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Abstract

The crystallization of Ni nanoclusters from the gas phase is investi-
gated with the help of molecular dynamics simulations using empirical tight-
binding potentials. In these simulations, the condensation of hot liquid
droplets from the gasphaseis obsened which later crystallize and agglom-
erate. It is shavn that agglomeration of crystallized particles is the domi-
nating growth mode and that the shapesof the nal particles are similar to
the shapesof experimentally grown Ni nanoparticles. In the secondpart, the
ewlution of the structure and the morphology of an agglomerated particle
during sintering at 600K and 900K is studied. While in both caseshe orig-
inal disordered interface between the agglomerated particles vanishes, the
shapes of the resulting particles di®er considerably due to the di®eren sur-
face di®usionrate.
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1. INTR ODUCTION

Nanoparticles are an integral part of nanotedinologies| e.g., the powder
from nanoparticlesrepresets the basisof many modern materials, sud as
ceramic materials (nanocomposites), as well as new electric and magnetic
sensors.The study of the properties of small metal particles from hundreds
and thousandsof atoms is of fundamertal importance due to their appli-
cations in catalysis and fabrication of nanostructures[Edelstein and Cam-
marata (1996); Jensen(1999); Moriarty (2001)]. Comparedto other compact
objects, nanoparticlesare characterizedby a considerablereduction of their
sizes(well below 100nm) in all three spatial dimensions. This fact is fre-
guertly interpreted as a reduction of the dimensionality from 3d to 0d. The
small sizesof nancclusters lead to high surfaceto volume ratios, which in
turn may give the clusters new and very interesting physical and chemical
properties, which are not obsened in ordinary solids. Experimertally, it
hasbeenfound that the properties of nanomaterialsdepend substartially on
the properties of the particles they are comprisedof. It is for this reason
that understandingthe processegoverning the formation and the structural
properties of nanoparticlesis an important step on the way to a cortrolled
growth of low dimensionalstructures.

Over the past decadesthe size dependenceof the structure of metallic
nanoparticleshasbeeninvestigatedin numerousexperimertal and theoretical
studies. Computer simulations have shavn in agreemeh with experimerts
that small metal clusters can exhibit various structural modi cations not
presen in the correspnding bulk materials. In the caseof fcc metals, for ex-
ample, v efold symmetric structureslike icosahedralh) and decahedraDh)
are regularly obsened in experimerts [seee.g.Ino (1966); Hall et al. (1991);
Reinhard et al. (1997a,b); Rellinghauset al. (2004) or the review of Marks
(1994)]. Computer simulations have indeed shown that for clusterswith di-
ametersof a few nanometerstheseare the energeticallypreferredstructures
[e.g. Cleveland and Landman (1991); Cleveland et al. (1997); Baletto et al.
(2000,2001);Nam et al. (2002)]. Experimerts, howewer, yield in generalmix-
tures of structures with the relative abundanceof the structures depending
strongly on the experimertal details. As pointed out by Marks (1994), this
re°ectsthe fact that the structure of the clustersdependson thermodynamic
aswell askinetic factors.

The subject of this article is the investigation of the structural properties
of nanoparticles condensatedfrom the gas phasewith molecular-dynamics
simulations. In the rst part of our work, we follow the ewlution of a hot gas
of atomsinto a systemof nanometer-sizedagglomeratednanoparticles,simi-
lar to the works of Krasneditchekov et al. (2003) and Luemmenand Kraska
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(2004). It is shown that the structures of the particles obtained from these
simulations comparewell with experimertally producedparticles. In the sec-
ond part, we focus on the sintering of agglomeratedparticles. In particular,
we study the in°uence of the sintering temperature on the dewelopmert of
the structure and morphology of the sintered particle.

2. COMPUTER MODEL

The simulations described in this article were performed using an empirical
tight-binding potential for Ni [Cleri and Rosato (1993)] for the calculation
of the interatomic forces. Although more complicated models like ab-initio
methods are more realistic, we had to rely on a computationally simple and
excient model in order to simulate systemswith somethousandsatoms over
periods of seweral nanoseconds.Even with modern computer systemsthis
would be an impossibletask to do with ab-inito methods. Moreover, the
potentials given by Cleri and Rosato (1993) have been successfullyapplied
in a number of studies concerning clusters (seee.g. [L%pez et al. (1995);
Celino et al. (1996); Palacioset al. (1999); Sun et al. (2001); Darby et al.
(2002); Michaelian et al. (2002); Rexer et al. (2002); Aguilera-Granja et al.
(2002); Meyer et al. (2003)]. For the integration of the equationsof motions
of the atoms in the simulations, the velocity form of the Verlet algorithm
[Allen and Tildesley (1991)] with a time step of h = 2fs was employed.

The generalidea behind our simulations of the condensationof nanopar-
ticles from the gas phasewas to mimic as closeas possiblethe processof
the formation of primordial particles from a supersaturated metal vapor in
an inert gas condensationcluster source. Starting point of our simulation
of the condensationof nanoparticlesfrom the gasphasewas a con guration
consistingof 8000Ni atoms arrangedon a perfect simple cubic lattice with
a lattice constart of 15ag in a cubic simulation box with periodic boundary
conditions. The choice of a simple cubic lattice asthe starting point for the
simulation of a gasmay seemarti cial. Howewer, sincethe distancebetween
the atoms on the lattice is much larger than the cuto®radiusr. = 111ag of
the employed potential, and sincethe initial velocities of the particles were
chosenrandomly accordingto the Maxwell-Boltzmann distribution at the
initial temperature T; = 700K, the systemlost its memory of the initial con-
“guration very soon. This decreasef the correlationsinduced by the initial
con guration was further enhancedby the fact that during the initial phase
of the simulations, the temperature increasedstrongly as clustersstarted to
form and the releasedbinding energy was transformed into kinetic energy
During the courseof the simulation, we employed the Andersen-thermostat
method [Andersen (1980)] in order to remove the excessenergy from the
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system. In this stochastic method, the simulated particles undergocollisions
with virtual particles at random intervals. The e®ectof these collisionsis
that the velocity of the real particle is setto a random value drawn from a
Maxwell-Boltzmann distribution at a prede ned temperature. In our case,
these collisions may be thought to mimic the e®ectof the inert gasatmo-
spherepresen in real cluster sources.Using this method with a per a parti-
cle collisionrate u = 0:1ps !, we cooled our systemto the nal temperature
T = 77K.

In the secondpart of our work, we study the dewelopmen of the structure
and morphology of agglomeratedparticles during sintering. To this end, we
isolated one freshly agglomeratedparticle from a simulation of the conden-
sation of nanoparticlesvery similar to the onedescriked above. The isolated
particle was then simulated at T = 600K and 900K over a period of 3ns
(1.5 million simulation steps). As in the rst part of our work, the Andersen-
thermostat method was employed to obtain the desiredtemperatureswith a
slightly smaller collisionu = 0:025ps' .

3. EXPERIMENT AL PR OCEDURE

In section4 we compareexperimertally producedNi nanoparticleswith the
results of the computer simulations descriked in the previous section. The
experimertal Ni nanoparticles were prepared by a DC sputtering process
in argon. In order to prevernt the particles from oxidation, a preparation
chamber meeting ultra high vacuum standardswas used. After baking, the
basepressurein the chamber was ppase = 10 ° mbar and the oxygen partial
pressurewas as low as py = 10 2mbar. We used 99.99%% pure argon
that passeda two-stagepurifying system consistingof an oil Tter and an
oxygen getter which reducedthe O, concerration to lessthan 50ppb before
it wasfed to the gasinlet of the sputter gun (type AJA A320). Prior to the
particle preparation the nickel target (99.99%) was pre-sputteredfor 15-20
minutesat a pressureof pye = 10 3 mbar, a DC power of Poc:pre = 50W and
a reducedAr °ow rate of ra.pe = 0:2sccm/min to cleanthe surfacefrom
any spuriousoxide layersor cortaminations. During the particle preparation
the pressureand DC power were varied between100W - Ppc - 250W and
0.3mbar - ppep - 0:9mbar, respectively, while the Ar °ow rate wasadjusted
to rar = 10sccm/min.

The Ni nanoparticles resulting from the sputtering processwere then
transported by the Ar °ow along a sintering tube wherethey were sintered
at a temperature of Ts = 1073K. The total length of the sintering route
was |y = 135cm while the length of the heated zonewas lpeqt = 60Cm.
After having passedthe sintering tube, the particles were deposited onto

4



amorphouscarbon Ims supported by copper grids suitable for ex-situ mor-
phological and structural investigations using high resolution transmission
electron microscofy (HRTEM).

4. RESUL TS

During our simulation of the condensationof nanoparticles from the gas
phase,snapshotsof the systemwere saved at intervals of 10ps. Apart from
a visual inspection of the simulation, thesesnapshotsallowed us to perform
two typesof analyses:a cluster-analysis,giving us the number and sizesof
clustersin the system,and a common-neiglhor analysis(CNA) [Honeycutt
and Andersen (1987)], providing us with information about the crystalline
state of the clusters.

With the help of the analysisof the snapshotsnadeduring the simulation,
we identi ed four di®eren stagesof the systemasit ewlvesfrom a gas of
atomsinto a small number of agglomeratednanoparticles. Thesestagesare
exempli ed in Fig. 1 and will be further explained in the following. As
stated in the previous section, the releaseof the binding energyduring the
initial formation of dimersand small clustersleadsto a dramatic increaseof
the temperature up to a maximum value of T = 4700K. During this initial
phasethe systemis best described as a hot gasof metal atoms as shavn in
Fig. 1(a). As the e®ectof the Andersen-thermostatcooled the systemdown,
the Ni atoms beganto condensateinto hot liquid droplets. At t=50 ps after
the beginning of the simulation, the temperature had droppeddownto T =
1900K, and practically all atoms had condensatednto sud liquid clusters
[c.f. Fig.1(b)]. The biggest cluster in Fig. 1(b) cortains 301 atoms, and
67% of the atoms are stored in clustersof more than 100 atoms. Although
marny clusterscoagulatedduring this stage,it makesno senseo speakabout
agglomerationsince liquid clusters which collide lose any memory of their
previous state immediately. Fig. 1(c) shows the systemat t = 500ps when
the temperature had dropped to the nal temperature of T = 77K, the
liquid clusters have all crystallized into nearly spherical primary particles
and agglomerationhassetin. At this time, most of the smaller clustershave
vanished,and 90% of the atoms are now storedin clustersof more than 100
atoms, while the biggest cluster cortains no more than 508 atoms. In the
‘nal stageof the simulation, mostof the primary particles have agglomerated
to form larger non-sphericalclustersas shavn in Fig. 1(d). The sizesof the
remaining 15 particles in this gure rangefrom 130to 2008atoms.

Someof the agglomeratedparticles resulting from our simulation show
a peculiar elongatedworm-like structure. The best examplefor this is the
large particle in the certer of Fig. 1(d) which is the largest particle in the
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(b) t = 50ps T = 1900K

(d) t = 5000ps T = 77K

L 4

Figure 1: Evolution of a systemof 8000Ni atomsfrom a hot gasto condensed
nanoparticles.

box. In orderto get a better understandingof the formation of this cluster,
we extracted from the simulation snapshotsthe collision everts that lead to
the formation of this particle. The resulting history of the particle is showvn
in Fig. 2. The nal particle wasformed at t = 4:4ns when a Ni;g7 particle
mergedwith a Nip;; particle. The latter particle in turn resulted from the
agglomerationof two particles containing 527 and 684 atoms, respectively,
and soon. In total we found that the nal 2008atom particle is the result
of the agglomerationof ten individual primary particles with typical sizesin
the range 1.5{ 2nm. Note that the negative creation times of the primary
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Figure 2: History of the Collision ewers leading to the formation of the
largest particle in Fig. 1. Seetext for details.

particles in Fig. 3 do not mean that the particles were created before the
beginning of the simulation. The negative times were only chosenfor the
purposesof this gure sinceon the one hand the exact times when the par-
ticles crystallized are unknown and sinceon the other hand the bottom part
of the gure is already considerablycrowvded. Small di®erencedbetweenthe
sizesof combining clustersand the sizeof resulting particle in Fig. 2 are due
to collisionsof the particles with individual atoms or small groups of six or
lessatoms which were excludedfrom the analysis.

In Fig. 3, we shav seweral stagesof the growth of the 2008atom patrticle
already discussedn the previous paragraph. In addition to an example of
the primary particles the cluster is comprisedof, we presen in this gure
the intermediate Niy,;, particle just after its creation at t = 2:9ns, as well
as beforeits agglomerationwith a Ni;g7 particle at t = 4:4ns, and the nal
particle at the end of the simulation at t = 5ns. It can be seenthat the
primary particle that emergedfrom the crystallization of liquid droplet hasa
nearly spherical,slightly facetedshape. In cortrast to this, the agglomerated
particles are strongly faceted. Finally, Fig. 3(c) and (d) demonstrate very
well that the worm-like structure of the particle consistsof a sequencef well
ordered crystalline segmets. It is also noteworthy that the CNA analysis
revealeda multiply twinned structure of the particle with v efold symmetric
axessimilar to the ndings of Krasnedhtchekov et al. (2003).



(@ t=02ns (b) t = 29ns

(c)t= 44ns

Figure 3: Growth stagesof an agglomeratedparticle

Finally, we want to comparethe results of our simulations with corre-
sponding experimertal ndings. To this end, we presen in Fig. 4 transmis-
sion electron microscopy imagesof two real Ni nanoparticles condensated
from the gas phasewith the methods descriked in section 3. Despite the
facts that, prior to their deposition, these particles were sintered at high
temperaturesand that they are roughly 10 times larger than their simulated
courterparts, the resenblance betweenthe shape of theseparticles and the
simulation resultsis striking. In particular, the samesegmeted worm-like
structure shavn in Fig. 3(c) and (d) is found in the experimertal images.

In the secondpart of our work we studied the structure of an agglomer-



Figure 4. Transmissionelectron microscopy imagesof Ni nanoparticlescon-
densatedfrom the gasphaseand sintered at Ts = 1073K.

ated particle during sintering at temperaturesof 600K and 900K. As stated
in section 2, we used an agglomeratedparticle obtained from a simulation
similar to that described above as the starting point of these simulations.
This particle, which cortains 1816 atoms, is shown in the upper panels of
Fig. 5togetherwith the two primary particlesof which it is comprisedshortly
beforetheir agglomeration(middle and lower panelsof Fig. 5). The panels
on the left-hand side of Fig. 5 shav the complete particles, whereasin the
panelson the right-hand side,the particlesare drawn without the atomswith
a coordination Z 6 12. Sincethe removal of imperfectly coordinated atoms
removesthe surfaceof the particles, the panelson the right-hand side give
insight into the crystalline structure inside the particles. The colors of the
atomsin Fig. 5 denotethe result of a CNA analysis[Honeycutt and Andersen
(1987)] as follows: atoms drawn in blue (green) have a local crystalline fcc
(hcp) environmert; yellow atoms have no identi ed structure, however their
coordination number is Z = 12. Atoms with coordination numbersZ 6 12
are drawn in red.

From the four lower panelsof Fig. 5 it can be seenthat, beforetheir ag-
glomeration, the two primary particles had a nearly spherical,facetedshape
and a well orderedclosed-paked structure with fcc and hcp parts. The im-
perfectly ordered, yellow atoms visible in panels(d) and (f) are related to
the surface. The interior of the particles cortains fcc and hcp atoms, only.
Figure 5(b) shows that the crystalline order of the primary particles was
presened to a large extend during the agglomeration. Howewer, the lattice
structuresof the two particles are strongly misalignedafter the agglomeration
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Figure 5: Agglomerated particle (a,b) and its constituerts (c-f) before sin-
tering. Seetext for details.
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Figure 6: Particle from Fig. 5(a,b) after sintering at 600K (top) and 900K
(bottom). Seetext for details.

and a disorderedsintering ned (yellow atoms) has formed at the interface
betweenthe particles. The ned also shaws up in the form of a constriction
in Fig. 5(a).

In Fig. 6 we presert the particles resulting from the sintering of the par-
ticle shavn in Fig. 5(a,b) at temperaturesof 600K and 900K over a period
of 3ns. The color-cading of the gure is the sameasin Fig. 5 and again,
the complete particles are shovn on the left-hand side, while the right-hand
side panelsshaw the particles without all atoms with coordination numbers
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Z 6 12. From the right-hand side of Fig. 6 it is immediately clear that

at both temperaturesthe disorderedned hasvanishedduring the sintering

and the resulting particles have a regular close-paked structure. Compari-
sonwith Fig. 5(d) and (f) shaws that the stadking sequenceof the sintered
particles is determined by that of the larger primary particle. While the

structure of the two particles in Fig. 6 is quite similar, their morphologies
are considerablydi®eren. The particle sintered at T = 600K shawvn in the
upper two panelsof Fig. 6 has a pronouncedconstriction originating from

the interface betweenthe original primary particles. In cortrast to this, the

particle sintered at T = 900K shawvs no remains of the interface and has a
regular elliptical shape.

5. SUMMAR Y AND DISCUSSIONS

We have reported on a simulation of the condensationof Ni nanoparticles
from the gasphase. We obsened the condensationof liquid droplets from a
hot densegaswhich subsequetly crystallized into nanometersizedprimary
particlesand nally agglomeratednto larger units. Taking the largestof the
‘nal particles asan example,we have shovn how this particle resulted from
the agglomerationof ten primary particles. From the facts that theseten
particles represeh 99% of the massof the nal particle and that the nal

particle contains one quarter of the total massof the systemwe conclude
that agglomerationis the dominating growth mode under the conditions of
our simulation, while the e®ectof layer by layer growth | i.e. the pickup
of individual atoms after the crystallization | is negligible. During the
agglomeration,the shape of the primary particles was considerablyaltered.
This isinsofarsurprisingasmost of the agglomerationevens happenedat low
temperatures,wheredi®usionis almost blocked. The alteration of the cluster
structures was probably madepossibleby the binding energyreleasedduring
cluster collisions,which temporarily increasedthe particles temperature.

A comparisonof transmissionelectron microscopy imagesof experimen-
tally grown Ni nanoparticlesrevealsa remarkable resentlance of the shape
of these particles with that of the particles resulting from our simulations.
Although the experimertally produced particles are roughly one order of
magnitude larger than their simulated courterparts, this is an important in-
dication that molecular-dynamicssimulations of the kind we have performed
are ableto model the formation processe®f nanoparticlesin a realistic man-
ner. Moreover, the structure and shape of the particles resulting from our
simulations comparewell with the resultsobtained by Krasnetchekov et al.
(2003)in their simulations of the condensationof copper particles. The par-
ticle sizesof the latter work, are also larger than in our simulations. The
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reasonfor this is probably a reducedcooling rate (comparedto our work)
dueto a di®eren cooling medanism.

It is clear that the results of our simulations, in particular the particle
sizes,depend strongly on the choice of seweral parameters. The mostimpor-
tant parametersare the density of the systemand the cooling rate, which is
determinedby the collision rate of the Andersen-thermostat. A reduction of
the cooling rate delays the crystallization of the particles and thereby leads
to larger primary particles. A reduction of the density of the initial gas,
on the other hand results in a reduced collision rate betweenthe particles
and thereforereducesthe sizeof the primary particles and delays agglomer-
ation. We have cheded that thesee®ectsare indeedpresen in our model in
a number of similar simulations not detailed in this work.

The most unrealistic aspect of our simulation of nanoparticle conden-
sation is the small particle size causedby a much too high cooling rate.
Lower cooling rates, however, require considerablyhigher computational ef-
forts sinceboth, the number of atomsin the systemaswell asthe simulation
time haveto beincreasedaccordingly Although sud simulations canbe per-
formed, we preferredto explorethe parameterspaceand the possibilities of
this type of simulation in detail with the more modestcomputational costsof
simulations like the one descrilked in the presen work. Our successfutom-
parison of the computer generatednanoparticles with real experimertally
grown Ni particles shows that the most important physical processe®f the
cluster growth are already included in our simulations. For the near future,
we are planning to perform simulations with considerablylarger particle sizes
using a more realistic cooling medanism that explicitly includesthe e®ect
of the carrier gas.

In the secondpart of our work, we have studied the ewlution of structure
and morphologyof an agglomeratedparticle during sintering at temperatures
of T = 600K and 900K. At both temperatures,the originally presen disor-
deredinterface betweenthe agglomeratedparticles vanishedand the result-
ing particles have a well-orderedclosed-paked structure. At 600K, howewer,
the constriction at the interface remainedgiving the nal particle a typical
nedked shape, whereasthe particle sintered at T = 900K has an elliptical
shape with no relicts of the interface. This di®erencecan be explained by
increaseof the surfacedi®usionrate with increasingtemperature which ac-
celeratesthe masstransport necessaryto eliminate the constriction at the
interface.
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