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Unsupported nanometer-sized copper clusters studied by electron diffraction and molecular
dynamics
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An electron diffraction study on unsupported nanometer-sized copper clusters has been combined with
molecular-dynamics calculations to investigate size-related structural effects. The experimental conditions
allow slow cluster growth, close to thermodynamic equilibrium, in an inert-gas-aggregation source. A distinct
structural change is observed, which is correlated with cluster size: there is a predominance of icosahedra
below 3.8 nm in diameter, and a clear separation of size distributions for icosahedra and fcc particles, which
are larger. These results confirm the predictions of an earlier molecular-dynamics study. Further molecular-
dynamics simulations have provided information on atomic dynamics and thermal expansion of interatomic
distances and are compared with experimental data.@S0163-1829~98!07228-2#
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I. INTRODUCTION

In nanometer-sized particles, or clusters, the atomic
rangement may differ from the bulk crystallographic stru
ture. This change in structure can be understood to arise f
the increasingly important surface contribution to a particl
total energy. As the surface-to-volume ratio becomes la
an energetically favorable arrangement of atoms at the
face may be able to compensate for a strained internal s
ture. This is the case for the icosahedra and decahedra
characterize many small-particle structures. These parti
feature close-packed facets, which have minimal surface
sion, and can therefore overcome the energy cost of an
ternal structure that deviates from the bulk crystal and the
fore is under stress. Experimental observations of icosahe
and decahedral structures, so-called multiply twinned p
ticles ~MTPs!, are well documented in Marks’ recent revie
of the subject.1 One of their striking features is the existen
of fivefold axes of symmetry, which are excluded from bu
crystallography due to incompatibility with translation
symmetry.

If the intrinsic, size-related effects on cluster structure
to be studied experimentally, it is important that all possi
interaction with the particles’ surface are minimized,
avoided altogether. In particular, the influence of supp
~substrate or matrix! should be eliminated. This difficulty ha
long been recognized and has led to the development of
periments combining the techniques of molecular beams
high-energy electron-diffraction~HEED!.2–5
PRB 580163-1829/98/58~8!/4917~10!/$15.00
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On the theoretical side, powerful computing facilitie
have allowed a microscopic approach to the cluster-struc
problem: molecular-dynamics~MD! simulations are widely
used as a tool with which to study structural size effects. M
simulations allow model atomic arrangements to be ‘‘en
getically optimized’’ by allowing atoms to relax, from a
initial configuration, in an appropriate self-consistent for
field. Knowing the space coordinates of every atom,
model cluster’s total energy can be calculated and it is p
sible to determine which, of a set of structure types un
consideration, represents the configuration of greatest st
ity under equilibrium conditions. When this is done for
range of sizes, the stability crossover between alterna
structures can be estimated.6–9 Beyond static features of thi
kind, MD simulations can also provide insight into importa
dynamical processes, such as thermal vibrations
melting.10–14

One of the current challenges for cluster-structure
search is to obtain information on structural stability, for
given element and size range, simultaneously from exp
ments with unsupported particles and MD simulations.
date, this has been achieved only for argon. The pionee
molecular-beam electron-diffraction experiments of Farg
et al., interpreted on the basis of MD-optimized structu
models,15 have shown good qualitative agreement with s
bility calculations5 and have established the existence of
icosahedral structure as an intrinsically stable atomic c
figuration in rare-gas clusters. However, in spite of ma
efforts from both experimental and theoretical groups, no
4917 © 1998 The American Physical Society
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ing comparable has been achieved so far for metallic c
ters. The latter are, however, of considerable interest, ow
to their potential for application in the field of heterogeneo
catalysis. Thus, on the one hand, the very detailed calc
tions of Cleveland and Landman for the case of nickel6 are
still awaiting comparison with a suitable experiment. On t
other, the diffraction studies of free silver clusters conduc
in Lausanne16,17 as yet have no specific simulations to
compared to. Valkealahti and Manninen’s recent MD inv
tigations of structural stability for copper clusters9 have, at
last, made possible a comparison of MD simulation and
perimental data for a metallic element, in much the sa
way as was done for argon.

In the present paper, we report on a HEED study of
supported copper clusters, in a size range approximately
tered on the crossover between icosahedral and face-cen
cubic ~fcc! structures predicted by Valkealahti and Mann
en’s MD calculations. Incidentally, we show that for the i
terpretation of experimental diffraction data, the availabil
of static and dynamic simulations is in itself an importa
advantage to assess the influence of relaxations and the
vibrations on the diffraction process. In Sec. II, we give
brief overview of the experimental setup and describe h
modifications to the previously published form of the app
ratus have made the present study possible. Sections III
IV then present and discuss the main experimental findi
of this study.

We have placed a substantial amount of detail, relating
the interpretation of the experiments and MD simulations
appendices. These are briefly described at the end of
paper and are available from AIP’s Physics Auxiliary Pub
cation Service~PAPS!.18

II. EXPERIMENT

The experimental apparatus has been described in d
in a previous publication.4 Small particles are produced in a
inert-gas-aggregation~IGA! source, where copper is evap
rated ~crucible temperature,Tc) into a flow of pure helium
gas ~pressure,Pg), injected at room temperature. The h
vapor cools rapidly, mixing with the inert gas, and supersa
rates, leading to nucleation and growth of copper clust
These clusters are transported by the flowing helium thro
a small nozzle at one end of the chamber. Two consecu
stages of differential pumping remove a substantial amo
of the carrier gas, which contributes an unwanted ba
ground signal to the final diffraction pattern. The remaini
mixture of gas and particles enters the diffraction chambe
a well-collimated molecular beam, and is probed by hig
energy electrons~100 kV!.

The random orientation of clusters in the beam gives
to a diffraction pattern with radial symmetry, similar to tho
obtained from powder samples. A measurement of this
tern is made by recording an intensity profile along its dia
eter. The typical time required to obtain a single measu
ment is of the order of 1 min, making it possible to collec
series of diffraction patterns over a wide range of sou
operating conditions, without need of recharging the sou
The series of measurements presented here were all obt
in the same experimental session.

The diffraction patterns recorded are the main source
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data in an experiment, however, downstream from the be
crossing, amorphous-carbon-coated electron-microsc
grids can be exposed to the cluster beam. This allows s
ported samples to be collected and later transferred t
transmission electron microscope. Both conventional a
high resolution electron microscopy~HREM! have been used
to examine samples, however, the reactivity of copper w
the atmosphere, and its relatively weak contrast in HRE
images, make the latter technique of only marginal imp
tance in this study.

A high-temperature evaporation source, capable of wo
ing at temperatures of about 1900 °C, has been designe
this work. It is composed of a cylindrical boron nitride cru
cible ('2 cm3 capacity!, heated by a tungsten filament an
surrounded by a triple set of coaxial tantalum radiati
shields. The crucible temperatureTc is measured by a ther
mocouple penetrating its base, and is stabilized by clos
loop control. The temperature stability, on the time scale o
single data acquisition, is'1 °C. The walls of the nucle-
ation chamber, which are exposed to intense thermal ra
tion in spite of the crucible’s multiple shielding, are wat
cooled and stay close to room temperature during the wh
experiment. The inert-gas pressure in the chamber,Pg , is
controlled by altering the injected volume flow rate. This
also regulated to achieve a relative stability of the order
1%.

Various precautions have been taken to ensure cleanli
in the nucleation chamber. Prior to the experiment, the nu
ation chamber is thoroughly cleaned and outgassed for
eral hours with dry argon~purity: 99.9999%! flowing con-
tinuously and the empty crucible heated to'1700 °C. The
source must then be opened for a short time~after cooling to
room temperature! and the crucible filled with copper~pu-
rity: 99.99%!. The apparatus is then pumped down to
normal base pressure, which is 231027 Torr in the diffrac-
tion chamber and,1023 Torr in the source chamber~which
has no direct pumping!. During the initial phase of the ex
periment, the crucible is heated slowly, again in a stro
flow of argon to remove additional outgassing residu
WhenTc'1000 °C is reached, the inert gas being injected
switched from argon to helium~purity: 99.9996%!.

III. EXPERIMENTAL RESULTS

The experimental results on which this study is based
presented in this section. In Sec. III A, a series of diffracti
patterns from copper clusters, together with the principal
sults from the analysis of these data, are presented. Det
analysis of each diffraction pattern provides extensive inf
mation about the composition of the beam. This will not
presented in full here, although in Sec. III B the detail
results for two profiles are given to illustrate the process. T
final section, III C, presents an estimate of cluster tempe
ture, based on an observation of thermal lattice expansio

A common feature of IGA sources is that they give rise
a broad distribution of particle sizes~see, for example, Fig
8!. It is also not uncommon for beams of small metal p
ticles to contain more than one type of structure under gi
source conditions. This is certainly true of our previous o
servations of unsupported silver particles.16,17 In order to
conduct a satisfactory analysis of diffraction data from su
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PRB 58 4919UNSUPPORTED NANOMETER-SIZED COPPER CLUSTERS . . .
a sample, it isnecessaryto match the experimental data wit
a diffraction profile representing a combination of mod
particle structures. To achieve this, a large number of b
diffraction patterns are calculated and an algorithm, using
technique of simulated annealing, optimizes a combina
of these to fit the data.19 The details of this procedure ar
given in Appendix A.

Ideally, a range of fully relaxed structural models of clu
ters would be used to calculate the basis diffraction patte
for comparison with experiment. Unfortunately, the comp
tational cost of MD simulations prevents this and we m
rely on purely geometrical constructions. We have, howev
investigated the consequences of doing this in Appendi
through a study of a small number of fully relaxed structu
~sizes up to'10 000 atoms20!. Relaxation in clusters cause
small, but systematic, changes to occur in the correspon
diffraction profile. When fitted with profiles based on ge
metric forms, these changes are compensated for by artifi
structural components that appear in the fitted structure

FIG. 1. Diffraction profiles obtained under the conditions d
scribed in Table I. The horizontal axis represents the scatte
parameters, wheres52sinu/l, u is the scattering angle, andl the
electron wavelength. Scattering from carrier gas has been rem
and all profiles are normalized to constant height at the princ
maximum. In the case of profile 1, a simple smoothing routine
also been used to reduce statistical fluctuations. The positions
Miller indices of the fcc Bragg reflections for bulk copper at 300
are shown above profile 5.
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distributions. Appendix B also describes the effect of fin
temperature on the diffraction patterns and the result
choice of Debye-Waller factor.

A. Experimental diffraction results

The main experimental data used in this report are sho
in Fig. 1. A series of five experimental diffraction patter
have been recorded, for which the corresponding source
rameters are summarized in Table I. The profiles are p
sented as nearly raw data: a correction has been mad
remove the contribution of background scattering due to c
rier gas~which is a featureless decreasing function of sc
tering angle!, and a simple smoothing routine has been a
plied to profile 1. The ordering of profiles from front to bac
in the figure is determined by the typical residence time
clusters in the source. Residence time is inversely prop
tional to Qg , the carrier gas throughput. In Appendix C th
characteristic size of clusters is shown to be correlated w
Qg

21 , the reciprocal of carrier gas throughput, with larg
particles observed at lower throughput.

The nature of the changes in the profiles of Fig. 1 allo
identification of the changing structural composition of t
beam. Only profile 5 shows well-defined peaks, which can
indexed as Bragg reflections of the copper fcc lattice, in
cating that this profile has a significant component of
particles. The remaining profiles are all dominated by M
structures, which has the effect of broadening details in
diffraction profiles as well as giving rise to a distinct asym
metrical main peak ats'5 nm21. We wish to stress here
that this broadening is not simply size related. The diffra
tion profiles of MTP structures give rise to significa
changes in the diffraction pattern. The distribution of inte
sity over the whole diffraction profile becomes important
this case, as there is no reciprocal lattice and therefore s
tering is not now associated with specific diffraction angl

Analysis of the diffraction data is performed by applyin
the fitting procedure described in Appendix A repeatedly
each of the experimental diffraction patterns in Fig. 1.
summary of the key results from this analysis is presente
Table II, which reports the relative abundances of each st
ture type, the mean diameter estimated by fitting~taking all
structure types together!, and, where available, the mean pa
ticle diameter as observed by transmission electron mic
copy ~TEM!. The analysis procedure also gives informati
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TABLE I. The source conditions for the data in Fig. 1.Tc is the crucible temperature,Pg the helium

pressure in the source,Qg is the gas throughput,Pv the metal vapor pressure. The vapor pressures repo
are deduced from the evaporation temperature using tables~Ref. 32!. Note: in profile 1, the geometry of the
source differs slightly, increasing the pumping speed at the first nozzle.

Profile
1 2 3 4 5

Tc ~K! 197462 197762 196862 191162 191662
Pg ~mbar! 4.660.1 4.260.1 3.860.1 3.160.1 1.460.1
Qg (cm3/min) 35062 14962 13062 10862 4362
Pv ~mbar! 6.660.4 6.660.4 6.660.4 1.660.1 1.660.1
PgTc (102 mbar K! 9162 8362 7562 5962 2762
Qg

21 (1023 min/cm3) 2.8660.02 6.760.1 7.760.1 9.260.2 2361
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TABLE II. Averaged relative abundances of each of the three structural components used to
experimental data.̂D̄& is the averaged mean diameter for the sample, obtained from the fitted distribu
D̄TEM is the mean diameter obtained by microscopy.

Profile
1 2 3 4 5

fcc ~%! 161 262 161 1467 58625
Icosahedra~%! 9862 81615 27616 66623 31624
Decahedra~%! 161 17617 72616 19619 11611

^D̄& ~nm! 2.160.3 2.160.3 2.360.4 2.860.8 3.661.2

D̄TEM ~nm! 3.160.2 3.460.1 3.660.1
va
ts
r
d
fi
th
o

f t
t

an
te
th
a
th
n
.
tin
so

3
an
t

tive,
to

nder
dis-

ith
in-

le.
ish
is
re,
sizes

lity.
on,
ions
3.

le
bu-
he

4
nd
ht

the
n-

e
pr
ay

in

-
cal

-

about the size distributions for each structure type. The
ues in Table II, exceptD̄TEM, are averages over repeated fi

From the data in Table II, a trend can be identified: sta
ing from a dominance in fcc structure, in profile 5; an
changing to a dominance in icosahedral structure, in pro
1. In Fig. 2 we report the averaged mean diameters of
fitted distributions for icosahedra and fcc particles in each
the profiles. These results are presented as a function o
reciprocal carrier gas throughput for each experiment and
bars on this figure indicate the full extent to which me
diameters were found to fluctuate when fitting was repea
The figure gives a feel for the consistency and scatter in
results. More importantly, a trend in mean particle size c
be discerned: fcc cuboctahedra are systematically larger
icosahedra. The figure uses shading to indicate the regio
which the stability of each structure is expected to occur9

Because the data in Fig. 2 are averaged over many fit
runs, it could be misleading to use it to make a compari
of the relative stability of the two structure types. Figure
shows thedifferencebetween mean fcc diameter and me
icosahedra diameter, averaged over fitting runs. Here,

FIG. 2. Averaged mean diameters for icosahedra~a! and cuboc-
tahedra~b! after fitting the profiles in Fig. 1. Vertical bars show th
full range of mean diameters obtained by repeated fitting. The
dicted regions of instability, taken from Ref. 9, are shown in gr
l-
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size effect is clearly seen: the average values are all posi
indicating that there is a net tendency for fcc particles
occur at sizes greater than icosahedra when growing u
the same conditions. We also found that the fitted size
tributions for icosahedral and fcc particles~not shown! were
well separated and had little overlap.

A similar analysis of relative sizes can be made w
decahedra and fcc particles. The results in this case are
conclusive: no clear structural size effect is discernab
However, decahedra are much more difficult to distingu
from fcc particles using diffraction techniques and th
makes the results of fitting more uncertain. Furthermo
decahedra are expected to appear in greatest numbers at
intermediate to the icosahedra and fcc regions of stabi
Our observations are at least compatible with this predicti
given the appearance of decahedra in significant proport
in profiles 2, 3, and 4 with a maximum content in profile

B. Detailed analysis of selected diffraction data

Detailed information about the composition of the partic
beam, both in terms of structural content and size distri
tions, is obtained as a result of fitting. To illustrate this, t
results of two fitting runs are presented here.

The result of a typical fit to profile 5 is shown in Fig.
and Table III. Clearly, the agreement shown between fit a
data in Fig. 4 is very satisfying. There is, however, a slig
overestimation of diffraction intensities fors.7 nm21, and
also a small, but noticeable, change of horizontal scale in
fit-profile with respect to the experimental one. This is i

e-
.

FIG. 3. The size effect is shown by the average difference

mean diameterŝD̄cubo2D̄ ico&, the region where values would con
tradict the predicted structural size effect is shown in gray. Verti

bars show the full range ofD̄cubo2D̄ ico values obtained during re
peated fitting.
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FIG. 4. Example of a typical fit to profile 5. The raw data a
shown with the fit directly superimposed. The fit has also be
shifted vertically, to allow inspection of distinct features. Vertic
lines mark the expected positions of room-temperature cry
Bragg reflections, which are indexed at the top of the figure.
ber
po-
dicative of a slight change in lattice parameter compared
the room-temperature bulk value used in the model str
tures. This observation allows us to estimate cluster temp
ture and is discussed further in Sec. III C.

A breakdown of the structure size distributions for this
is shown in Fig. 5. The dominant component is the fcc cu
octahedron. A small number of icosahedra are also inclu
in the fit, some at quite large sizes, as well as a large num
of small decahedra. Several of these MTP structural com

n

al

TABLE III. Size-distribution statistics for the fit to profile 5
represented in Figs. 4 and 5. The statistical parameters are i

duced in Appendix A:D̄ ( i ) is the mean diameter;D̄V
( i )is the third

moment, or the mean diameter of the volume-weighted histogr
h ( i ) is the relative abundance of structurei ; g ( i ) is the relative
contribution to the total diffracted intensity.

D̄ ( i ) ~nm! D̄V
( i ) ~nm! h ( i ) ~%! g ( i ) ~%!

fcc 4.2 4.4 68 56
Icosahedra 3.1 6.3 26 15
Decahedra 6.8 5.7 6 29
total ~white bars! 4.0 5.1
he left,
ure of the
rted by
FIG. 5. Size distribution information about model structures used in the particular fit to profile 5 presented in Fig. 4. On t
histograms of the three structure types. On the right, histograms of the volume-weighted frequency of model sizes, giving a meas
relative contribution to the total diffracted intensity of each diameter class. The gray regions indicate regions of instability repo
Valkealahti and Manninen~Ref. 9!. The white bars represent the total size distribution~i.e., all structure types together!. See also statistics
in Table III.
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nents are almost certainly artifacts. The presence of the
large icosahedra is artificial: they arise because the proce
needs to increase the relative height of the principal p
with respect to the others. This indicates that the basis
files used in the fit do not describe the exact detail of

FIG. 6. Example of a typical fit to profile 2. The raw data a
shown with the fit directly superimposed. The fit has also be
shifted vertically, to allow inspection of distinct features. The
rows indicate in which direction the calculated profiles are alte
when structures are relaxed.
ry
re
k

o-
e

cluster structures in the beam: on one hand relaxation
change the relative strengths of details in the diffraction p
files ~see Appendix B!, on the other hand, simple twinning i
fcc particles is known to enhance the strength of the~111!
peak in the diffraction peak with respect to the other deta
recorded.21 The small decahedra are also probably artifici
In this case, they provide broadening to the base of the~111!
and ~200! fcc peaks. This broadening arises in the expe
mental data because of imperfections in structure within p
ticles.

Discounting these two artifacts, the results show a sm
icosahedral component, between 2 and 4.5 nm, some la
decahedra, and a dominance of cuboctahedra. The size r
for the icosahedral and fcc components is compatible w
those suggested by Valkealahti and Manninen.9

The result of a typical fit to profile 2 is shown in Fig.
and Table IV. Once again, the quality of the fit is good an
as above, the slight overestimate in intensity in the region
8.5,s,9.5 nm21 results in an artificial component of larg
icosahedra in the fitted size distribution. Had it been poss
to use, in the calculation of basis functions, relaxed str
tures, we would expect this artifact to disappear.

The corresponding size distributions, shown in Fig. 7,
dicate a predominance of icosahedra. For comparison
sample of particles was also taken from the beam and
size distributions measured by TEM. The distribution o
tained by microscopy is shown in Fig. 8. The maximu

n
-
d

t
o-
e-
to
FIG. 7. Size distribution information abou
model structures used in the particular fit to pr
file 2 presented in Fig. 6 and Table IV. The pr
sentation of data is described in the caption
Fig. 5.



le 2

uished

PRB 58 4923UNSUPPORTED NANOMETER-SIZED COPPER CLUSTERS . . .
FIG. 8. Size distribution information obtained by electron microscopy on a supported sample taken during the acquisition of profi~see
Fig. 6!. On the left: frequency histogram of particle sizes. On the right: histogram of volume-weighted frequencies~relative contributions to
the total diffracted intensity!. The gray regions indicate the size range in which the contrast arising from particles cannot be disting
from the amorphous-carbon substrate. The dashed line locates the predicted icosahedra⇔ fcc crossover size~Ref. 9!.
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particle diameter determined by microscopy is'5.5 nm. The
mean diameter by fitting is 2.0 nm, and the third moment
nm, compared to 3.1 nm and 3.5 nm, respectively, by
croscopy. The artificially high third moment in the fitted da
is due to the inclusion of large icosahedra in the fit. These
stated, are artifacts associated with the relaxation of
icosahedral structures: eliminating them from the third m
ment calculation results in a value below that obtained
microscopy.

In any comparison between fitted size distributions a
distributions obtained by TEM, we would expect a syste
atic underestimation in the sizes obtained by fitting. This
due to the fact that the diffraction pattern recorded is o
characteristic of the size and structure of coherent dom
within a small particle. In general, the imperfect structure
many clusters will mean that they appear smaller in
analysis based on diffraction data. The external size
shape of a small particle contribute directly to small-an
scattering in a diffraction experiment, which is not accessi
to us.

C. Cluster temperature

The average carrier gas temperature in the source ch
ber has been measured to be 500650 K. This value is rea-
sonably insensitive to changes in crucible temperature, m
ing it a fair estimate of temperature in all the experimen
data presented here. It has been used to calculate the De
Waller factor for the model profiles used in fitting~see Ap-
pendix B!. The agreement obtained in using these functio
to fit the experimental data is further reason to be confid
that this temperature is reasonable.

In the diffraction profile 5 of Fig. 1, there is a perceptib
horizontal shift of the experimental data with respect to
calculated profile. This indicates that the particles’ latt
parameter differs from the bulk, room-temperature, va
used to generate the calculated profile. Careful rescalin
the pattern shows the lattice to be dilated by 0.360.1% with
respect to bulk copper at room temperature. According
bulk parameters,22 a lattice expansion of 0.364% is expect
at a temperature of 500 K: a full MD simulation of a copp
crystal at 500 K shows a lattice expansion of 0.385%. Agr
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ment here indicates that our estimate of cluster tempera
is justified a posteriori, and confirms that clusters are the
malized with the buffer gas in the source chamber. Furth
more, our data suggest that there is no contraction in
lattice parameter caused by the small size of the clus
~diameter of 4.060.5 nm!. This contradicts some previousl
reported results23,24but agrees with others25,26: it is supported
by MD simulation in this study.

IV. DISCUSSION

An important feature of these experiments is that the c
ditions of particle growth were much slower than in previo
studies.17 We believe that particles grew relatively slow
while drifting through an extended vapor-rich region with
the source chamber. There is evidence for this in the
served correlation between particle residence time in
source and mean particle size~see Appendix C!. In our pre-
vious work, such behavior has not been observed and
estimate that growth rates here are at least an order of m
nitude less than in earlier studies. In view of this, it is re
sonable to expect that the particle structures observed re
tendencies in thermodynamic stability, rather than kine
factors. Indeed, the fact that a size-related structural effe
observed, and that it agrees with theoretical predictions, s
ports this hypothesis.

The evolution of diffraction features in the series of pr
files shown in Fig. 1 are associated with a general trend
mean particle size: small in the front~profile 1! to large at the
back~profile 5!, which is correlated with carrier gas through

TABLE IV. Size-distribution statistics for the fit to profile 2
represented in Figs. 6 and 7. The meaning of statistical param
is described in the caption to Table III.

D̄ ( i ) ~nm! D̄V
( i ) ~nm! h ( i ) ~%! g ( i ) ~%!

fcc 3.4 4.3 4 11
Icosahdera 1.9 3.4 96 81
Decahedra 4.9 6.6 1 8
total ~white bars! 2.0 3.8
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put Qg in the source. The same series is also associated
a change in the structural composition of the beam: icosa
dra at the front~profile 1!, through a mixture of MTP struc
tures, to fcc cuboctahedra at the back~profile 5!, by the de-
tailed fitting analysis performed on the raw data. One mi
expect to see some correlation between the mean size of
structural component andQg . Indeed this is the case, we fin
in profiles 4 and 5, where an fcc component is significa
that the averaged mean size of fcc domains is significa
larger ~4.2 nm! in profile 5 than in profile 4~3.4 nm!. We
also find that in profiles 1, 2, and 3, where the MTP comp
nent is important, the averaged mean icosahedral dom
size remains fairly constant (2.260.3 nm!. We would expect
this to be the case because of the size limit on icosahe
and the fact that we have not been able to produce par
beams in which the overall size distribution falls well belo
this size limit.

The presentation of our results in Fig. 3 shows m
clearly the structural size effect in the experimental obser
tions: on average the mean diameter of the icosahedral c
ponent is systematically smaller than the mean diamete
cuboctahedra. Furthermore, in Fig. 2, the icosahedral c
ponents are invariably within the size range of stability p
dicted by molecular-dynamics simulations.9 However, in Fig.
2, the size of fcc particles is seen to fall partly below the li
of critical stability. In considering this, it should be remem
bered that differences in the total energy of icosahedra
cuboctahedra are very small near the critical size and, th
fore, the critical diameter determined on the basis of M
calculations cannot be taken too literally.9 Several factors
can, however, also explain the observed discrepancy.

Firstly, the finite temperature of particles under obser
tion will tend to lower the critical size for the transition. Th
has been suggested in studies mapping out a phase dia
for small metal particle structures on the basis of HRE
observations of gold particles.27,28 The second concern i
that, as we have already noted, there is a systematic di
ence between observed particle size and fitted domain s
the former being rather larger than the latter. This differen
can be attributed to imperfect structure in particles, lead
to diffraction from domains of smaller size than the ho
particle. It follows that the actual sizes of particles will,
general, be larger than those reported in Fig. 2 and Fig.

It was recently proposed by van de Waal29 that in the case
of rare-gas clusters no size-dependent structural trans
takes place as clusters grow in size. In support of this
model structure has been developed that consists of a
atomic arrangement, with five-fold symmetry, on which fu
ther growth is compatible with fcc structures. At intermed
ate sizes, this model matches experimental diffraction p
files from argon clusters that could not previously
explained. We have not been able to test similar mod
against our own data in this study. However, several co
ments can be made. Firstly, we do obtain very satisfac
fits to our experimental data using the three basic struc
types. These structures are known, from extensive HR
work, to exist in abundance in similar fcc metals. In the ca
of rare-gas cluster studies, van de Waal acknowledges
no satisfactory fit could be obtained in this way, there
strengthening the case for his model in that system. S
ondly, van de Waal’s model gives rise to a decahedral c
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not an icosahedral one. The problem that we already hav
unambiguously identifying the decahedral component in
beam would make it difficult, if not impossible, to identif
the van de Waal structure if it were present~it must be re-
membered that size distributions in rare-gas experiments
much narrower than with the IGA source!.

Given that a structural transformation occurs, the ques
arises as to how such a transformation proceeds: if icos
dra exist plentifully only at small sizes then they must som
how rearrange their structure with increasing size. The
sults of this study do not give any direct insights into t
mechanism involved. However, the original MD study th
identified the critical size for the structural transition9 did
also note that a small complete-shelled fcc cluster~309 at-
oms! transformed, nondiffusively, into an icosahedron at
temperatures up to its melting temperature~900 K!. On the
other hand, a fcc cluster with an incomplete outer shell~219
atoms! failed to undergo a transition, in the time scale of t
simulation, right up to its melting point. Such results indica
that as particles grow there may well be opportunities
structural transition with little or no activation energy barrie
Furthermore, there is considerable experimental evide
from electron microscopy studies, that particles are able
undergo structural changes between the three compe
structure types.30,27,28In these observations, considerable e
ergy must be supplied to initiate a ‘‘quasimolten’’ state
which rapid changes in structure occur. Thereafter, howe
very little external stimulus is needed to maintain the activ
and it has been suggested that the initial energy is requ
only to overcome interactions with the substrate.27 Again,
although the energy barriers for the different structural tr
sitions are not known, it has been argued that these fluc
tions will occur at temperatures significantly below partic
melting temperatures.28 In so doing, individual particles
‘‘sample’’ their configuration space and are more likely to
observed in the lowest-energy structure.

The observation of a size-related structure transition
copper contradicts an earlier study involving copper clust
supported in a matrix of solid argon.26 In that study, EXAFS
was used to probe cluster structure and Fourier invers
used to obtain the sample pair-distribution functions, wh
were then compared with theoretical coordination numb
obtained from simple structure models. Since the publicat
of those findings, however, there has been some discus
in the literature regarding the interpretation of EXAFS
small particles11 and also the identification of structure, aft
Fourier inversion, from details in the pair distributio
function.8 In comparing the present to the EXAFS stud
both used the inert-gas-aggregation method to generate
ters, although the present study observed free clus
whereas the EXAFS one required a matrix support. B
studies obtain information directly in reciprocal space, in t
present study the analysis has also been carried out in re
rocal space~by calculating the appropriate diffraction pa
terns of model structures!, whereas in the EXAFS study
delicate inversion procedure was applied to form a real-sp
representation of sample interatomic distances, which w
then compared with single models of structure. We are
aware of other studies concerning copper clusters of com
rable size to the present study. One recent study of gas
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sorption on rather smaller free copper clusters showed ic
hedra in the size range between 70 and 95 atoms.31

A recurring question in structural studies of small me
particles is the occurrence, or not, of a size-dependent
traction in the crystal lattice parameter. We believe that
possible presence of a mixture of structures in samp
makes interpretation of experimental measurements v
tricky. Only one set of data in this study is suitable for som
comment. In Sec. III C we have used an apparent ther
expansion of 0.3% in the fcc copper lattice to estimate
temperature of clusters in the particle beam. We used
data of profile 5, in Fig. 1, which are dominated by fcc clu
ters and for which the mean diameter by fitting is 4.060.5
nm. There is agreement among MD simulation, our exp
mental data, and the expected expansion of bulk coppe
500 K. This suggests that if any size-relatedlattice contrac-
tion is present it must be considerably smaller than the th
mal expansion in particles of this size. This is in agreem
with the results of a study by Montanoet al.,26 although not
so with the work of De Crescenziet al.24 and Apaiet al.23

who found lattice contractions of about 1% in supported c
per clusters of similar size.

V. CONCLUSION

Electron diffraction has been used in this study to pro
the structure of unsupported clusters of copper, grown in
inert-gas-aggregation source. The experimental condit
are well suited to the study of copper clusters because o
elimination of perturbations to the cluster’s surface, such
substrate-contact and in particular oxidation. Furthermo
the conditions of particle growth were such that the obser
tendency to form in different structures can be associa
with the relative stability of such structures, rather than
netic factors.

By detailed analysis of the experimental data, the com
sition of the particle beam in a particular measurement
be described in terms of the size distribution of struct
types. These results have been compared with the predic
of an earlier MD study of copper clusters, predicting a si
dependent preference for icosahedra over fcc structures
low a diameter of 3.8 nm.9 A structural size effect is clearly
observed. A distinct preference for icosahedral structure
small cluster sizes, and fcc structure at larger sizes, is see
all measurements made. This is noteworthy, given that
range of source conditions was varied significantly. The
served critical size is in agreement with MD calculation
although slightly smaller than predicted.

In addition to the size effect, consistency between
experimental observations and simulations has been sh
in two ways: Firstly, the dynamic behavior of cluster atom
as simulated at finite temperature, and the Debye-Waller
tor used in fitting to the experimental data are in good agr
ment. Secondly, a small lattice expansion observed in 4
fcc clusters was matched with a simulation of a similar cl
ter at the experimentally estimated temperature. These
sults also correlate well with independent estimates of car
gas temperature in the IGA source.

The marriage ofin situ electron diffraction measuremen
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with detailed MD simulations provides a very effective to
with which to probe the structure of nanometer-sized me
particles. The results of MD calculations showing how lar
icosahedral structure relax has been very useful in this stu
and in a recent study of silver clusters.17 Molecular dynamics
permits a more subtle interpretation of the detailed featu
of the diffraction patterns and fitting analyses than wou
otherwise be possible. It has also been possible to esta
the validity of approximations used in analyzing raw expe
mental data, such as the use of the conventional Deb
Waller factor.
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APPENDIXES

The appendixes to this paper are rather extensive and
cern only readers interested in some technical details. T
are therefore being published separately, by the AIP’s Ph
ics Auxiliary Publication Service~PAPS!, where they can be
ordered.18

A brief summary of their contents follows.

APPENDIX A: FITTING CALCULATED DIFFRACTION
PATTERNS TO EXPERIMENTAL DATA

This appendix describes specific aspects of the fitting p
cedure used in this study: calculation of diffraction profile
the structure models used to calculate diffraction profiles,
explanation of the fitting procedure, the statistical parame
that are quoted as results, and a discussion of possible a
guity in the results obtained by fitting.

APPENDIX B: MD SIMULATIONS AND DIFFRACTION

Appendix B presents the results of a molecular-dynam
~MD! study of the structure of copper clusters. It begins w
an overview of the MD method, followed by general findin
about the structure and dynamics of these clusters and a
discussion on the stability of decahedral clusters. The con
quences of the relaxation and dynamic behavior of real c
ters in terms of the associated diffraction profiles are d
cussed.

APPENDIX C: RELATIONSHIP OF PARTICLE SIZE
TO SOURCE CONDITIONS

This appendix addresses the relationship between par
size and source conditions, showing that the main param
determining the mean size of particles produced in the
periments reported here is their time of residence in
evaporation chamber.
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