (2) After transition a memory effect of the original
crystalline orientation is observed. This memory effect

The exact mechanism that occurs during the fasfs not compatible with complete melting of the cluster.
transition is not observable experimentally. In most Further quantitative measurements of the dependence
cases the initial and final configurations are the onlyof the fluctuations frequency on the temperature and
detected images. However, our results show clearlyhe particles size are necessary in order to establish the
that a complete melting of the particle followed by transformation mechanism.
recrystallization is excluded, due to the fact that any This work was partially supported by the arc en Ciel

memory from the previous orientation would then beprogram of cooperation between the Israeli Ministry of
lost. Moreover, it was found that the angular correlationscience and the French Government.
between succeeding configurations corresponds to angles
between twinned domains.
Therefore the present data is compatible with only a
few mechanisms which are now briefly discussed.
In the framework of the “melting” models only patrtial
melting is possible and could occur via one of the two
following mechanisms: (i) Partial melt of the particle [1] S. Ino, J. Phys. Soc. Jp@1, 346 (1966).
occurs, followed by recrystallization epitaxialy on the [2] J.G. Allpress and J.V. Sanders, Surf. S&il (1967).
still crystalline part. During crystal regrowth the twin [3] K. Kimoto and I. Nishida, J. Phys. Soc. Jp@2, 940
position is equally probable as the starting position,  (1967).
especially if the liquid solid front is 4111) plane. The  [4] S.lijima and T. Ichihashi, Phys. Rev. Le86, 616 (1986).
number of atoms involved in this transformation is a [2] L-D. Marks, Rep. Prog. Phy$7, 603 (1994).
given volume fraction of the particle and should vary [6] A- Howie, Nature (Londonj20, 684 (1986).
as ~D3. (i) A thin wave of “liquid” material along [7] P. Williams, Appl. Phys50, 1760 (1987).

. [8] A. Stella, A. Migliori, P. Cheyssac, and R. Kofman,
the (111) planes propagates through the particle, and Europhys. Lett26, 265 (1994).

recrystallization occurs on the trailing part of this wave. [g; p M. Ajayan and L. D. Marks, Phase Tranglt—26 229

The melted part is thin enough, fe{#’11) atomic planes, (1990).

to induce a recrystallization on th@11) planes, thus [10] T. Ben David, Y. Lereah, G. Deutscher, R. Kotman, and

producing either a twinned or the original orientation. P. Cheyssac, Philos. Mag. A1, 1135 (1995).

That mechanism involves a number of atoms which id11] R. Kofman, P. Cheyssac, R. Garrigos, Y. Lereah, and

proportional to a cross section of the particle and should  G. Deutscher, Z. Phys. R0, 267 (1991).

vary as~D>. [12] W.O. Saxton, T.J. Pitt, and M. Horner, Ultramicroscopy
In the framework of the solid-solid transition via ran- 4, 343 (1979). :

dom fluctuations, transformation could occur through thd13] The crystalline state argument is based also on the

. . .1 . . observed visibility (half of the time) which is compatible
classical propagation of successiyg(122) dislocations. with the visibility probability for randomly oriented

This process involves the propagation of defects lines con-  ¢rystalline particles as can be deduced from a rough
taining @ number of atoms varying asD. estimate of the visibility of thé111) and the(200) planes.

At this point none of these different possibilities could [14] A. Renou and J.M. Penisson, J. Cryst. Growi# 357
be eliminated based on the experimental facts. However, (1986).
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