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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 {&@163-18208)07228-2

[. INTRODUCTION On the theoretical side, powerful computing facilities
have allowed a microscopic approach to the cluster-structure
In nanometer-sized particles, or clusters, the atomic arproblem: molecular-dynamic@iD) simulations are widely
rangement may differ from the bulk crystallographic struc-used as a tool with which to study structural size effects. MD
ture. This change in structure can be understood to arise frogimulations allow model atomic arrangements to be “ener-
the increasingly important surface contribution to a particle’sgetically optimized” by allowing atoms to relax, from an
total energy. As the surface-to-volume ratio becomes largdnitial configuration, in an appropriate self-consistent force
an energetically favorable arrangement of atoms at the sufield. Knowing the space coordinates of every atom, the
face may be able to compensate for a strained internal struecrodel cluster’s total energy can be calculated and it is pos-
ture. This is the case for the icosahedra and decahedra thsible to determine which, of a set of structure types under
characterize many small-particle structures. These particlasonsideration, represents the configuration of greatest stabil-
feature close-packed facets, which have minimal surface terity under equilibrium conditions. When this is done for a
sion, and can therefore overcome the energy cost of an imrange of sizes, the stability crossover between alternative
ternal structure that deviates from the bulk crystal and therestructures can be estimat®d.Beyond static features of this
fore is under stress. Experimental observations of icosahedrkind, MD simulations can also provide insight into important
and decahedral structures, so-called multiply twinned pardynamical processes, such as thermal vibrations or
ticles (MTP9), are well documented in Marks’ recent review melting0-14
of the subject. One of their striking features is the existence One of the current challenges for cluster-structure re-
of fivefold axes of symmetry, which are excluded from bulk search is to obtain information on structural stability, for a
crystallography due to incompatibility with translational given element and size range, simultaneously from experi-
symmetry. ments with unsupported particles and MD simulations. To
If the intrinsic, size-related effects on cluster structure arelate, this has been achieved only for argon. The pioneering
to be studied experimentally, it is important that all possiblemolecular-beam electron-diffraction experiments of Farges
interaction with the particles’ surface are minimized, oret al, interpreted on the basis of MD-optimized structure
avoided altogether. In particular, the influence of supporimodels!® have shown good qualitative agreement with sta-
(substrate or matrijxshould be eliminated. This difficulty has bility calculations and have established the existence of the
long been recognized and has led to the development of excosahedral structure as an intrinsically stable atomic con-
periments combining the techniques of molecular beams anfiguration in rare-gas clusters. However, in spite of many
high-energy electron-diffractiofHEED).?~° efforts from both experimental and theoretical groups, noth-
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ing comparable has been achieved so far for metallic clusdata in an experiment, however, downstream from the beam
ters. The latter are, however, of considerable interest, owingrossing, amorphous-carbon-coated electron-microscope
to their potential for application in the field of heterogeneousgrids can be exposed to the cluster beam. This allows sup-
catalysis. Thus, on the one hand, the very detailed calculgported samples to be collected and later transferred to a
tions of Cleveland and Landman for the case of nitlkee  transmission electron microscope. Both conventional and
still awaiting comparison with a suitable experiment. On thehigh resolution electron microscopfiREM) have been used
other, the diffraction studies of free silver clusters conductedo examine samples, however, the reactivity of copper with
in Lausann®’ as yet have no specific simulations to bethe atmosphere, and its relatively weak contrast in HREM
compared to. Valkealahti and Manninen’s recent MD invesimages, make the latter technique of only marginal impor-
tigations of structural stability for copper clustéfsave, at tance in this study.
last, made possible a comparison of MD simulation and ex- A high-temperature evaporation source, capable of work-
perimental data for a metallic element, in much the saméng at temperatures of about 1900 °C, has been designed for
way as was done for argon. this work. It is composed of a cylindrical boron nitride cru-
In the present paper, we report on a HEED study of uncible (=2 cn? capacity, heated by a tungsten filament and
supported copper clusters, in a size range approximately cesurrounded by a triple set of coaxial tantalum radiation
tered on the crossover between icosahedral and face-centersitields. The crucible temperatufe is measured by a ther-
cubic (fce) structures predicted by Valkealahti and Mannin- mocouple penetrating its base, and is stabilized by closed-
en’s MD calculations. Incidentally, we show that for the in- loop control. The temperature stability, on the time scale of a
terpretation of experimental diffraction data, the availability single data acquisition, is=1 °C. The walls of the nucle-
of static and dynamic simulations is in itself an importantation chamber, which are exposed to intense thermal radia-
advantage to assess the influence of relaxations and thermt@n in spite of the crucible’s multiple shielding, are water
vibrations on the diffraction process. In Sec. Il, we give acooled and stay close to room temperature during the whole
brief overview of the experimental setup and describe hovexperiment. The inert-gas pressure in the chamBgt, is
modifications to the previously published form of the appa-controlled by altering the injected volume flow rate. This is
ratus have made the present study possible. Sections Il arxlso regulated to achieve a relative stability of the order of
IV then present and discuss the main experimental finding$%.
of this study. Various precautions have been taken to ensure cleanliness
We have placed a substantial amount of detail, relating tén the nucleation chamber. Prior to the experiment, the nucle-
the interpretation of the experiments and MD simulations, ination chamber is thoroughly cleaned and outgassed for sev-
appendices. These are briefly described at the end of theral hours with dry argorpurity: 99.9999% flowing con-
paper and are available from AIP’s Physics Auxiliary Publi-tinuously and the empty crucible heated~+d700 °C. The
cation ServicgfPAPS.18 source must then be opened for a short ti@féer cooling to
room temperatupeand the crucible filled with coppeipu-
rity: 99.99%). The apparatus is then pumped down to its
II. EXPERIMENT normal base pressure, which i20~7 Torr in the diffrac-

The experimental apparatus has been described in detdiPn chamber ane: 19_3 Torr in the source chambewhich
in a previous publicatiof.Small particles are produced in an has no direct pumping During the initial phase of the ex-
inert-gas-aggregatioiGA) source, where copper is evapo- periment, the crucible is heate_q slowly, again in a §trong
rated (crucible temperatureT) into a flow of pure helium flow of argon to remove additional outgassing residues.
gas (pressure,Py), injected at room temperature. The hot WhenTC~ 1000 °Ciis reach_ed, thg inert gas being injected is
vapor cools rapidly, mixing with the inert gas, and supersatuSWitched from argon to heliurtpurity: 99.9996%.
rates, leading to nucleation and growth of copper clusters.
These clusters are transported by the flowing helium throu_gh IIl. EXPERIMENTAL RESULTS
a small nozzle at one end of the chamber. Two consecutive
stages of differential pumping remove a substantial amount The experimental results on which this study is based are
of the carrier gas, which contributes an unwanted backpresented in this section. In Sec. Ill A, a series of diffraction
ground signal to the final diffraction pattern. The remainingpatterns from copper clusters, together with the principal re-
mixture of gas and particles enters the diffraction chamber asults from the analysis of these data, are presented. Detailed
a well-collimated molecular beam, and is probed by high-analysis of each diffraction pattern provides extensive infor-
energy electrongl100 kV). mation about the composition of the beam. This will not be
The random orientation of clusters in the beam gives ris@resented in full here, although in Sec. Il B the detailed
to a diffraction pattern with radial symmetry, similar to those results for two profiles are given to illustrate the process. The
obtained from powder samples. A measurement of this paffinal section, 11l C, presents an estimate of cluster tempera-
tern is made by recording an intensity profile along its diam-ture, based on an observation of thermal lattice expansion.
eter. The typical time required to obtain a single measure- A common feature of IGA sources is that they give rise to
ment is of the order of 1 min, making it possible to collect aa broad distribution of particle sizésee, for example, Fig.
series of diffraction patterns over a wide range of sourceB). It is also not uncommon for beams of small metal par-
operating conditions, without need of recharging the sourcdicles to contain more than one type of structure under given
The series of measurements presented here were all obtaingaurce conditions. This is certainly true of our previous ob-
in the same experimental session. servations of unsupported silver partict82” In order to
The diffraction patterns recorded are the main source ofonduct a satisfactory analysis of diffraction data from such
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Aty e om  ebam @ @hEn W@ distributions. Appendix B also describes the effect of finite
temperature on the diffraction patterns and the resulting
choice of Debye-Waller factor.

A. Experimental diffraction results

The main experimental data used in this report are shown
in Fig. 1. A series of five experimental diffraction patterns
have been recorded, for which the corresponding source pa-
rameters are summarized in Table I. The profiles are pre-
sented as nearly raw data: a correction has been made to
remove the contribution of background scattering due to car-
rier gas(which is a featureless decreasing function of scat-
tering anglg, and a simple smoothing routine has been ap-

L L R plied to profile 1. The ordering of profiles from front to back
Seattering parameter s [1/nm) in the figure is determined by the typical residence time for

FIG. 1. Diffraction profiles obtained under the conditions de- qlusters in the source. Residence time is |nversel_y propor-
scribed in Table I. The horizontal axis represents the scatterin(f]Ional to Qg'_ th_e carrier gas th,mUthUt' In Appendix C th(_e
parametes, wheres=2sind/\, 4 is the scattering angle, andthe chfllractenstlc_sme of cluster_s is shown to be corre_lated with
electron wavelength. Scattering from carrier gas has been removddy ~» the reciprocal of carrier gas throughput, with larger
and all profiles are normalized to constant height at the principaparticles observed at lower throughput.
maximum. In the case of profile 1, a simple smoothing routine has The nature of the changes in the profiles of Fig. 1 allows
also been used to reduce statistical fluctuations. The positions aridentification of the changing structural composition of the
Miller indices of the fcc Bragg reflections for bulk copper at 300 K beam. Only profile 5 shows well-defined peaks, which can be
are shown above profile 5. indexed as Bragg reflections of the copper fcc lattice, indi-

cating that this profile has a significant component of fcc
a sample, it imecessaryo match the experimental data with particles. The remaining profiles are all dominated by MTP
a diffraction profile representing a combination of modelstructures, which has the effect of broadening details in the
particle structures. To achieve this, a large number of basidiffraction profiles as well as giving rise to a distinct asym-
diffraction patterns are calculated and an algorithm, using thenetrical main peak as~5 nm 1. We wish to stress here
technigue of simulated annealing, optimizes a combinationhat this broadening is not simply size related. The diffrac-
of these to fit the dat& The details of this procedure are tion profiles of MTP structures give rise to significant
given in Appendix A. changes in the diffraction pattern. The distribution of inten-

Ideally, a range of fully relaxed structural models of clus- sity over the whole diffraction profile becomes important in
ters would be used to calculate the basis diffraction patternthis case, as there is no reciprocal lattice and therefore scat
for comparison with experiment. Unfortunately, the compu-tering is not now associated with specific diffraction angles.
tational cost of MD simulations prevents this and we must Analysis of the diffraction data is performed by applying
rely on purely geometrical constructions. We have, howeverthe fitting procedure described in Appendix A repeatedly to
investigated the consequences of doing this in Appendix Bach of the experimental diffraction patterns in Fig. 1. A
through a study of a small number of fully relaxed structuressummary of the key results from this analysis is presented in
(sizes up to~10 000 atom®). Relaxation in clusters causes Table I, which reports the relative abundances of each struc-
small, but systematic, changes to occur in the correspondinmire type, the mean diameter estimated by fittitaking all
diffraction profile. When fitted with profiles based on geo- structure types togetherand, where available, the mean par-
metric forms, these changes are compensated for by artificisicle diameter as observed by transmission electron micros-
structural components that appear in the fitted structure sizeopy (TEM). The analysis procedure also gives information

Normalized diffracted intensity

TABLE I. The source conditions for the data in Fig. T, is the crucible temperatur® the helium
pressure in the sourc@y is the gas throughpu®, the metal vapor pressure. The vapor pressures reported
are deduced from the evaporation temperature using t@Rkfs 39. 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
T. (K) 1974+2 19772 1968+ 2 19112 1916+ 2
Py (mbayp 4.6+0.1 4.2+0.1 3.8:0.1 3.1+0.1 1.4:0.1
Qq (cm®/min) 350+2 149+2 130+2 108+2 43+2
P, (mbap 6.6-0.4 6.6-0.4 6.6-0.4 1.6-0.1 1.6:0.1
PyTe (107 mbar K) 91+2 83+2 752 59+2 272

Qg (1072 min/cn) 2.86+0.02 6.7-0.1 7.7+0.1 9.2-0.2 231
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TABLE II. Averaged relative abundances of each of the three structural components used to fit the
experimental datgD) is the averaged mean diameter for the sample, obtained from the fitted distributions;
D1 is the mean diameter obtained by microscopy.

Profile
1 2 3 4 5
fec (%) 1+1 2+2 1=1 14+7 58+25
Icosahedra%) 98=2 81+15 27+ 16 66+ 23 3124
Decahedrd%) 1+1 17+17 72+ 16 1919 1111
(D) (nm) 2.1x0.3 2.1+0.3 2.3-0.4 2.8:0.8 3.6:1.2
Dy (NM) 3.1+0.2 3.4-0.1 3.6:0.1

about the size distributions for each structure type. The valsize effect is clearly seen: the average values are all positive,

ues in Table I, excefD gy, are averages over repeated fits. indicating that there is a net tendency for fcc particles to
From the data in Table II, a trend can be identified: start-occur at sizes greater than icosahedra when growing under
ing from a dominance in fcc structure, in profile 5; andthe same conditions. We also found that the fitted size dis-
changing to a dominance in icosahedral structure, in profildributions for icosahedral and fcc particlésot shown were
1. In Fig. 2 we report the averaged mean diameters of thwell separated and had little overlap.
fitted distributions for icosahedra and fcc particles in each of A similar analysis of relative sizes can be made with
the profiles. These results are presented as a function of tifecahedra and fcc particles. The results in this case are in-
reciprocal carrier gas throughput for each experiment and theonclusive: no clear structural size effect is discernable.
bars on this figure indicate the full extent to which meanHowever, decahedra are much more difficult to distinguish
diameters were found to fluctuate when fitting was repeatedrom fcc particles using diffraction techniques and this
The figure gives a feel for the consistency and scatter in thénakes the results of fitting more uncertain. Furthermore,
results. More importantly, a trend in mean particle size carflecahedra are expected to appear in greatest numbers at sizes
be discerned: fcc cuboctahedra are systematically larger thaftermediate to the icosahedra and fcc regions of stability.
icosahedra. The figure uses shading to indicate the region f@ur observations are at least compatible with this prediction,
which the stability of each structure is expected to ofcur. given the appearance of decahedra in significant proportions
Because the data in Fig. 2 are averaged over many fittinip) profiles 2, 3, and 4 with a maximum content in profile 3.
runs, it could be misleading to use it to make a comparison
of the relative stability of the two structure types. Figure 3
shows thedifferencebetween mean fcc diameter and mean

icosahedra diameter, averaged over fitting runs. Here, the Detailed information about the composition of the particle
beam, both in terms of structural content and size distribu-

a. icosahedra tions, is obtained as a result of fitting. To illustrate this, the

B. Detailed analysis of selected diffraction data

results of two fitting runs are presented here.
The result of a typical fit to profile 5 is shown in Fig. 4
T and Table Ill. Clearly, the agreement shown between fit and
o) data in Fig. 4 is very satisfying. There is, however, a slight
~ e overestimation of diffraction intensities fer7 nm 2, and
< s . | also a small, but noticeable, change of horizontal scale in the
~ A I 1 fit-profile with respect to the experimental one. This is in-
0] ®
1 @ ® 4
b. cuboctahedra E
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FIG. 3. The size effect is shown by the average difference in

FIG. 2. Averaged mean diameters for icosahddyand cuboc- ~ M€an diameter@cubo— Dico). the region where values would con-
tahedrab) after fitting the profiles in Fig. 1. Vertical bars show the tradict the predicted structural size effect is showrl in gray.. Vertical
full range of mean diameters obtained by repeated fitting. The predars show the full range d ¢ pe— Dic, Values obtained during re-
dicted regions of instability, taken from Ref. 9, are shown in gray.Peated fitting.
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FIG. 4. Example of a typical fit to profile 5. The raw data are

TABLE Ill. Size-distribution statistics for the fit to profile 5
represented in Figs. 4 and 5. The statistical parameters are intro-
duced in Appendix AD(® is the mean diameteB{is the third
moment, or the mean diameter of the volume-weighted histogram;
71 is the relative abundance of structuirey(") is the relative
contribution to the total diffracted intensity.

DO (nm) DY (nm) 7" ) P (%)

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 51

dicative of a slight change in lattice parameter compared to
the room-temperature bulk value used in the model struc-
tures. This observation allows us to estimate cluster tempera-

shown with the fit directly superimposed. The fit has also beerfU'® and is discussed further in Sec. IIl C.

shifted vertically, to allow inspection of distinct features. Vertical

A breakdown of the structure size distributions for this fit

lines mark the expected positions of room-temperature crystal® Shown in Fig. 5. The dominant component is the fcc cub-

Bragg reflections, which are indexed at the top of the figure.

Frequency [arb. units] Frequency [arb. units]

Frequency {arb. units]

FIG. 5. Size distribution information about model structures used in the particular fit to profile 5 presented in Fig. 4. On the left,
histograms of the three structure types. On the right, histograms of the volume-weighted frequency of model sizes, giving a measure of the
relative contribution to the total diffracted intensity of each diameter class. The gray regions indicate regions of instability reported by

1]

octahedron. A small number of icosahedra are also included
in the fit, some at quite large sizes, as well as a large number
of small decahedra. Several of these MTP structural compo-

CUBOCTAHEDRA

ICOSAHEDRA (Mackay)

1 2
TRUNCATED DECAHEDRA (Ino)
T j
1 2 3 4 5 6 7 8 9 10 L] 1 2 3 4 s 6 7 8 9 10

Diameter [nm]

Diameter [nm)

Valkealahti and ManninefRef. 9. The white bars represent the total size distribufios, all structure types togetheSee also statistics

in Table Ill.
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cluster structures in the beam: on one hand relaxation will
change the relative strengths of details in the diffraction pro-
files (see Appendix B on the other hand, simple twinning in
fcc particles is known to enhance the strength of thel)
peak in the diffraction peak with respect to the other details
recordec?* The small decahedra are also probably artificial.
In this case, they provide broadening to the base of1i4)

and (200 fcc peaks. This broadening arises in the experi-
mental data because of imperfections in structure within par-
ticles.

Discounting these two artifacts, the results show a small
icosahedral component, between 2 and 4.5 nm, some larger
decahedra, and a dominance of cuboctahedra. The size range
for the icosahedral and fcc components is compatible with
those suggested by Valkealahti and Mannifen.

The result of a typical fit to profile 2 is shown in Fig. 6

FIG. 6. Example of a typical fit to profile 2. The raw data are &nd Table IV. Once again, the quality of the fit is good and,
shown with the fit directly superimposed. The fit has also beerfS above, the slight overestimate in intensity in the region of
shifted vertically, to allow inspection of distinct features. The ar-8.5<s<9.5 nmi ! results in an artificial component of large
rows indicate in which direction the calculated profiles are alteredcosahedra in the fitted size distribution. Had it been possible
when structures are relaxed. to use, in the calculation of basis functions, relaxed struc-

tures, we would expect this artifact to disappear.
nents are almost certainly artifacts. The presence of the very The corresponding size distributions, shown in Fig. 7, in-
large icosahedra is artificial: they arise because the procedudicate a predominance of icosahedra. For comparison, a
needs to increase the relative height of the principal peakample of particles was also taken from the beam and the
with respect to the others. This indicates that the basis prosize distributions measured by TEM. The distribution ob-
files used in the fit do not describe the exact detail of thdained by microscopy is shown in Fig. 8. The maximum

Normalized diffracted intensity

5 6 7 8 9 10 1 12 13 14

Scattering parameter s [1/nm]

CUBOCTAHEDRA

Frequency [arb. units]

ICOSAHEDRA (Mackay)

FIG. 7. Size distribution information about
model structures used in the particular fit to pro-
file 2 presented in Fig. 6 and Table IV. The pre-
sentation of data is described in the caption to
Fig. 5.

Frequency [arb. units]

TRUNCATED DECAHEDRA (Ino)

Frequency [arb. units]

b (]

¢ 1 2 3 4 5 €6 7 8 9 100 o0 1 2 3 4 5 6 7 8 9 10
Diameter {nm] Diameter [nm]
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FIG. 8. Size distribution information obtained by electron microscopy on a supported sample taken during the acquisition of geefile 2
Fig. 6). On the left: frequency histogram of particle sizes. On the right: histogram of volume-weighted freqyesiaidse contributions to
the total diffracted intensiyy The gray regions indicate the size range in which the contrast arising from particles cannot be distinguished
from the amorphous-carbon substrate. The dashed line locates the predicted icosaliedrerossover sizéRef. 9.

particle diameter determined by microscopy-<i6.5 nm. The ment here indicates that our estimate of cluster temperature
mean diameter by fitting is 2.0 nm, and the third moment 3.8s justified a posteriori and confirms that clusters are ther-
nm, compared to 3.1 nm and 3.5 nm, respectively, by mimalized with the buffer gas in the source chamber. Further-
croscopy. The atrtificially high third moment in the fitted datamore, our data suggest that there is no contraction in the
is due to the inclusion of large icosahedra in the fit. These, akttice parameter caused by the small size of the clusters
stated, are artifacts associated with the relaxation of thédiameter of 4.6:0.5 nm. This contradicts some previously
icosahedral structures: eliminating them from the third mo+eported resulf$?*but agrees with othe?28 it is supported
ment calculation results in a value below that obtained byby MD simulation in this study.

microscopy.

In any comparison between fitted size distributions and
distributions obtained by TEM, we would expect a system-
atic underestimation in the sizes obtained by fitting. This is An important feature of these experiments is that the con-
due to the fact that the diffraction pattern recorded is onlyditions of particle growth were much slower than in previous
characteristic of the size and structure of coherent domainstudies:’” We believe that particles grew relatively slowly
within a small particle. In general, the imperfect structure ofwhile drifting through an extended vapor-rich region within
many clusters will mean that they appear smaller in thehe source chamber. There is evidence for this in the ob-
analysis based on diffraction data. The external size anderved correlation between particle residence time in the
shape of a small particle contribute directly to small-anglesource and mean patrticle sitsee Appendix € In our pre-
scattering in a diffraction experiment, which is not accessiblesious work, such behavior has not been observed and we
to us. estimate that growth rates here are at least an order of mag-

nitude less than in earlier studies. In view of this, it is rea-
C. Cluster temperature sonable to expect that the particle structures observed reflect
tendencies in thermodynamic stability, rather than kinetic
Mactors. Indeed, the fact that a size-related structural effect is
observed, and that it agrees with theoretical predictions, sup-
yorts this hypothesis.

The evolution of diffraction features in the series of pro-
¥fes shown in Fig. 1 are associated with a general trend in
mean particle size: small in the frofgrofile 1) to large at the

ack(profile 5, which is correlated with carrier gas through-

IV. DISCUSSION

The average carrier gas temperature in the source cha
ber has been measured to be @0 K. This value is rea-
sonably insensitive to changes in crucible temperature, ma
ing it a fair estimate of temperature in all the experimental
data presented here. It has been used to calculate the Deb
Waller factor for the model profiles used in fittifgee Ap-
pendix B. The agreement obtained in using these function
to fit the experimental data is further reason to be confiden

that this temperature is reasonable. TABLE IV. Size-distribution statistics for the fit to profile 2

l.n the dlffrgctlon profile S.Of Fig. 1, there. is a percepiible represented in Figs. 6 and 7. The meaning of statistical parameters
horizontal shift of the experimental data with respect to thqs described in the caption to Table IlI.

calculated profile. This indicates that the particles’ lattice
parameter differs from the bulk, room-temperature, value
used to generate the calculated profile. Careful rescaling af

DO (m DY (m 7V W O (%)

the pattern shows the lattice to be dilated by=0B1% with  fcc 3.4 4.3 4 11

respect to bulk copper at room temperature. According tacosahdera 1.9 34 96 81
bulk parameteré? a lattice expansion of 0.364% is expected Decahedra 4.9 6.6 1 8
at a temperature of 500 K: a full MD simulation of a copper total (white barg 20 3.8

crystal at 500 K shows a lattice expansion of 0.385%. Agree
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put Qg in the source. The same series is also associated withot an icosahedral one. The problem that we already have in
a change in the structural composition of the beam: icosahatnambiguously identifying the decahedral component in our
dra at the froniprofile 1), through a mixture of MTP struc- beam would make it difficult, if not impossible, to identify
tures, to fcc cuboctahedra at the bdpkofile 5, by the de- the van de Waal structure if it were preséitmust be re-
tailed fitting analysis performed on the raw data. One mightmembered that size distributions in rare-gas experiments are
expect to see some correlation between the mean size of eagtuch narrower than with the IGA source
structural component ar@, . Indeed this is the case, we find ~ Given that a structural transformation occurs, the question
in profiles 4 and 5, where an fcc component is significantarises as to how such a transformation proceeds: if icosahe-
that the averaged mean size of fcc domains is significantlgra exist plentifully only at small sizes then they must some-
larger (4.2 nn) in profile 5 than in profile 43.4 nm). We  how rearrange their structure with increasing size. The re-
also find that in profiles 1, 2, and 3, where the MTP compo-=sults of this study do not give any direct insights into the
nent is important, the averaged mean icosahedral domaimechanism involved. However, the original MD study that
size remains fairly constant (2:20.3 nm. We would expect identified the critical size for the structural transitlodid
this to be the case because of the size limit on icosahedrajso note that a small complete-shelled fcc clugB®9 at-
and the fact that we have not been able to produce particlemg transformed, nondiffusively, into an icosahedron at all
bgam_s in.which the overall size distribution falls well below temperatures up to its melting temperat(®@0 K). On the
this size limit. o other hand, a fcc cluster with an incomplete outer st

The presentation of our results in Fig. 3 shows mostytomg failed to undergo a transition, in the time scale of the
clearly the structural size effect in the experimental Observaéimulation, right up to its melting point. Such results indicate

t'gﬂz:n?nsa;'esr?egg;?faﬁ?ezﬂg;?mfﬁer otfhthe |cosa2_edralt Corﬂ%at as particles grow there may well be opportunities for
P IS Sy cally er than the mean diameter Ol 5| transition with little or no activation energy barrier.

cuboctahedra. Furthermore, in Fig. 2, the icosahedral co ~urthermore, there is considerable experimental evidence,

ponents are invariably within the size range of stability P rom electron microscopy studies, that particles are able to
dicted by molecular-dynamics simulatiohslowever, in Fig. Py ’ P

2, the size of fcc particles is seen to fall partly below the linendergo structouzr;';llzschanges between the thre;e competing
of critical stability. In considering this, it should be remem- structure types”*’*“In these observations, considerable en-

bered that differences in the total energy of icosahedra anfr9y Must be supplied to initiate a “quasimolten” state in
cuboctahedra are very small near the critical size and, therdvhich rapid changes in structure occur. Thereafter, however,
fore, the critical diameter determined on the basis of MDVerY little external stimulus is needed to maintain the activity
calculations cannot be taken too literallySeveral factors and it has been suggested that the initial energy is required
can, however, also explain the observed discrepancy. only to overcome interactions with the substrdteigain,
Firstly, the finite temperature of particles under observaalthough the energy barriers for the different structural tran-
tion will tend to lower the critical size for the transition. This sitions are not known, it has been argued that these fluctua-
has been suggested in studies mapping out a phase diagrdions will occur at temperatures significantly below particle
for small metal particle structures on the basis of HREMmelting temperature®. In so doing, individual particles
observations of gold particléé?® The second concern is “sample” their configuration space and are more likely to be
that, as we have already noted, there is a systematic diffeebserved in the lowest-energy structure.
ence between observed particle size and fitted domain sizes, The observation of a size-related structure transition in
the former being rather larger than the latter. This differencecopper contradicts an earlier study involving copper clusters
can be attributed to imperfect structure in particles, leadingupported in a matrix of solid argéfiln that study, EXAFS
to diffraction from domains of smaller size than the hostwas used to probe cluster structure and Fourier inversion
particle. It follows that the actual sizes of particles will, in used to obtain the sample pair-distribution functions, which
general, be larger than those reported in Fig. 2 and Fig. 3. were then compared with theoretical coordination numbers
It was recently proposed by van de Wadhat in the case obtained from simple structure models. Since the publication
of rare-gas clusters no size-dependent structural transitioof those findings, however, there has been some discussion
takes place as clusters grow in size. In support of this, @n the literature regarding the interpretation of EXAFS in
model structure has been developed that consists of a cosnall particle$' and also the identification of structure, after
atomic arrangement, with five-fold symmetry, on which fur- Fourier inversion, from details in the pair distribution
ther growth is compatible with fcc structures. At intermedi- function® In comparing the present to the EXAFS study,
ate sizes, this model matches experimental diffraction proboth used the inert-gas-aggregation method to generate clus-
files from argon clusters that could not previously beters, although the present study observed free clusters,
explained. We have not been able to test similar modelsvhereas the EXAFS one required a matrix support. Both
against our own data in this study. However, several comstudies obtain information directly in reciprocal space, in the
ments can be made. Firstly, we do obtain very satisfactorpresent study the analysis has also been carried out in recip-
fits to our experimental data using the three basic structureocal spaceby calculating the appropriate diffraction pat-
types. These structures are known, from extensive HREMerns of model structurgswhereas in the EXAFS study a
work, to exist in abundance in similar fcc metals. In the casealelicate inversion procedure was applied to form a real-space
of rare-gas cluster studies, van de Waal acknowledges thagpresentation of sample interatomic distances, which were
no satisfactory fit could be obtained in this way, therebythen compared with single models of structure. We are not
strengthening the case for his model in that system. Se@ware of other studies concerning copper clusters of compa-
ondly, van de Waal's model gives rise to a decahedral corgable size to the present study. One recent study of gas ab-
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sorption on rather smaller free copper clusters showed icosavith detailed MD simulations provides a very effective tool
hedra in the size range between 70 and 95 attms. with which to probe the structure of nanometer-sized metal
A recurring question in structural studies of small metalparticles. The results of MD calculations showing how large
particles is the occurrence, or not, of a size-dependent coneosahedral structure relax has been very useful in this study,
traction in the crystal lattice parameter. We believe that theand in a recent study of silver clustéfaVlolecular dynamics
possible presence of a mixture of structures in samplepermits a more subtle interpretation of the detailed features
makes interpretation of experimental measurements vergf the diffraction patterns and fitting analyses than would
tricky. Only one set of data in this study is suitable for someotherwise be possible. It has also been possible to establish
comment. In Sec. Ill C we have used an apparent thermahe validity of approximations used in analyzing raw experi-
expansion of 0.3% in the fcc copper lattice to estimate thenental data, such as the use of the conventional Debye-
temperature of clusters in the particle beam. We used th&/aller factor.
data of profile 5, in Fig. 1, which are dominated by fcc clus-
ters and for which the mean diameter by fitting is 4@5 ACKNOWLEDGMENTS
nm. There is agreement among MD simulation, our experi- _ o
mental data, and the expected expansion of bulk copper at 'he electron-microscopy contributions of D. Ugarte, ob-
500 K. This suggests that if any size-relatattice contrac- ~ tained with the support of the Centre Intepaetemental de
tion is present it must be considerably smaller than the therMicroscopie Electronique at EPFL, are gratefully acknowl-
mal expansion in particles of this size. This is in agreemengdged. We would like to thank G. Torchet and M. Manninen
with the results of a study by Montares al,2® although not ~ for many valuable discussions. This work was supported by
so with the work of De Crescengt al?* and Apaiet al2®  the Academy of Finland and the Swiss National Science
who found lattice contractions of about 1% in supported copFoundation.

per clusters of similar size.
APPENDIXES

V. CONCLUSION The appendixes to this paper are rather extensive and con-

Electron diffraction has been used in this study to probes€m only readers interested in some technical details. They
the structure of unsupported clusters of copper, grown in a@'e therefore being published separately, by the AlP's Phys-
inert-gas-aggregation source. The experimental condition§S Auxn:gary Publication ServicéPAPS, where they can be
are well suited to the study of copper clusters because of th@'dered. _
elimination of perturbations to the cluster's surface, such as A brief summary of their contents follows.
substrate-contact and in particular oxidation. Furthermore,
the conditions of particle growth were such that the observed APPENDIX A: FITTING CALCULATED DIFFRACTION
tendency to form in different structures can be associated PATTERNS TO EXPERIMENTAL DATA

\évtlattri]ct?;ctrc?rlstlve stability of such structures, rather than ki- - ;g appendix describes specific aspects of the fitting pro-
' cedure used in this study: calculation of diffraction profiles,

. _By detailed analy5|s of th_e expenmental data, the COMPOw, ¢ structure models used to calculate diffraction profiles, an
sition of the particle beam in a particular measurement cal

be described in terms of the size distribution of structur réxplanatlon of the fitting procedure, the statistical parameters

types. These resuls have been compared with the predictoffe, /° JLoted a5 resuls, and a discussion of possible ambi-

of an earlier MD study of copper clusters, predicting a size-

dependent preference for icosahedra over fcc structures be_APPENDIX B: MD SIMULATIONS AND DIFFRACTION
low a diameter of 3.8 nmM A structural size effect is clearly '

observed. A distinct preference for icosahedral structure at Appendix B presents the results of a molecular-dynamics
small cluster sizes, and fcc structure at larger sizes, is seen {|D) study of the structure of copper clusters. It begins with
all measurements made. This is noteworthy, given that thgn overview of the MD method, followed by general findings
range of source conditions was varied significantly. The obapout the structure and dynamics of these clusters and a brief
served critical size is in agreement with MD calculations,discussion on the stability of decahedral clusters. The conse-
although slightly smaller than predicted. quences of the relaxation and dynamic behavior of real clus-

In addition to the size effect, consistency between theers in terms of the associated diffraction profiles are dis-
experimental observations and simulations has been showiyssed.

in two ways: Firstly, the dynamic behavior of cluster atoms,

as simule_lteql at finite temperature, and the Dek_)ye-WaIIer fac- ApPENDIX C: RELATIONSHIP OF PARTICLE SIZE

tor used in fitting to the expe_rlmental da_ta are in good_ agree- TO SOURCE CONDITIONS

ment. Secondly, a small lattice expansion observed in 4 nm

fce clusters was matched with a simulation of a similar clus- This appendix addresses the relationship between particle

ter at the experimentally estimated temperature. These resize and source conditions, showing that the main parameter

sults also correlate well with independent estimates of carrietletermining the mean size of particles produced in the ex-

gas temperature in the IGA source. periments reported here is their time of residence in the
The marriage ofn situ electron diffraction measurements evaporation chamber.
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